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ABSTRACT
The InternationalSpace Station is a global cooperation
programme involving 14 countries. The paper presents
the reasons for the Station, the political framework,
the role of Europe and the expected utilisation benefits.
Keywords: International Space Station, European
Space Agency, Utilisation
1. INTRODUCTION

Among all the SI units, the "Second" is today the unit
which can be measured with the highest accuracy
of all. Using the principle of atomic resonance with
the element Cesium 133, the reference second can
be determined with an accuracy which is by several
orders of magnitude better than for example the
reference meter. In principle, scientists and engineers
involved in the measurement of time could therefore
quietly lean back, waiting that their colleagues who
are responsible for the measurement of the other SI
units, such as mass, electric current or magnetic force,
join the club. The fact that reality is quite the opposite
and that scientists and engineers are further striving
for achieving more and more precise clocks, shows
that there is a real need for knowing the time with
extreme precision. That is because time is often used
as a reference for other measurements, like distance
or velocity. Any improvement in the measurement and
dissemination of time has therefore a direct impact
on the precision of many other measurements.
When it comes to the improvement of time measurement and dissemination systems, space based
systems can be both: a customer and a helper. A customer, because a more precise on-board clock on
a spacecraft means a more precise determination of
its position in space, or, like for the satellites involved
in the Global Positioning System, it means the
dissemination of a more precise position signal from
space for air and ground vehicles on Earth.

But space systems can also be a helper: they can
contribute to increasing the precision of atomic clocks,
at least by one order of magnitude, as compared to
atomic clocks on the ground. They can also be a
platform for the dissemination of time reference signals
all over the world.
On each of these aspects, there are many presentations given at this Eleventh European Frequency and
Time Forum.
One particular space system which will offer new or
improved possibilities for the measurement and dissemination of time is the International Space Station
(Fig. 1). This Station will soon come into reality. A
large number of presentations at this Forum dealwith
experiments or services proposed for the Station. It
may therefore be interesting for the audience to know
more about the reasons, nature and expected benefits
of this Station.

2. REASONS FOR THE INTERNATIONAL
SPACE STATION
One of the main challenges of the International Space
Station is already reflected in the name itself. The
Station is an international programme of cooperation
that units five international partners from all aroud the
world. They are the USA, Russia, Europe, Japan and
Canada.
One of these five partners, namely Europe, is itself
already an international partnership embodied in the
European Space Agency (ESA). Out of the 14 Member
States of ESA, ten are taking part in the ESA Programme for European Participation in the International
Space Station. In alphabetical order, they are: Belgium,
Denmark, France, Germany, Italy, the Netherlands,
Norway, Spain, Sweden and Switzerland.
The assembly of the Station in space is planned to
begin in late 1997learly 1998, and it should be ready
in late 2002learly 2003. But even while building is
going on, the scientific and technological use of the

Station will already begin one year after the launch
of the first element into orbit. Full routine use will be
under way by 2003, and will go on for at least ten
years until 2013.
When the construction of the lnternational Space
Station will have been completed, the Station will
comprise a number of pressurized modules in which
an international crew of up to seven astronauts can
live and work. Additionally, various external platforms
will make it possible to set up observation and experimental devices outside the Station.
The Station will then provide opportunities that have
never been matched in quality or quantity by any space
system up to now. Its four major advantages are:

-

availability over a long period,
regularity of access,
high performance,
a globalised utilisation scheme.

The long operational life of the lnternational Space
Station is a political, technical and operational
challenge and one of the Station's most outstanding
assets. There has never before been such a continuous and pre-plannable useability. Europe in
particular has been more or less reliant on sporadic
Spacelab, Mir and Eureca missions, some of them
years apart.
For Europe, the reasons to take part in the International Space Station lie primarily in three areas:

-

-

making use of the new scientific and technical
opportunities that the lnternational Space
Station offers,
creating the technical and industrial capabilities
needed in key technologies that will be
important for Europe's role in the future; and
fostering international cooperation.

3. UTlLlSATON OF THE INTERNATIONAL
SPACE STATION
Spaceflight is not an end in itself. It is a means of
solving problems on Earth from a higher level. It also
helps us gain a better knowledge of the universe, and
of our own place in it.
In the eyes of the public, the question whether
spaceflight should be better conducted by manned
or by unmanned systems is sometimes elevated to
the level of an ideological dispute. Reality is, however,
different. There is no clear border line between both
means. They are in fact complementary to each other.

A manned space station is not art for art's sake: it
is not only used to find out how to operate space
stations themselves, and what effects living on such
a station has on the astronauts. It is meant first of
all for scientific research and for technical progress
for people on Earth - by making skilled use of the
special advantages offered by its position and its
environment out in space.
Since Europe's participation in the lnternational Space
Station had definitively been approved by the ESA
Member States at the Ministerial Council Meeting of
Toulouse in October 1996, we are finding to our delight
that there is a lot of interest in Europe in using the
lnternational Space Station. Early October 1996 we
were holding in Darmstadt, at the ESA Operations
Centre (ESOC), the first symposium in Europe on the
utilisation of the Station. The response has been
impressive. More than 400 scientists and engineers
presented and discussed their own proposals and
those of their colleagues for making use of the Station
in the various user disciplines such as life sciences,
physics, environmental sciences, Earth observation
and technology [Ref. I].

3.1

Platform outside the Earth's Atmomhere

One of the prime advantages of a space station's
position is that it is outside the Earth's atmosphere.
This envelope of air surrounding the Earth offers a
substantial resistance to any transport from Earth out
into space and back again to Earth. Overcoming this
resistance calls for extraordinarily powerful and reliable
means of transport; which means that the costs of
space transport are the decisive cost factor when it
comes to making use of space-based systems. As
space is further opened up for scientific and technical
applications, it is crucial that the overall costs be
further reduced quite significantly.
The present-day space transportation means have
however already to a great extent reached their limit.
Any quantum leap, in boosting performance and dramatically bringing down costs, will so far as one can
see be achieved only with fundamentally new space
transport systems. But doing that is an extraordinarily
long-term and high-cost affair.
So if we want to reduce the costs of space-based systems, we have not only to think of the costs of the
transport, but also create and test ways of reducing
the demands on the transport itself. Every good army
general knows that he has to keep his supply lines
as short and as uncomplicated as possible, and ideally
manage as far as possible with the means available
on the spot. It is just the same with space, and in the

long term we must learn, like a skilful general, to live
off the land.
It would be going too far to say that the lnternational
Space Station will quickly become a sort of cross
between an orbiting filling-station and a repair
workshop. The various possibilities for carrying out
servicing and provisioning in space directly and "onsite" first need to bedeveloped and tested in practice.
Only when that has been done will future space systems - both manned and unmanned - be even
designed for being serviced and repaired in space probably not yet by this Station, but maybe by its
successor. But one cannot hang around doing nothing
and waiting for it to happen.
There are voices saying that this will never be a costeffective alternative to the present "use-once-andthrow-away" systems. But we have already seen so
many prophets get it wrong in their predictions on a
completely new technical potential. Who, for instance,
would have believed it possible that the market for
telecommunication satellites would have moved so
fast in less than 25 years that the great majority of
these satellites are now being built, launched and
operated on a commercial basis, and that the
European Ariane launcher alone would be lifting today
a new telecommunications satellite into space once
a month on average?
A further advantage the lnternational Space Station
will gain from its position outside the atmosphere is
the opportunity to observe the Earth itself, with its
atmosphere, as well as the rest of the universe.

The high inclination of the lnternational Space Station's
orbit, which makes it overfly 85% of the Earth's surface
where 95% of the human population live, and the
unusually low orbiting altitude of approximately 450
km, compared to conventional Earth-observation
satellites which operate at twice that altitude, offer
an interesting potential.

and astrophysical observations. There are also
proposals for studying the cosmic radiation environment.
Because of its size and other capabilities, the International Space Station will also be suitable for helping
detect and track Near-Earth Objects (NEO), like
as.teroids and comets. As it is available longterm, and
its crew is constantly present, the Station can adapt
at short notice to unexpected events in space. The
comet impacts on Jupiter in 1994 have shown that
a possible threat to Earth from collision with a foreign
body in space is no mere abstract fantasy. True, such
celestial bodies can be detected from Earth with optical
instruments; but the presence of our atmosphere
makes it hard to measure their course accurately.
The lnternational Space Station is also valuable for
less spectacular uses in the space sciences: it offers
the possibility of installing instruments for high-energy
astrophysics that demand a lot of room and a lot of
electrical power - both of which are unavailable on
the conventional unmanned satellites and platforms.
On top of that, there is the possibility of taking
corrective action if such new instruments malfunction.

Apart from being outside the Earth's atmosphere, the
lnternational Space Station also provides physical,
environmental circumstances that are not available
in the same kind or to the same extent on Earth. One
of the most important factors here is weightlessness,
or, to be physically more correct: reduced gravity, the
so-called "microgravity". One hears many critics of
space activities arguing that the whole business of
weightlessness doesn't matter - most people live
on Earth with a gravity of 1 g, and trying to discover
what zero gravity does to a couple of astronauts out
in space really isn't worth all that expense. This sounds
like a cogent argument - but it's a false one.

Because it is permanently ready for use and extremely
flexible in operation, the Station is particularly well
suited to observing unpredictable events on Earth such
a natural disasters, forest fires and volcanic eruptions.
Since the instruments used for Earth observation are
very costly, the lnternational Space Station facilitates
the introduction of new equipment and procedures
that one would otherwise not happily want to trust to
an unmanned satellite that, once launched, is no longer
so easy of access.

Gravity is one of the fundamental forces in physics,
but not of course the only one that affects physical
and chemical processes. The classic procedure for
investigating unknown phenomena is to create laboratory conditions in which the various factors influencing a process are separated so that their effect
can be studied in isolation. While it is not impossible
to exclude the effect of gravity on Earth, it is difficult
and only possible for short durations. In space, it
becomes possible to achieve a better absence of
gravity, and over a very much longer period.

In the space sciences, there are firm ideas on using
the lnternational Space Station for solar, astronomical

In the life sciences field there are proposals for
research projects on the lnternational Space Station

that concentrate on physiological and biological
processes. In this area the Station will undoubtedly
form a major springboard for scientific progress, since
it will make it possible to subject experiments to space
conditions over a very long period, as well as providing
sufficient experimental subjects for physiology research
in the person of the Station crew itself.
In physics, new aspects of materials processing in
space and of fluid physics occupy the foreground.
Here, it is expected that basic research on the
lnternational Space Station will be able to provide
practical help for applications on Earth. Free of the
influence of gravity, many processes important for
modern technology can be studied and understood
better. A good example are processes involving phase
transitions: on Earth they play an important role in
all combustion processes - and hence in the
production of energy -and in the production of highquality materials. The fuller knowledge that can be
gained in space, freed from gravity, can make a
decisive contribution back on Earth to understanding
and controlling the earthbound processes better.
Another example involves the growing of protein
crystals. We are not talking at all, here, about going
into mass production of particular protein crystals on
the lnternational Space Station; but growing and
investigating particular crystals in space can help widen
our theoretical and practical knowledge so much that
we shall then be able to master or improve the
corresponding crystal-growing processes on Earth.
There are, in physics, other proposals for using the
lnternational Space Station for experiments in fundamental physics, e.g. for experiments on how dust,
aerosols and plasma particles behave when weightless.
One possible utilisation of the lnternational Space
Station which is certainly of particular interest for the
audience of the EFTF, is to try out a set of atomic
clocks in space. At the Space Station Utilisation
Symposium in Darmstadt in October 1996 [Ref. I ] ,
such an idea has been presented under the name:
ACES - Atomic Clock Ensemble in Space [Ref. 21.
It would consist of a Cold Atomic Clock, a Hydrogen
Maser and a Trapped Ion Clock which would be
installed on one of the external platforms of the
lnternational Space Station (Fig. 2). These clocks
would be 1000 times more accurate than what is
currently available with existing space clocks.
Furthermore, this set of clocks would not only constitute an improvement over existingspace clocks, but,
as far as the Cold Atomic Clock is concerned, it would
also lead to an improvement with regard to what,

today, is possible on the ground. In fact, the Cold
Atomic Clock would work more accurately under
weightlessness on the Space Station than under gravity
on Earth. This is related to the principle of Atomic
Fountain which is used in the clock. Under the
microgravity conditions on the Station, the cold atoms
cloud can traverse the microwave cavity with a slower
speed than on Earth. This allows to increase the
interaction time between the cesium atoms and the
microwave field to 5-10 seconds which in turn reduces
the atomic resonance linewidth. The result would be
an improvement of one to two orders of magnitude
in the frequency stability and accuracy over conventional devices. A concrete proposal for such a Cold
Atomic Clock will be presented later at this Forum
under the name "PHARAO" [Ref. 31.
3.3 A Test-Centre for New Technoloaies in SBesides using the special environment of space for
gaining a better knowledge of processes down on
Earth, there is also a field in which the lnternational
Space Station will be used for advancing space
technology itself: this is in the testing, trying out and
perfecting of new equipment and operating procedures.
Here, once again, we have to stress that the Station
is not an end in itself, merely creating the technology
for further space stations: the opportunities the International Space Station offers are also of value for
developing and introducing new systems for unmanned
spaceflight. They can help us introduce more rapidly
technical and operational improvements in unmanned
systems, such as communications and Earthobservation satellites.
Why? Because the operators of these satellites are like the owner of any valuable piece of property - by
nature very cautious and conservative. None of them
wants to be the first to see his own new and expensive
satellites fitted with a novel and unproven piece of
equipment or material; they all prefer to first see
concrete proof of the usefulness and reliability of the
technical or operational improvements proposed by
industry, through these having been used in cornparable circumstances in space. This naturally inhibits
innovation. So being able to test, perfect and demonstrate new materials, instruments and procedures on
the lnternational Space Station (Fig. 2) in the
immediate environment in which they will later be
employed will substantially increase the ability to
innovate among space firms in the countries involved
in the lnternational Space Station.
In its role as a test centre in space, the Station
provides for instance the opportunity for introducing

new energy-generating systems, closed life-support
systems or remote-controlled robotic systems
[Reference 41.

The lnternational Space Station also allows entirely
new commercial applications that have less to do with
testing and trying out new techniques than offering
services of a new kind that have been unavailable
so far.
A practical example are radio-controlled clocks
[Reference 51. For synchronisation with a reference
clock, these radio clocks generally activitate their
receiver once a day to receive a time code signal from
a long wave radio transmitter. During the remaining
time the clocks run on a standard quartz oscillator
which is precise enough for private applications. The
current technology has reached a level of
miniaturisation that allows to put the whole receiver
and decoding circuits into a standard wrist watch.
However, the time signal can only be received within
the scope of the radio transmitter which is in the order
of 2000 km. Travelling with the watch to other regions
would envolve a different receiver and decoder.
Furthermore, the low data rate of the long wave transmission requires long periods of good receiving
conditions.
To overcome this limitation, there is a proposal
[Reference 41 to install a radio transmitter onboard
the lnternational Space Station that is transmitting
a UTC signal with a semi-omnidirectional antenna.
The radio frequency of the transmitter must be in a
range where the Earth's atmosphere is transparent.
If one takes into account that the signal is to be
received with a wrist watch that is hiding its antenna
in the bracelet, the appropriate wavelength should
be around 16 cm which corresponds to a frequency
of 4 GHz. This is well within the best transmission
window of the Earth's atmosphere. The orbital
parameters of the Station allow to receive this signal
almost on the whole inhabited surface of the Earth's
several times per day.
The whole set-up onboard the lnternational Space
Station would only be an internal clock, a data
processor and a time signal transmitter in the 4 GHz
range (Fig. 2). The internal clock would be controlled
and up-dated from a ground based station. The ground
station will supply the processorwith synchronisation
marks and precalculated information on the overflight
of the lnternational Space Station'for a given region.
For that purpose, the Earth's surface will be divided
into sectors. The precalculated ground track information

will be transmitted together with the time
synchronisation signal. It allows the wrist watch to
activate its receiver the next time the Station passes
over. At each activation, the wrist watch receives and
stores several Station encounter times in advance,
in case a connection cannot be made for some time.
4. ROLE OF EUROPE

Spaceflight systems and space-based services do
not only call for extremely high quality and reliability,
but their development, production and operation
necessitate ressources which are today only available
through international cooperation. However, international cooperation is far from meaning that anyone
who wants to, can join in. Cooperation in certain areas
does not rule out competition in other areas or even
in the same. You become an interesting partner only
if you have capabilities and skills of your own that are
of use to the others. Programmes as important as
the lnternational Space Station do not take "hitchhikers" on board.

-

Building and running a space station calls not only
for the orbiting station itself, but also for the associated
transport systems and ground facilities. Europe,
however, has neither the political intention nor the
financial means to develop and operate such an
extensive system on its own. By taking part in the
lnternational Space Station, Europe is able to focus
its efforts on particular key elements while at the same
time being able to make use of all the possibilities
the Station will have to offer.
4.2 Kev Elements of the F u r o ~ e a nParticip-

The elements making up European participation in
the International Space Station (Fig. 6) ensure both
that Europe has the capacity and the know-how
needed to make it a worthwhile partner in global
cooperative projects, and that Europe has the systems
and infrastructure needed to make maximum use of
the Station.
The core element of European participation is the
Columbus Orbital Facility (COF) (Fig. 3). This is a
manned multipurpose laboratory, which with its modular
and interchangeable internal equipment can be tailored
to various experimental purposes.
All the partners in the lnternationalSpace Station have
to bear their share of the outlay incurred in running
and using it. Instead of paying money into a common
operating fund, partners have the option of supplying

operational and logistical services, such as providing
transport. Europe will use the Ariane 5 launcher for
such purposes.
However, a rocket-type launch vehicle like Ariane 5
cannot directly fly and dock to a space station. To
carry out the necessary rendezvous and docking
manoeuvres with the lnternational Space Station,
Europe is developing a transfer stage for Ariane 5,
known as the Automatic Transfer Vehicle, or ATV
(Figure 4). The ATV will also be able to move the
whole Station up to a higher orbit, to compensate the
frictional losses caused by the residual Earth
atmosphere still existing at the Station's altitude.

ranging through the various Salyut-.series stations to
the Mir station in operation today.
Over and above the positive effects the lnternational
Space Station is having in EastfWest cooperation,
the Station is an important pacemaker for the
increasing globalisation of the political and industrial
structures.

The ability to carry astronauts out into space and bring
them back to Earth is of strategic importance for the
further exploration and utilisation of space. Europe
is therefore also investigating the technical and
financial possibilities of developing a Crew Transport
Vehicle, or CTV. At present, there are two options:
either a two-way CTV that, launched from Kourou on
an Ariane 5 (Fig. 6), could carry astronauts to the
Station and back to Earth for routine crew exchange,
or what is known as a Crew Rescue Vehicle (CRV)
that would fly individual astronauts back to Earth in
an emergency situation.

Because of the growing market globalisation, in
particular after the ending of the East-West conflict
and the emergence of new suppliers on the world
market that this has brought about, we have reached
a point where in the aerospace industry there is a need
for worldwide harmonization. To a great extent,
however, the political structures and practical
experience needed to attain this are still absent.
Cooperation on the lnternational Space Station is an
important step towards this. Just by itself, the
negotiation that has gone on for years on the international agreements for the Station has - as a kind
of "training on the j o b - produced a whole generation
of experts at various levels in the governments who
have the know-how, despite of differing political
interests, differing administrative and legal set-ups
and differing mentalities, to arrive nevertheless at a
balance of interests.

5. INTERNATIONAL PARTNERSHIP

6. CONCLUSION

One extremely important aspect of the International
Space Station is Russia's part in the international
partnership (Fig. 7). In December 1993 the earlier four
partners, i.e. the USA, the 10 participating European
States, Japan and Canada, jointly invited the Russian
government to take part in the planned space station.
So the lnternational Space Station now brings 14
different countries together in a global cooperation
programme; the world's biggest cooperative programme
in the scientific and technical field.

To sumrnarise, we can say that, on account of its
technical, operational and political framework, the
lnternational Space Station definetely constitutes
a great challenge. On the other hand, we can
expect that the significantly better performance
potential of the lnternational Space Station compared with the systems that have existed up to
now, together with the global approach to its
development, operations and utilisation, will guarantee high quality in the scientific and technical
work done on board and offer opportunities that
have not been possible until today.

Russia's participation makes it possible to bring
Russian space engineers and scientists out of a
decades-long, self-imposed isolation and into the
international structures for cooperation. At the same
time it offers the Russian experts - in a critical period
of profound changes - a certain stability in their
professional prospects; and this can help prevent a
migration of these specialists into other undesirable
areas or countries, an aspect that should not be underestimated when dealing with high technology of such
strategic importance.
Through this cooperation with Russia the western partners naturally share in the rich experience that Russia
has gained in building and running space stations,
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8. FIGURES
(All artist's views made by David Ducros for ESA)
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Figure 1: The International Space Station: a cooperative programme of 14 countries

Figure 2: Some examples of research and applications payloads proposed [Ref. 11 for installation on
external platforms of the International Space Station: From the left above to the right below: (1) Space
exposure biology assembly [Ref. 61, (2) technology payload using a robotic manipulation system [Ref. 41,
(3) telescope mounted on a Hexapod pointing system [Ref. 71, (4) Radio-controlled clock synchronisation
assembly [Ref. 51, (5-10) ACES - atomic clock ensemble in space [Ref. 21 consisting of (5) a trapped ion
clock, (6) the processor electronics, (7) a hydrogen maser, (8) the PHARAO cold atomic clock [Ref. 31, (9)
a laser link with the ground station, and (10) a radio-frequency antenna for the dissemination of time
synchronisation signals

Figure 3: The Columbus Orbital Facility (COF): the core element of the European participation in the
International Space Station

Figure 4: The Automatic Transfer Vehicle (ATV):
unmanned automatic transfer stage for Ariane 5 to
carry resupply goods to the Station

Figure 5: Artist concept of a Crew Transport
Vehicle (CTV), launched from Kourou on Ariane 5

Figure 6: Columbus Orbital Facility (module on the left in the foreground), Crew Transport Vehicle (visible
in the middle, docked below the vertical US Habitation Module) and Automated Transfer Vehicle (approaching the Station at the rear on the left)
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ABSTRACT
In 1992, the Comite International des Poids et Mesures
created a working group on the Application of General
Relativity to Metrology. This paper first explains why this
group was needed, then comments some of the main points
raised in a report issued by the group (now in print in
Metrologia) : the role of the Einstein's principle of
equivalence and the distinction between proper quantities and
coordinated quantities.
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1. THE GENESIS OF A WORKING GROUP ON
METROLOGY AND R E L A r n
The scientific background to this communication, the theory
of general relativity, was available some 70 years ago.
However, it was familiar only to a small number of
theoreticians. The circle of initiates began to widen in the
1960s as a consequence of the development of theoretical
astrophysics and cosmology, and of progress in time
measurement and in applications of timetfrequency
techniques (Ref. 1).
In the fundamental metrology of time, one observes that the
relativistic effects have always been taken into account
correctly, as soon as this is required by reduction of the
uncertainties. This is to credit of the many colleagues who
explain to neophytes the practical consequences of these
effects, sometimes in front of an audience barely interested in
such esoteric considerations. I remember communications and
papers by Hudson, Becker et al., Hudson et al., Reinhardt,
Ashby and Allan (Refs. 2-6), but I am sure I have forgotten
other pioneers and I ask them to forgive me. From this era,
one should also emphasize the role of experiments based on
clock tramptation, among them in particular those of
Hafele and Keating, Alley, Vessot (Refs. 7-9), which, in
addition to their intrinsic value, drew the attention to
practical aspects of the theory. Pursuit of a rigorous treatment
of time measurement continues and, among the most recent
papers one should mention those of Refs. 10-12, on
synchronization and syntonization.

In spite of all this effort, both theoretical and practical, in
spite of many didactic papers, in particular those presented at
our Forum, the situation is not yet fully satisfactory. Many
users know the formulae to be used to account for relativistic
effects, but apply them as corrections to an underlying
Newtonian model of space-time, with all the risk of error that
this entails : an example of such an error, concerning the GPS
(Ref. 13), was mentioned at a previous Forum. One may
observe also that a confusion still exists between the second,
as unit of proper time, and the scale unit of International
Atomic Time, TAI. Among other difficulties, one might
mention that the International Astronomical Union (IAU)
defined in 1976 the relativistic time scales to be used in
dynamical astronomy without stating explicitly the space-time
coordinate systems to which they pertain. This generated
difficulties and controversies to which the MU and the
International Union of Geodesy and Geophysics (IUGG) tried
to put an end in 1991 by introducing coherent definitions of
reference systems in the m e w o r k of general relativity
(Refs. 14-16). However, some confusion still affects the
dynamics of the solar system and space geodesy.
The official W e s in charge of the International System of
Units (SI) have given little indication of how to use units in a
relativistic framework. I believe that everyone agrees that
relativity should not be introduced in the definitions of units
themselves. Nevertheless, it is essential to ensure that the
definitions are compatible with the theory required in the
most accurate applications and that all possible ambiguities
of interpretation are removed. Indeed, the Comitk Consultatif
pour la Dkfinition de la Seconde (CCDS) regularly considers
the relativistic aspects of the measure of time, but only in
1980, at the request of the Comitk International des
Radiocommunications (CCIR), did the CCDS issue a
declamtion on the relativistic definition of TAI (without
stating explicitly the reference system to which it belongs)
and provide formulae for time comparisons. This declaration,
together with explanations on the meaning of the definition of
the second and the precautions to be taken when comparing
distant clocks, appears in the 6' edition of the publication on
the SI (1991) by the Bureau International des Poids et
Mesures (BIPM) and will be considered more extensively in
the 7thedition. This text, however, is necessarily too compact
to have a didactic role.
The lack of information on the metre is even more striking.
The definition of the metre, however, is based on the
constancy of the velocity of light, measured locally, a

consequence of a postulate of general relativity. On the other
hand, the recommendation specifying the rules for the
practical realization of the metre, issued by the Comitk
International des Poids et Mesures (CIPM) in 1983, contains
an ambiguous statement on the need to correct for gravitation.

In April 1992, this situation led me to propose to the Director
of the BIPM, the creation of a working group on the
Application of General Relativity to Metrology with two
missions : first to prepare a report on the interpretation and
use of the SI units in the framework of general relativity ;
then to study the consequences of the increasing accuracy
with which these units are realized. This proposal was
examined by the CIPM in October 1992 and it was decided to
entrust the CCDS with the formation of the working group
and the responsibility for running it. The composition of the
group is given in the annex : the members are experts in
general relativity and metrology, and representatives of
scientific unions. The first mission of the group was
completed recently and a report to Metrologia is in press. I
shall now present its principal points to the Forum. Before I
begin, however, I wish to make clear that this report is a
collective work coming kom the group.
Undoubtedly, those who have no notions on general relativity
will find the report rather hard to follow. It does not,
however, enter deeply into the theory. The essential is the
understandmg of its basic principles. These are well
described in e l e m e n t . books (for example, Ref. 17), but are
also the subject of deeper reflections (for example, Ref. 18).

2.1 The Einstein's vrincivle of eauivalence
One basic postulate of special relativity says that no nongravitational experiment makes it possible to distinguish two
inertial frames (or Lorentzian fiwnes). This is an idealization
and generalization of the observed invariance of the velocity
of ,propagation of electromagnetic waves. General relativity,
which is a metric theory of gravitation, was built in such a
way that this postulate remains valid locally. Thus, if the
same local, non-gravitational, physical experiment is
performed anywhere and anytime in the universe, and if the
measurement of its evolution is based on identical standards,
the mathematical description of this evolution is the same. An
important consequence is that the coupling quantities which
enter into the laws of local physics, when referred to local
standards, take the same values. Such a statement on local
physics is often referred to as the Einstein's principle of
equivalence (EEP). It is a very powerful statement : it
justifies the existence of universal laws of physics and of
physical constants, but emphasizes their local character. It
implies, in particular, invariance of the velocity of light in
local measurements. Whether the EEP implies invariance of
the constants of atomic physics or not may be a matter of
controversies. In our report, this invariance is explicitly
accepted. Therefore, the suitability of atomic clocks to
represent the time scales needed for the study of macroscopic
systems appears as a consequence of the EEP. This is in
agreement with the spirit of IAU Recommendation A4
(1991), in which coordinate times for the dynamics of the
solar system are defined on the basis of the definition of the
(atomic) second.

2. METROLOGY AND GENERAL. RELAT!kUTY
From the definitions of the SI base units it appears that basic
metrology is implicitly treated in the familiar framework of
Newtonian absolute time and Euclidian space. This
theoretical kamework being insufficient, the first step is to
specify the model to be adopted. Einstein's general relativity
was chosen because it is the simplest theory which agrees
with experiment and observation, within the limits of their
uncertainties. That does not imply that this theory is more
true than any other one, merely that it is the most convenient.
It may be that we shall have to adopt another theory in the
future. In the meantime, the report is built on general
relativity and accepts without discussion the postulates of this
theory and their consequences.
Although metrology requires a relativistic treatment only for
time and length measurement, we believe that the general
consideration of all types of quantities in a relativistic
M e w o r k could lead to a better understanding.
It appears that there are two keys for this understanding :
-the postulate known as the Einstein's principle of
equivalence,
-the distinction between quantities which are directly
measurable with standards, the proper quantities, and the
coordinates (and quantities constructed kom these
coordinates designated as coordinate-quantities).

The restriction to local and non-gravitational experiments
made by the EEP calls for finther consideration.
A space laboratory orbiting the Earth may be a good
realization of a local Lorentzian frame : the gravitational field
generated by external bodies, mainly that of the Earth, can be
detected only by its non-uniformity (i. e. its tidal terms)
which causes effects of order 10-l6 per metre in relative
value. On the other hand, gravitational interactions within the
laboratory are usually negligible. Where this is not the case,
as in the measurement of the constant of gravitation, a
suEcient approximation is to treat this interaction, predicted
by general relativity, in the same way as other forces, for
example, as electrostatic forces.
In a ground-based laboratory, the EEP can still be applied.
Inertial and gravitational forces are treated in the classical
manner. Thus, general relativity does change our familiar
physics, providing that the experiments are local (however it
must be remembered that light propagates in a straight line
only in a Lorentzian frame and that the apparent curvature of
the photon trajectory may have to be taken into account). We
should not be surprised : were this not the case, the theory
would not be viable. But, what is considered to be local is
becoming smaller and smaller. Until about 1920, the full
solar system could be treated as local, later one had to take
account of relativistic effects. In geodesy, the Earth ceased
recently to be local. In time measurement we reach the
situation where the volume of an atomic clock cannot be seen

as suffticiently local, the gravitational frequency offset being
10-16permetre of altitude.
To fulfil the mission of our working group, we had to check
that the definitions of the SI base units are based on local
physics and that the realization of these units can be
accomplished locally. We will not here examine thoroughly
the definitions of the seven SI base units : it is easy to
observe that the second, the kilogram and the kelvin are
independently defined on the basis of local properhes. The
other base units are derived from these independent units
using physical laws in local experiments, an example being
the definition of the metre. For h s reason definitions are
acceptable in general relativity. It should be noted that this
would not have been the case with earlier definitions, as in
the definition of the second as a fraction of tropical year and
the definition of the metre as a fraction of the Earth's
meridian. It would also not be the case if there were
advantages in defining the second using pulsars.
It is nevertheless interesting to look more closely at the
definitions. We take the example of the metre. The space
extension of a metre is such that the definition is ambiguous
at the level of 1.10-16m at the surface of the Earth. What
should we do when such an ambiguity becomes
unacceptable ? With rigour, one can say that the definition
applies only in the flat tangent space ; practically, one can
consider that the definition applies at some sufficiently small
submultiple of the metre. Consider next the kilogram.
General relativity is based on the equivalence of inertial and
gravitational mass ; this poses no problem in itself. But the
definition of the mass of an extended body is a diffticult
problem and, in principle, the mass equivalent of the energy
accumulated in the body must be taken in account.
Fortunately, the kilogram is so small that this leads to
negligible effects, relative to the uncertainty of
measurements.
We arrive thus at the philosophically disturbing conclusion
that, strictly speaking, metrology as we understand it usually
does not work in curved space-time. Mathematically this is a
consequence of the differential geometry on which general
relativity is based. We can forget these difficulties only in a
y
that curvature can be
region of space ~ ~ c i e n t lsmall
neglected. In this region, the definition of a quantity given by
the International Vocabulary of Basic and General Terms in
Metrology (Ref. 19) can be employed : an attribute of a
phenomenon, baly or substance that may be distinguished
qualitatively and determined quantitatively. Such a quantity
does not depend on its location in space-time and, therefore,
on the coordinate system used to specify this location, it is a
proper quantity. The units being quantities taken as
reference, the conclusion of this discussion is that
the SI base units are defined as proper units.

To avoid any ambiguity in the numerical value of a proper
quantity, the quantity must be measured against co-moving
standards of the SI units, remaining in their vicinity.
We should note that the output of an atomic clock, at its
connector, does not extend in space, so the proper time of a
clock is a well defined finite quantity. Proper time is not only

the best measured quantity, it is also the best defined one.
These properties are widely used in astronomy and space
geodesy. They also raise the question (to which I have no
answer) : is time a more fundamental quantity than the other
ones ?
2.2 Coordinates
In Newtonian mechanics, coordinates are implicitly defined
by the postulates of the theory, for example the principle of
inertia (with freedom in orientation and translation). They are
assumed to be directly measurable everywhere and anytime
using realizable standards. All local clocks can be
synchronized with a single ideal clock which ticks seconds
t m q the universe. Cartesian coordinates can be graduated
by canying an ideal metre stick along specified axes. These
space-time coordinates directly provide the units needed in
physic, whatever be the location of the phenomenon under
consideration and its extension in space and time.
Unfortunately, we have to accept the fact that space-time is
curved : locally, these convenient properties of Newtonian
space-time are approximately valid, but it is impossible to
find a coordinate system which makes them globally valid. In
general relativity, the coordinates must be seen as a system
for labelling events, devoid of physical meaning. To
emphazise this fact, some authors (Ref. 20) consider that they
are simple numbers, without dimension or unit. An example
is the number of a house in a numbered street : no dimension,
no unit... but this is a useful coordinate system ! This didactic
point of view has great merits, but, as we shall see, leads to
complications in practice.
Although there are no privileged coordinate systems in
general relativity in the same sense as in the Newtonian
model, there are systems which are more convenient for
specific problems. Given the success of Newtonian
mechanics, it is inviting to think that coordinates which are
not very different fiom the absolute time and usual
coordmates of Euclidian space will lead to the simplest
theoretical developments. For physics on the Earth, or close
to it, geocentric coordinates in a Post-Newtonian
Approximation have been defmred by the IAU and the IUGG,
for a non-rotating system and for a system rotating with the
Earth. In the domain where they are useful, these coordinates
remain very close to proper quantities : the time coordinate,
common to both systems and known as Geocentric
Coordinate Time, TCG, and the space coordinates have
graduation units whch differ, on the ground, Gom the proper
second and the proper metre by about 7.101°, in relative
value. Although this difference is small, it is not negligible in
precise applications. We know that very well in the domain
of time. But consider another example.
In space geodesy, observers on the ground measure proper
quantities : received frequencies, times of pulse arrival
referred to their clock. These have first to be transformed into
coordinate quantities by reference to International Atomic
Time or to TCG. A global treatment provides then satellite
ephemerides which express space coordinates as functions of
coordinate time : these are truly relativistic coordinates, as
are the geodetic coordinates also obtained. Both the
ephemerides and the geodetic coordinates depend critically

on the choice of coordinate system, not only for origin and
orientation, but also for scale. The coordinate system must be
unambiguously defined. For example, whether one uses as
coordinate time TAT or TCG, the difference on the Earth
radius (a coordinate quantity) reaches 5 mm: this is
important, for example, in studies of the mean sea level by
satellite altimetry in an experiment such as Topex/Poseidon.
In the domain of time, coordinates play an essential role in
establishing a world-wide system for timing and for time
comparisons: this is well known. With some surprise,
however, I discovered that, although the convention of
coordinate synchronization is widely accepted, the convention
for clock comparisons may be controversial and must be
defined explicitly. In our report, the recommended convention
is that clock comparisons express the difference of readings
at instants receiving the same date in TCG (or equivalently in
TAI) at two locations.
Many other examples of the use of coordinates, in various
coordinate systems, can be found in astronomy. They all show
the importance of making a clear distinction between
coordinates and proper quantities, a distinction which will
become essential for an increasing number of scientists and
technicians as measurement techniques improve. One might
expect that this would be widely known. Unfortunately this
distinction tends to be hidden for two reasons: one is the use
of scaling factors in the definition of coordinates, the other
one is the use of the same units for proper and coordinate
quantities. Let us examine these matters.
The use of scaling factors in coordinates was initiated by the
IAU in 1976, when d e f w coordinate times for dynamics.
The aim was to avoid a secular divergence of the time
argument of astronomical ephemerides with respect to TAI,
so that these ephemerides could be used as Newtonian
ephemerides by non-experts who did not need their ultimate
accuracy. At the time, this seemed a natural decision. It was
later recognized that this raised difficulties because, in
practice, this was equivalent to the introduction of new
proper units differing from the SI units (see, for example,
Ref. 21).
Much more surprising is the attempt of the Conventions of
the International Earth Rotation Service, an important
document published in 1996 (Ref. 22), to introduce scale
factors in geodetic coordinates with the objective of restoring
(approximately) the agreement of their scale unit with the
proper metre on the geoid. The consequences of using these
factors are complex and risk the creation of ambiguities at a
level of lo-' in relative value.
The smallness of the difference between coordinates and
proper quantities encourages the use of the same units for
both. Indeed, this use is justified by the rules of quantity
calculus (Ref. 23) : all quantities of the same type must have
the same unit. Relaxation time, life time, for example, have
the second as unit. Radius, diameter, circumference, ... , are
expressed in metres. Similarly, coordinate times and space
coordinates are expressed in seconds and metres. A general
rule is that units do not define quantities. It is nevertheless
easy to see that these rules of quantity calculus lead to
problems, even paradoxes, when applied to relativistic

coordinates or, more generally, to scales (of time,
temperature,...). This is explained in an annex to the report. I
shall not develop this subject further, I simply recall that
when one writes TAI - UTC = 30 s, one equals the difference
of simultaneous readings to a duration (by definition, the
second is the duration oJ..)! The system for identifying the
graduations of scales has, in my opinion, not yet been
resolved satisfactorily (but I know that others may disagree
with this).
3. GENERAL RELATJWTY AND METROLOGY OF TIME

A large part of the report is devoted to the metrology of time.
We attempted to state the basic conventions clearly and to
develop the usual formulae, making explicit use of these
conventions, in a didactic way. Thus the report can be seen as
an introduction to more complete developments. One of the
objectives of the report is also to unify the notations and the
sign conventions in applying the theory of general relativity.
It is not our role to make recommendations on this subject,
but we carefully followed the conventions of the IAU
Resolution of 1991 in the hope that they will be generalized.
4. CONCLUDING REMARKS
When working on the report I have presented here, I had to
look at some past developments in metrology, especially the
measure of time. I became increasingly conscious of the
pragmatism in these domains. To take examples in the fields
I know the best, consider International Atomic Time. It was
born, because it was a natural action to accumulate seconds
produced by atomic standards ; but the relativistic effects
were not considered until the pressure of the accuracy of the
standards made it necessary. Might it have been better to
define, instead of TAT, a geocentric time without scaling
factor? Could it be that the choice of the frequency of the
caesium atom was not the best one ? [Another choice could
have reduced the frequency of the UTC steps.] Could it be
that the choice of the origin was not approwate ? [The time
offset of 32,184 s with Ephemeris Time and Terrestrial Time
is inconvenient.]
Since action often preceded reflection, many examples of
unfortunate decisions can be found. This was largely
unavoidable, and one may also argue that too much reflection
is sterilizing ! Nevertheless, it is always better to anticipate
problems and to look for best solution. In the field of time,
progress is so fast that we will shortly be faced with
shortcomings in existing defintions and basic data. Examples
are the definition of the geoid, the influence of Earth tides,
the value of the gravitational potential, the definition of the
data needed for a terrestrial use of space clocks. To anticipate
these problems and carry out the corresponding studies is the
next task of the working group. This is a difficult task,
requiring extended cooperation with interested bodies, but it
is an essential preparation for the future.
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Abstract

To study the influence of the mounting, a model of
these resonators based upon the algebraical solutions found for
a particular unspherical contour was build. The solutions for
this geometry are already good approximations of those
existing for spherical contours. The influence of the usual
boundary conditions (totally free edge, "infinite" plate, totally
fixed edge) on the mode shapes and of the mounting in both xl
and x3 direction were studied. It was observed that the solution
should, then, include higher order terms so that the mode shape
can become more intricate. In a second part, from computed
results obtained with a numerical model based upon the
previous solutions, we show that the same effects exist also, for
conventional resonators having a spherical contour. The third
part we report experiments which confirm that the predicted
effects of the fixation does exist. However, a larger amplitude
than expected from the computations was in sometimes found
for these effect that may result of slightly actual conditions at
the mounting. Other features, probably of the same nature, but
that can only be explained in the frame of more general theories
were also observed.

INTRODUCTION.
The bevelled, the bi-convexe and the plano-convexe
resonators are of fundamental importance for frequency
generation and for filtering. Many theoretical works were
recently devoted to further understand their properties and to
improve their characteristics [l to 71. Most of these recent
developments were based upon two principal types of theory:
the theory of the essentially thickness mode [8] and the plate
theories [9-101. In this communication our purpose is to
investigate further the influence of the boundary conditions at
the edge of the contoured resonators and particularly to
determine the effects of fixing the resonator along two
segments of its perimeter. To this end, in the frame of the
theory of the essentially thickness mode, we have chosen
simple cases for which it is easy to detect the influence of
different types of boundary conditions on the mode shape and
on the properties. From the theoretical point of view, one of the
most simple case, which is actually very close of the usual
plano-convexe resonators is constituted by resonators with
unspherical contours having thickness variations related to the
lateral anisotropy of the crystalline plates. For this geometry,
the solutions with a quite simple algebraical expression exist
particularly for totally electroded elliptical plates having an axis
ratio related to the lateral anisotropy. So, it is possible to
observe accurately the effects of the fixation on the mode
shape. In a second part we consider the usual resonators with
spherical contours. A numerical model based upon the previous
solutions is described and applied to compute the effect of the

fixation. In a third part, we report experimental results showing
some cases for which effects of particular intensities were
observed.

I RESONATORS WITH UN-SPHERICAL CONTOURS
1.1 Model for un-spherical contours.
The mathematics of the model are substantially similar
to those we have previously presented [3] for the bevelled
resonators and only the most important facts useful to
understand the results will be recalled. This model is based
upon the theory of the essentially thickness shear modes
established by H.F.Tiersten and D Stevens 181. In this theory,
the lateral variations the main thickness displacement (or more
exactly the lateral variations of a transformed displacement) are
the solutions of a partial derivative scalar equation which is
valid for the modes (anharmonics) situated in the vicinity of
one overtone (noted n) of a given thickness mode (noted (1)).

M',ii;,, + P', ii;,, + ( p d - n 2 $ ~ * / 4 h ( ~ , , ~ 3 ) =
Z)ii;
11I
(-l)(n-l)/24p d e , , ~ ,exp( jur)/(c'l'n22 )

fil (xl,
X3 ) is the lateral dependence of f , (x, ,x2,x3)the
transformed displacement: fil ( x ~XZ
, ,X3)=fil ( x ~X,3)sin(nx
x2/2h). C* is either c'"for the unelectroded part of the resonator or
2'" for the electroded part. C'') is the stiffened elastic constant
relative to the corresponding one dimensional mode. ?'I)=
C'l' (1 - 2l? - 8k'"2 l n 2 a 2 ) is a constant that includes the
electrical and mechanical effects of the metallization.
(4k"12 l n 2 a 2 ) is the relative frequency lowering due to the
electrical effect of the metallization (thickness 2x2h');
k = 2.2h"/2h1is the relative frequency lowering due to the inertia
of the electrodes. C'" = C") (1 - k2) is a pseudo-ordinary elastic
constant, k'l) is the coupling coefficient of the corresponding onedimensional mode.Wn and P', are intricate functions of the material
constants and of the plate orientation [8].
We consider un-spherical contours having lateral
thickness variations such that their two principal curvatures are
in the same ratio as the two first coefficients of the equation:
The lateral variations of the thickness can then be
approximated by the expression [I]

contours represented by this
with R ' I / R ' ~ = M ' ~ / P ' ~The
.
relation are surfaces of the fourth degree that can be
approximated by quadrics such as elliptical paraboloids or
ellipsoids. Their intersections with planes normal to x2 are
ellipses, the intersections of two surfaces of this kind (with
different 2ho and R') are also ellipses, so we can consider unspherical resonators of different kinds (plano-convexe,
bevelled, and devices with two "curvatures").
The eigen mode at V=O (short-circuit modes) are the solutions
of the homogeneous form of the equation {1). For the eigen
modes: 4,
. a u,.. Some algebra allows to introduce characteristic
(cut-off) frequencies in the
- equations:

-

*

Where:

A

f =fn =

where m is an even integer.
On the lateral surface limiting regions with different
curvatures or limiting the electroded and the un-electroded
regions we have to specify the continuity of u l and of its
normal derivative (approximation of the continuity of Tijnj).
On the external edges of the resonator, the solution has to
verify a traction free condition or a zero displacement
condition.

(electroded regions),
I

unelectroded regions).

We define the quantity: R,,?'=

bounded at zero and a general symmetrical solution bounded at
r infinite:

(s) -(::)
-R -

- R,

I

1.2 Electroded plate with elliptical shape (free o r fixed
edge).
In this simplest geometry (isotropic and circular in the
r,t coordinates), for a totally free or a totally clamped edge, the
solution contain only one term of the series with the Mkm
functions. For each overtone rank the eigen modes are given
by:

The coordinate transformations:

.

lead to an isotropic separable form of the equation:

,

with a value of A*/2 which makes that, respectively, either
dulldr or ul is zero at the edge. For well designed resonator the
corresponding value of A*/2, for each mode is close to half an
integer. This latter value corresponds to the "infinite" case
where both boundary conditions are simultarieously achieve at
infinity. The fundamental mode or its overtones correspond to
the function:

which have a revolution symmetry in the r,t coordinate.

In this transformation, the un-spherical contour is
transformed into a revolution surface. As previously noticed the
present formulation is directly a very good approximation for
the cases with spherical curvatures when the lateral anisotropy
of the plate is small (Mn'# Pn'). This is the case for the 3rd
overtone of the AT cut and for the third and the fifth overtone
of the SC cut. Equation ( 4 ) can be separated as
ii, (r, t) = R(r)T(t) into two ordinary differential equations:

The separation constant must be an integer p=m, since the
solution of the first equation has to be periodic with a period
2mn. The transformation R(r)=(l/r) W(r2/2) leads to the
Whittaker equation:

Among the solutions of this equation [ll-121 the
Whittaker ~ ~ * / ~ , r n / ~ ( rand
~ / W~*/2,rn/2
2),
(r2/2) functions
of index k=A*/2, and k=+m/2 are the most interesting ones for
our purposes. The M functions are bounded at zero and the W
functions tend towards zero when the argument becomes
infinite. They are very appropriate respectively for the internal
region (centre) and for the most external region in the case of
"infinite" plate condition. The most general symmetrical
solutions (with respect to the xl and to the x3 axis) bounded at
r=O, is constituted of a linear combination of the successive
order symmetrical solution of equation {4}. It can be
decomposed in two sub-expressions: a general solution

Figure 1: Mode shape for the fundamental mode of a resonator
with 2ho=1.117mm, Rcl=41,mm, diameter along xl=15mm.

The variation of the mode shape with the reduced
coordinate r are represented in figure 1 for the case of a
fundamental mode resonator with R1=4lmm, 2ho=1. 117mm a
total dimension along xl=15.mm. In this figure the A*/2
parameter was varied around the values found in the free edge
case (0.499910) and the value for the fixed edge case
(0.500072). The displacement at the edge (r#4.87) in the first
case is 5 thousandth of the value at the centre of the plate. In
figure 2, the mode shape near the edge has been enlarged.

For the three last cases, in table I, the higher order
coefficients seem to be quite low but the values of the function
can be very high so that the contribution can be non negligible
at the edge of the plate. Due to the very great sensitivity of the
Mkm functions to their parameters and argument the
contributions can vary fastly with small variations of the design
parameters. These contributions depend of the angle t and it is
extremum for each term when cosmt is maximum
(m=n*18O0/m).So, the effect of the fixation can be to destroy
the radial symmetry of the mode and to increase significantly
the energy at the plate edge. We can observe in table I1 that, as
known from the experimental practice, the effect seem to be
more important when the mounting clips are situated in the x l
direction.
Similar effects can be computed for the overtone mode
resonators. But for resonators having design parameters near
the usual values for such devices, these effects are weaker
mostly due to the overtone rank dependence of A* and of the
larger Rns/2ho ratio existing in such resonators. In table El,we
have represented the frequencies computed for the un-spherical
overtone
mode
resonator
previously
considered
(2ho=1.320mm, Rcl=200mm diameter along xl=15mm). The
coefficients of the series are listed in table IV .

Table 111: Resonance frequencies for the 3rd overtone
resonator
Fr
1 El* Free I El. Fixed I El. Xlfix 1 ~ .1X3fix
(3819268.4 13819269.2 13819268.6 13819268.6
(Hz)
(*) El=Elliptical Un-spherical plate totally electroded.

Table IV: Coefficients of the series for the third overtone
resonatnr.~.
- .- .
A0
A4
A8
Coef.
A2
A6
A10
0
Free
0
0
1.000
0
0
(3e-12) (7e-15) (-le-14) (-5e-16) (le-16)
1.000
0
Fixed
0
0
0
0
(2e-12) (-2e-14) (2.e-14) (4e-15) (-le-16)
Xlclips. 1.000
-.I33
-.I17
-347
-.463
-.I58
. .. ...
..

Figure 2: Detail of the mode shape for the fundamental mode
resonator offigure 1.
For the third overtone of a resonator having the
parameters: 2h=1.320mm, R1=200mm diameter along
xl=15mm; the values of the A*/2 parameter are for the free
case A*l2=.499996 and for the clamped case A*/2=.500008.
The displacement at the edge (r#5.528) in the free case is of
about 111000 of the value at the centre of the plate.

1.3. Un-spherical resonator fiied along two segments.
We have considered the case of un-spherical resonators
in which a small fraction of the edge is fixed either in the xl or
in the x3 direction ( 1/24 or 1/32 or 1136 of the perimeter for
each fixation). A discretization of the boundary condition was
used for the numerical solution (two consecutive points around
the X I or the x3 axis were fixed for each side of the
corresponding axis). Then the resonance frequencies are
slightly different of the previous ones but the most important
fact is the non negligible contribution of several terms of the
series (cosmt angular variations). The results are given in tables
I and 11. In these tables which concern mainly the un-spherical
resonators totally electroded having the first geometry
previously considered above (R1=4lmm, 2h=1.117mm,
2axl=15mm) we have included the case of an unspherical plate
with a circular fixed edge. This shape which does not respect
the lateral anisotropy induces also a non negligible contribution
of the higher terms of the series.

L

1

e-5

I

e-6

I

e-8

I

e-9

( e-10

*for the two first lines the A2,A4, ...A10 coef. are also theoretically 0; the
values found by the numerical model are given (1.

1

On figure 3 we have represented the lateral variations of
the mode shape for the cases considered in table I and II. Figure
3a is relative to the totally fixed edge, figure 3a is relative to
3c consider the case where the
the totally free edge,
figure
.
.
TABLE I: Resonance frequencies for non spherical contours
frequency I El. Free
I E1.Fixed I E1.Xlfix I Ro.fixed
(Hz)
11621294. 1 1621338 ( 1621303. 1 1621324.
-

-

-

(*) El=Elliptical plate totally electroded Ro=Round plate totally electroded

TABLE 11: Coefficients of the series for the fundamental
mode resonator.
Coef* I A0 1 A2 1 A4 ( A6 I A8 ( A10
0
Free11.0001 0 0
1 0 0
(7e-13) (-2e-12) (-4e-13) (-6e-14) (-2e-16)
Fixed
0
0
1.000
0
0
0
(7e-13) (le-12) (3e-13) (7e-14) (4e-16)
X1
-.320
-.lo5
1.000 -.367
-.219
-.274
clips
e-4
e-5
e-6
e-7
e-9
X3
1.000 +.257 -.246 e- +.234 -.I14 e- +.I89 eclips
e-4
e-5
8
5
6
RO
1.000 -.I75
-.910
-.596
-.291
-.714
( fixed I
1 e-4 I e-6 I e-7 ( e-9 ( e-11
*for the two first lines the A2,A4,...A10 coef, are theoretically 0; the values
found by the numerical model are displayed. They give an order of
magnitude of the errors in the numerical computations of the coefficients.

elliptical plate is fixed along two segments in the x i direction
while figure 3d is relative to the case of a round plate with an
un-spherical contour fixed along to segments in the x i
direction. In figure 3d we can observe that the displacement
becomes negative near the regions where the edge is free, thus
nodal lines joining the mounting segments appears in the mode
shape. In figures 3b,c,d the displacement is multiplied by 10 to
better observe its value near the edge.

developments "mean coefficients" between the different
sectors was used. In the table V the results are given for a 3rd
overtone mode resonator: (Plano-convexe Rc=200mm,
2ho=1.320mm, diameter 15mm, totally electroded). Six terms
of the development using the Mkm functions (with m=O to 10)
are used

TABLE V: Coefficients of the solutions.

EFFECT OF THE MOUNTING

Figure 3: Computed mode shape of unspherical resonators

I1 RESONATORS WITH SPHERICAL CONTOURS.
We have previously shown [I-31 that the un-spherical
case considered constitutes already a good approximation of
the spherical case provided certain relations between the
parameters of the resonators are satisfied. A model for devices
with spherical contour was derived from the solutions shown in
paragraph I. In this mode1 we divide the resonator in regions
(characterised by a curvature, an electrode, etc.) and then each
region in sectors. We approximate each sector with spherical
curvature by a sector of an un-spherical resonator characterised
by Rns and 2ho parameters such that the curvature and the
thickness are the same at the centre of the plate and that the
thickness is also exact at each limit of regions (electroded
region, bevel, edge, etc..). Fundamentally, in this
approximation the spherical curvature is approximated, in the
limiting case of an infinite number of sectors, by an unspherical contour having the Rns (and in some cases the 2ho)
parameters continuously varying with the polar angle so as it is
spherical in the usual coordinates. For example in the sectors of
the electroded region of plano-convexe resonators we
approximate the spherical curvature by the relations:

where h', , x ,dB, (p, O), x~~~ (p, 0) are the values of the
thickness and of the untransformed coordinates at the comers
of the sector at edge of the plate. Discretization scheme
involving other approximations are used for the external
contoured regions to ensure a good representation of the
curvature [I].
This numerical model was applied to resonators having
geometries close to those previously considered in the case of
the un-spherical contours. In order to compare with the
previous case, an approximation considering for the

In this case, the effect of the boundary condition, should
also be evaluated using the "Free" or the "Fixed" cases as a
reference since then the corresponding "mean" coefficients take
into account a different anisotropy of the mode shape. Again
the effect of fixing only a small part of the edge is to increase
(algebraically) the coefficients. We can observe here that the
modification is much greater for the highest order terms of the
series, so that the effect of the fixation is mainly to add terms
with very fast angular variations. Here the effect of a different
plate geometry, is to modify very slightly the mode shape.
The computed resonance frequencies for the different
cases are listed in table VI. We observe the same phenomena as
for the un-spherical cases for the effect of a "partial" fixation of
the resonator.

The comparison between the spherical and the unspherical case indicates that the latter provides qualitatively and
quantitatively correct predictions of the phenomena resulting of
the various types of boundary conditions.

111 X-RAY TOPOGRAPHY OBSERVATIONS
The mode shapes of resonators with parameters similar
to those considered in the previous paragraphs were imaged by
x-ray topography. The expected deformations of the mode were
observed with the appropriate angular variations. Such a case
can be seen in topography la. which concerns a fundamental
mode resonator very similar to those considered in the previous
8 but with electrodes smaller than the plate (Rc=4lmm,
electrode diameter 8mm plate diameter 15mm, mounting clips
in the xl direction). The maximum value of the displacement at
the edge exceed 1% of that at the centre (the topography was
over-exposed to better observe the small amplitude
contributions). The contributions with angular variations in
cosmt have larger amplitudes than expected from the
calculation, the most important ones being those in cos2t, cos4t
and cos6t which are found (except near the mounting clips) to
be extremal at the expected angles and nodal lines appears
between the extrema which possess alternate signs.. It is much
probable that the large values of their amplitudes result of
properties of the mounting not taken into account in the
calculations. The topography lb is relative to a fundamental
mode bevelled resonator which displays, in the (external)
contoured region, another phenomena expected from the
calculation; the apparition of nodal lines. They can be observed
near the free edge of the plate but in this case, their geometry is
disturbed by a strong interaction of the mode with the Growth
bands existing in the plate. The topography of figure lc

represents a fundamental mode bi-convexe resonator. Here
again contributions with fast angular variations are observed
near the edge of the plate. we can observe that the mode shape
is disturbed by interactions with dislocations.

Topographies 1a,b,c: Fundamental mode resonators.
The mode shapes of the third overtone of plano-convexe
resonators with one or two curvatures, have often show11 some
extra-features which can be fundamentally of same nature
(related to the fixations of the plate or to the existence of the
external boundary or of an internal one separating two zones)
but, eventually, in the frame of a more general theory. In facts,
in each case, the small u l component with fast lateral
variations which extend over the whole plate was found to be
very dependant of the fixation conditions and it has disappeared
or was greatly modified when the type of mounting clips was
changed. In some instances a weak u3 component with similar
and related variations was observed. Such observations which
may also be related to couplings with plate modes are presently
the object of in depth investigations. Topographies 2 display
the observed phenomena in different contoured resonators.

Topographies 2a,b,c: Third overtone resonators

CONCLUSION.
The theoretical study of the non-spherical resonators with
curvatures and a lateral geometry respecting the lateral
anisotropy of the crystal plate has shown new features which
also exist in all contoured resonators having a spherical
contour. The modes of contoured resonators with a totally free
lateral boundary can have a non negligible amplitude at the
edge of the plate. This amplitude decrease with overtone rank
in a manner well described by the properties of the index A* of
the Whittaker functions, For the anharmonics of these
overtones, this amplitude increase with their rank.
When the plate is fixed on small portions of its
perimeter, higher terms of the series with fast angular
variations are included in the displacement in the non-spherical
case (and also in the spherical case) so that the vibration
amplitude can vary (increase) near the edge of the plate and
acquire fast angular variations. The phenomena is more intense
for the fundamental mode than for the overtones but it exists in
any cases. The effect of the plate geometry on the mode shape
can be non-negligible. Particularly, the calculation have shown
a noticeable effect for the case of plate geometry (circular)
which leads to the apparition of nodal lines. In this case, the
higher order coefficients of the series are also increased. The
experiments have confirmed the existence of such effects. They
have also shown that other (or larger) contributions to the real
vibration modes resulting from the actual boundary conditions
corresponding to the mounting, can be observed.
We believe that all the effects observed here does have
consequences on the ultimate frequency stability that can be
achieved with the contoured crystal resonators and also on all
other properties which depend strongly on the mode shape.
Further investigations and computations are being made to
precise the influence of several factors on the mode shape and
on the most important properties of such resonators.
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ABSTRACT
A new finite element software has been developed for the modeling of plate resonators operating in fundamental mode of essentially thickness shear. Investigated designs consist of parallelepipedic thin plates, in the vicinity of AT-cut, with thin metallic electrodes deposited on facing-together surfaces. The
plates have various length-to-width and width-to-thickness
ratios. We consider that the vibration is trapped by mass loading
effect along one in-plane axis (I) of the crystal, while trapping
effect is absent or poor along the second in-plane axis (w).FEM
provides with an efficient means to model dimensions-dependent
couplings between thickness-shear and various other modes,
mainly high overtones of flexure, which arise from the boundary
conditions at free edges. In this paper, after recalling the main
features of our program, we particularly investigate the effect of
w/t ratio (t=thickness) on the frequency spectrum and high order
temperature behavior for values in the range [lo-151 of w/t.

crystals, it is possible to consider really dense discretisations
along in-plane directions, letting expect a good accuracy while
the generated problem remains quite treatable with nowadays
available hardware.

2. THEORETICAL POINT OF VIEW
The reader can find more extensive details on topics considered
in this paragraph at Ref [4]. Key points considered on building a
FEM program were the choice of a pertinent variational formulation, the matrix form of this formulation, and discretisation
techniques (including interpolating functions and element geometry which strongly affect efficiency). We just recall the main
equations and we shortly mention some details about the two
new elements built specifically to study the considered resonators.
2.1 Variational ~ r i n c i ~inl elagrangian formulation

I

Keywords : strip resonator, finite element, quartz, temperature
sensitivities.

1. INTRODUCTION

Strip resonators have been a subject of constant interest since
their introduction [I]. They are suitable for low cost, mass production resonators and can operate at a much higher frequency
than flexure mode resonators, although their dimensions are
quite comparable, i.e. small in compare with trapped energy
square or circular plates operating in quasi pure thickness shear
mode. Since early works from Mindlin [2], it has been known
that the resonant modes occuring in narrow rectangular AT strip
quartz resonators exhibit definite mechanical couplings between
thickness shear mode, still dominant, and flexural and other
modes such as face shear or extensional. This couplings, which
strongly depend on the w/t ratio, determine a marked oscillating
behavior of the U1 and U2 components of mechanical displacement, respectively corresponding to fundamental overtone
of slow shear and flexure waves propagating along the width.
The vibration of strip resonators is trapped along the larger
dimension of crystal ( I ) , with help of piezoelectric coupling and
mass loading effect of electrodes. Although the analytical modeling of such resonators can be refined [3], it becomes then
intricate, and the accuracy of prediction may seem insufficient,
especially for wide w/t values, involving coupling of TS with
high overtone of flexure, a technically interesting configuration
since it allows for better ClICO ratios than very narrow strips.
So, starting from a program existing at LCEP, and initially
designed for the modeling of eigenmodes in contoured resonators, we have redesigned a new program with suitable features
for the analysis of resonant modes in not-so-narrow strip resonators (plates, in fact), including the prediction of static frequency-temperature characteristics. Due to the weaker oscillating behavior along the thickness, in compare with high overtone
thickness shear resonators, and the relatively simple shape of

K is the Piola Kirchoff stress tensor,
D is the material electric displacement,
po, Vo, So denote the fixed mass density, volume and outer
surface of the crystal in the stress free natural state
(reference temperature 2S°C),
F is an applied static force,
o is the net charge imposed on non metallized surfaces.

where G, R, N respectively denote the sets of so-called effective
material elastic, piezoelectric and dielectric constants refered to
the natural state. These constants, which have special symmetries and are respectively stored in 9x9, 3x9 and 3x3 matrixes,
were already defined and discussed in previous papers [5-61.
2.3 Discretization of the problem
The quadratic interpolations associated with well known 20nodes or 32-nodes hexaedric elements are not optimal to fit the
oscillating behavior of the normal displacement along the width.
Since the trigonometric interpolations proposed in previous

papers [4] were more specifically designed for high overtone
resonators, we decided to design two kinds of new 48-nodes
hexaedric elements with polynomial interpolations. The first
kind uses cubic interpolations in every direction, while the second one uses cubic interpolations along the thickness OY and the
width OX, and quadratic ones along the length OZ. We give on
Fig. 1 the distribution of the nodes in each element (For legibility, we just show the nodes along the base plane XOZ and the
thickness).
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2.4 Effect of the electrodes

tcrystal

x

electrode

Fig 2 :position of the electrode in strip resonator
Our software takes into account the elastic, dielectric and inertial
effects induced by thin metal electrodes deposited on facingtogether surfaces of the resonator. This is obtained through
adding the following term into the time integral of the variational formulation in Eq(1):

he:thickness of the electrode
p, : mass density of electrode material
Se : surface of the electrode
This expression includes both the mass loading and the stiffness
effects. We use shape functions expressed in terms of the
parametric coordinates (r,s) to facilitate the computation of
integrals, thereby requiring the computation of the relevant
Jacobian J of transformation from real to parametric coordinates.
mass loading terms

H'
[HI= o

[

0

0

0

0

...

H' o o
o H 1 o

stiffness terms
[ K c ] =heI [ q r ,s)] ' [ c ~ ] [ Bs)]der
( ~ , (J)ds
s.

(~X(~XP))

O

-

0

where E and v respectively denote Young's modulus and Poisson's ratio of the supposedly isotropic electrode. The above
expression for C assumes that the thickness is along the OY
axis. The size of this matrix is 9x9 in order to follow the
adopted formulation for the stiffness matrix of the volumic
elements meshing the piezoelectric crystal [4].
2.5 Temperature sensitivities
Since the writing of the variational principle is mapped onto the
coordinates of the reference state (lagrangian formalism), the
geometry and mass density remain fixed along temperature
variations. We consider that only the elastic coefficients are
affected by temperature, although the program would require
very little changes to take into account thermal sensitivities of
piezoelectric and dielectric constants. The temperature derivatives of the G, elastic constants can be either determined from
frequency-temperature characteristics associated with analytic
models for the vibration, or they can be deduced from existing
values of the temperature derivatives of elastic constants in the
((usual n sense (BBL) through formulas that only involve thermal expansions, and are given at Ref [6]. Two methods have
been adopted to compute the frequency-temperature characteristics.
In the first one, we perform successive runs upon updating
the computation of all elementary stiffness' for each temperature step. This is what we call the direct method.
In the second one, we adopt a perturbation process considering that the results of a first preliminary run
yields a subset of mode patterns which can be used as an
initial assumption for the description of eigenmodes when
temperature varies. The variations of stiffness coming from
temperature variations (up to the third order) are considered
as additional perturbation terms in the variational formulation. Since the dynamic eigenvaludeigenvector problem is
solved with subspace method, this is possible as long as the
vectors in the subspace at current temperature do not become
orthogonal to the initial subset. Also, the initial subset must
be large enough, since only its elements can contribute to the
thermal sensitivity of the whole problem.

3. DESCRIPTION OF THE SOFTWARE
Our program has the usual structure encountered in finite elements programs. All routines are written in ANSI C language,
with use of typedef prototyping, checking of passing parameters
to functions, and dynamic memory allocation. The program
compiles and executes well with Sparcworks add-on acc compiler under SunOS-4.1.3 and with FSF-GNU gcc compiler release 2.7.2 under SunOS-4.1.3 and Solaris 2.5 on Sparc-based
systems, and under Linux 1.2.13 and 2.0.0. on Intel Pentium
systems. The package was compiled with Visual C++, installed
and tested at Vectron Technologies Inc, on a DEC-Alpha computer running Windows NT4.0 . Independent external modules
are devoted to the pre- and post-processing.

3.1 Mesh generation (pre-processing)
According to the specific design of the parallelepipedic resonators made by VTI, a specific module was developed to automatically mesh such structure, while accepting sufficient construction parameters. This program provides an ASCII file containing
all data in the suitable format for our FEM program, e.g. :
the geometric characteristics of the resonator (length,
width, electrode length, electrode width, position of the
electrode, thickness, electrode thickness, position of the
electrodes),
a choice between meshing all of the resonator or the half
of it, according to symmetry considerations,
the kind of element retained to mesh the structure (20
nodes, 32 nodes, or either kind of 48 nodes element), the
number of the elements along in-plane axes (OX and
OZ) and the number of layers of elements along the
thickness,
the physical characteristics of the crystals : temperature,
cut-angles (@, 0,Y),
The results of the mesh can be visualized with the graphic tools
of MAPLE.

not necessarily located at the lower or higher end of the eigenvalues spectrum.
3.3 Vizualisation (oost-processing)
In order to conveniently identify the modes of interest, a posttreatement was designed to visualize the results. First an independent C-language module generates data files from the finite
elements calculation. Those data are pre-formatted for subsequent visualization with help of popular graphical .programs
(Gnuplot or Maple).

4. NUMERICAL RESULTS
In this part we present some analyzes performed for the wellknown patented 4.2MHz Zumsteg resonator and for a lOMHz
resonator designed at VTI.
4.1 Process of resolution
We start from the data provided by a simpler program which
computes the dispersion curves according to Ref [7]. This allows
for an estimation of the number of flexure wavelengths along the
width X, thereby predicting the minimum amount of elements in
this direction. A 2D finite element software is also available at
VTI which is helpful to predict the appropriated mesh for 3D
analysis while requiring less memory than our 3D program. The
following organigram summarizes the process of resolution.

I 2D analysis or analytic analysis I
I

prediction of the number

I

3.2 Organization of FEM Droeram
The software allows for three kinds of analyses : frequency
computation, thermal sensitivity with direct method and thermal
sensitivity with perturbation method.
The first task performed, after reading the input file which must
be properly formatted, consists in elaborating a direct access
binary file containing all connectivity information. It is written
after the nodes are renumbered with the Cuthill and Mac-Kee
algorithm, which was found to typically yield a decrease of the
initial bandwidth of the global matrixes by a factor 113.
Since the global stiffness and mass matrixes are symmetric, it is
only required to store the upper triangular part of them. In this
way the memory requirements for the storage of the global
stiffness equations is approximately halved. A further lowering
of the memory requirements is gained upon adopting a skyline
storage: it consists of only storing in memory the part of each
matrix column which is located between the diagonal and the
farthest non zero element. Thus, for the cases that we considered
in practice, the memory requirements are roughly reduced to one
tenth of the size of the initial full matrix.
After assembling elementary stiffness and mass matrices into K
and M we solve the eigenvalues problem KU=)LMU with the
subspace iteration method, which is suitable for the treatment of
large problems, for which the investigated frequency window is

3D analysis

4.2 Narrow s t r i ~resonator 4.2MHz
In this section, we investigate a well-known 4.2MHz strip resonator design. The test configuration is exactly that one at Ref [I].
In this design, the electrode covers the whole width of the resonator. Dimensions are shown on Fig 3.
4.2.1 Comparison of different elements
We have performed some analyses in order to compare the
efficiency of the different hexaedric elements available in our
software, mainly the 32 nodes (cubic along thickness, parabolic
otherwise) and the two kinds of 48-nodes elements. In all cases,
we have meshed the structure with 8 elements along OX, 12
elements along OZ, 1 layer along the thickness. The following
table recapitulates the results of these computations :

(

Kind of element

(

Nb. of the nodes

I

Frequency (Hz)

32

1316

4.21 170653e6

48 (kind 1)

2164

4.20357006e6

48 (kind 2)

2500

4.20353101e6

I

Those results show a frequency decrease when the number of
nodes increases. Fig. 4 shows the pattern of U1 in the base plane
of the resonator Since it has the same appearance for all tested
elements, we just show it for the 48-hexaedric elements. For the
visualization, we have cut the structure along OZ in order to see
the behavior along OX (width of the resonator). The behavior
along OZ is symmetric in this cut. The strong coupling between
thickness shear U1 and flexure waves U2 propagating along X1
is readily seen.

ric

of asked modes should be strongly increased for the perturbation
method to become accurate enough to account for the contribution of flexure coupling onto the global sensitivity. Nevertheless,
assuming that this guess is correct, we have not yet investigated
how (expectedly) increased accuracy associated to a larger subspace might be balanced by a reduction of the speed advantage
of perturbation in compare with direct method. As long as this
issue is not settled, we prefer to stick to the direct method.

1 - l e n 11g t h
3mm

v
I elec-thick.

4-b

thickness = 0.4mm
f-----)

width = 1.25mm
Fig 3 :4.2MHz AT-Cut resonator
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Fig 5 :Perturbation method - 4.2MHz

Fig 6 :Direct method - 4.2MH.z

Fig 4 :Distribution of U1 in the lower sugace

4.3 Wide s t r i ~resonator lOMHz (AT-Cut)
4.2.2 Tem~eraturesensitivities
The thermal sensitivity has been investigated in the abovementionned configuration. We have tested both available methods (direct and perturbation) for each kind of elements (32,
48(1), 48(2)). All analyses are performed in the range of temperature [lO°C - 180°C]. The whole set of obtained curves are
given on Figs 5 and 6.
The change from 32-nodes to 48-nodes elements has significant
impact on the frequency temperature characteristics. The curve
labelled <<half-32.direcbcorresponds to results obtained when
we only mesh the half of the strip resonator (cut along the
width). Also, the predicted high order temperature sensitivities
with the direct method are neatly different from the ones obtained with the perturbation method, which are close to sensitivities predicted for unidimensional infinite plates. We attribute
the following reason to this behavior : to be accurate, the perturbation method requires the initial subset to act as a complete
basis, thereby being large enough. So, we think that the number

This configuration has been proposed by VTI and has been
extensively investigated. Those investigations include the convergence checking, frequency temperature sensitivities and
dispersion curves. In compare with 4.2Mhz design, this design
requires a serious increase of computer resources. Corresponding
analyses were performed at LCEP on a Ultra 1 Sparc workstation with 224 Mb of RAM and at VTI on a DEC Alpha workstation with 1Gb of RAM. We give in the following table the complete characteristics of the resonator, concerning both the crystal
and the electrodes.
Crystal characteristics
length
width
clamping zone
thickness
theta
P

5.588
21 varies
0.762
0.16346
35" 10' 0
2.648e-9

Electrode characteristics
Gold
p
length
width .
thickness

18.5e-9
2.032
1.7272
2.8%-4

14

We mesh the structure with 48-hexaedric elements (12 nodes in
the plane XOZ, 4 nodes along the thickness OY), we have 10
elements along the axis OZ, 1 layer of element along the thickness and 18 elements along OX
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Fig 9 :Direct method - I OMHz

4.3.2 Shave mode

4.3.5 Analvsis ~erformedat VTI

To give an insight of the mode Patterns, Figs 7 and 8 Present the
distribution of U1 and U2 along the base plane of the resonator.

The last tables recapitulate some analyses performed at VTI.
They concern the configuration loMHz with the ratio w/t =
14.4 and clearly illustrate the amount of memory required for
such analyses VG, from James).

4.3.3Temperature sensitivities
Fig 9 shows the temperature sensitivities curves corresponding
of the values of wlt varying between 13.8 and 14.4.
(Temperature derivatives of elastic constants from RefC51)
L o w m f r r o f t b r R ~ m u n I U I.hogumry: I010533aOI

I

I

Fig 7 :Distribution of Ul along the base plane

Mesh

Freq. (MHz)

Duration

10.0537565

3h 50mn

600Mb. - 15modes 1 layer 18 (OX) 15 (OZ)

10.0538390

lh 30mn

346Mb. - 15 modes 1 layer 27 (OX) 10 (OZ)

10.053708

Ih 40mn

358Mb. - 10 modes 1 layer 28 (OX) 10 (OZ)

RAM
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ANALYSIS OF QUARTZ RESONATOR ACTIVITY DIPS WITH HIGH-DEGREE FEM
K.Triimpy
Micro Crystal, Div.of ETA SA, 2540 Grenchen, Switzerland

I. ABSTRACT
The coupling of quartz resonator main niode of vibration tvith spurious
modes of vibration occuring at certain temperatures, causing the so called
activity dips, is analysed with finite element method. High degree prismatic elements with up to septic Hermite interpolation were developed in
order to obtain the high precision necessary to resolve the dense modal
spectrum of AT-cut quartz resonators with funda~iientalfrequencies of
16.8 and 50 MHz. Frequency dips resulting at masiniuni niode coupling
are interpolated from values yielded at neighbouring temperatures. Motional resistances are calculated from the mechanical losses in the electrodes and in the bonding epoxy resin. The undamped dip is modified by
means of the electrical equivalent circuit of the damped coupled double
oscillator. Values for resonators of varying gcoliietry are presented and
compared to experimental data of AT-cut resonators.
KEYWORDS: High degree Hemiite interpolation FEM, n~otionalresistance, frequency dip, damped double oscillator, AT-cut resonator.
11. INTRODUCTION
A finite element program including triangular and rectang~ilarprismatic
elements with conforming cubic, quintic and septic Hermite interpolation is
developed. Because in Hem~iteinterpolation differentiated variables are
used as node values, special measures are taken to allow non continuous
gradients of the primary variables. The primary unkno\mi variables are the
extensive mechanical displacements and the intensive electrical potential.
With displacement method for the mechanical variables and force method
for the electrical variable, it is a mixed finite element approach. For quartz
resonators with predominant mechanical energy, conforming interpolation
still yields descending frequencies with increasing discretization level.
Except for the small electrode connections, the niodclled resonators have a
length symmetry plane and also for A T cut the anisotropic material constants are invariant against reflexion on this syiuiletry plane. Modelling
only one half of the crystal structure by imposing boundary conditions of
antisymmetry for nodes located on the symmetry plane gives the modes of
interest at a considerably reduced caculation time. The resonator characteristics can be determined for varying te~nperatures.Electrodes are modelled by taking into account the mass, elasticity and elcctrical conductivity.
So far dissipation temls were neglected in the FE-model. In the sense of a
perturbation calculus of first order we disregard the influence of dissipation on the eigenvector, because appreciable internal friction only occurs in
a small part of the volume of the modelled resonator, i.e, in the electrodes
and in the thin epoxy resin layer bonding tne resonator to the ceramic package. For given Q-factors of these materials, motional resistance of each
mode can be calculated. Together with the frequency and the motional capacitance values of each mode, impedance and phase diagrams of the resonator can be determined.
Every mathematical mode of the dense modal spectrum creates at coincidence of frequencies a main mode frequency dip which is interpreted as tlie
beat frequency of a coupled double oscillator. By means of the electrical
equivalent circuit of the damped coupled double oscillator, where tlie coupling strength is determined from the value of the undamped frequency dip,
a modified frequency dip and motional resistance value of the main mode
is determined in function of the spurious niode niotional resitance.
Due to the high discretization level, the finite element analysis leads to
enormous caculation times. For a 50 MHz fi~ndanientalshear mode AT
strip quartz resonator modelled with septic elements only few results are
presented, however systematic results are presented for an analogous 16.8
MHz resonator [l] modelled with quintic elements. Some specific results
of quartz crystal parameters are presented. The main part consists in the

presentation of the temperature dependent spurious mode behaviour, which
is systematically analyzed for different widths of the resonators modelled
\\zith varying thicknesses of the electrodes and of the epoxy resin layer. The
theoretical values are compared with experimental data of chemically
milled miniature AT-cut resonators.

111. HIGH-DEGREE FINITE ELEMENT ANALYSIS
Hermite interpolation leads to a much lower total number of degrees of
freedom as compared to Lagrange interpolation, because at least for the
rectangular prismatic element all nodal values can be concentrated at
element comer nodes.
1. Basic FE-Eauations of the Piezoelectric Model
The form function
links the primary variable nodal values in an unequivocal way to the values in the entire element volume. For the displacements u,v, w and the electrical potential4 ,the relations

0

0

iT

yield, with the Hermite interpolation function a ( x , y , z ) , the element nodal
displacements F = (Z, ,Z2,F2)T and electrical potential j
In matrix notation the mechanical strain E and the quasi-static electric
field
are related to the corresponding nodal values by the differentiated
f o r m f u n e t i ~ n s i ? , . , ~ ~ , f iE~=: B S S ; B = - B + P .

The symmetric linear constitutive relation of piezoelectricity with the mechanical stress t? and the dielectric displacement 6 is

For the independent field variabes E and j? the elastic stiffness c has to
be determined at constant 3 , the dielectric perniittivity d at constant E ,
and the coupling matrix z 1s the piezoelectric matrix.
The element stiffness and mass matrices, whose quadratic forms correspond to elastic, dielectric, mutual and kinetic element energies, are :
~ , , = J B ; ~ B ,~~, v, ,= - J B ; ~ B ~~~, v= ,J B ; ~ B , ~ V

m,

=Q

~

N N~ V
,~

(Q

=mass density).

The global matrices K and M are derived from the assembly of all element matrices. In the case of undamped stationary vibrations with the angular frequencies o , the following global eigenvalue equation yields

with the global nodal vectors 3 , ? of displacements, electrical potential.
The consistent mass matrix is compressed to about 1115 of the size of the
stiffness matrix (skyline storage) by storing only one element of each diagonal 3x3 submatrix. The eigenmodes are calculated by inverse vector iteration with overrelaxation acceleration of convergence [I].

2. p
The method for plane triangular elements with cubic Hermite interpol. in
[2] is generalized. A polynomial expansion of function f (i.e. u,v,w,$)

order to assemble the global matrices for distorted and arbitrarily oriented
elements the appropriate variables are the global variables x,y,z :
In the cubic case chain rule ft = f,xg + fyyg + f,zE gives for node 1

is : f (x, y,z) = fi 6 , 6 = ( a , , a 2 ,...) (vector of polynomial coeff..),
f i r =(l,x,y,z,x2,xy,xz,y2,p,z2,x3,x2y,x2z,v2,vz,xz2,y3,y2z,.~~)
With JT=(f,,f2,f3;..)
andthenodalvalues f , = f ( x i , y i , z i ) at
node i the interpolation condition f, = fi (xi, y, ,z, ) 6 results. With
~ = P G,

1

:T(~l,~l,zl)
P = fiT(x2,y2,z2) ;

f

=GT2

f = i '6 = i P-I 2 ,the form function fi = P-"fi is obtained.
In Hermite interpolation of cubic, quintic or septic degree the nodal vector
d'k)contains besides function- also differentiated function-values :
= (fl,fl:...),
J's'T =(fl ,fl:flc:...),
d(7)T=(fl ,fil,fl':fllt:...)
f1=(fx3f,.,f*),

Linear combinations for six or eight nodes i are built with J T ( ~, q, i ,< i ) ,
and the same combinations are applied to f,, f,, f,
For second and third order derivatives chain rule yields
fh =xFqfr
+yEqfY+zglf2 ' ~ E ~ q f +n ~ g ~ q f+ w
~ ~ ~ q f+r r

f"=(fs~fw>f2z>fv~f~~fy~)

f "'=~f,.f,~fn,~f,~f~~f~,f~~fIzXXfIIyYfw
Local cosrdinates 5.,q,< are used for the further discussion. For the unit
rectangular (0 55.,q,< 5 1) and the unit triangular (5. + q 5 1) prismatic
element, polynomial terms of the vector 2 must be carefully selected.
Three conditions must be fulfilled: 1. invertability of interpolation matrix
P, 2, geometrical isotropy of 2 (if e.g. 5.2q< then also 5.q2< and for the

(x5Yqzt + X5Z,IYt +YEX,,Z?, +YtZ,,Xt +ZgX,,Yt +%YqX3If*,
Thus for quintic and especially septic interpolation complex linear combinations of form functions result, although for trilinear co-ordinate interpolation besides xS... only mixed derivatives xE,,..., xgqt appear.

rectangular prism also 5.q< ) , 3. conformity of interpolation. These conditions determine the high degree terms additional to the complete polynomials in 3 variables with 20, 56 and 120 terms for cubic, quintic and sep- - . 3
The class of admissible functions in FE-method are those that are continutic interpolation respectively.
ous with piecewise continuous first derivatives, i.e. among others funcTriangular prism :
tions of the Lagrange typ. At the intersection of materials with different
( 0 r : 4 * 5 . ~ < ,2 * ~ ~ q < )
3: F3< Et3;'rl qG3, 52q< 5.q2<
elasticity, mechanical strain is non-continuous and the same is valid for the
electric field at electrode borders. Discontinuities of these fields can not
5: 4 * c 5 < , 2 * g 3 c 3 , 4*e3q2<, 2*E471<
occur because they are used as node variables in Hermite interpolation.
7: 4 * e 7 < , 4 * ~ ' < ~2 ,* ~ ~ q 4*5.'q2<,
<,
4*E4q3<, 2 * g 3 q 2 t 3
For element intersections perpendicular e.g. to the z-axis it is possible to
Rectangular prism :
admit discontinuous normal-component of gradients. In the cubic case one
3: 6*c371, 3 * ~ ~ q <3*E3q<
;
has then to assign to the variables u , , v, ,w , ,$ , at the corresponding
nodes of the two intersecting elements two distinct places in the system of
5: 6*es71, 6 * ~ ~ q ' <3*5.'q3,
,
3*E4q<; 3*E5q<, 3*5.'q3<
global equations. Functions in the intersecting plane are independent of
7: 6*E711, 6*5.'q3, 3*g6q<, 6*5.'q2<, 6*E4q3<, 3*E3q3c2;
these variables, thus conformity of interpolation is ensured. For arbitrarily
directed element intersections, it is necessary to rotate the variables.
3*c7711, 6*E57l3<>E3q3G3
One also has to consider non-continuous strain occuring at geometrical
These polynomials are called conforming because for constant 5., q or
discontinuities of structure in order not to loose the high precision obtaior + q = 1 for the triangular prism, the remainder polynomial in two vanable with Hermite interpolation. For the free length extensional resonator
riables reduces to the conforming "serendipity" interpolation over the rectshown in Fig.l, results obtained with cubic Hermite interpolation are comangular or triangular domain. Conformity guarantees continuity of f at
pared to those with Lagrange interpolation quadratic in x-y and cubic in z,
the element intersections! The complete interpolation polynomials over the
where every cubic element is subdivided into four quadratic elements. At
triangular domain contain 10, 21 and 36 terms. The additional high degree
the marked nodes discontinuous strain is admitted or supressed.
terms of Hermite interpolation over the rectanguar domain are:
3: 2*5.jq
5: ~ * 5 . ' ~53q3
,
7: 2 * g 7 q , 2 * p q 3
The interpolation is determined through the node values 2'" in the six or
eight prism comers and 2'k-2'in the two triangle centres of gravity.
(26, 68, 140 ; 32, 80, 160 values for the triangular- ; rectangular prism)
Fig.1 FE-mesh cubic Hermite interpolation, length extensional resonator

<

e

Trilinear interpolation is chosen for the co-ordinates (subparametric element). With the nodal x-ordinates xi = x(ei , q l ,<,) , the nodal vector

Mode:
Lagrange:
Hermite discont.: Hermite cont.:
36 z-flexion
1161.70 kHz
1164.54 kHz
1166.87 kHz
length ext.
1229.24 "
1230.75 "
1233.63 "
i?= (xl,x2,...,x8), form function G = ~;~~(1,~,q,<,Eq,5.<,q<,~q<)~37
38 xy-flex.
1237.23 "
1238.19 "
1239.57 "
relation x(e,q,<) = GTEl and corresponding expressions for y , z result.
Tab. 1 Frequencies of the free unclamped length extensional resonator
The Iacobi matrix J, which contains the derivatives
With Lagrange interpolation the total number of degrees of freedom is
24'456 and 5'430 or 5'334 for hermite interpolation (mechanical model).
a ~ / a ~ = G ; i , a, y / a ~ = G ; L 2 , ... , a ~ / a < = G ; i ~

determines with fiT(E,q,<) = ( N , , N, ;..) the substitutions
( a N i / a x , a N l / a y , a N i i a ~ =)J -~' ( ~ N , / a g , a ~ 1, q . a l~a <~) T
which allow to caculate

fix,fly ,fi, .

I

F dr dy dz = F

The integration with the transformation
Y

IJI

& dq &

YO

is carried out by numerical Gauss quadrature. High degree quadrature
rules for the triangle are taken from [3].
So far form function fi is related to the node variables 2 containing
terms partially differentiated with respect to the local variables 5.,q,< . In

4. Resonator Specific Relations
Mass loading of thin electrodes is considered by : mis = m,

+ m,

,

with the electrode mass density Q, , the thickness t of electrodes in the
x-y plane and the quartz resonator thickness h .
Stiffness of thin elecrodes is taken into account by : kI, = k, + k E ,
k, = t ( ~ c,
i Bs ( x , y , z = f h / 2 ) & d y
where c, is the plane stress isotropic stress-strain relation.
For arbitrarily oriented electrodes, matrix Bs is transformed by the matrix

of direction cosines from global to local co-ordinates [4] and dxdy with the
absolute value of the vector cross product (xe ,yl ,zE) x (x, ,y, ,z, ) .
Temperature effects are considered by the variations of the material coefficients and of the resonator shape. For stiffness coefficients, the relation
c, (T) = c, (25" C)(1+ TC;''AT + T C ~ ~ ' A+TTC~'AT')
~
is given, and corresponding relations are valid for dielectric and piezoelectric coefficients.
The expansion coefficients a::' determine the principal expansions

AT'

+U~;)AT' forming the diagonal matrix a .
a,, (T) = U:;"AT
Mass density is Q(T) = ~ ( 2 5 ° C1) ((I + o , ,(T))(l+ o,,(T))(l +a,,(T))) .
Rotating a according to the quartz resonator cutting angles to a' = [a; 1,
gives the node co-ordinates x(T) = t ( 2 5 ' ~ ) +a1(~)R(25'c) and the
mass density of thin electrodes Q, ( T )= Q, (25" C)(l -a;, -a;,) .
Temperature coefficients Tc of gold electrodes are also cons~dered.

IV. MOTIONAL PARAMETERS, DAMPED FREQUENCY DIP
1. Motional Parameters Cm and
Motional capacitance C, is determined by equating the kinetic energy

T = KO 2 S T ~ s s(Eq.
S I) to the electromagnetic energy stored in an equivalent inductance Lm created by an electric current I = o Q . In the resonancecase 0 2 = 1 1 L ; C m ,
~ T = L , I ~ = L , w ~ Q ~ = Q ~. I C ,
Cm= Q 2 1 2 . T
(2)
Q is the sum of the node charges of the grounded electrodes.
Motional resistance Rm is derived from the model of hysteretic or Lorentz
damping. The damping forces are considered as independent of frequency
and proportional to the elastic forces. Internal friction produces a phase
lag 6 of strain behind stress. The energy loss per period is [5]
WL 2 d L 6 = 2 d L I QL , with the elastic energy EL and the quality
factor Q, which characterizes the mechanical losses. The definition of the
quality factor of a resonator Q, = 2 n T l WL and the relation
R = 1I (w CQ, ) of an electric resonant circuit yield
R,=E,I(TQ,.oC)
(3)
with the total resonator energy T . EL corresponds to the elastic energies

~ o = ( ~ ~ ( ~ ) + ~ s ( ~ ) ~ ~ ~ ( ~ z ) ~ ~ (s4 4( ~ ~ ) ) ~

B[x
fx,

-GI2
j = 1,2
(4a)
The bonding layer (Fig.5a) and electrode deformation (Fig.5b) energy
peaks are represented by the same curves, but with exchanged roles of the
main and spurious modes.
Bs spur. mod
Es spur. mode
a, =(Co /C,(T,)-I)I(T,

TI

mode

BM ma
To

T2

TI

M m

' n mode

To

T2

Fig.5a Bonding layer deformenergy peak Fig.5b Electrode defor.ener. p.

Bo=(BM(T,)+Bs(T,)+BM(T,)+B~(T~))/~
Eo = ( E , ( T , ) + E s ( T , ) + E M ( T 2 ) + E s ( T 2 ) - 2e ) l 4
In Fig.5b the zero line energy e of Em has to be taken into account, for
which the smallest EMvalue in the total temperature interval is taken.
Ro=(Bo/Q,+Eo/QE)l(T~wC)
(5)
corresponds then to the motional resistance peak amplitude (Eq.3).
3 Undamped Freauencv Dip
The relation from [6] for a coupled vibration is represented in Fig.6
(f - f i ) (f - f i ) = r fifi (coupling constant r = 2Af If,).
mc

I

I

I

TI

To

T2

Fig.6 Coupled vibration, frequency deviation df, frequency dip Af
The frequency deviation df from the uncoupled main mode f~ was found
as proportional to the slope of the spurious mode

df(T)=(J(T)I2Co).(fs(Tz)-fs(T,))I(T2
-T,)

and the integrated motional capacitance peak. With Eq.4
B , = % ~ E ~ z ~ v ~, ~ = ' / i t ~ ~ ~ ~ ( ~ , ~ , z = f h l 2 ) d r d ~
~ ( T ) = f c , ( ~ ) d =z C , ( A ~ C ~ ( ~ ( T - T ~ ) ) (TLTo)
+ ~ ) ~ ~
v.
of the bonding layer Bm and of the electrodes Em.
A corresponding relation yields for TLTo. This allows to determine the
value of the frequency dip Af. With Eq.4a, the relative frequency dip
By determining n modes adjacent to the main mode, with Eq.l,Eq.2 and
Eq.3 all parameters of the electric equivalent circuit of the multi mode resonator in Fig.2 are known (static capacitance

-

e)

.-

-

,

is determined from the FE-analysis at two arbirary temperatures near To

Fig.2 Electric equivalent circuit of a multi mode resonator
The I ZI impedance diagram and the cp = Arctg(Z(Z) 1 R(Z)) phase
diagram of the resonator can be determined from these values.
2 Interpolation of Cm and Rm Peaks
The course of the Cm, Bm, Em peaks is interpolated from values obtained
with FEM at temperatures T i and Tz near To. The temperature of maximum mode coupling To is obtained at the intersection of the main-mode
~ M ( Tcurve
)
and the spurious-mode fs(T) lines of Fig.3.

Ti

To

T2

TI

To

Tz

Fig.3 Intersection of frequencies at To Fig.4 Motional capacitance peaks
At T=To it is no longer possible to distinguish the two modes! The
following relations characterize the motional capacitance peaks of Fig.4
C, (To)= Cs (To)= Co , C, (T) + C, (T) = consr. , and

4. Dam~edDouble Oscillator. Modified Freauencv Dip
The influence of damping on the beat frequency of the free stationary oscillation of a double oscillator is investigated by means of the electric equivalent circuit of the damped double oscillator, as represented in Fig.7.

.
.. '.
Fig.7 Electric equivalent circuit of the damped double oscillator. (Shortcircuited LI-CI-RI-CKand L2-C2-R2 capacitively coupled with CK)
With the approach Qj = q, .e'*' (complex q, 51 ), and equating the ratios
q, I q, of the iwo equations yields the following relation

This equation is first resolved for real Q =o, RI=Rz=Oand LlCi=LzCz
The quadratic equation with two solutions and o: -o = 2wAo give
the relative beat frequency
(7)
4 1 f = (C, + C,) 1 (2 C,)
For the special case RI=R~#O,CI=CZ,LI=Lz the same result is obtained.
Thegeneralcase R = o + i 8 leadsto aS24-ibQ3-~S22+idS2+e=0
a=L,L2 , b=L,R, + & R , , c=R,R, +L, IS, +L, IS,

:

d = R 2 / S , + R , IS, , e = ( C , +C, +C,)l(C,.C,.C,)

Separation into real and imaginary part yields
real : a o 4 -(6uh2 -366 + c ) 0 2 + ( d 4 - b s 3 +c6' -d6 +e)=O
imag.:
(b-4a6)02+ (4a63-3b6z+2c6-d) =O
The system of nonlinear equations is resolved by numerical bisection :
(Discriminant D = (6a6' - 366 + c), - 4a(a6 - b6 + c6 - d6 + e) )
D 2 0 : For given 6 calculate o: from the quadratic equation and vary
6 until the second equation is fulfilled. The same procedure for o, .

Fig. 10 Upper half of the resonator. Thickness shear fundamental mode.
width =1.500, displacements (magn. 50 , resonator energy 2 mWs)

'

D < 0 : For given 6 calculate o Zfrom the second equation and vary 6
until the quadratic equation is fulfilled. Search for 6 , and 6 , .
The relative frequency dip Af I f of Eq.7 is then modified to the
(8)
relative damped frequency dip Af ' / f = ( o (6, ) - w (6, )) / 2 0
For C, = C, the relation 6 , (w ,) 1 6 , ( o ,) = R,' l R; results. RO from
Eq.5 and relation R, + R, = R,' + R; = 2R0 give the modified main mode
(9)
motionalresistancepeak R,'=2R0.(6, / 6 , ) / ( 1 + 6 , 1 6 , )
For C=Cl=Cz, L1=L2 and R, S R, << 1/ wC ,the dip- and damping-ratio
are represented in Fig.8, Fig.9 as a function of the reduced variables k , n.

The coupling of the thickness-shear mode with the width-flexural mode is
investigated. The resonator was additionally modelled with cubic elements
by subdividing every quintic element into four cubic elements.

b

16.4

1.45 1.50 1.55 1 . 6 0 1.65 mm
Fig. 11 Coupling of thickness-shear with width-flexural mode, w = width
quintic interpolation, ........ cubic interpolation, + experiment
Reson.thickness: calculation h=0.096562, experiment h=0.0960 mrn
Quintic interpolation leads to a better discretization, because mode splitting occurs at smaller resonator widths w, and this at a considerably reduced number of degrees of freedom of 56'847 compared to 82'885 for cubic
interpolation! The number of stored elements of the stiffness matrix is
53'829'000 for quintic and 54'276'000 for cubic interpolation.
The calculated impedance and phase diagram of a resonator with strong
activity dips are represented in Fig.12. Bonding layer Q~=1000,electrode
Q~=3000.The spurious mode peaks are hidden by the main mode peaks!
1.35

1.40

-

Fig.8 Af' I Af in function of k, n

Fig.9 6 , / 6 , in function of k, n.

lo;Y

~ FM l

The ratio of damped to undamped frequency dip Af ' Af drops to zero at
D=O, attains in a sharp bend the value a -0.002 and for D<O raises slowly
to zero. The damping ratio 6 , / 6 , a 1 for D>O, and falls at D=O from a
sharp bend asymptotically to zero ( R I = ~ )
For weak coupling the spurious mode motional resistance peak is 2Ro.
This situation is prolonged to the state of maximum coupling! CK is determined from Eq.7, Eq.6 and Co from Eq.4a, Eq.2. Summarizing
C, = C , = C o , L, = L , = 1 / C o o 2 , C K = C o ' f /Af, R, = 0 , R z = 2 R o
are the values taken for the damped double oscillator. The modified
frequency dip and motional resistance peak values of Eq.8 and Eq.9 are
calculated with this heuristic model.
With growing spurious mode damping Rz the frequency dip falls rapidly to
zero (Fig.8), and the main mode motional resistance (Fig.9, Eq.9) remains
at Ro+R(e) (R(e) in Fig.5b). With even more growing Rz the modified
frequency dip is practicaly zero whereas the motional resistance peak
remains at an appreciable level. This corresponds to a situation frequently
observed in practice. The fact that the dip ratio does not totally vanish for
strongly damped spurious modes could explain the phenomenon of very
small frequency perturbations [7].

V. RESULTS
The modelled miniature AT-cut quartz resonators are of rectangular shape
with length along 2'-axis and width parallel to x-axis. They are clamped
with a thin isotropic epoxy resin layer onto a ceramic package. This
bonding epoxy resin layer is modelled with finite elements. The elastic and
dielectric constants of quartz are from [8].

Ik

1
16.75

16.85MHz

16.95

16.85 MHz

16.95

Fig.12 Impedance and phase diagram, ~ 1 . 4 7 m mQn=1000,
;
Q8=3000,
t = 2 . 2 pF. Main mode Cm= 8 fF, 2.anh.overtone Cm = 0.7 fF.
Of the 24 modes in the frequency interval 16.75-16.95MHz, besides the
fundamental thickness shear mode (mode 89 1) and the second anharmonic
thickness shear overtone, just 4 weak modes appear.
Calculated frequency/temperature curves including spurious modes and
motional-capacitance and -resistance curves are plotted in Fig. 13, Fig.14.

Fig.13: E/T-curve with spurious modes, C d T - , RndT-curve. ~ 1 . 4 7 0 m m
d f ipprn)

+

1. AT S t r i ~Ouartz Resonator 16.8 MHz
The resonator length is 5.90 mm, the width w varies between 1.46 and
1.56 mm and the thickness h is about 0.096mm [I]. The AT-cutting angle
9 is 35.20'. The resonator structure is subdivided in 72 ' 10 quintic
elements and the bonding epoxy resin layer in 6 ' 7 quintic elements
0.50mm' 50.55mm ' 0.02mm, ( E = 7 0 0 0 1~mmZ, v = 0.35, Q =2.6
g / cm3). The rectangular Au-electrodes are 3.00mm ' 1.33mm' 0.2 p m,

-lOoO
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-50
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-25

1
0

1
25
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4
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0

0
1OO0C

0
-50

0

50

100

=- 1 . 9 3 ~ 1 0 ~ / ~ ~ ~
Fig. 14: ErT-curve with spurious modes, C d T - , M - c u r v e . ~ 1 . 5 0 0 m m .
[9]; Y = 0.3, Q = 18.5g 1 om"). The structure of the resonator is
Plotted are the damped peaks according to Eq.8 and Eq.9, Qn=1000, QE=
3000. The triangles represent the undamped peaks according to Eq.6,Eq.S.
represented in Fig. 10 with the thickness shear fundamental mode.
In Fig.10 half of the modelled resonator is represented with the finite
In Fig. 13 large Cm peaks appear, which produce strong frequency dip and
element mesh. The symmetry plane is at the bottom border. The bonding
Rm peaks. A spurious mode which produces a strong dip at 30°C is plotepoxy resin is at the upper left comer (0.02 mm thick).

( E =77500Nlmm2,

TO(')= - 1 . 6 9 . 1 0 ~ / " C ,

TC")

ted in Fig.15. A regular flexural vibration modulated along length and a
less regular width-, length-extensional vibration are superposed.

are analysed. For each configuration are represented in Fig. 19- Fig.22 with
varying width w the maximum frequency dip (undamped Eq.6, damped
Eq.8) and the maximum motional resistance (undamped Eq.5, damped
95OC, for difEq.9) appearing within the temperature interval1 -45OC
ferent bonding epoxy resin quality factors QB. The influence of Au-electrode quality factor QE is of minor concern and is set to 3000. The frequencies at T=2S°C are 16.8MHzf 250Hz.

.

Fig. 15 Spurious mode at 45OC, ~ 1 . 4 7Mid-plane
.
surface displacements
above: deformations perpendicular to mid-plane (magn. 50)
below: deformations parallel to mid-plane (magn.100)
Spurious modes with irregular vibration patterns only produce narrow Cm
peaks and large bonding layer deformations, thus small frequency dips.
Just one small damped frequency dip of 3.4 ppm and strongly damped
resistance peaks appear in Fig. 14. It is remarkable to notice that all spurious modes have negative slopes A VAT (-10 to -45 ppd°C).

Fig.19 Max: A f l f , Rm versus width w. b=O.OOmm, t=0.2 y m
45

1

4J

1@pm)

75

1

Rm(Q)

A measured impedance and phase curve is represented in Fig.16. The
small dip in the center is a result of the first anharmonic thickness shear
overtone, which theoretically is electrically inactive but appears due to the
inevitable symmetry errors of the manufactured resonators.
Two experimental temperature curves of frequency and motional resis-
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Fig. 16 Measured ~mpedance,phase diagrams, w=1,47mm (span 200kHz)
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Fig.2OMax: A f l f O , A f l / f H;RmO,R'rnB. b=0.02mm, t=0.2ym
above : Q~=1000; below : Q ~ = 7 5 0
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Fig.17 Measured temperature curves. left, ~1 460, right. w=l 470 mm
frequency: * ; motional-resistance 0
Effects of coupling with the width-flexural mode are represented in Fig. 18,
the inflexion temperature Ti and the linear coefficient a of the relation
f (T) = f (Ti) ( l + a ( T - Ti)+y (T - ~ i ) )' ,versus width w.
52

+
-0.8

44

I

TiPC)

Fig.21Max: A f l f 0 , A f ' l f H;RmCl,R'mM. b=0.03mm, t=0.2pm
above : Q~=1500; below : Q~=1000
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45.6///
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75,Rm(Q)
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0.0
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Fig. 18 a and Ti- versus width w; calculated: 0 , experimental:+
For ~ 1 . 5 0 m my: = 0.091 ; 0.095 ppb1°C3 calc. ; exper.
Only qualitative comparison with experimental results is possible because
experimental values are with constant resonator thickness h (Fig.11) but
values h of the calculations are adjusted to obtain the frequency 16.8MHz:
~ 1 . 4 6h=0.096802,
:
1.49: 0.096605, 1.52: 0.096488, 1.55: 0.096350.
,
OC, y =0.092 p p b l O ~,'
With t=0.4 p m : f=16.8MHz, ~ 1 . 4 9Ti=28.6
~ 1 . 4 4h=O.O93947,a
:
=-0.797ppd°C, 1.47: 0.093782, -0.1 10,
1.50: 0.093680, -0.088, 1.53: 0.093546, -0.500. (t=0.4 y m see below).
The influence of thicknesses of the bonding epoxy resin and of the
electrodes on the frequency dip and motional resistance behaviour are
investigated further. In these extensive investigations each configuration
was modelled with 20 different resonator widths w with increments of
5 p m. Besides the configuration with the epoxy thickness b=0.02mm and
the Au-electrode thickness t=0.2 p m three additional configurations:
b=O.OOmm, t=0.2 p m ; b=0.03mm, t=0.2 p m and b=0.02mm, t=0.4 y m

Fig.22Max: A f / f 0 , A f ' t f H;RmO,R1rnM. b=0.02mm, t=0.4pm
above : Q~=1000; below : Qe=500
Instead of representing the maximum values in Fig. 19- 22 one could also
represent the sum of the dip and peak values appearing in the temperature
interval -45OC, 95OC each, but qualitatively the same results would yield.
Comparing the undamped frequency dips of Fig.19 obtained with a rigid
clamping of the resonator (discontinuous mech.strains are taken into ac-

count, 111.3.) with those of Fig.20, Fig.21, it is remarkable to notice that
the undamped frequency dips generally diminish with growing bonding
layer thickness (compliance). Another striking feature is the high spurious
mode coupling obtained with thick electrodes due to a stronger trapping
effect, which leads to the large undamped frequency dips of Fig.22. This
effect is clearly confirmed in practice.
For constant QB the undamped resistance values grow with larger bonding
thickness (damping), but with the model IV.4. both the damped frequency
dip and resistance peak values of Fig.21 are smaller than those of Fig20.
In Fig.21 all dips are damped away with Q~=1000,whereas the dips of
Fig.22 are, due to strong coupling, resistent to damping.
The mechanical quality factor QB of the epoxy resin depends to a large extent on the drying temperature and is, as well as the exact value of layer
thickness, actually unknown. The distribution of the damped dips of Fig.20
with Q~=1000seams to be near to reality. The actual version in production is with width w=l 505mm.

drops to zero with Q~=3000.
Ti=22.0°C, y = 0.098ppb1° C? Main mode Cm = 6 fF.

2. AT-Cut 50 MHz Hieh Freauencv Fundamental Ouartz Resonator
The crystal geometry is an AT strip structure of 5.8mm length, 1.87 mm
width and 0.125 mm thickness, with a recessed active area thinned down
by chemial etching to a membrane of 0.033mm thickness, surrounded by a
frame of O.lmm width [lo]. To consider vibrations in the thick part of the
resonator, quintic interpolation is not sufficient thus septic Hermite interpolation is chosen for the whole structure (12 ' 50 elements). The Al-electrodes of 0.09 p m thickness (lmmZ , ~ = 7 0 ' 0 0 0 ~ / m,me~=2.70 g/cm3 )
are connected electrically through Au-tracks (0.2 pm). The epoxy resin
layer is l.lmm ' 0.7mm ' 0.02mm. The AT-cuting angle 8 =35.23'.

Due to the tremendous size of the eigenvalue problem (100'244 degrees of
freedom, 235'952'000 places stiffness matrix i.e. 1.89 GB!) arising from
the high discretization level, more detailled investigations are hardly feasible (Digital Alpha Station 255/300, 256 MB Ram). Nevertheless some
principal insights have been obtained.

Fig.23 Upper half of the resonator. Fundamental thickness shear mode
above: electrical potential and charges, dielectric displacements
below: Displacements (magn.50), forces, principal tensions.
Charges represented with circles appear at the grounded electrode. Electrical potential gradient is discontinuous at electrode borders (III.3.), (mechanical strain is discontinuous at the intersection to the frame).
The effect of coupling with width-flexure is represented in Fig.24. Total
resonator width w is varied with constant frame and electrode widths.
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1.88

,
1.89

a 1.90lw
mm

Fig.24 Coupling of thickness-shear with width-flexural mode, w = width
Due to the irregular shape (variable frame width) of the thin membrane,
the coupling to width-flexural mode is not very pronounced. In Fig.25 the
width-flexural component with ~ 1 . 9 0 m mis represented. The irregular
width-flexure pattern with very small wavelengths is clearly recognizable.

e i

Fig.25 Deformations perpendicular to mid-plane (mag.500), ~ 1 . 9 0 .
The variation of the frame structure thickness (0.125mm) has only very
little influence on the fundamental mode frequency: 0.1 15: 49.98677MH2,
0.123: 49.98672MHz, 0.125: 49.98658MHz, 0.129: 49.98651MHz.

A calculated frequency/temperature curve with the very dense spectrum of
spurious modes is represented in Fig.26, (Temperature increment 5'C).
Main mode is mode 12'010! The maximum undamped frequency dip yields
6.65 ppm. With Q~=10'000and Qe=4000 the dip value is 3.97 ppm and

-
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-25
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75
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Fig.26 ErT curve (undamped dips) with spurious modes, w=1.87mm.

VI. CONCLUSION
The developed finite element program with high degree Hermite interpolation has proven to be numerically stable for the huge equations resulting
from the analysis of high frequency quartz crystal resonators. Some principal insights of the spurious mode behaviour are gained. Besides the electrode thickness, the bonding layer compliance influences the strength of
coupling with spurious modes. A method to detennine the influence of
epoxy resin layer and electrode damping onto the spurious mode coupling
strength is developed. Apparently more regular frequency temperature
curves are obtained with light electrodes and thick bonding epoxy resin
layers. Transfer of quantitative results to reality is less obvious. The spectrum of mathematical modes of the modelled high frequency crystals is
very dense and also chemical milling of miniature resonators leads to small
(constant) shape irregularities which cannot be modelled. Besides the presented ambitious analysis, the finite element program is also successfully
avvlied to the analysis of many different lower frequency
.
. resonators des&;bed in [ l 11.
The autor wishes to thank Dr. W. Zingg from Micro Crystal for the helpful discussions and the supply of the various esperinlental results of the
presented crystals
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1. ABSTRACT

The sapphire rnonocrystal is an anisotropic dielectric. The
permittivity tensor could simply expressed in the cylindrical
coordinate system where z-axis is assumed to be parallel to
the C-axis of the crystal. In such condition we have:

Very high-Q factors could be obtained in microwave
frequency range using monocrystal sapphire resonator
associated with a special field configuration (whispering
gallery mode). Such a resonator is constituted by a sapphire
disk placed in a center of a cylindrical copper cavity.
Generally it is assumed that the C-axis of the sapphire
rnonocrystal is parallel to the cylinder axis. In that case,
Maxwell field equations could be separeted and solved with
good accuracy in order to calculate frequencies and Q-factors
of the main resonance modes. Experimental Q-factors better
than 30 millions in X-band have been obtained at LPMO
with well oriented crystals.
We had the opportunity to test several sapphire diskes with
different C-axis orientations. On each of them, we have
performed permittivity measurements showing significant
result variations correlated with C-axis misalignment. Qfactors in whispering mode operation have been also
measured. Information about C-axis tolerances for high
performances have been derived.

[" 9 :I

[el= 0 E
0 0 EZ
In that case, Maxwell field equations could be separated and
solved with a good accuracy [I]. We find two whispering
gallery mode families, i.e. WGH which are quasi-TM modes
and WGE (quasi-TE modes). Numerical computations give
resonance frequencies with an accuracy better than 1%. Q
factor could be also evaluted within 20% accuracy.
Practically, the C-axis of the sapphire monocrystal is not
perfectly aligned with the z-axis of the cylinder. Typical
misalignements for good quality crystals are less than lo, but
higher values can be found depending on the origin of the
samples. During our experimental studies related to WGMR,
we found some departures from the theory that could be
explain only from a misalignement of the sapphire crystal.
We give in this paper experimental results showing that in
some circumstances, misalignement affects the WGMR
properties.

Keywords: Microwave resonator, Whispering Gallery Mode
Resonators, Low phase noise microwave sources.

3. PERMITTIVITY MEASUREMENTS
Permittivity and dielectric losses (tg6) have to be known with
a good accuracy in order to fix the WGMR dimensions to
obtain the wanted frequency and to evaluate the Q-factor.
The Courtney resonator method [2] is generally used to
determine the components zt and E, of the relative
permittivity tensor. A sapphire disk is insered between two
parallel copper plates. The measurement of the TE,,, and
TMoll modes frequencies allows the determination of E, and
E, [3 1. In the table 1, we give results for 3 different sapphires
at 300 K.

2. INTRODUCTION
A Whispering Gallery Mode
Resonator
(WGMR)
is
constituted by a sapphire disk
enclosed in a cylindrical
copper cavity. The special
mode configuration assures
the confinement of the
electromagnetic energy in the
sapphire it self. As a
consequence , of the low
dielectric losses of the
sapphire monocrystal, very
high-Q values at microwave
frequencies could be obtained
with this configuration. The
figure 1 shows one WGMR
Prototype operating near 9
GHz. The sapphire is 36 mm
diameter and 9 mm high.

Fabrication
method
Vemeuil
,

no optical polishing

Vemeuil
S2 optical polishing on

I

Crystal
orientation @

1 I

I
"
.

1

0.9'

9.43

11.42 1.10.~

5.0'

9.43

11.32 6.1 o

0.25'

9.43

11.54 4.10'~

-~

flat surfaces
Figure 1. WGMR at 9 GHz

Hemex[ ]
S3 optical polishing on
all surfaces

Table I . Permittivity measurement results

It should be noted that for the 3 sapphires, the measure gives
the same value of the component E ~ . On the contrary
significant discrepancies in the value of E, have been
observed. Great care have been take in order to minimize the
instrumental efrors which can not give such departures. The
total instrumental uncertainty is of the order of A0.01.
The sapphire crystals differ in the growth method used for
their elaboration but also in crystal orientation. The later has
been measured by one of us using classical crystallography
techniques. The angle O corresponds to the misalignement
between crystal C-axis and geometrical z-axis.
It is clear that the misalignement could give erroneous values
of the permittivity. Nevertheless, the exact relationship
between O and the measured parameters is not evident to
establish.
In order to establish a simple model, lets us consider one
plane wave propagating along the x-direction in a hexagonal
crystal media [4] where the coordinate axis x,y,z are chosen
to coincide with the crystal axis X,Y, Z:

dispersion equations are established thanks to the separability
of the Maxwell equations. The misalignement complicates
drastically the problem and no analytical solution could be
found. Perhaps performant Finite Elements Model could
bring usefull information.
We have also determined the dielectric loss, i.e. tgS, for the 3
crystals. We measure the Q-factor of the sapphire disk used
in a WGMR and operating in a high order mode. In such
condition the Q-factor is only limited by the losses occuring
in or on the crystal. Generally it's assumed that Qo = l/tgS . It
appears that the variation of the Q-factor could not be
correlated with the misalignement of the crystal. In fact at
ambiant temperature the parameter which limits the Q-factor
seems to be principally the surface preparation. Optical
polishing gives the highest Q-factor.
4. FREQUENCIES AND Qo AT 300 K.
We have at our disposal 3 sapphires diskes A, B, C of the
same provenance elaborated with a Verneuil method. The
geometrical characteristics of these sapphires
are given
in
-.
table 2.

I

I' : :]

In that case the [E] tensor takes the form:

0 E
0 0 E,
It is easy to find that the resolution of the Maxwell equation
gives two solutions. The first has the E field oriented in the
y-direction (corresponding to a TE mode) with a phase
velocity equal to (po E,)-'" . The second one with the E field
oriented in the z-direction is sensible to the E, component of
the permittivity tensor.
[E] =

I

I

h

n

B
1 37.1 rnm 1 9.2 mrn I
1.6'
C
1 37.1 mm 1 9.2 mm I <0.l0
Table 2. Characteristics ofA,B,C sapphire diskes.

propagation

duectlon

diameter

We placed successively the 3 sapphires in the same copper
cavity and measured the frequency and Q-factor of the
WGH,,o,o (quasi-TM) modes for m = 4 to 10.
m
4

1

1

1 10 1

theory
6.84

1

I

A
6.94

B

1

6.36

1

C
6.36

11.33
1 11.37 1 perturbed 1 11.38
Table 3. WGH,,o,o mode frequencies (GHz)

1

Yg
X
&

propugarm
d~ktlm

In the case where the Z-direction of the crystal is no longer
parallel to the z-axis, one obtain again a propagation with E
polarized along the y-axis with a permittivity E,. This mode is
then independant of the angle O. However, the second
propagation solution corresponds to a quasitransverse wave
with E polarized in the XZ plane. In that case, the effective
permittivity is :
2
2O

+ E,

cos O - ( ( E , - E ~ ) C O S O S ~ ~ O )
E~ cos2 o + E, sin2 o
with an angle O = 5' and ~,=9.43and ~ , = 11.55, we found:
E, = ct sin

This simple model gives the right tendancy but not the actual
departure. In the Courtney resonator, TEoll and TMoll

In view of these results, it's clear that misalignement don't
affect significantly the performances of the WGMR.
Unloaded Q-factor are quasi independant of O. Nevertheless,
we note some differences in frequency between A and the
two other diskes. On this account the WGH7,0,0 is
representative. In figures a,b,c, one can see the transmission
coefficients on the 3 WGMR mound the WGH7,0,0
resonance.

War

1'

10s

MA0

6

a/ U -re

a) SAPPHIRE A ]

I

SW

1

I

5. Q-FACTOR AT 77K

1 1

At 77 Kelvin A and C WGMR present about the same
unloaded Q-factor:
frequency
9.25 GHz
9.22 GHz

A
C

Qo
850,000
900,000

It should be noted that higher value of Q-factor are obtained
with a high quality crystal. As an example, with the S3
sapphire we have Q ~ = ~lo6
o . at 7.4 GHz.
6. MODAL SELECTION

To prevent oscillation on lower Q spurious mode, we have to
implement a mode selector. We use as related in a preceding
papers [5] thin metallic lines deposited on the top of the
sapphires disk. The principle of a such mode selector is
recalled in figure 4.
Az

Figure 4. principle of the modal selection
In the WGMR, the electromagnetic field components have
periodical variations along the azimutal direction cp.
Assuming that cp=O corresponds to the location of the
magnetic probe plane as shows on figure 3, we have for the
WGHm,o,omode:
Hz
Hp cc sinmcp and

Figure 2. Szl of the WGMR A, B and C.
Each record is centered on the highest Q resonance. The B
and C spectra .are quite similar. On the other hand, in the A
spectrum the highest Q resonance does not correspond to the
same mode. There is, in a way, an exchange of properties
with the nearest mode as we can see more precisely in the
figure 3.

Figure 3. Comparison between WGMR A and C

Ez
Ep cc cosmcp

,

E,
As a consequence of these combined azimutal variations, the
meridian planes cp=kn/m (k = 1,2,...2m) could be considered
as Perfect Magnetic Conductor (PMC) surfaces. Conversely,
the planes cp=(2k+l)n/2m behave as Perfect Electric
Conductor surfaces. It is obvious that, thin metallic lines
deposited on the top of the sapphire disk along the directions
cp=(2k+l)d2m should have negligible influence on the
WGHm,o,omode. On the other hand, the modes with a
different field configuration will be strongly affected by the
presence of the metallic lines.
We deposited on each sapphires 14 thin metallic lines in
order to select the WGH7.0.0 mode. The mode selector is

The following figures 6 and 7, obtained with the well
oriented sapphire, i.e. sapphire C, demonstrate the efficiency
of our mode selection technique. It allows the use of the
WGMR in an oscillating- loop without the need of an
additional filter.

For the well oriented crystal, the mode selector don't affect
the Q-factor of the WGMR as espected. However, for B and
A diskes the effect of the metallic lines on the performances
are significant. We loose here a factor 10 on the Q-factor.

CONCLUSION

Figure 6. WGH,,&osapphire C without mode selector
span: a)lGHz b)2OMHz

In conclusion, we can say that if we are not interested to
obtain ultra-high performances, sapphire crystal of medium
quality are suffisant. Q-factor higher than 100.000 at 300K
and of the order to 1.10~at 77K are currently obtained. It is
interesting to note that Q-factors of 1.10~are obtained with
sapphire-HTc superconductors thin films resonators. In that
case, the use of expensive and delicate HTc thin films is
totaly unjustified. Nevertheless, if the implementation of a
mode selector is necessary, we have to take care of the crystal
orientation of the sapphire disk to maintain high Q.
Misalignement has to be lower than l o to prevent extra
losses. In any case, if we search ultra high performances, high
quality, well aligned and optical polished crystals are
required.
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HIGH OVERTONE BULK ACOUSTIC WAVE COMPOSITE
RESONATORS REVIEW OF MODERN STATE AND NEW
POSSIBILITIES

-

G.D. MANSFELD
Institute of Radioengineering and Electronics of Russian Academy of Sciences
11, Mokhovaya str., MOSCOW, 103907 - RUSSIA *

The recent original results of the author together with the review of the data of numerous publications
give insight to the problems connected with the theory, design and applications of High overtone BAW
composite Resonator structures (HBAR). In this paper following topics are included :
1.

Theory and unified expressions for electrical impedances of the resonators consisting of few layers
(low loss substrate S, transducer piezoelectric layers P, metallic contact films M) taking into account
wave progagation properties of all layers. In particular the impedance, frequency spectrum and
quality factors of such new structures as M-P-S-M and M-P-S-P-M are analysed as a function of
layer properties and thicknesses and frequency. The expressions for traditional P-P-M-S and M-PM-S-M-P-S structures are verified by comparison with experiments, in particular with data for the
original 1.8 GHz langasite resonator.

2.

The simplified approach to the problem of energy trapping in multilayer structures is given. It
explains a very good trapping in most existing composite resonators on microwaves. The relatively
simple expressions for the evaluation of losses connected with the energy escape from layers of the
structure are given. Perfect energy trapping opened the possibility to suggest and develop HBAR
method of acoustic losses measurements in thin films and layers.
The possibilities of electric tuning and the influence of electric load on characteristics of two port
resonatorslfilters (M-P-M-P-M and M-P-M-S-M-P-M) are discussed. The effect of tuning is based
on the fact that the phase of the reflection coefficient of acoustic waves from interface between
layers depends on the electric load which is connected to one of the layers. As a result the resonant
frequencies of the structure may be tuned by the variation of the load. For gigahertz frequency band
it is possible to change the resonator frewquency rather effectively -up to few MHz. The tunability is
drastically suppressed by the resistive components in the load and it explains the fact of high
stability of traditional resonator (relatively high "parasitic" resistivity of output circuit).

4.

Effects in HBAR connected with external control of BAW propagation characteristics in layers. For
the case of substrate made of ferrite (YIG) the analysis of possibility of frequency tuning on
microwaves by applied magnetic field is given. The best agreement with experiment is achieved
with taking into account "exchange" magnetic modes. If the substrate is made of dielectrics and
piezodielectrics the propagation of acoustic waves may be controled by applied electric field via the
effects of electrostriction, nonlinear piezoeffect and nonlinearity of dielectric constant. The
possibility of parametric amplification and generation of acoustic waves in alternating electric field
of properly chosen frequency and amplitude is discussed together with the effects of mode
interaction due to lattice and electric nonlinearities in HBAR.

5.

Results of the use of HBAR structures (Al-ZnO-Al-YAG,AL-ZnO-Al-LGS, Al-ZnO-quartz(AT)) in
various microwave oscillators.

* : Part of presented original results were obtained in LCEPIENSMM, Besan~on,France.
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EXPERIMENTAL MEASUREMENT OF THE SHIFT OF CS HYPERFINE SPLITTINGS
DUE TO A STATIC ELECTRIC FIELD
, ~aurent',c S ~ a n d a c h eand
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(1) BNM-LPTF, Observatoire de Paris, 61 Avenue de l'obsewatoire, 75014 Paris, France.

(2) Institute for Atomic Physics, Nuclear Fusion Laboratory, R76900 Bucharest, Margurele, P.0 Box MG-7, Romania.

Abstract
We have used the cold atom frequency standard
LPTF FO.l to perform an evaluation of the frequency shift
induced by a static electric field on the different AMF=O
transitions of the cesium 6 2 ~ 1 1hyperfine
2
splittings. In
particular, the frequency shift measured on the clock transition
is 6v,i.-2.271(4) x 10.'" E2 ~ 1 v / m ) ' . The interest of those
results for a future evaluation of the frequency shift induced
by the black body radiation in cesium frequency standards is
discussed .

~ 1 ( ~ ~ l ,npJ')12
2 ~ / ~ l

hE(F=4,MF=O)

e 2 s 2 n,J,F
- -4

~

,

-%s,,?4

)

(2)

e is the electron charge, E,, is the vacuum dielectric constant
and W, is the energy of the atomic state, The shift of the
:
clock transition is given by the differenceof (2) and

1. INTRODUCTION
The black body radiation induces a frequency shift
of hyperfine splittings of 6 'sIl2states of cesium atoms. It is
shown that this shift can be deduced from the D.C hyperfine
Stark constant and it was previously estimated at 1.76 x 10.14
with an accuracy of a few percents for a temperature of 300K
(Ref. 1). At the present time, the uncertainty of this estimation
is a predominant term in the error budget of the best cesium
frequency standards (see Annex). We took advantage of the
high stability and of the pulsed operation of the atomic
fountain FO.l (Ref. 2) to measure the D.C hyperfine stark
shift 10 times more precisely than previously done (ref 5,6).
This experiment will enable a more accurate estimation of the
black body shift and should be of a great interest for a 10-16
range evaluation of the accuracy of FO.l and of the future
frequency standards using cold Cs atoms such as the
PHARAO project (Ref. 3). We will first recall to which extend
it is possible to deduce the black body shift from the
knowledge of the frequency shift induce by a static electric
field. Then, we will describe an experimental measurement of
the D.C hyperfine Stark shift for Cs 6 2~,/z(F=3,M+)(F=4, MF=i) transition with lil=0,1,2,3.

2. THEORETICAL CONSIDERATIONS
2.1 Effect of a static electric field

The application of a static electric field on cesium
atoms shifts the energy levels of the clock transition by the
Stark effect. The electric field induces a dipolar electric
coupling between the 6'sI12 F=3 and F=4 levels and the
I n, PI, F > states. From the second order perturbation theory,
the frequency shifts of the 6 'siI2states (F=3 MFO) and (F=4
MF=O) in presence of a static electric field E are (Ref. 4):

AE(F=3,MF=O)

- e2s2
- -4%

1(6sl,2
n.J.P

31zl

n p J ~ ) (

( K ~- ,W 6~~ , , >)3

(1)

The constant ko of this differential Stark effect was previously
measured (Ref. 5,6) with an accuracy of a few percents.
2.2 Effect of the black bodv radiation
According to the Planck radiation law, the average
electric field radiated by a black body at a temperature T is
given by :

This electric field perturbs the clock frequency of cesium
frequency standards (Ref. 7). We can neglect the shift induced
by the magnetic field, which is 1000 times smaller at room
temperature (Ref. 1). In the case of the atomic fountain FO. I ,
the thermal radiation seen by the atoms during the Ramsey
microwave interaction is nearly the same as the radiation of a
perfect black body except that a small correction of about 1 %
must be applied so as to take into account the emissivity and
the geometry of the vacuum tube.
To deduce accurately the black body shift from the
measurement of the frequency shift induced by a static electric
field, we must take into account the frequency distribution of
the electric field generated by a black body and its orientation
which is a random function of time. Such a calculation was
performed with an uncertainty of a few percents (Ref.l), and
gives for a black body at a temperature T :

( ko = -2.27 1 10."' H Z / ( V / ~ =832
) ~ , ~(~1m)'and e =I .4 x 10.')

This calculation is roughly similar to (I), (2), (3), (4) except
that the formula for the A.C Stark shift is used. At a level of a
few percent accuracy, only the first excited P state is assumed
to make a significant contribution, and the orientation of the

electric field doesn't need to be taken into account. The
uncertainty on this estimation is responsible for a 1 x 1 0 ' ~
uncertainty on a Cs frequency standard operating at room
temperature. In order to improve the theoretical estimation of
the black body shift of one order of magnitude, it is necessary
to perform a measurement of the frequency shift induced by a
static electric field on the clock transition (F=3, Mp0)-(F=4,
MFO) with an accuracy of a few
The same kind of
measurement for the (F=3, Mpi)-(F=4, M p i ) transitions
with lil=1,2,3 would also be of a great interest so as to include
the orientation of the electric field in the calculation. We have
performed those measurements in the atomic fountain F0.1.

3. EXPERIMENT
3.1 Descriation
The atomic fountain F0.1 was previously described
in details (Ref. 2). We recall here briefly the operation of F0.1
during the experiment on the differential Stark shift. A few lo7
Cs atoms are cooled down in a magneto optical trap at a
temperature of a few micro-Kelvin. They are launched in the
vertical direction by the moving molasses method. They pass a
first time in a TEoll microwave cavity which is 30cm above
the cooling region. They follow a ballistic flight up to 45 cm
above the microwave cavity, then they fall down and they
experience the second part of the Ramsey microwave
interaction. The population of both hyperfine levels is
measured by fluorescence in the bottom of the experiment. A
vertical homogeneous magnetic field Bo of magnitude
1.63x10-~T resolves the field sensitive transitions. Two
copper plates separated by 2 cm long ceramic interstices have
been hanged 17 cm above the microwave cavity. The
dimensions of the plates are lOx30x1,5 cm3. They have been
manufactured with a planeity of 10p-i. An opposite voltage
can be applied on the plates in order to generate an horizontal
electric field from 0 to 3000 Vlcm. A computatiy of the
electric field was performed by the L.G.E.P . This
computation gives a map of the electric field along the pass of
the atoms and it demonstrates that the homogeneity of the
field intensity is better than
in a 6x26x1cm3
parallelepiped centered in between the two plates.
3.2 Evaluation of ky
We first consider the clock transition (F=3, MFO)(F=4, MF=O). We have measured the frequency shift 6v of the
atomic resonance fringe when an electric field E is applied
between the copper plates over a span from OVIcm to
3000VIcm. It gives a maximum shift 6v of about 20Hz. A
hydrogen maser has been used as a comparison oscillator.
When an electric field is applied, the average atomic
frequency between the copper plates is different from the
atomic frequency inside of the cavity. In that case, the
resonance fringe is not symmetrical and a small correction a
of about 1% must be applied to the frequency of the center of
the fringe so as to deduce the average atomic frequency
between the two microwave interactions (Ref. 8). According
to this consideration and to the equation (4), we obtain :

* Laboratoire de GCnie Electrique de Paris, Plateau du
Moulon, Gif sur Yvette

with

avo = GV x (1 + a)

(8)

The frequency shift due to the electric field is averaged
between the time tl , when the atoms have just experienced the
first microwave interaction and t 2 , when the atoms are starting
to experience the second microwave interaction. We have
measured 6v with an accuracy better than
We estimate
6vofrom (8) with an accuracy of
which is mainly limited
by the experimental uncertainty of the microwave power
which a depends on.
The evaluation of ko depends on the accuracy of the
calculation of the integral term in (7). The geometrical
uncertainties on the relative position of the microwave cavity
and of the copper plates limits the accuracy on the evaluation
of the integral term. We have used two different experimental
processes to reduce this uncertainty at a level of 10'~.We have
first performed measurements of the frequency shift induced
by a fixed value of the electric field when the atoms are
launched at different heights above the microwave cavity. An
analysis of those results using the computation of the electric
field enables to reject the influence of the relative position of
the microwave cavity and the copper plates. The second
experimental process consists in switching on the voltage on
the copper plates during a time AT when the atoms are passing
in the highly homogeneous electric field region centered in
between the two plates. In this case, expression (7) becomes :

The switching times of the voltage are recorded on a digital
oscilloscope, and a small correction of their parasitic effect
( 2 x l 0 - ~is
) applied on the calculation (9). Those two previous
measurements are in good agreement at a level of 5x10-~,the
main remaining source of the geometric uncertainty comes
from the relative position of the cooling region of the Cs
atoms and of the microwave cavity, this effect causes a 10"
uncertainty on the calculation of kn.
We have increased the value of the vertical magnetic
field Bo in FO.l by a factor of 2 so as to see if there were any
dependence of 6v on the value of Bo. We observed no
variations at a level of a few 10.~. The influence of the
motional magnetic field seen by the cesium atoms moving in a
static electric field was calculated to be negligible for a
accurate estimation of k.
The main uncertainties on the measurement of ko are listed in
the following table :

5. CONLUSION AND ACKNOWLEDGMENTS

3.3 Zeeman sublevels
The same kind of measurements of the frequency shift induced
by an electric field were performed on the (F=3, M+)-(F=4,
MF=i) transitions with i=-3,-2,-1,1,2,3. We have accumulated
about ten measurements of the frequency shift induced for
each magnetic quantum number MF, and we have observed
long term fluctuations of up to 2% for given values of MF, We
assumed that those fluctuations were due to a magnetic field
generated by parasitic currents induced when a voltage was
applied on the plates. Such fluctuations should be of opposite
sign for the (F=3, M+)-(F=4,
MF=i) and the (F=3, MF i)-(F=4,
MF= -i) transitions. We have performed a
simultaneous measurement of the frequency shift induced by
an electric field & on each pair of transitions (lil=1,2,3). The
average shift for each pair of transitions didn't fluctuate more
than 0,4%, We give those experimental results in the next part
with the following abbreviations :

We have performed an evaluation of the shift of the
cesium clock transition due to an electric field. Those
experimental data should enable a future theoretical evaluation
of the black body shift in Cs frequency standards with an
accuracy of lo-". In the future, we will replace the copper
plates by a graphite tube heated from the room temperature to
450K so as to perform a direct measurement of the black body
shift. That kind of measurement was recently performed in a
cesium beam frequency standard (Ref. 7). It gave a result in
good agreement with the theoretical calculation (Ref. 1) with
an uncertainty of 10%.
We acknowledge the assistance of A.Gerard,
P.Ayni6, M.Lours, M.Dequin, L.Volodimer, all from the
BNM-LPTF. We wish to thank M.L.Mathieu , 0.Mathieu and
L.Pichon for the helpful computations performed at the
L.G.E.P*.

6. ANNEX
We give the last accuracy evaluation of the atomic fountain of
the BNM-LPTF :

4. RESULTS
In the case of the clock transition, the proportionality of the
frequency shift with the square of the electric field given by
(4) has been verified with an accuracy of 5x10-~ for
OVlcm < E < 3000Vlcm. We have found:

This result is in agreement with the previous measurements :
k i -2.29(3)
~
.lo-"' ~ z l ( V 1 m ) ~ (Ref. 5)
k i -2.25(5)
~
.lo-'" ~ z / ( v / m ) ~ (Ref. 6)

The different Zeeman sublevels of the 6 ' ~ 1 1 2 hyperfine
splittings were resolved with a vertical magnetic field Bo of
magnitude 1 . 6 3 ~ 1 0 " ~ Using
.
the convention of 5 3.3, we
have obtained:
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SHIFT OF THE CAESIUM HYPERFINE TRANSITION FREQUENCY DUE TO BLACKBODY RADIATION:
EXPERIMENTALVERIFICATION AND RELATED STUDIES
Rolf Augustin, Andreas Bauch, Roland SchrtSder
Physikalisch-Technische Bundesanstalt, Time-Unit Laboratory
Bundesallee 100, 0-381 16 Braunschweig, Germany

ABSTRACT

2. THEORETICAL BACKGROUND

The dynamic Stark shift of the ground-state hyperfine
transition frequency in caesium ( ~ 9 . 2GHz) due to the
electric field of blackbody radiation was measured as a
function of the temperature of heated surfaces
surrounding the atomic beam of a frequency standard.
From our experimental data, a relative frequency shift of-17,9(1,6).10"~ at room temperature is derived, in ood
agreement with the theoretical prediction -16,9.10-' .

According to Planck's radiation law, at a given temperature T, the time averaged quadratic electric field
strength of BBR is

8

Keywords: caesium atomic clocks, blackbody radiation

<l?(t)s

= (832 ~ l m ) ' .(Tl(300 K ) } ~

(1)

and the associated magnetic flux density is
< ~ ~ ( t=) >
(2,8 p ~ . (Tl(300
) ~ K)}~
.

(2)

1. INTRODUCTION

The interaction between atoms and the electric fields of
blackbody radiation (BBR) produces two effects: Firstly,
it drives atomic transitions and thereby shortens the
lifetime of atomic states, an effect which has been
clearly observed for Rydberg states (Ref. I ) and also
for metastable states (Ref. 2), which both are strongly
susceptible to this kind of perturbation (Ref. 3).
Secondly, a dynamic Stark shift of the atomic energy
levels is induced which can be as large as about 2,5
kHz for Rydberg states (principal quantum number n >
30) (Ref. 3,4). Here we address the minute effect of
BBR on atomic ground state levels. Historically, in
1982, Itano, Lewis and Wineland pointed out that the
electric field of isotropic blackbody radiation emitted
from the surroundings of the atomic beam in a caesium
atomic clock leads to a shift of the clock frequency in
the same order of magnitude as the standard uncertainty of primary clocks of that time (Ref. 5). Despite of
the elemental interest into the matter, for about 14
years the frequency shift has not been verified
experimentally, probably because of the technical difficulties encountered with such an experiment. The
interest has been revitalized recently, when the first
fountain frequency standard employing cold caesium
atoms, the F01 (Ref. 6) became operational: The predicted frequency shift (Ref. 5) amounts to about 6 times
the standard uncertainty of the F01.
In this contribution we report on the final evaluation of
our experimental data. Compared to a previous analysis
(Ref. 7) the number of data points is enlarged. The
experimental procedures are outlined in more detail,
and emphasis is laid on the use of the time scales
UTC(USN0) and UTC(SU) as long-term stable
reference scales, alternately to the use of UTC(PTB).
We also give an interpretation of the observed impact of
the cavity dimensions on the cavity end-to-end phase
difference.

Fig. 1: Spectral radiant excitance MA (emitted power per
surface element per wavelength interval) of a perfect black
surface versus wavelength A as a function of temperature T,
T = 300 K for the lowest curve, T = 475 K for the upper
curve, stepsize 25 K.

At room temperature, BBR has its peak spectral density
around a wavelength of 9 pm. In Fig, I the spectral
radiant excitance MA of a perfect Planckian radiator
(black body) is depicted as a function of the temperature T of its surface. It has been known for some time
that the hyperfine splitting interval in the ground state of
caesium ( ' k s ) is reduced in the presence of a static
(DC) electric field. In the theoretical treatment (Ref. 810) which followed the experiments made by Haun and
Zacharias (Ref. II ) and Mowat (Ref. 12) the frequency
shift is attributed to the differential polarizability of the
two ground state hyperfine levels. Mowat's results on
the DC Stark shift had a relative uncertainty of w 0,s %
and the theoretical results, in particular those by Lee et
al. (Ref. lo), agreed with Mowat's results within 1 %.
The DC Stark shift appears in this case as a third-order

-

perturbation, and the relevant terms (eq. (15) (18) in
Ref. 8) describe the admixture of excited S and P states
to the ground state and include the frequencies of the
electric dipole transitions connecting the ground state to
excited states as resonance denominators. These
frequencies are much higher than the bulk spectral
distribution of BBR and thus at room temperature BBR
represents a slowly varying perturbation (Ref. 3) to the
ground state hyperfine levels. The frequency shift in the
dynamic case can thus be calculated using the rms.
value of the electric field strength of BBR, Including a
corrective term x which accounts for the separation in
frequency between the BBR spectrum and the transition
frequency of the D l and D2 line in '=cs, one expects
the following frequency shift (Ref. 5):

with r l = -16,9.10-l5 and x

= 1+0,014. {Tl(300 K)}~.'

selector

detictor

Fig. 2: Sketch of the experimental set-up. The standard
constituents of the CSX are shown very schematically,
whereas the microwave cavity and the heated tubes are
shown in larger detail. THI- TH4and Tco, Tcc and TcD
indicate the positions of the thermocouples attached to the
heated tubes and the cavity, respectively.

'

Here VJ is the unperturbed hyperfine transition frequency of '%s, w = 9 192 631 770 Hz, c(T) is the clock
frequency of atoms which are subjected to radiation of a
blackbody at temperature T, and ~ B B Ris the predicted
frequency shift expressed as a relative quantity. The
numerical factor q is based on eq. (1) and on the
experimental results on the DC Stark effect (Ref. 12). It
is assumed that the perturbing BBR is isotropic and
unpolarized. The effect of the BBR magnetic field (2)
through the dynamic Zeeman effect leads only to a
frequency of a few parts in loi7 and is thus at present
not of particular interest (Ref. 5).

Fig. 3: Axial view onto one of the heaters in the CSX.
Thin ceramic spaces separate the central tube from the two
reflective shields. All metallic parts arc electrically insulated
from one another to avoid the flow of thermocuments.

3. EXPERIMENTAL PROCEDURE

3.1 A D D ~ ~ ~Source
~ u s .of BBR
PTB's experimental atomic beam frequency standard
CSX was used to observe the frequency shifting effect
of BBR (Ref. 13,14). Briefly, the CSX is a frequency
standard with magnetic state selection in hexapole and
quadrupole magnetic lenses. The atomic beam, 3 mm
in diameter, shows axial symmetry. The mean velocity
of the atoms contributing to the hyperfine resonance
signal is 405 mls. Due to the 0,79 m interaction length
the transition linewidth amounts to 253 Hz. During our
experiments, the atomic flux was chosen such that the
short-term frequency instability, expressed by the Allan
standard deviation u,(r), was 3,5.10"~. ( r l s )-In
Equation
predicts a relative frequency shift of only
about 10- , even if the BBR source temperature is
increased by as much as 200 K above room temperature. It seemed impossible to observe the effect at
temperatures close to room temperature. Thus we
partially surrounded the atomic beam path within the
interaction region of the CSX with tubes which could be
heated up to 200 K above room temperature. Figure 2
shows schematically the experimental set-up with some
details of the heated tubes and the temperature
measurement. For technical reasons the heated region
was splitted into two parts, each 0,25 'm in length. The

I!)

tubes were surrounded by two coaxial reflective shields
and were suspended with low thermal conductance
from the support structure inside the CSX as shown in
Fig. 3. This was done in order to reduce the heat load
on the microwave cavity which finally warmed up by
only 12 K when the heated tubes were at 485 K, the
maximum temperature used. Heating was performed by
passing DC currents through four wires along the tubes.
This had to be done without destroying the homogeneity
of the weak quantization field which is applied parallel
to the atomic beam. We chose a cycling mode, separating 2 or 3 minutes of heating from 9 minutes of taking
frequency data. During the latter interval the DC current
was switched off and the temperature of the tubes
dropped by a few Kelvin exponentially with a time
constant of 80 minutes. Nine-minutes time averages of
the temperature were recorded using the four thermocouples shown in Fig. 2 from which the spatial temperature distribution along the heated tubes was obtained,
as shown in Fig. 4.
The inner surface of the tubes was painted with 3 M
Nextel Black Paint (Ref. 15) and served as the source
of thermal radiation. The emissivity of the surface,
averaged over the BBR spectrum, is estimated from

e.g. YBBR = - 6 9 . 1 ~ ~at' the highest temperature used
during the experiments. The systematic uncertainty of
the prediction is estimated to about 5 %, relatively,
based on the uncertainty of the temperature measure
ment (absolute value and profile), of the emissivity of
the surface of the tubes and of 7 in eq. (3) (Ref. 5,12).

460
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3.2 Freauencv Reference
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420
-125

-75

-25

25

75 m 125

Position inside heater

Fig. 4: Typical spatial temperature distribution inside each of
the tubes, estimated from the measurements made with the
four thermocouples TH1 TH4which were distributed along
both tubes. The temperature decrease towards the ends is
amibuted to radiative loss through the open shields. The
solid lines represent a second-order polynomial and a splinefunction, respectively, fitted to the measurement points.
The spectral emittance obtained by integrating along both
approximations of the temperature distribution agreed to
better than 2% in all cases.

-

data on the hemispherical spectral reflectance of the
paint at room temperature (Ref. 16) to be 0,961(5). The
atomic beam passes along the axis of the tubes. The
on-axis intensity of BBR was calculated by integrating
over the spectral emittance of the surface of the tubes.
The emittance was determined from the spatial
temperature distribution ( T ~) and the assumption of
BBR emission according to Lambert's law of cosines.
This assumption is reasonably well fulfilled for the paint
(Ref. 16). BBR is concentrated to the region inside the
two heated tubes as illustrated in Figure 5. The timeaveraged temperature in the central section of a tube is
named TBBRfurtheron. Based on the BBR intensity
profile (Fig. S), on the temperature TBBR
and on eq. (3),
we obtained prediction values of the frequency shift,

Frequency measurements were made using predominantly PTB's primary clock CS2 as a reference (Ref. 17),
and the relative frequency difference
y x ~ := [t(CSx)

- t(cs2)] 1 t(cs2)

(4)

was recorded. Here t(CS2) and t(CSX) are the clock
transition frequencies of the CS2 and CSX, respectively,
corrected for all systematic frequency shifts (Ref. 17,18)
except for the CSX cavity phase difference (see below).
The combined frequency instability was uAr = i d ) =
18.1~'' and a,-(r = 6d) = 7-10"' during normal CSX
operation (data points at TBBR 300 K in Fig. 8) and
thus at the level which is estimated from the known
noise sources in the clocks.
.J

It has been shown that time scales which are based on
a huge number of caesium clocks, like UTC(USNO), or
on an ensemble of active hydrogen masers, like
UTC(SU), are in general more stable than UTC(PTB)
which is derived directly from an excellent, yet one
single clock, the CS2. This holds for averaging times up
to several days. As our basic measurement interval was
typically 6 days we felt inspired to refer our frequency
measurements alternately to these particularly stable
frequency references. GPS observation data from
United States Naval Observatory, Washington, and
VNIIFTRI, Mendeleevo, Russia, which were recorded
following the BlPM common view tracking schedules
were used for this purpose. To give an example, a rate
difference between UTC(USN0) and UTC(PTB) of
11.10"~ was obtained from 36 6-day intervals with a
standard deviation of 8 . 1 ~ ' ~ Similar
.
results were
obtained against UTC(SU), but unfortunately just during
our most productive period of data taking the GPS
receiving equipment at VNllFTRl failed and some data
points have been lost. The mean rate differences can be
ignored for our purpose. They are e.g. buried in the
mean frequency difference at T = 300K in Fig. 9 and
they show up in offsets between corresponding data
points in Fig. 6.
3.3 Accompanvina Studies: The l m ~ a cof
t Cavitv
Dimensions on the CSX Freauencv

position Inside cavity

Fig. 5: Normalized intensity of blackbody radiation which
is emitted from the inner surface of the heated tubes in the
interaction region of the CSX. Outside the tubes, the BBR
intensity is assumed to correspond to the temperature ofthe
CSX vacuum tank. The two W w S indicate the beginning
and the end of the drift region of the cavity (see Fig. 2).

Observation of the predicted small effect required a
careful control of all systematic frequency shifts aside
from the BBR effect. In particular we studied the impact
of the heat generated inside the apparatus on the
clock's performance. It was known beforehand that the
realized cavity design would entail a significant
sensitivity of the end-to end phase difference 4 of the
cavity on its dimensions in other words
on its
temperature
much larger than the traditionally

-

-

-

considered "cavity pulling" effect (Ref. 18) which is of
~ in our case.
order 1 0 "only
We decided to study separately the impact of both a
temperature gradient along the cavity and the mean
cavity temperature on the CSX clock frequency. Three
thermocouples were attached to the waveguide (see
Fig. 2 for the notation). At first, we introduced a large
temperature gradient along the cavity by heating only
one of the tubes at a time. Thereby we realized equal
thermal radiation fields subsequently, and we were able
to determine the frequency sensitivity of the CSX on
temperature gradients along the cavity without a priori
knowledge of the BBR frequency shift. Fig. 6 depicts
results obtained for various electrical powers dissipated
in the tubes. The procedure of utilizing foreign frequency references was successful in this case. From all
data, i.e. the slope of connecting lines in Fig.6,
including data with CS2 as a reference, we inferred that
the CSX clock frequency 4CSX) decreased by
276(25).10"~ when the temperature difference Tco-Tco
was increased by IK.

R1

central sectlon

71

rl

endlsectbn
I

Fig.7 Schematical representation of one arm of the CSX
Ramsey cavity. It includes the planes of reference R,, Eland
A, where the atomic beam passes the cavity at a place where
the longitudinal field component is maximum.

interaction with the atomic beam we calculate the
phasors at various points inside the cavity. Fig. 7 may
serve for illustration of our procedures which were
initiated by earlier work of De Marchi et al. (Ref. 19).
Two reference planes Ri and R2 exist where the field
components are equal and in anti-phase. They are
symmetrically located with respect to the central H
plane feed. The plane El defines the beginning of the
downwards section of arm 1. During manufacture the
dimensions have been carefully adjusted so that El
coincides with a plane of maximum field strength. For
the phase in plane El , with respect to Rl , we can write

with the following notations

- electrical length, 61 = p h + p
- propagation constant, p = 2 X IR
Fig. 6 CSX frequency ym in dependence on the temperature
difference between oven and detector side of the cavity. Data
shown here are referenced against UTC(USN0) and
UTC(SU). Lines connect data points which were obtained
with equal temperature in each of the heated tubes.

At next, we analysed the influence of the mean cavity
temperature. Here, we had to separate between the
effect of the dimensional sensitivity of / and the effect
of BBR under study. We varied the cavity temperature
by up to 15 K simply by adjusting the temperature in the
CSX laboratory between 288 K and 303 K. As intensity
and spectrum of BBR inside the CSX were not
significantly altered, the observed frequency shift were
attributed to the change of 4 . The clock frequency was
in relative units when TCC
decreased by 6,9 (0,8)
was increased by 1 K. In the next section we sketch an
explanation of these findings in terms of the cavity
parameters, which will be given in more detail in a
forthcoming paper.
3.4 Dimensional sensitivitv of the end-to-end ~ h a s e
difference of a Ramsev cavity
In order to calculate the phase of the magnetic
component of the microwave field at the location of

-wavelength of the 9,2 GHz field in the standard Xband waveguide, R
argument of the complex reflection factor of end
section 1 as seen in plane El , 2 p
- reflection factor as seen in plane RI,
= I fi I exp { -j 2 ti),
with I Ti I = exp (-2 a1 LI ) = 1 2 a1 L1
and the total length L1 = h +tkl (see Fig.7),
damping constant along arm 1 of the cavity , at .

-

n

-

-

In addition we have to allow for a phase difference

Equivalent relations hold for arm 2' of the cavity. With
the above relations, and taking into account the physical rotation by d 2 of the magnetic fields in each of the
two waveguide corners of the cavity, the end-to-end
phase difference &A1) &A2) : = 412 can be calculated.
Including reasonable approximations we obtain

-

As an approximation to our experimental procedure, we
consider at first the case that the temperature along
arm Iis increased by 1K with reference to arm 2 . The
additional phase difference d412 = a1 L 1 dtl / (cos2 61)

occurs, with d& = d (pll ) + dyh. Now, and in
following, we assume that dyh can be included in
increase of the total length LI and obtain
dg1 = p L l . [(d L I L) + (dp / p ) ] As the width of
waveguide is close to h/2 in our case,
(d L / L ) i~ (dp / p) is valid, and we can write for
additional phase difference

the
the
the
the

We have the numerical values LI = 19,5.N2 , A =
46,53 mm, cos2 g1 = 0,5, the conductivity and thermal
length expansion coefficient for the waveguide material
copper, a1 = 1,5.10'~ /m and (d L 1 L) = 1,7.1c5 ,
respectively, and finally obtain d412 = 2,84.1r5 rad,
corresponding to a relative CSX frequency shift of
2,65.10'13 . We are thus able to explain the order of
magnitude of the observed temperature-gradient effect
mentioned above.
At next we consider a homogeneous heating of the
whole cavity structure. We rewrite (5) to
-N
A4
412 = (2 aL g )/cos2t + 2 a tang
~ + bAE1:= & + 4a + ~ A E I - 4 ~ ~ 2
PI

Fig. 8 Experimental frequency data ym (0), referenced to
CS2, as function of temperature TBBR
in comparison with the
predicted frequency shifts (+) due to BBR. The solid line is a
polynomial through the prediction values, facilitating the
interpretation of the results

-

-

,r=(

h(

A

and a ~ = ( a l L l - a 2 L 2 ) 1 2

-52)12.

We notice now that a temperature influence on k2
comes in essentially through the terms which contain
the long dimensions of the cavity, in particular through
For the infinitesimal increment d4I2 we obtain
,d
h/
-..
d4I2 = 2 aL 5 d( l/cos2g) + 2 aL d(tan t),

-

-

d

1, cos2 g = 112,

and, with tan g

temperature TBBRwhich were corrected to demonstrate
only the effect of BBR. Each point represents a 5- to 7day average value. The data are shown together with
the predicted frequency shifts which were normalized to
the experimental results at room temperature. The
predicted decrease of the clock frequency with
increasing temperature TBBRis clearly confirmed. Not
surprising, the same quality of agreement is found in
the data referenced to UTC(USNO), which are depicted
in Fig.9. A quantitative analysis was made as follows.
The difference between experimental data and the
predicted frequency shift should be scattered around a
line with slope zero. A significant deviation of the slope
from zero would indicate that equation (3) or the
numerical values involved were incorrect.

If we assume that the mean frequency difference
observed between the CSX and the CS2 (data points
around T = 300K in Fig. 8) is entirely due to the sum
& + q& and ignore the term 4 ~ ~4 1~ which
~ 2 describes
the effect of the end sections of the cavity, (7bpredicts a
relative CSX frequency decrease of 2,7.10'' when the
cavity temperature is increased by 1K. This is smaller
than the observed effect by a factor of 2,5. A possible
explanation would be that the first two summands in (6)
are in reality larger and are partially compensated by
the difference 4 ~ ~#AD1 of opposite sign. During the
next months we will try to verify this assumption.

-

-

Fig.9 Experimental frequency data ym ( A), referenced to
UTC(USNO), as a function of ternperatitre TBBRSee Fig. 8
for further explanations.

.

4. Final Result

Taking the experimental data from section 3.3, we were
able to calculate and apply corrections to all data taken
when BBR was admitted and to eliminate the unwanted
effects to a large extent. Figure 8 depicts the frequency
R a function of the relevant
measurement results ~ X as

As there is no reason to question the T~-dependenceof
the frequency shift which follows from Planck's radiation
law, we interpret the results in terms of q in eq. (3).
Thus we determined an experimental value, %, to
replace q in equation (3) as follows:

f ~ b=

-17,9 (1,6) .lUi5

7 =

-17,2 (2,O).

(Ref. CS2)

1 0 " ~ (Ref. UTC(USN0))

The rather large uncertainty in qs is given by the
frequency deviation of the individual data points around
the regression line which corresponds to a frequency
instability of 9,5 . 1 0 - ' ~with CS2 as the reference and
10,8
with UTC(USN0) as the reference.
5. Discussion
From a fundamental point of view the realization of the
time unit second has to rely on the observation of
unperturbed atoms. It is thus indispensable to study
experimentally even subtle effects like the one related
with blackbody radiation. Within our statistical
measurement uncertainty our experimental data confirm
the previous theoretical predictions which were based
on older DC Stark-shift measurements. We obtained an
uncertainty larger than that of the previous DC
measurements (Ref. 11, 12) and the difference between
our experimental and the previously accepted value of q
is insignificant. In our case the uncertainty is dictated by
the limited number of data points and the frequency
instability of the CSX and the reference clock. The
frequency scatter of 9,5.10-'~of the individual data
points around the regression line is about 35 % larger
than observed in normal operation of the CSX , i.e.
without heating the tubes. We have to suspect t y t the
changes of ( with temperature could not be estimated
accurately enough using the recorded temperatures.
The findings sketched in Section 3.4 point to the fact
that a more detailed knowledge of the temperature
distribution along the cavity would have been desirable.
It would be even more advantageous if a beam reversal
could be made in the CSX, which is the traditional
method to measure ( in primary clocks.
Yet, our results justify the current steering process of
the scale unit of International Atomic Time TAI. During
its 13th meeting in March 1996 the ComitB Consultatif
pour la DBfinition de la Seconde adopted Recommendation S2, stating that a frequency correction
compensating for the BBR frequency shift shall be
applied to the reading of primary clocks. Measures were
taken to adjust the scale unit of International Atomic
Time TAI to the corrected duration of the SI second in
a smooth fashion. The new steering of TAI started in
March, 1995, as documented in the Circular T86 of
BIPM. The steering in general is described in Ref. 20.
The frequency shift due to the static or the dynamic
Stark effect in a caesium clock is independent of the
atomic transition line width and thus its determination
is a challenging task in view of the potential standard
uncertainty of fountain type atomic clocks. As
mentioned above, the correction to be applied at room
temperature is about 6 times larger than the presently
estimated standard uncertainty of the F01 (Ref. 6). Its
determination will have to include a detailed analysis of
the temperature and the emissivity of the inner walls of
the vacuum chamber of the device. The uncertainty in
the numerical factor 7 is not at all negligible. Results of

a new measurement of the frequency shift due to static
electric fields have been announced for the 11th EFTF
(see this Proceedings). A second measurement of the
BBR effect with reduced uncertainty appears desirable.
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Abstract
In the past years, preliminary results on the high
C-field resonator at the Politecnico di Torino were
presented in the EFTF Conference. At this moment
the first part of the project is accomplished and the
10-l4 accuracy goal seems not exceedingly far to be
pursued. The largest component in the list of uncertainty contributions affecting the frequency standard
arises from disuniformity and stability of the C-field,
but measurements on the field dependent transition
suggest that it should be feasible to reduce this contribution to a level in the low 10-14 range. The latest
results on the high field Cs standard will be reported
here, with particular emphasis on recent improvements of frequency stability, and projections about
the future.l

1 Introduction
The main sources of uncertainty in thermal beam Cs
standards are related to atomic velocity, to neighboring transitions, and to rf field non-idealities caused
by the microwave cavity.
Several innovations have been proposed, during the
last decade, for the accuracy improvement of these
standards, with the aim to achieve a level of 10-l4 or
better. These include optical selection and detection
of atoms, ring terminated Ramsey cavities, and full
processing of the information content hidden in the
RF response on the tube.
A different approach was chosen at the Politecnico
di Torino, based on the high C-field concept as outlined in [I]. In this scheme, the C-field value is set
at 82 m T , where the Breit-Rabi law shows a minimum for the m p = -1 hyperfine component. The
latter becomes the clock transition, and the closest
neighboring lines are some 600 MHz away far from
it. Rabi and Ramsey pulling become then unimportant, as well as Majorana transitions, even if the beam
'This work was partially funded by the EC within the
Human Capital and Mobility programme (HCM contract
# E R B C H R X C T ~ ~ C ) ~and
~ ' , ~by
) , CNR, ASI, and the polite+
nico di Torino.

passing holes were very large or the spatial variations
of the magnetic field were wild.
Therefore, the high value of the C-field leads naturally to a completely different design philosophy compared to other laboratories standards. In the design
which was implemented the C-field is excited longitudinally along the beam by a solenoidal magnet [2],
and the microwave transition is driven in a cylindrical multilambda Rabi cavity. The latter resonates
at the frequency v-1 of the clock transition in the
TE01,7mode, and at the frequency vo of the field dependent transition in the TEol,ll mode. The TEol,,
mode features vanishing fields at the beam passing
holes, which enables opening up the holes to host a
very wide beam, for S/N maximization. Moreover, it
has a high Q factor and a very flat phase map in the
transversal plane around the symmetry axis.
As a result, the main source of uncertainty in this
Cs beam standard comes from the limited C-field uniformity. The latter should be of the order of
if the corresponding bias must be kept below 10-14.
Correction with 10-14 uncertainty of the bias effect
produced by a less uniform field can also be envisioned as a route to accuracy, pr~videdthe stability
of the field map be good enough.
In the following, a quick description is given of the
main features of the standard in its present configuration. Modifications and improvements are underlined and justified. Recent results are also reported,
with particular emphasis on the short term stability,
which is not far from 10-l2 at 1 second. The short
term stability of the standard was measured against
a high performance selected BVA quartz oscillator,
which remains below 2 . 1 0 ~ up
' ~ to about 1000 s. For
longer term stability measurements the only available
reference was an HP 5061B Cesium equipped with a
standard tube. No data below 10-l3 could therefore
be obtained.

2

Description of t h e apparatus

de~enIn order to minimize power shift and
dent effects, the frequency standard design was ini-

Figure 1: Typical lineshape of the microwave tube response with the 7X/2 cavity. The power was 6 dB below
optimum. The FWHM of the central fringe was 350 Hz
tially started with the idea to adopt gradient magnets at least for state preparation, in order to exploit
their velocity selection effect. Bipolar magnets with
a wide useful area were chosen, in order to recover
from the atomic beam flux reduction caused by the
velocity selection. This was allowed by the possibility
to safely widen up the beam offered by the combination of the high field with the used cylindrical cavity
mode. A beam diameter of 8 mm was adopted. Unfortunately, the gradient magnet which was realized
did not manage to grant a sufficient beam separation
at the detector [3, 41, and was therefore at least provisionally substituted with a pumping laser beam.
In the present configuration the standard is an optically pumped device. The optical scheme includes
a single 150 mW extended cavity laser, locked to the
4-5 component of the Da Cesium line with the saturated absorption technique. The laser output is directly used for detection, while is shifted for pumping to the 4-4 transition in a single pass through an
A 0 modulator driven at 251 MHz. Both pumping
- and detection are performed with a standing wave,
obtained by retroreflecting the laser beams with mirrors in both regions. The detection features a high
efficiency light collector system [5] with two spherical
mirrors and a light pipe.
A simple oven with a "zero lenght" 2 mm diameter diffusing aperture is used. In order to reduce the
beam divergence and, consequently, stray atoms, iris
diaphragms are placed not far from the source. This
effusive source is probably suffering from excessive
scattering at the aperture, which reduces the number of slow atoms in the beam, but has been very
convenient in the preliminary research phase, during
which the vacuum vessel was opened many times. A
better source is available, kindly provided by Hewlett
Packard Co., and will be used as soon as some residual problems are solved.
The C-field bobbin is wound directly on the Copper tube which constitutes the vacuum chamber, and
a single mumetal magnetic shield is also the flux return of the magnet. The latter was designed to drive
the mumetal to its maximum permeability working
point. In this way the 2 mm thick mumetal sheet acquires the same shielding efficiency of a 10 mm thick
mumetal shield at low field. All the experiments were
carried out with a relative spatial uniformity, over the
This is the level of uniinteraction zone, of
formity obtained in the magnet without corrections,
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measured ' - 1
with
the calculated Zeeman effect in proximity of 82 m T
and produces a 4 Hz positive shift of the observed v-1
transition. Corrections of the field uniformity during
operation are possible, as illustrated below, and are
expected to yield a bias effect in the low 10-13, with
uncertainty in the low 10-14.
Fig. 1 shows the lineshape obtained at the detector
with a microwave power 6dB below optimum. This
shape pretty much agrees with theoretical calculations if it is assumed that scattering at the oven aperture penalizes the slow atom content in the velocity
distribution [6].
The signal to noise in 1 s is of the order of ten
thousand. most likely limited at this moment by stray
light in the detection zone. This S/N ratio is still far
from the shot noise limited value of roughly 5 . 1 0 ~
which can be calculated from the theoretical atomic
flux of 1Ol1 atoms per second expected with the oven
at 100 OC.
The servo system is based on slow square wave frequency modulation and a digital servo system, implemented in a personal computer in the same way as in
other primary frequency standards 15, 71.

3

Zeeman effect,

1, Fig. 2 a number of frequency measurements of
the F,
= -1 clock transition are reported, as taken

at different C-field values around 81.98 mT. where it
is theoretically expected to be minimized according
to the Breit Rabi law. The calculated freauencv-vsfield curve is also shown, evidencing by comparison
the expected 4 Hz positive frequency shift caused by
the
field uniformity. No obvious deviation from
the Breit-Rabi law were found with the present uncertainty of 0.1 Hz.
Higher accuracy than presently reached is needed
in order to investigate anomalies of the Zeeman effect such as those caused by diamagnetism and the
"hyperfine assisted shift", which are theoretically estimated to be of the order of lo-'' [8].

4
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C-field stability

The stability of the C-field in the high field standard also needs to be as high as the uniformity, if
not higher. In fact it is alway a good idea to design
for a stability level better than the target accuracy. It
would then be highly desirable to have a field stability
in the low 1 0 - ~ s which
,
would guarantee a frequency
stability limit, at least from this cause, around 10-15.
Eventually, when the standard will be fully operational, it is anticipated that the magnetic field will be
stabilized on the m F = 0 field dependent transition
with a digital electronic loop, which should be able
to yield the desired level of stability in the long term.
However, that servo loop has not been realized as
yet, and at any rate it may not be sufficient to guarantee the necessary short term stability of the field.
A prestabilization of a different nature may therefore
be necessary. For these reasons, and because the
field stability is already necessary in the prototype development stage (if only in order to evaluate the field
uniformity), much effort was spent on this problem.
As for the stability of the exciting current, the l o V 7
level is reached with active control, based on the voltage drop across a series manganin resistor, as illustrated in detail in [9].
Also necessary appeared to be to stabilize the temperature of the magnet. In fact the coercive field
H = N I I L depends not only on the exciting current
I and the number of turns N (which remain constant
by construction and stabilization respectively), but
also on the length L of the magnet, which varies with
temperature according to the expansion coefficient of
Copper. As a consequence, a negative temperature
coefficient of the field was expected, in the measure
of-1.6.10-~/K.This would impose a temperature stability of 6 mK of the magnet.
An evaluation of the actual temperature coefficient
was performed by correlating values of magnetic field
and temperature measured during a 24 hour period,
as is done in the scatterplot of Fig.3. The temperature was measured with a Platinum resistor placed directly on the microwave cavity, and the field was measured through the frequency of the v-1 clock transition at a magnetic field offset by about 20pT on the
low side of the minimum of Fig. 2. The coefficient
appears to be about - 1 . 1 0 - ~ / ~which
,
is much higher

Figure 3: Scatterplot of correlated measured values of
temperature and magnetic field in the C-field magnet
than expected. An explanation of this has not been
found, but the result is that temperature stabilization
to the mK is necessary for the desired magnetic field
stability.
This specification is not easy to meet because of
the magnet's dimensions and power dissipation (800
W). Nevertheless it was met by the temperature control described below. The magnet is 0.7 m long and
0.24 m in diameter, and weighs about 50 kg. Its average steady state temperature is about 70 OC when
energized and water cooled by a flux of 6 liters per
minute of water at 15 O C.
A stabilization approach by water flow control was
choosen for practical reasons. The temperature inside
the magnet, was carefullly studied with the equivalent
conductance method [lo]. The validity of the model
was checked by comiar&on with available measurements (temperature of the cavity and average temperature of the winding). According to calculations the
longitudinal variations of temperature in the winding do not exceed 6 K. Because the C-field will be
made uniform by shim coils [ll],spatial field variations caused by variable expansion can be tolerated,
provided the temperature distribution be constant.
Therefore, the thermal coupling between t!le magnet
and the environment must be minimized in order to
prevent temperature uniformity variations. This is
achieved by water cooling the magnet end caps as
long as the cylindrical surface of the winding.
The magnet temperature is evaluated by measuring
the resistance of its copper winding. The latter in fact
has a thermal coefficient of 3.9.10m3/K.
This approach ensures a good accuracy because the
resistance is significant of the average temperature integrated over the entire volume of the copper. Moreover, it is suitable for a tight control loop implementation because the lag time from the actuator (water
flow) to the sensor is mainly due to the thermal cap'acitance of the magnet. Since the current is stabilized
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Figure 4: Observed lineshape of the vo field dependent transition which is used to tvaluate field uniformity
to some
its fluctuation is negligible, and the
voltage measured across the magnet gives the correct
temperature information. The main drawback of the
above described approach is the poor gain due to the
thermal coefficient of copper. In fact, a 3.9pV measurement precision is required for 1 mK precision.
The actuator is a needle valve positioned right
downstream the water intake and driven by a step
motor controlled by a PC.
The loop includes a classical PID (proportional,
integral, derivative) algorithm implemented in software. The operating parameters are set according
to the Zigler-Nichols criterion, well described in [12].
The "ultimate time" of the loop (the oscillation period of the system when it's set at its critical gain)
turned out to be 32 s. The integral and derivative
time constants were then set to TI = 16 s and TD = 4
s respectively. The transient response is improved by
adopting an anti-windup trap that stops 1,he integration when the actuator is saturated. The noise behavior of the derivative process is significantly reduced by
evaluating the derivative from a least square fitting
of the most recent data. In this way the fatigue of
the valve is significantly reduced. When the pressure
of the water supply is changed from 3 bar to 2 bar, it
takes the system less than 100 s t c recover within a
temperature error of a few mK; thf; peak error during
the transient recovery is below 26 mK.
The measured Allan deviation. of temperature flickers out below 1 mK, and starLs random walking after 1000 s. However, the random walk of these measurements is caused by the voltmeter, whose expected
long term stability is 5 mX at 3 months.

5 C-field u n i f ~ r m i t y
Three independent evaluations of the C-field uniformity along the 0.4 m of the interaction were made.
All are consistent in indicating a relative uniformity
of lo-4.
The first one comes from direct measurement of the
field distribution along the magnet, performed with

an NMR probe -12,. 3,. 111.
- The second one can be
induced frbm frequency measurements of u-1 versus
C-field, which yield the correct 4 Hz positive shift, as
shown in ~ i ~ . 2 .
The third one can be derived from the observation
in Fig.4 of the width and shape of the field dependent
line. In fact the field dependence of vo is 7.10' Hz/T,
which translates the observed FWHM of 250 kHz into
a peak to peak field variation of about 30 p T , which
is again a relative rms uniformity of roughly lod4.
The lineshape in Fig.4 can clearly be read as the
collection of 11 separate Rabi lines. These correspond to the different C-field values experienced by
the atoms in the 11 microwave field antinodes of the
TEol,ll cavity mode which is used to excite the field
sensitive m F = 0 transition.
Two different strategies can be devised with the
aim of improving the field uniformity.
One calls for acquisition of the field profile before
assembly and off-line optimization of the uniformity
by the use of shim coils. A full layer of continuous
winding, with taps at each turn, was placed for this
purpose on the cooling jacket, external to the 24 layer
solenoid. A simulated uniformity optimization, with
current limitation at 10 A, yielded an rms value of
1.5.10-~ with 18 shims. A higher number of shims
would be needed for uniformity in the low
region. The problem with this approach is that the
shims are wide (150 mm) and therefore their action
range interfere, making it very difficult to correct for
short wavelength variations.
The other is suggested by Fig.4, and involves winding 11 shim coils directly on the microwave cavity, inside the vacuum vessel, at the locations of the antinodes of the TEolSll mode. The advantage of this
strategy is that the smaller shims have a shorter range
of action and therefore do not interfere heavily, making it possible to observe directly in the shape of the
m F = 0 transition the effect obtained separately on
the 11 resonances. On the other hand, the drawback
is that there is no way to tell during operation how
uniform the field is in between the corrected antinodes.

6

Frequency stability

A very high power sensitivity was measured by intentionally varying the microwave power level with an
attenuator. Its evaluation may have to be repeated
with better attention to electronics in a loop in which
the signal level is varied, but the measured coefficient
of the order of 10-1°/dB, is certainly worrysome in
view of the 10-15 target stability. It is assumed here
that the observed sensitivity derives from coupling of
the multilambda cavity mode with the spatial field
variations, and that the coefficient will turn out to be
smaller once the field uniformity is improved
to the desired level. Notably, the lack of this kind
of coupling may be an unforeseen advantage of the
Ramsey cavity.

Stability Measurements

throughout the development of the standard.

-10
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Conclusions

In this paper we reported the present development
status of the high C-field Cesium frequency standard
of the Politecnico di Torino. Its short term stability was measured t o be 2.10-12/fi by comparison
with a free running BVA oscillator. Three independent ways were followed to evaluate the uniformity
of the C- field, and all yielded the level of
An
on-line strategy for the optimization of the uniformity while the standard is operational was devised,
which is based on the observation of the shape of the
field dependent line. Temperature stabilization of the
C-field to the mK magnet was found necessary and
realized with a digital control loop.
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ABSTRACT
By taking into account severe requirement on the
microwave leakage level of the short cavity implemented in
our Cs IV resonator, we have designed a new cavity and run
another frequency evaluation of Cs IV. In this experiment,
our machine is driven by a standard electronics coming
from a HP 5061 B clock. Its main features are :
a sinusoidal modulation of the interrogation microwave
signal,
a microwave power stability of about one percent at a
temperature of 20 f 1 'C.
The following results have been obtained :
~ , ( &y)
l
= 2x10-l4 : this value holds up to 3 days;
accuracy :
repeatability :3 x 1 ~ ~ ~ .
In our opinion, the flicker floor is beginning at 2x10-l4
and is mainly due to both the free running fluctnations of
the microwave power applied to the resonator and the
fluctnations of the external static magnetic field. Further
long term frequency stability improv&nents are expected
by the use of a most soohisticated electronics. This latter is
based on the use of a s q k - w a v e frequency modulation and
active controls of both the microwave power and the DC
magnetic field. Regarding the accuracy, we are mainly
limited by the lack of knowledge of the end to end cavity
phase shift.

-

Keywords :Atomic cesium clock; Frequency evaiuutwn

1. INTRODUCTION
In EFTF 94, we reported the first results concerning the
frequency evaluation of a miniature optically pumped
cesium beam clock called Cs IV.We obtained a good short
and medium term frequency stability but the delivered
frequency did not match with the defmition and suffered
from a high sensitivity to the microwave power. As the
origin of this drawback was found to be connected with
microwave leakage of the Ramsey cavity, we designed a
new cavity working properly. We then run another
frequency evaluation of Cs N. In this experimenf this
machine was driven by a standard electronics coming h m a
HP 5061 B clock. After a brief outline of the design and
realization of the new cavity, we present the results of
comoarisons of Cs IV with the Laboratoire de 1'Horloae
~ t o k i ~ uhydrogen
e
maser and with the new high
performance HP 5071 A frequency standard. This allows us
to specify the one day frequency stability, the repeatability
and the accuracy of the device.
Finally, we shall present ways to improve these f r s t
results.

sources of microwave leakages come from the cavity itself.
As a m a of f a c ~there are many places where leakages
originate :
the junctions between the short circuit end caps and the U
shaped main waveguide,
the coaxial feedthrough which supplies the cavity';
the ensembles hole-waveguide below cut-off ensuring the
passage of cesium beam on the one hand and the attenuation
of radiations issued from the holes on the other hand.
Consequently, key elements in the design of a good cavity
are the foUowing :
a) The use of magnetic and highly conductive material.
b) An excellent electrical contact between all the
constitutive elements of the cavity associated to good
surface characteristics.
c) The geometrical features of the ensemble hole-waveguide
below cutoff. At the output of the cut-off waveguide, the
residual radiated microwave power must be at an acceptable
leveL This last was empirically fixed by comparison with a
so called "well designed cavity". This level was taken equal
to -115 dbm when the input excitation is i-10 dbm.
The solutions which have been cauied are :
the cavity is made with a copper alloy (Cu-Cr-Zr) material
which can be easily machined.
the U bent cavity body is an assembly of two half shelves
carefully welded with an elecmn gun.
The cavity length is then adjusted in order to get a good
electrical symmetry and tuned to the proper resonance
fiquency. After this setting, the two end caps are welded on
the main body by transparency with the same technique as
above.
The microwave power radiated outside the cut-off waveguide
depends on the size of the hole and the geometrical feature
of the cut-off waveguide (section and length) : as the overall
dimension of the cesium tube is prescribed, the length of
the cut-off waveguide should be L 5 15 mm. Taking L = 15
mm, we have empirically found that a -115 dbrn microwave
level leakage
- is reached when the hole section and the cutoff waveguide section are respectively 3x5 mm2 and 4x7
mrn2.Such cutoff waveguides have been finally fastened on
the cavity by mean of YAG laser welding techniques. Fig.
(1) shows the achieved cavity which has been implemented
in the Cs N resonator.

--

-

-

2. C A W DESIGN
Presently, it is widely recognized (Refs. 1-2) that magnetic
microwave stray fields propagating outside the two
interaction regions on the path of the atomic beam
generally disturb the atomic states and lead to significant
fiquency shifts. We demonstrated (Ref. 3) that the main

Figure 1 A view of the Rarnsey cavicy

3. OPERATING CONDITIONS
The Cs IV clock has been in operation since February
1996. The oven temperature was set at 90 OC. The static
magnetic field B, was set at 5.896x10d T. A measurement
of its stability and accuracy was performed until September
96. During this run, the machine has been driven by a
standard electronics coming from a HP 5061 B clock.
Some modifications were carried on this equipment
namely :
a new AC preamplifier at 137 Hz in order to match the gain
before the synchronous detector and avoid saturation.
a microwave filter at the output of the SRD multiplier in
order to improve the spectral purity of the interrogation
signal.
The relevant features of the interrogation signal are :
a shusciidal modulation of its frequency at 137
a natural power stability of about 1 % at temperature of 20
1OC.
In the laboratory, two frequency references are available :
the first one (Hmaser) is mainly used for short and medium
tenn frequency stability measuremenf The second one (HP
50171 high performance cesium clock) is essentially
devoted to accuracy and long tenn frequency stability
measurements.

-

-

-
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4. RESULTS
4.1. Freauencv sensitivib to the microwave wweg
At optimum power (POpt
= -12.6 dbm), we measured a
sensitivity of - 1 . 5 ~10-I 3/db. Compared to the fust
expesimental run with the leaky cavity, an improvement of
the frequency sensitivity to the microwave power by a
factor 230 has been obtained.

The clock was continuously operated for a period of 15
days. Fig. (2) shows the classical law oy(7) = 5x10"~
x z 1 n for r ranging between 1 s and 5 . 8 ~ 1 0s.~Compared
to the previous experiment, an improvement of oy(z = 1
day) by a factor 2 is also observed. Furthermore the
beginning of a flicker floor at the 2x10-l4 level is put into
evidence for 1 day < z < 3 days. With this new cavity, the
long term frequency drift which was observed in the first
evaluation is now well controlled. In our opinion this
flicker floor limitation at
level results from the
residual static magnetic field fluctuations and from
microwave power drifts. Indeed a third magnetic shielding
initially designed for this resonator was not implemented
during this run. Concerning the microwave power, it is
actually temperature dependent. The microwave stability is
not better than 1 % during 15 days of data. This induces
microwave fluctuations and consequently frequency
fluctuations.
Finally, let us mention that the same cry(') curve has been
found again after another measurement run which followed a
complete break of the machine due to a failure in the power
plant.

Figure 2 Measured short and medium term hequency
stability by(z) of the resonator Cs IV
4.3. Freauencv shift evaluation
a . 1 . Static m e t i c field shift
The most important frequency shift results from the
quadratic Zeeman effect. It amounts 1616xlO-~~
as the
value of the static magnetic field is B, = 5 . 8 9 6 x l e T. The
errors caused by field measurements and field homogeneity
give an uncertainty of 0 . 7 ~ 1 in
~ our
' ~ case.
The evaluation of h o s t the other frequency shifts is based
on a numerical calculation of formulas established in the
laboratory (Ref. 4) which apply to short tubes excited by a
microwave interrogation in phase opposition in each
cavity arm and with sine-wave frequency modulation. The
relations of interest can be found in Ref. 3 for :
the quadratic Doppler shiff
the shifts related to the microwave cavity (cavity pulling
and end-to-end phase shift),
the shifts related to electronics imperfections.
Let us recall that for monokinetic atoms, the above
mentioned frequency shifts &pend on the interaction time z
(in one arm of the cavity), on the Rabi angular frequency b
and on the amplitude m, of the modulation. In Cs IV
resonator operating at 90 OC, a complete optical pumping
leads to a Maxwellian velocity distribution in the beam.
Consequently, frequency shifts have to be weighted by the
interaction time distribution :

-

'to = Va is a particular value of z where a is the most
probable velocity in the cesium oven.
In table 1 are gathered the typical values of the parameters
needed for our calculation.

. .

4.3.4. Shifts due to electronic m e r f e c t i o ~
ents m the

As previously mentioned, the microwave spectrum issued
from the HP 5061 B electronic set-up is improved by
means of an additive microwave filter. The main spurious
line are positioned at f2.5 MHz, f5 MHz and f12.6 MHz
from the carrier and their level is -46 dbc, -36 dbc, -40 dbc
respectively. The corresponding frequency shifts can be
predicted by means of relation 6-94b in (Ref. 5). J'he most
significant frequency shift comes from the 5 MHz line. It is
estimated to 3.5~10-l4with a negligible uncertainty.
Table 1

e of even harmonics of the modulation freauencv

4.3.2. Ouadratic D o w W t d f t
Around the microwave power Poet = -12.6 dbm
corresponding to bop, = 26 500 s-', the quadratic Doppler
. assume that the interaction time
shift is - 2 J ~ l ( r ~If ~we
distribution (1) matches perfectly the actual one, the
frequency shift uncertainty results from the temperature and
microwave power measurement uncertainties. Those ones
are AT = f0.5 K and APE = fill00 respectively. We finally
get a f 0 . 1 ~ 1 0 -uncertainty.
~~

4.3.3. Shifts related to the microwave cavity

^..

Due to non linearities in the generation of the sine wave
frequency modulation, the instantaneous angular frequency
of the microwave field contains also a component at
frequency 2oM = 2~x274Hz. The distortion ratio 62 is
assumed to be much smaller than 1.
The fractional frequency offset due to this effect is
proportional to & and depends on co,. For om= 2~x190Hz
and 62 = 4x10-~, we get a frequency offset equal to
- 1 . 5 ~1 0 - l ~at our operating optimal power (POP'). It is
difficult to evaluate 62 which unfortunately increases as w,
does.

-

The cavity &tuning is +3A MHz. The loaded quality factor
Q is 900 while the atomic Q line is 1.4~10'.We obtain a
frequency shift equal to -1.5~10-'~.
Its uncertainty, mainly
due to the microwave power measurement uncertainty,
amounts f0.5 x10-13.

From experimental tests on the cavity, we notice that the
electrical length difference between the two cavity arms is
at wont 0.1 mm leading thus to 69 = 40 pad. This value
was used for the computation of the related frequency shift.
We obtain - l ~ x l ~ - ~ ~ .
It appears that 6 9 is measured with an important
uncertainty and, in order to be cautious, we take A(6q)/&p=
1. It results that the uncertainty due to the end to end phase
difference is flox 10-I 3 . It is the biggest cause of
uncertainty in the total accuracy budget

This value optimizes the slo of the error signal for the used
m~tionamplitude
(2) This value is less than the optimal modulPtiaa amplitude which is
close to ~xxWIZ, wheze W = 660 Hz is the linewidth of the c l d
signal.

Influence of an amulitude modulation of the microwave
interrogation field
The frequency distortion is usually accompanied by an
amplitude distortion. Moreover, the latter always occurs
when the cavity is detuned. Consequently an amplitude
distortion is present in our case. We consider only the term
at COM= 2m137 Hz, with a small amplitude distortion ratio
called 6'. The frequency offset has been calculated as a
function of the microwave power for three modulation
amplitudes (co,= 27~x190;2nx260;2m330) and amplitude
distortion ratio Gl respectively equal to 4x106; 7.6~106;
1.2x10-~. Around the optimal power, the calculated
frequency shift is negative and remains S l ~ l O - ~ ~ .
Finally, it appears that reasonable amplitude and frequency
distortions ratios lead to frequency shifts in the range 10-l3
which are largely dependent on the value of om.This fact is
demonstrated by measurement of the overall frequency
sensitivity as a function of the microwave power for three
values of omFig. (3). We see that this sensitivity can
change its slopes s and we can find a particular value of om
which pratically gives s = 0. This behaviour underlines the
well known limitation of this analogic electronics.

Fig. 3 Sensitivity of the frequency to microwave power
(parts in 10-13) : a q,,= 2~x330raws; b ax, = 2~x260
rads; c (u,= 2m190 radls; P*, = -12.6 dbm

-

-

-

A theoretical evaluation of the light shift induced by li ht
scattered by the optics shows that it is less than 10-I f if
the scattered intensity is about a few pW.~m-~.
Let us note
that in our experiment, we took a lot of precautions to
reduce the scattered light in the cavity. As it is impossible
to measure it, we mn an experiment in which the pumping
laser intensity was reduced by a factor 2 while keeping the
right operating conditions concerning the clock S/N ratio.
No frequency shift greater than 2 x 1 0 ~was
~ ~detected.
Consequently, we took this value as the uncertainty relative
to the light shifts.
4.3.6. && and b s e v frecpencv s&

The microwave spectrum delivered by Cs IV is high1
symmetrical. The measured asymmetry is less than 10Consequently, the Rabi pulling frequency shift is less than
5x10-14.
Concerning the Rainsey pulling, it originates in microwave
n transitions. In Cs IV, their amplitude is weak because
beam holes are small. Their effect on the clock frequency is
completely negligible.

?.

4.3.7. Total accuracv evaluatia

The different considered frequency offsets are summarized in
table 2 with their uncertainty. The final accuracy is given
by the quadratic sum of the uncertainties. We have a =
1x10-12. This value compares favourably with the accuracy
of high performance commercial clocks.

Frequency shifts

Fractional

C field
Second order
Doppler
End to end cavity
phase shift
Cavity pulling

1616

Spurious
comuonents in
the microwave
Harmonic
distortions

- 2.5
- 10

f 0.7

f 0.1
f 10

- 1.5

f 0.5

0.35

f 0.035

S5

-

Rabi and Ramsey
ullin
Total uncertainty

Table 2 : Systematic major frequency shifts in Cs IV and
unmtahties in parts x
at the operating optimum
power.

A change in the C-field value followed by a return to the
starting value of operation of Bc, a l l the other parameters
being unchanged, did not lead to a fiquency shift to within
about 2x10-13. We recall that any change in Bc values
requires a careful demagnetization of the shielding. In
another test, the clock was completely stopped and then
started up again. A relative $equency difference equal to
3x10-l3 was measured.
A s a conclusion, we evaluate the Cs IV repeatability to
3x10-13.

5. CONCLUSION

It appears that the cavity change eliminates the drawback
related to microwave leakages. The overall frequency
performances show that our miniature optically pumped
cesium clock compares favourably with the best high
performance commercial clocks.
A new digital electronics is presently implemented in
which :
1) a square wave fr-equency modulation is used.
2) the quartz oscillator is locked by means of a main digital
loop.
3) an active control of both the microwave power and the
static magnetic field is achieved.
Such modifications should improve the long term frequency
stability. Regarding the accuracy, we are obviously limited
by the lack of knowledge of the end to end cavity phase
shifts. Efforts are undertaken to measure it with a method
different fiom the classical beam reversal technique.
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ABSTRACT
TEKELEC has developped an industrial prototype of
Optically Pumped Cesium-Beam Frequency Standard with
the scientific support of the Laboratoire de 1'Horloge
Atomique (LHA) and the financial support of the French
Military Administration (DGA). This work is based on
years of experience of the LHA on cesium atomic clocks,
especially on short atomic clocks and on the experience of
Tekelec in time and frequency for systems (timekeeping,
time distribution, synchronisation, etc.) and components
(quartz oscillators, rubidium atomic clocks, etc.). The
prototype developped by Tekelec is a complete clock (tube
and electronic system) designed to be integrated in a 19",
3U packaging.
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Fkure 1:Block diagram of the operation of an atomic clock
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1.INTRODUCTION
The huge growth of synchronization and positioning
requirements for military, civilian or space applications will
rapidly increase the need for ever more accurate and
cheaper frequency standards. We believe that the optically
pumped cesium-beam frequency standard is a good
candidate for these applications.
The optical pumping technology has improved widely the
performances of laboratory clocks and is used in the best
National Primary Atomic Clocks (LFlT (Ref. I), NIST
(Ref. 2)) replacing the magnetic deflection technology.
The Laboratoire de 1'Horloge Atornique (LHA, Refs. 3,4)
has demonstrated the ability of this technology to improve
short tube atomic clock performance and therefore optical
pumping is of great interest for industrial applications.
Furthermore, the greater simplicity of this technology will
lead to lower price.
Some companies have published works on short tube
atomic clocks (Refs. 5,6,7,8,9) and announced the ability of
this technology to obtain high performance characteristics
but, as far as we know, nobody has published high
performance results on their prototypes. The best results
ever published on short tube atomic clocks have been
obtained by the Laboratoire de 1'Horloge Atomique (LHA,
Ref. 10.) The tube of our prototype is an industrial
evolution of the LHA's tube.

2. DESCRIPTION O F THE CLOCK
The schema of figure 1 represents the general operation
diagram used in an atomic clock to stabilize the 10 MHz
signal generated by a quartz crystal oscillator (OCXO) with
the atomic resonator using a synchronous detection.

Figure 2 : Optically pumped cesium beam resonator

The main elements of the clock are the cesium-beam
resonator, the microwave synthesizer and the digital
electronic system.
All the elements of our complete clock have been entirely
designed by Tekelec for the future industrial applications.

Figure 3 :Energy levels of the cesium 133 atom
The atomic resonator is optically pumped, the figure 2
represents the principle of operation of this tube. In high
vacuum conditions maintained by an ion pump, a cesium
oven generates a low divergence thermal cesium beam. This
beam is shaped by several graphite diaphragms. The atomic
preparation and signal detection are obtained by optical
pumping using the same laser diode. In each of these zones,
a static magnetic field of 40 pT is applied to avoid the
Hanle effect. The fluorescence signal in the preparation area
is used to lock the laser diode frequency to the 3-3 o
transition of the D2 line (6'S,
+ 6'5,') of the cesium
frequency diagram (figure 3). A Ramsey microwave cavity
excited at 9,19263177... GHz by a coaxial antenna is used
for RF interaction. The cavity is magnetically shielded and
a low (6 CrT) and very uniform static C-field is applied
perpendicularly to the atomic beam axis. In the detection
area, the fluorescence signal is used as the clock signal. A
second magnetic shield protects the optical areas and the
cavity. Two prototypes of the tube have been developped by
Tekelec. The first one can be dismantled with ultra vacuum
flanges and is connected to an external ion pump. The laser
diode and the related opticals elements (collimating lens,
beamsplitter and mirror) are fixed on an optical table. This
prototype is under characterization. The second one, fully
sealed, has been designed to be integrated in a 19" 3U
packaging with the electronic system. All the elements are
identical to the first prototype except the micro ion pump.
This prototype is being manufactured and will be tested in a

couple of months.
The electronic system developped by Tekelec and used in
the prototypes is controlled by microprocessor. The starting
sequence is fully automatic and is under the microprocessor
control. The microprocessor starts the temperature
regulation procedure of the cesium oven and of the
microwave cavity. Then, it sweeps the frequency of the
laser diode in order to find the six allowed transitions of the
D2 lines (3-4, 3-3, 3-2, 4-5, 4-4, 4-3) before locking it to
the 3-3 transition. The quartz oscillator frequkncy control
voltage is scanned to find the central part of the microwave
spectrum and is locked on the central fringe (clock signal).
The C field is locked by checking the neighbouring Zeeman
line and the microwave power is also under microprocessor
control. The locking loops of most of the electronic
elements (laser diode, quartz oscillator, C field, microwave
power) are based on the principle of synchronous detection.
For instance, the schema of figure 4 shows the diagram of
the locking loop of the laser diode. It is a dual-locking loop
acting both on the current and the temperature of the laser
diode. The digital electronic system (DES)sets the current
and temperature setpoints to the loops which control the
driving current of the laser diode (LD) and of its Peltier
element. A modulation is applied to the driving current of
the laser diode. The fluorescence signal of the pumping
area, detected by the photodiode (PD), is then demodulated
and used to readjust the current and the temperature
setpoints. The current loop is used to compensate for short
term fluctuations and the temperature loop for long term
fluctuations.
Tekelec has developped for its prototype s compact
microwave synthesizer designed to obtain a very high
spectral purity signal and to be integrated in the 1 9 3U
package.
Current regulation

L!L
Inte rator

mperature regulation

.r>,
PelUer

Thermistor

Figure 4 :Diagram of the laser diode locking loop

The complete digital electronic system and the microwave
synthesizer have been realized and are used with the two
prototypes.

The accuracy will be better than 1.10-". The expected
stability in the time domain follows a c w e in
cr,(z) = 6.3.10-12z-1nbetween 2 and 400 000 seconds. with

3. MAIN ADVANTAGES

a flicker floor at 1 lo-'' in laboratory conditions (figure 5).
The planned stability in the frequency domain is given in
the figure 6. As far as we know, these values represent the
best characteristics for a commercial standard.

The main advantages of the optical pumping compared to
using a magnetic state selection are:
- the atomic preparation is complete, increasing the signalto-noise ratio,
- all the atoms participate in the clock signal (twice as much
as with magnetic deflection), allowing a lower cesium
consumption,
- there is no strong magnetic field near the microwave
cavity,
-the Rabi-Ramsey spectrum is very symmetrical,
increasing the accuracy and allowing a lower C-field, which
decreases the magnetic sensitivity of the clock,
- the atom velocity distribution is well known, allowing an
increase of the accuracy,
- there is no hot wire detector, which is very fragile, and
limits the lifetime of the resonator,
- the technology is much simpler (without deflection),
which will lead to lower cost.
Furthermore, we use an electrical coupling and a cavity
geometry giving an odd number of longitudinal modes, and
then a phase difference of 180' between the two oscillatory
fields that the atoms experience in succession. The LHA
(Ref. 11)has demonstrated that this configuration improves
the frequency stability.

4. MAIN CHARACTERISTICS OF THE CLOCK
The aim of TEKELEC is to produce a state-of-the-art
cesium-beam frequency standard for an attractive price.

I

10

100

1000

10000

10M)o

5. FIRST RESULTS
The fist prototype has been realized and is under
characterization. The full digital electronic system has been
integrated and tested.
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Figure 7 : Phase noise of the complete microwave synthesizer
with its quartz oscillator compared to an identical
quartz oscillator

The figure 7 gives the phase noise at 10 MHz of the
complete microwave synthesizer with its quartz oscillator
measured with a second and identical quartz oscillator. The
characteristics of the quartz oscillator used are: -100
dBc/Hz at 1 Hz, -130 dBc/Hz at 10 Hz, -145 dBc/Hz at
100 Hz and -155 dBc/Hz at 1 kHz. So, the phase noise of
the synthesizer is limited by the quartz oscillator under 1
kHz and the spectral purity fulfills the expected
characteristics.
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Figure 5 :Expected tlme domain stability
(Allan deviation)
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Figure 6 :Expected frequency domain stability
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Figure 8: Rabi-Ramsey fringes

The Rabi-Ramsey resonance fringes have been obtained and
are represented in figure 8. The difference between two

fringes is 42 kHz, corresponding to a C-field of 6 pT.These
fringes present a minimum at the center (black fringe)
which is characteristic of an electric coupling of the cavity
(antenna). The spectrum is very symmetrical, as expected.
The central line, which is used as clock signal, is given in
figure 9. The linewidth (FWHM) of the central line, which
is 600 Hz, agrees with the theoretical value for this cavity
length and the atoms velocity with an oven temperature of
100'C.
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Figure 9: Central line of the Rabi-Ramsey fringes

We were not able yet to characterize it with an hydrogen
maser. In order to have an idea of the characteristics of+this
prototype, we have made some measurements, between 1
and 500 seconds, by comparison with a HP5071 option
001. The signal-to-noise ratio was not optimised and was of
6 000 in a 1 Hz bandwidth. In these conditions we have
obtained a,(T) = l.l.lO"'~-'".
This value is pessimistic
because, in that range, the effects of the lack of stability of
the HP 5071A option 001 (a, (T)= 8.6. 10-'2~-1n)become
important. So we believe that, after optimising the signalto-noise ratio (>lo OOO), we will fulfill, and even improve,
the expected performance of the clock.

6. FUTURE DEVELOPMENTS
A new prototype of tube is being manufactured. It
integrates all the elements of the previous one in a
completely sealed case with a micro ion pump. This
prototype will be mounted in a conventional 19", 3U
package and will be tested in industrial and laboratory
conditions with an hydrogen maser. An industrialization is
running and will lead to a product available by 1998.

7. CONCLUSION
TEKELEC has developped a prototype of optically pumped
cesium beam frequency standard with the scientific support
of the LHA. The first results show that the goal of the
Tekelec clock, to be the state-of-the-art of commercial
frequency standards, is reachable. This belief is confirmed
by the very good results obtained by the LHA in an
equivalent lab prototype. The industrialization of the
product will be done in two versions: one conventional 19",
3U size and one compact version for military applications.
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ABSTRACT I KEY WORDS
Network synchronisation is very important for switching,
transmission and data networks, such as telephony,
Plesiochronous Digital Hierarchy (PDH), Synchronous
Optical Network (SONET), Synchronous Digital
Hierarchy (SDH), and Asynchronous Transfer Mode
(ATM) networks. It is essential that the
telecommunication systems in these networks are
synchronised to meet the Quality of Service (QoS)
demanded by the network users. This paper details the
object of network synchronisation, the related
international specifications, the general synchronisation
network design requirements, plus the merits and limits
of different synchronisation methods.
Key words:

Network synchronisation,
Synchronisation networks

The object of network synchronisation is therefore to
avoid and to minimise slips. This can only be achieved
by synchronising all the node clocks, and hence all the
telecommunication systems, to the same master clock
or to a number of pseudo-synchronous (very closely
matched, nearly synchronous) master clocks.
In practice, master clocks or Primary Reference Clocks
(PRCs) are cesium beam oscillators, and slave node
clocks are usually Ovenised Crystal Quartz Oscillators
(OCXOs).
The interruption of different services due to slips is
shown in table 1. The slip rate between systems can be
calculated by equation 1, and slip rates for 8k frames
per second signals under various frequency differences
are shown in table 2.

1. INTRODUCTION

Service

Effect of slips

Voice
(uncompressed)

Only 5% of slips will
lead to audible clicks

Voice
(compressed)

A slip will cause a
click

Facsimile

A slip can wipe out
several lines

1.2 Node clock

Modem

A node clock is the 'heart' of a node. It can be inside a
telecommunications system, eg a Digital CrossConnect (DCC) system, or a Stand Alone
Synchronisation Equipment (SASE). The node clock is
also called the Building Integrated Timing Supply
(BITS) or Synchronisation Supply Unit (SSU).

A slip can cause
several seconds of
drop out

Compressed video

A slip can wipe out
several lines.

1.ITelecommunication nodes

There are usually many nodes in a telecommunications
network. A node can be one system or many systems
connected together, eg a radio base station or a
telephone switching and data transmission centre.
Generally every telecommunication system within a
node is synchronised to the node clock (Ref.4).

More slips can freeze
frames for several
seconds

2. THE OBJECT OF NETWORK SYNCHRONISATION
If the node clocks in a telecommunication network
operate asynchronously then the transmit and receive
rates of the telecommunication systems in each node
would be different to the other nodes. In this case, the
input buffers of the telecommunication systems would
frequently overflow or underflow, causing data errors
commonly referred to as slips. (Ref.?, Ref.2, Ref.5)

Encrypted data
protocol

Slips will reduce
transmission
throughput

Table 1 : Effect of slips on services
Equation 1:

Slips = frequency difference x
traffic frames per second x
per
day
seconds per day (86400)

Therefore the maximum frequency difference between
any two PRCs is 2x10-", and the maximum slip rate
between two PRC synchronised (sub)networks is 1 slip
in 2.4 months for 8k frames per second signals,
eg 64 kbit/s and 2 Mbit/s signals.
3.3 ITU-T G.822 (Ref.8)

For an end-to-end inter-national tandem traffic
connection as shown in figure 1, the nominal slip rate is
1 slip in 72/(n-1) days, where n is the number of
pseudo-synchronous PRCs along the tandem traffic
connection. Note that this equation is also applicable to
intra-national tandem traffic connections.

Table 2: Frequency differences and slip rates
Apart from frequency difference, wander levels that
exceed the input tolerance of telecommunication
systems would also cause slips. Wander is slow
modulation of the clock or traffic signals from their ideal
positions in time (Ref.5) and very low frequency (pHz)
wander is impossible to filter out in a synchronisation
network.
Contraction and expansion of transmission cables
under varying temperatures generate very low
frequency wander on the traffidsynchronisation
signals. The levels of wander generated by optical fibre
and copper cables are shown in equations 2 and 3,
respectively.
Equation 2:
Equation 3:

Wander generated by
optical fibre cable
Wander generated by
copper cable

For category (a) traffic performance, the maximuin slip
rate is 5 slips per day in 24 hours, for greater than
98.9% of time. According to equation 1, the overall
maximum frequency difference along a pseudosynchronous tandem traffic connection is 7.2~10"and
% of time.
only for less than 1.I
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Figure 1: Pseudo-synchronous network model
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Node clocks and telecommunication system clocks can
generate high amplitude (ps) wander, if they are badly
designed or if their OCXOs have drifted in frequency
over many years in operation (ageing). Also SONET
and SDH networks can generate high amplitude
wander on their tributary outputs. (Ref.10 and Ref.11)
3. INTERNATIONAL TELECOMMUNICATION UNION
(ITU) RECOMMENDATIONS
3.1 ITU-T G.823 (Ref. 9)

The relative wander tolerance of telecommunication
systems in 2 Mbit/s digital networks must be at least
18ps. In practice, however, the relative wander
tolerance of many telecommunication systems is only
just above 1 8 ~ s .Therefore a relative wander level
above 18ps would generally cause slips and
interruption to services.
3.2 ITU-T G.811 (Ref.6)

The minimum frequency accuracy, ie the maximum
frequency offset from Co-ordinated Universal Time
(UTC) for a PRC is 10'll.

The relationship between category (a) traffic
performance, PRC availability, node clock availability,
and link availability can be expressed by equation 4.
Equation 4:

0.989

(PRCavail)xx
(node clockavail)Yx
(linkavail)'

x = Total number of PRCs along the end-to-end
tandem traffic connection
y = Total number of node clocks along the end-to-end
tandem traffic connection
z = Total number of links between the PRCs and
node clocks, and the total number of links
between
the
node
clocks
and
the
telecommunication systems along the end-to-end
tandem traffic connection
To meet ITU-T G.822 category (a) performance,
according to equation 4, the availability of each PRC,
node clock and link must be >>0.989 (typical network
operator requirement is 0.9995). Non availability of a
local and transit node clocks to category (a)
performance is when they have lost all their PRC
synchronisation network connections, ie when they are
in hold-over mode and that their output frequencies has
drifted beyond 7.2~10"and 3.6x1D9 (see section 3.4),
respectively.

3.4 ITU-T G.812 (Ref.7)

For transit node clocks, the maximum frequency off-set
~ the
when entering hold-over mode is 5 x 1 ~ 'and
maximum frequency drift whilst in hold-over mode is
10.' per 24 hours. According to equation 1, ITU-T
G.822 category (a) traffic performance is violated when
a transit node clock remains in the hold-over mode for
longer than 3.5 days (halved from equation 1 because
slips occur at the transit node in hold-over and at the
next PRC synchronised transit or local node).
Therefore the repair time of a transit node failure must
be less than 3.5 days.
For local node clocks, the maximum frequency off-set
when entering hold-over mode is I D 8and the maximum
frequency drift whilst in hold-over mode is 2x10" per 24
hours. According to equation I,ITU-T G.822 category
(a) traffic performance is violated when a local node
clock remains in the hold-over mode for longer than six
hours. Therefore local (and transit) node clocks must
be protected against single failures.

Since every node clock and telecommunication system
clock operate at the same frequency as the master
clock, there is no difference in the transmit and receive
traffic rates between nodes. Therefore the end-to-end
on-net traffic slip rate is nominally zero, when there is
no failure in the network.
To construct a centralised master clock synchronisation
network, it is important to ensure that the
synchronisation links would not generate high
amplitude (ps) wander on the synchronisation signals.
Therefore very long overground cables that are subject
to wide temperature changes, and SONET or SDH
tributary connections should not be used as
synchronisation links.
The synchronisation signals should only be transported
over SONET or SDH connections as aggregate signals,
or over pure PDH connections as tributary signals.
Therefore only network operators who own all their
SONET, SDH or PDH transmission links could
implement centralised master clock
network
synchronisation.

4. GENERAL SYNCHRONISATION NETWORK

DESIGN REQUIREMENTS
To protect the synchronisation network against single
failures, the following redundancies are necessary:
a) The PRC is internally or externally duplicated or
triplicated, ie 1+I
or 1+2 protected.
b) The node clocks are internally 1+1 protected.
c) The node clocks have two or more diverse
connections to a PRC.
d) The telecommunication systems have two or more
connections to their node clock.
Additionally, any autonomous protection switching in
the synchronisation network must not cause further
network synchronisation problems, especially timing
loops (slave clocks synchronising back to themselves).
The long term frequency offset caused by a timing loop
can be 10.' or higher, which would seriously degrade
the quality of many services, eg telephony signalling
systems and Global System for Mobile communications
(GSM) base stations.
When a timing loop is unknowingly created, it can be
very difficult to find and break. This is because the error
is often hidden and that the frequency offset is not
alarmed by any slave clock or telecommunication
system. Also it is impossible to determine the head end
of the timing loop since there is no provision of
synchronisation trace identifier in transmission signals.
5. METHODS TO SYNCHRONISE
TELECOMMUNICATION NETWORKS

5.1 Centralised master clock network
sy nchronisation
The centralised master clock synchronisation network
has only one active master clock, as shown in figure 2.
The master clock is logically located at the centre of the
synchronisation network, and the node clocks are
either directly or indirectly connected to it.

@ zzFr

node
clock

telecom system
clock

node

Figure 2: Centralised master clock network
sy nchronisation
If the level of wander in a centralised master clock
synchronisation network exceeds 18ps, then it would
be necessary to partition it into several centralised
master clock synchronisation subnetworks.
5.2 Distributed master clocks network
synchronisation
The distributed master clocks synchronisation network
has a number of active pseudo-synchronous master
clocks. It is actually a collection of small autonomous
centralised master clock synchronisation subnetworks
(islands) grouped together.
A group of small synchronisation subnetworks is easier
to plan and implement than a large synchronisation
network. There is less wander in the subnetworks, as
the PRC synchronisation subnetwork connections are
shorter. Also the chance of a timing loop being
accidentally created is significantly reduced, since the
synchronisation subnetworks are smaller. However, the
nominal end-to-end on-net traffic slip rate is 1 slip in
72/(n-1) days where n is the number of pseudosynchronous PRCs along a tandem traffic connection.

It is technically feasible to deploy a fully distributed
master clocks synchronisation network, as shown in
figure 3, but it would be too expensive to deploy a
cesium clock in every node. An economical method to
generate the required master clock signals is to use the
timing from navigation receivers, eg Global Positioning
System (GPS), to discipline the node clocks.

\

subnetwork

Figure 5: Partially distributed master clocks
network synchronisation

node

Figure 3: Fully distributed master clocks network
synchronisation
Although a basic GPS receiver is small and
inexpensive, it must be connected to a relatively large
and expensive SASE to obtain PRC performance.
Ideally two GPS receivers should be deployed in each
node to provide the necessary protection and
availability. Therefore it is not economical to deploy
fully distributed GPS master clocks network
synchronisation for very large networks, with more than
40 nodes as shown in figure 4.
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Since the availability of the GPS transmission or
reception cannot be guaranteed, it is prudent to use as
many GPS receivers as necessary and as few as
possible, or only use the GPS timing signals as backups.
5.3 Clock signals from a co-operating network

If a co-operating (or adjacent) network has master
clock signals that are easily accessible then a network
planner could, in theory, use them to synchronise his
network. In this case his synchronisation network is
slaved to the co-operating network, and both networks
are operating at the same frequency. Therefore the slip
rates for on-net and off-net traffic to the co-operating
network are nominally zero. However, any disturbance
in the master synchronisation network would also
disturb the slave synchronisation network. Hence the
quality (eg frequency off-set, wander amplitude and
signal availability) of the clock signals from the cooperating network must be fully specified and
guaranteed before they are used.
Clock signals from a co-operating network can be
received at a few synchronisation gateway nodes only,
as shown in figure 6, or at every node as shown in
figure 7. Figure 6 is equivalent to centralised master
clock network synchronisation, and figure 7 is
equivalent to fully distributed master clocks network
synchronisation.

Figure 4: Cost break points of centralised master
clock versus distributed master clocks
network synchronisation
It is more economical to deploy a partially distributed
master clocks synchronisation network as shown in
figure 5, where each master clock is responsible for the
synchronisation of a regional subnetwork.
Note that the off-air signals from GPS satellites can be
intentionally or unintentionally jammed by a local
transmitter and they can be blocked by some
obstruction. In some areas, local authority planning
permission is required to install the unsightly antennas.
Furthermore, the active GPS antennas can be
damaged by lightning hits, and that the length of the
coaxial cable from the antenna is limited (typically
100m without a down-converter).

Figure 6: Clocks signals from a co-operating
network to two gate way nodes

6. WHICH NETWORK SYNCHRONlSATlON
METHOD?

Figure 7: Clocks signals from a co-operating
network to every nodes
If a co-operating network operator guarantees the
master clock signals, then there is usually a significant
user fee on each of them. The cost to lease many clock
signals could be very high, and therefore it would make
this method uneconomical for large networks with many
nodes as shown in figure 8.
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Table 3 summaries the features of different network
synchronisation methods. For each synchronisation
method, there is a maximum or minimum network size
for optimum cost. A network synchronisation solution
may be inexpensive when the network is small, but
would become very expensive when the network grows
beyond a certain size. Therefore, a network planner
should weight the technical and financial merits of each
network synchronisation method, for the foreseeable
growth of his traffic network, before choosing a final
solution.
Since each network synchronisation method has
different merits and drawbacks, and that the structure
of every telecommunications network is different, it is
impractical to apply the same network synchronisation
method to every network. Therefore a network planner
should verify the practicality of each network
synchronisation method on a realistic paper or
computer model before choosing a final solution. It is
possible that an optimum solution would involve all the
aforementioned network synchronisation methods.
Figure 10 shows a synchronisation network partitioned
into a few synchronisation subnetworks that are
individually synchronised by a primary PRC and a
secondary clock signal from a co-operating network.

number of nodes
or synchronisation
islands

X=?

Figure 8: Cost break points of using clock signals
from a co-operating network versus
centralised and distributed master clocks
network synchronisation
A low cost solution is to use a few guaranteed leased
master clock signals from a co-operating network to
synchronise a small number of subnetworks as shown
in figure 9.

1

CO-OPERATINO
NETWORK

Figure 9: Clocks signals from a co-operating
network to four subnetworks

Figure 10: Hybrid network synchronisation
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Table 3: Summary of features for various network synchronisation methods

7. CONCLUSIONS AND RECOMMENDATIONS
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Abstract - New transmission standards and services have
raised the demand for improved network synchronisation quality which requires the deployment of high performance slave
clocks. Two parameters have a significant impact on the performance of the clock: The oscillator stability and the phase detector characteristic. The phase detector should combine two
contradictory requirements: A wide detection range and a high
resolution to guarantee the required pull-in range and Maximum Time Interval1 Error (MTIE) performance. The high
MTIE performance in the slave mode results from a novel phase
detector approach, which is based on sigma-delta-modulation
techniques. The results are a high resolution of less than 30 ps
,
can be extended
and a large input phase range of 125 ~ swhich
easily without affecting the resolution.
Keywords: Clock Supply, Maximum Time Interval1 Error, Phase Detector, Sigma-delta-modulation, Synchronisation, Synchronous Digital Hierarchy, Synchronisation Supply Unit

1. Introduction
Network synchronisation has gained increasing attention since
the introduction of the Synchronous Digital Hierarchy (SDH).
The main advantage of SDH networks is the enhanced flexibility offered by the introduction of switching capabilities. The
switching capabilities are provided by particular frame formats
and bitrates, which are nominally synchronous to the payload
signals to be switched. The synchronisation method employed
by SDH is based on pointers which indicate the start of the payload frame with respect to the transport frame. The pointer processor aligns the transport frames for switching purposes while
minimising the delay of the payload introduced in the pointer
processor buffer. Therefore, the SDH pointer processing technique accommodates delay, delay variations (wander) and drift
of the payload signal without data loss, thus enabling SDH network elements to be operated plesiochronously.
Pointer adjustments impose jitter onto the payload signal and
compensate for wander which becomes apparent at the PDH interfaces. The SDH network synchronisation quality has an impact on the jitter and wander performance of digital
connections, which may result in an increased probability of bit
errors or frame slips, respectively.
In ITU-T Recommendation G.803 the currently recommended
synchronisation technique comprises an SDH-based synchronisation distribution network. The synchronisation signals are
carried via the SDH line signal and so-called SDH Equipment
Clocks (SECs) in addition to the highly stable 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 increased number of clocks in a chain implies
the need for enhanced G.812 slave-clock specifications with re-

spect to the MTIE performance in locked mode.
In [I] a low-cost SDH equipment clock employing a phase detector intended for integration into an ASIC has been proposed.
This paper discusses the requirements with respect to highly
stable slave-clocks, which are the basis for improved network
synchronisation. Two parameters have a significant impact on
the phase error generated by the clock: The oscillator stability
in holdover mode and the phase detector performance (resolution) in locked mode (slave mode). The phase detector should
combine two contradictory requirements: A wide detection
range and a high resolution to guarantee the required pull-in
range amd MTIE performance. The high MTIE performance in
the slave mode results from a novel phase detector approach,
which is based on sigma-delta-modulation techniques.
In Section 2 the functional requirements and the architecture of
the clock supply will be presented. Section 3 examines some design aspects of phase locked loop (PLL) circuits intended to be
applied in a clock supply. In Section 4 the novel phase detector
will be presented. Section 5 shows measurement results of the
clock supply.

2. Clock Supply Architecture
A synchronisation supply unit provides for the clock signal of
SDH equipment or switches. This implies the need for a high
degree of reliability and availability, which is covered by a suitable redundancy and protection concept in conjunction with
control and monitoring functions provided by a management
system.
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Fig. 1: SSU Clock Function

Fig. 1 shows the block diagram of a synchronisation supply unit
(SSU) according to ETSI 3017-2 [7]. The timing signals TO to
T4 are:

- TO: Internal network element timing reference signal

- TI: Timing signal derived from STM-N input
- T2: Timing signal derived from 2 Mbitls input
- T3: Timing signal derived from 2 MHz synchronisation input
- T4: External timing output

3. PLL Design

An SSU is a logical function which:

- accepts synchronisation inputs from a number of sources,
- selects one of these inputs,
- filters this sources clock and
- distributes the resultant clock to other elements within a node.

The main part of an SSU concerning the requirements of pullin range, noise generation and transfer is the phase locked loop
circuit. An intelligent control loop design with monitoring and
supervision functionality for the inputs, outputs and PLL state
guarantees high performance.

In the event of failure or degradation of all synchronisation reference inputs, the SSU will use an internal timing source. This
mode of operation is called holdover.
The physical implementation of this function may be integrated
within an SDH network element or may be integrated within a
digital exchange of the Public Switched Telephone Network
(PSTN). The new approach described in this paper was realised
as a stand-alone unit, called Stand-Alone Synchronisation
Equipment (SASE).

--------------------.

.
CLOCK

2048 1

DISTRIBUTION

Fig. 2:

SASE Architecture

The requirements mentioned before lead to the SASE architecture shown in Fig. 2. At least two synchronisation interfaces of
2048 kHz or 2048 kbit/s are required to provide for the protection of synchronisation links. Interfaces operating at the optical
line bit rate (STM-N interfaces, 155.52 MbitJs or multiples) are
required only for SSUs integrated in SDH network elements.
As SDH network elements may be synchronised by T4 signals
(2048 kHz input interface) 2048 kHz output interfaces are required at the SASE. For internode distribution at least two outputs are needed, for intra-node distribution even more,
depending on the specific application. Therefore a clock distribution function should be integrated. The transport of timing
quality information is possible with 2048 kbit/s outputs according to G.704. For 2048 kHz clock outputs a separate information channel for transporting quality information has to be used.
For the operator a user interface is necessary, in addition to an
alarm and supervision interface. Network synchronisation management and monitoring requires a network management interface to allow for the integration in modem transport and
mangement networks.
The whole system should offer a high degree of flexibility
achieved by a modular design to allow for the upgrade to a Primary Reference Clock (PRC) or for the downgrade to simple
clock distribution functionality. The hardware and software
should be fault tolerant and highly reliable. Therefore all main
plug-in units are duplicated and have their own on-board power-supply .
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PLL Block Diagram

Fig. 3 shows a general PLL block diagram. The digital PLL
consists of a phase detector, a loop filter and a Voltage Controlled Oscillator (VCO). These components determine the characteristics of the PLL, which in turn determines the SASE
performance.
The oscillator generates the output frequency. Its ageing and
temperature characteristic is responsible for the holdover performance. Its short term stability determines the noise generation.
The loop filter supplies the VCO with the control signal. The
low-pass characteristic of the PLL provides for jitter reduction
capabilities. The parameters of the loop filter result in a cut-off
frequency of 3 mHz. The filtering is performed by a micro-controller in a real-time system. The controller can handle simultaneously other tasks like frequency supervision, performance
monitoring and data transfer to the network management interface.
The phase detector measures the phase difference between the
input signal and the VCO clock. It needs a wide detection range
for achieving a high pull-in range and input jitter and wander
tolerance. For low noise generation and high stability the phase
detector resolution should be less than 1 ns to have no significant impact on the overall clock supply phase error of 24 ns (for
observation intervals between 0.1s and 9s) as per ETSI 3017-4
PI.
analog PD (XOR-Gate, RS-FF)

Fig. 4:

Phase Detector Solutions (State-of-the-art)

The state of the art solution for phase detectors (PD) are counter
detectors and Exclusive-Or (EXOR) or Flip-Flop (FF) detectors, [2] [3].
A counter detector counts the number of clock transitions of one
input signal (e. g. input clock) with respect to a number of periods given by the other input signal (e. g. VCO clock). A wide
detection range can easily be implemented and the interface to
the control loop is digital. However, the phase resolution is determined by the operation frequency. As highly stable Oven

Controlled crystal Oscillators (OCXO) are normally operated in
the 5 to 10 MHz range, frequency multipliers are needed to increase the resolution.
An FF or EXOR detector, as shown in Fig. 4, can provide a high
resolution with respect to the operation frequency. However,
the output signal is an analogue voltage and therefore requires
an analogue-to-digital conversion preceding the loop filter. To
extend the detection range, frequency dividers may be used before the phase detector at the cost of reduced resolution, which
would imply the need for increased resolution of the AD-converter. Therefore, in terms of a cost optimised solution, a wide
pull-in range and a high resolution are contradictory requirements.

The resulting scheme contains only one analogue integrator.
There are still two feedback signals of the sigma-delta-modulator. One of them directly influences the integrator in the VCO
path. Therefore the phase difference at the PD doesn't exceed
1 UI (Unit Interval = 2.n) and long dividers are not necessary.
Phase detection is performed at 1024 kHz and the input integrators are only dividers by two.
A similar approach has beeen proposed in [5] for frequency
synthesizers. In this application the operation frequency of the
sigma-delta-modulator was divided by N, where the ratio depends on the output frequency.

4. A Novel Phase Detector

The phase detector presented in this paper resolves the contradiction of these requirements. This novel approach is based on
sigma-delta-modulation techniques [4].
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Interrupt
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Fig. 6: Novel Phase Detector: Realisation

Fig. 6 shows the resulting implementation of the novel phase
detector. The shaded components are part of a Field Programmable Gate Array (FPGA), the operational amplifier and its filter are the only analogue components.
Fig. 5:

Novel Phase Detector: Block Diagram

In Fig. 5 the AD-converter of Fig. 4 has been replaced by a sigma-delta-modulator. As the sigma-delta-modulator may operate at a high clock frequency, the antialiasing-low-pass filter LP
may be omitted. The order of the sigma-delta-modulator has a
major influence on the resolution thanks to the spectral shaping
of the quantisation noise. Therefore, for a certain resolution the
clock frequency can be reduced by increasing the order to a second order modulator as shown in Fig. 5.
The frequency dividers preceding the phase detector may be
considered as integrators, which translate the input frequency
into a phase value. This allows the replacement of the first integrator of the sigma-delta-modulator by the combination of the
phase detector with the frequency dividers. The outer feedback
loop of the sigma-delta-modulator is implemented by applying
the quantised signal as a disable signal at the VCO-related frequency divider.
This modified phase detector structure is complemented by an
integrator, as basically frequency differences are compared.
The word size of this integrator determines the pull-in range of
the phase detector without overflow, which is independent on
the division ratio of the frequency dividers. Therefore, the division ratio can be kept small to provide for a high resolution
(noise immunity etc.) of the phase detector.

The operational amplifier is a low cost standard type with a
bandwidth-gain product of 4 MHz and a good common mode
rejection. The digital part consists of 75 Flip Flops and combinatorial logic in a logic cell array.
The input counters and the differential circuit are implemented
with two bits only. Because the reference clock is divided by
two, the reference counter needs a third bit, but only the two
most significant bits are used for the subtractor. The subtractors
result is a two bit value. The output value of the subtractor now
is combined with the bit stream. In steady-state the bit stream
has equal number of high and low clock cycles.
For noise reduction the output of the charge pump is made differential. High impedance output is implemented by the same
level at the differential output. In steady-state operation the integrators output voltage is about the FF input threshold voltage.
The resulting bitstream represents the frequency difference of
the two input signals. It is then integrated to the phase difference in an 8 bit up-down-counter, that counts up when the bit
stream is high and vice versa.
A 15 bit averaging filter (AV) now generates the 23 bit phase
value. The resulting range is 256 UI, that means 125 ps with a
resolution of 29.8 ps. After 215 clock cycles of 2 MHz a new
calculation cycle is started.

5. Measurement Results
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Fig. 7: Novel Phase Detector: Resolution

Fig. 7 shows the phase detector resolution. It is determined by
the size of the averaging filter. A 30 ps resolution is expected
thanks to the calculation of the mean value over 215 values.
For this measurement two frequency generators at the input
have been used with a frequency difference that was adjusted in
a way that the phase value increased one bit for every sample,
that means that the delta f was about 30 ps in 16 ms, that is about
3.84 mHz for 2048 kHz input. The irregularities in the expected
staircase signal in Fig. 7 are due to the oscillator phase noise.

Measurement Results MTIE

Fig. 9 and Fig. 10 show measurement results of the Maximum
Time Interval1Error (MTIE) and the Time DEViation (TDEV),
respectively. They were obtained on the basis of a hybrid phase
locked loop using the novel phase detector, a digital loop filter,
state-of-the-art digital-to-analogue converter and an OCXO.
The phase detector value has 23 bits, the filter calculation is
made on a 64 bits basis, the D-A converter has 14 bit and the
OCXO gain is about 6.7.10-" per bit. The last value is improved by software quantisation noise shaping technique at the
filter output to 1.7.10-I per bit.

The phase detector characteristic allows for sufficient margin
for other implementation imperfections and oscillator phase
noise, because the required MTIE values according to ETSI
3017-4 [9] are 24 ns in the observation interval range of 100 ms
to 9 s.

The oscillators Allan variance is about 5 . 1 ~ "per second.

Fig. 8:

Fig. 10: Measurement Results TDEV

Novel Phase Detector: Detection Range

Fig. 8 shows the whole detection range of the phase detector. It
is +I- 128 UI. The wander range of a G.823 input signal is about
36.9 UI, that can easily be covered by this range.

The graph in Fig. 9 shows results that are always 30 to 40 times
better than the limits according to ETSI 3017-4 [9] for constant
temperature. The sampling interval was 3.3 seconds, according
to ETSI DETM 3017-3 [8].

For the calculation of the TDEV results in Fig. 10 the algorithm
described in ETSI DE/TM 3017-1 [6] was used. The results are
in close agreement with the MTIE measurement results.
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Fig. 11: SASE: Input Reference Switching

Input reference switching effects have been tested by applying
two different reference signals with the same frequency but a
phase offset. For the start of a new synchronisation process in
the PLL the phase detector gets a reset on the up-down-counter
from the microcontroller to adjust it in the middle of the total
range.
The filter uses the first phase value as the reference value for the
regulation in order to minimise the phase drift in case of input
reference switching.
The resulting phase drift at the output, for input signals with
same frequency but different phase is shown in Fig. 11. The
measured phase drift is in the resolution range of the measurement set-up (200 ps). ETSI 3017-4 [9] allows a phase error of
60 ns for the new synchronisation process.

6. Conclusion
The introduction of Synchronous Digital Hierarchy (SDH)
based transmission networks requires a new network synchronisation strategy and a new type of high performance clock supplies, called Synchronisation Supply Unit (SSU) or StandAlone Synchronisation Equipment (SASE). The logical function of a SSU defines also the SASE architecture.
Tightened requirements for Maximum Time Interval1 Error
(MTIE) performance and jitter tolerance lead to new types of
phase detectors with high resolution and wide detection ranges.
A novel phase detector that is almost fully integrated and has
few analogue components leads to cost effective phase locked
loop solutions. Simulation and measurement results have demonstrated the feasibility and the performance of this approach.
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The Applicability of MTIE and TDEV for
Assessing the Quality of Telecom Services
Michael Wolf
Alcatel Telecom

Telecom services are affected by phase noise effects in the telecom network. Switched services
can be degraded by byte slips and leased line service quality may be degraded by phase transients
and temporary frequency offsets. It is up to the
designers of telecom equipment and telecom networks to limit such degradations
by limiting phase noise generation by the
equipment,
by limiting phase noise accumulation in the
network and
by designing phase noise tolerance into input ports of the equipment.
The designer's job is supported by related ITU
and ETSl standards which are quite stable since
a long time in the jitter domain (phase noise of
typical frequency above 20 Hz), but which are
under development for the wander domain, i. e.
for long term phase fluctuations.
The Maximum Time Interval Error (MTIE) parameter which limits the phase offset magnitude
over an observation interval has been established
for telecom purposes by CClTT since long. This

parameter nicely matches with the requirements
for designing buffers and clock filter bandwidth.
The TDEV parameter has been newly introduced
in standards as an additional parameter for clock
stability specification. Although is allows for analysing the phase noise type of noise sources in
terms of phase and frequency modulation it is not
clear how equipment design parameters can be
derived from TDEV specifications and how service performance can be assessed from data signal TDEV performance.
The paper shows that the TDEV parameter relates
to the phase noise accumulation power for accumulation of MTlE over a number of noise sources,
but it is not known how the accumulation power
can be calculated from given TDEV to MTlE ratios.
In the worst case the accumulation is linear with
the number of cascaded noise sources and in the
best case it is virtually non existent. Knowledge
about phase noise accumulation impacts the design aspects of networks and thus impacts the
service quality performance and the need to implement phase noise reducing equipment in the
network.

I.
Impact of Phase Noise on Transmission
Performance
All synchronously operating switching and multiplexing telecom equipment needs to synchronise the incoming data signals to the internal system clock. This
is performed by a buffer which is written with the incoming data clock and which is read with the system
clock. The control of buffer fill in the case of a phase
wander of the input signal against the system clock is
done by controlled slipping or by a stuffing technique.
In the case of a slip a part of the payload signal is corrupted, in the case of a stuffing event the payload data
remains unaffected but the phase of the data signal is
shifted which normally leads to a saw tooth phase
movement over time.

The system clock can either be provided from external
by a synchronisation reference input, or it may be derived from the incoming data signal applying appropriate filtering functions (see figure 1).
For appropriate equipment design for input phase
noise tolerance the standards specify a minimum
peak to peak sinusoidal phase modulation which
should not cause any malfunction of the equipment
[I]. This modulation amplitude as a function of modulation frequency complies to the Maximum Time Interval Error (MTIE) as a function of the observation in-

terval which is specified for network nodes (see figure

2)Accommodation of incoming data phase fluctuation is
performed by a suitable buffer design when reference
clock is supplied from external. When the phase offset
exceeds the buffer limit in the long term (days or
weeks) controlled slips are performed in order to manage the buffer fill. This is the technique applied by digital switches based on 64 kbitls. Instead of controlled
slips the transmission equipment applies the stuffing
technique which allows to increase or to decrease the
number of bits transported per unit time by replacing
dummy bits in a multiplex signal by data bits or vice
versa. While slips [2] corrupt the data a stuffing event
introduces a phase hit on the data, but keeps the data
unaffected.
In the case of derived clock the incoming phase fluctuations are accommodated by a suitable buffer design
for modulation frequencies above the clock filter cut
off frequency. A suitable design of filter bandwidth and
buffer size guarantees an error free operation of the
equipment (see figure 3).
Newly introduced in the standards is the TDEV parameter as an additional specification for output phase
noise and input tolerance. Compliance of the TDEV
specification to the MTlE specification is ensured by
simulation calculations. An direct impact of TDEV
specifications to equipment parameters is not seen
and it is questionable whether the clock models used
in simulations do really reflect the phase noise type of
telecom networks. A potential impact of the TDEV
parameter on phase noise accumulation calculations
is discussed in the course of this paper.
At the destination of the digital transmission the analog service signal is recovered from the received data.
The time scale for this process is taken from the clock
recovered from the received data. Now, when the data
is affected by a phase transient the time scale is distorted by the associated temporary frequency offset.
This causes a frequency shift of the recovered analog
signal. A service particular sensitive to such distortion
is video. The effect may cause the video colour subcarrier to exceed the tolerance and thus cause degradation of the video performance.
A further impact on the quality of telecom services is
coming from bit error bursts caused by buffer overflow
events or by controlled slips which both may be
caused by excessive phase noise.

2. Characteristics of Telecom Phase
Noise
Telecom networks employ a lot of equipment which is
used for multiplexing and switching of payload data
82

signals and for encoding them for transmission over
the transmission medium. Each signal processing element generates phase noise and some of them do
also filter it. And even the transmission medium contributes to the resulting phase fluctuations by temperature dependent propagation delay effects.
The essential question is how to meet the phase noise
network limit specification. The network is composed
'of various equipment which can be described by its
individual phase noise performance in terms of phase
noise transfer characteristic, which is described in a
linear approach by a filter bandwidth and the gain
peaking of the transfer function, and by the intrinsic
phase noise generation.
It is obvious that the payload signal path comprises of
a chain of cascaded phase noise sources and some
phase noise filters. But there is a second path of cascaded phase noise generating and processing units to
be studied in the network. This is the so called synchronisation trail which links the reference clock input
of a network element to the master clock of the network. The synchronisation trail is often orthogonal to
the payload path (see figures 4 and 5). Therefore we
have to study two aspects of phase noise accumulation in order to check whether the output phase noise
limit is met in a particular network implementation (for
an overview see references [5] and for the related
standards see [6]).
Phase noise accumulation has been studied since a
long time for Gauss'ian noise sources [3], but the amplitude distribution was given implicitly in these papers
by assuming a white phase modulation spectrum of
arbitrary phasc! of the spectral components. However,
the power of accumulation depends on the statistics
of the phase excursions of the intrinsic phase noise of
an equipment. According to the MTlE specification the
peak to peak value of these excursions is limited, but
there are several probability distributions of phase amplitude which have the same peak to peak values (see
figure 6). When the peak value is reached with a very
low probability only the accumulation is of less power
than in a case when the high phase offset is reached
with a higher probability. As the TDEV(z) parameter
gives the phase noise power in a certain frequency
band, which is defined by the observation interval z, it
relates to the effective width of the probability distribution.
We introduce three types of phase noise according to
their different statistical behaviour, the type A having
a Gauss'ian or even a rectangular distribution and
which is of a "normal expected" statistical behaviour of
noise processes. Then we have two extreme types of
statistics, one of them we call the type B with a distribution which concentrates nearly 100% of all the
probability close to the mean, and the other we call the

type C which concentrates nearly all the probability at
the peak amplitude (see figures 7 and 8).
The type A phase noise is generated by
Clock recovery from line signal.
Bit stuffing and high rate byte stuffing.
Clock frequency dividing by switched counters.
lntrinsic phase noise of some clock equipment
implementations.
Propagation delay temperature effect.
The type B phase noise is caused by
lntrinsic phase noise of some clock equipment
implementations which are different from that
which cause type A noise.
Low rate byte stuffing which causes infrequent
phase transients.
The type C phase noise has never been seen by the
author but it is possible to create it by comparably
simple digital phase control mechanisms.
The impact on the accumulation power is quite drastic:
Although the accumulated phase offset is the total of
all cascaded phase excursions and the worst case
offset is the total of all particular MTIE's, the probability of this to happen within the observation interval T is
virtually zero, and this reduces the accumulation
power seen in practice to approximately the fourth root
of the number N of cascaded noise sources in the case of non correlated white phase modulation sources
of type A. For the type B the accumulation is of much
less power. In contrast to that the accumulation power
of type C sources is one, which means linear accumulation proportional to the number N (see figure 9).
As all of these noise sources are assumed to meet the
same MTlE specification the peak to peak phase
magnitude is the same for all these sources, but the
accumulated noise peak magnitude is quite different.
The TDEV specification could help here, because the
TDEV of these three sources is different, and the
lower the TDEV of the source the lower is the accumulation power.
The example shown here is based on the white phase
modulation type which applies when the master to
slave chain is working correctly. This is valid for the
payload path in any case and for the synchronisation
trail in normal operation condition.
Non normal operation of the synchronisation trail is
caused by failure effects or configuration management impact which causes input reference switching
or hold-over operation. Input switching causes phase
transients which represent a flicker phase modulation
and holdover operation causes temporary frequency
offset which is a flicker frequency modulation [4].
The impact of phase noise accumulation on the networks may be quite high. It is required to support a lea-

sed line service all over Europe which means that a
payload data signal may be routed over hundreds of
network elements which are all creating phase noise.
The question is whether the signal meets the network
jitter limit at the end or whether a jitter reducing filter
function needs to be inserted somewhere, which
would cause additional cost and effort for a network
operator.

-

3. MTlE and TDEV
What can it be used for?
The MTlE parameter is suitable for specifying the
input noise tolerance of equipment which is implemented by a suitable buffer size and suitable PLL parameters.
The output MTlE can be used to assess the payload
performance in terms of maximum buffer overflow, i.
e. slip, rates and in terms of a maximum temporary
frequency offset which is just the quotient of
MTIE(7) 1 T.
We have seen that the TDEV parameter does not directly map to any equipment parameter, but it relates
to the phase noise accumulation power. But how could
the output TDEV performance be specified for a single
equipment in order to limit accumulation to a given
power? This requires scientific research, and the
author, who is a development engineer of telecom
equipment and hence is not dedicated to research,
wants to encourage researchers to work on this subject.

4. Conclusion and further relationship
The issue of phase noise accumulation has been discussed on the basis of the peak phase excursions
characterised by the MTlE parameter. It has been
shown that a noise power descriptor such as TDEV
can describe the impact of the noise amplitude distribution on the accumulation law, but that the exact
relationship requires further research.
During the study the author has found that the issue
of phase noise accumulation relates closely to the
ATM congestion problem which comes up with multiplexing a number of variable bit rate connections on a
single line. The mean bit rate maps to the mean
phase, the cell burst maps to the phase excursion and
the output buffer maps to to operation range of a
phase comparator. In ATM different parameters are
used to characterise the statistics, but the accumulation problem is still unresolved as far as the author
knows.
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ABSTRACT
The paper explores the techniques of removing the
effect of outliers on estimated values of parameters.
Least median of squares method was used to achieve
the robustness .of estimation and for pinpointing
outliers. Some preprocessing of the DPCM type is
suggested to clean the timing signal from impulsive
noise.
Keywords: robustness, diagnostics, outlier, robust
estimator, breakdown point, influence
function, autoregressive model, signal
cleaning
1. INTRODUCTION

Timing signal of digital communication network
belongs to the category of the most important signals of
the network. It is the signal of global consequence for
the digital network. The outstanding feature of the
digital network timing signal is its omnipresence
within the network. The timing signal provides all
digital processes running in the network with time
scale. A digital network timing signal originates in
primary reference clock (PRC) or in primary reference
source (PRS). PRC and PRS are very high quality
clocks. However, in a course of transmission the timing
signal undergoes pollution which has to be suppressed
in synchronization supply unit (SSU) synchronized,
hopefully, to unpolluted part of incoming timing
signal. On the other hand pollution of timing signal,
properly interpreted, provides information about
transmission path. Therefore, omnipresent timing
signal can be an agent for digital network monitoring
system. First of all it provides information on
synchronization process to a management system of
synchronization layer. Timing signal may be used for
time transfer throughout a digital communication
network. Timing signal as a reference frequency signal
and/or time signal may be article of trade b e m e n
common or private carries.
The aforementioned lends a perspective to the subject of
specifying timing signal. Proper identification of
commonly accepted model of the timing signal (clock
signal) should be done. Applied estimators should

extract from received signal original features of timing
signal despite of masking effects imposed on the signal
during its transfer. Signal processing procedures ought
to point out outliers, that is, deviations from the model
followed by majority of data. Wanted signal processing
algorithms come from robust statistics and diagnostics.
In the paper some comments about robustness and
diagnostics are given. Observation outliers are
discussed. Breakdown point and influence function are
considered. Several robust estimators are presented.
Least median of squares (LMS) regression and
reweighted least squares (RLS) based on the LMS are
used for finding frequency drift. Autoregressive model
of timing signal is presented and its robust estimation
is discussed. Processing of timing signal removing
impulse noise is suggested.
2. ROBUST STATISTICS AND DIAGNOSTICS
A set of raw data resulting from an experiment can be
roughly divided int two subsets. In a properly designed
experiment the majority of raw data reflects mechanism
which is responsible for investigated phenomenon. The
rest of data (outliers) contaminates results which would
have been provided by the majority of raw data itself.
Thus the proper (prelprocessing of raw data is needed
and some suitable methods of statistics has to be
incolved. In this case, methods of robust statistics and
diagnostic are the right choice.
Robust statistics and diagnostics complement each
other in a process of raw data analysis (Ref.1).
Working with the whole set of raw data robust statistics
provide us with information characterizing the "good
majority of data and pinpoint outliers ("bad" data). The
study of outliers may lead to interesting conclusions,
e.g., to explanation for origin of outliers or it may
suggest introducing some change into assumed model.
Diagnostics do the job in the opossite order. Using
diagnostics tools we try to find outliers and delete (or
correct) them first. As a result we get the "good"
majority of raw data which we processed using means
of nonrobust statistics.
It is worthwhile to quote Huber's claim (Ref.2): "The
purpose of robustness is to safequard against deviations
from the assumptions. The purpose of diagnostics is to

find and identlfy deviations from the assumptions.
Outlier detectionlrejection is diagnostics, not
robustness. Robustness is making a procedure
insensitive to outliers".

bacause of the possible effect it has on least squares
(LS) estimator of regression line.
4. BREAKDOWN POINT AND INFLUENCE
FUNCTION

3. OUTLIERS

Outliers or gross errors are wrong (bad) values of
measurement. "Badness" of raw data may result from
many reasons. Let us enumerate only a few.
1. Assumed model is only an approximation of real
world. Ocassionally remarkable deviations from
the model are expected to appear because of very
nature of investigated phenomenon.
2. An experiment supplies an investigator with
quantized data.
3. When the quality of timing signal is investigated,
rather long-lasting experiment carried over rather
common conditions suffers from environmental
changes.
4. Some wrong values of data result from copying or
transmission errors.
When timing signal is investigated the most critical
contaminations resulting in gross errors are sudden or
very fast changes of phase of the signal. Even one such
error may have a strong effect on final results of
estimation. When the quality of synchronization of
digital communication network is considered we can
observe phase jumps because of several reasons.
Among them are:
- fading of synchronization signal,
temporary "out of synchronism" condition of
different pieces of equipment of synchronization
chain along which the synchronization signal is
transmitted,
- switching events affecting synchronization chain.
When some signal is under study then very often
outliers can be interpreted as an impulse noise.
Studying timing signal we are trying to reveal some
trends characterizing signal behaviour in time.
Regression analysis helps us to do the job. In some
situation simple linear regression method should
recover a trend. Let us remind the simple regression
model
y f = 0 , x f + 0 2 + e , f o r i = l , ...,N
(1)
in which the parameters
(the slope) and O2 (the
intercept) are to be estimated. Variable yi is called the
response variable, xi is called the explanatory variable
(carrier), ei is the error term, i is the case number and
N is a total number of cases. We can explain regression
outliers as follows. If there is an observation (xi, yi)
shifted considerably up or down from the expected
position (taking into account the suggestion of linear
regression line), this point is called an outlier in the ydirection. When an observation (xi, yi) is shifted
considerably to the left or the right from the expected
position, this point is called an outlier in the xdirection. The last outlier is also called a leverage point

-

The breakdown point is a global measure of reliability
of the estimator while the influence function (IF) is a
local characteristics of the estimator (local robustness).
Introducing the concept of breakdown point we will
follow explanation given by Rousseeuw and Leroy
(Ref.1). Let us take any specific sample of N
observations Z and let
T(Z) = 6
(2)
be an estimator of the vector of parameters. Then
consider all possible corrupted samples Z' that are
obtain by replacing any m of the original observations
by arbitrary values. Bias(m; T,Z) that the corruption
can caused is defined as
bias(m: T,Z) = sup(lT(2')- T(Z)II
(3)
z
where the supremum is over all possible Z'. The
breakdown point eN*(T,Z) of the estimator T at the
sample Z is

+

}

(4)

Thus the breakdown point is the smallest fraction of
corruption that can forced the estimator T take on
values infinitely far from T(Z).
The LS method gives regression estimator having the
breakdown point equals

It means that one outlier can carry regression estimates
over all bounds. We say that LS has the breakdown
point of 0% because for increasing N right side of (5)
goes to zero.
The meaning of the influence function is well
understood from the relation

In a "good sample (y1,. . . , y ~ )we replace one
observation by an outlier at y. IF indcates the influence
of the outlier y on the value of the estimator T when the
"good" majority of
observations undergoes
distributionJ
An important characteristic of robustness of the
estimator T based on influence function is the grosserror sensitivity y *, defined as (Ref. 1)
Y*= supIlF(y;T,f )I
(7)
Y

Gross-error sensitivity gives the maximal effect induced
by an outlier on the estimate.

5. ROBUST ESTIMATORS OF REGRESSION

The often used regresion estimator enables to find
estimate 0 of parameters O from condition
N

where the residual ri is the dfference between actual
observationyi and estimate $iof observation
r.I = y.1 - yi
(9)
The least squares (LS) estimator (8) behaves excellent
for gaussian error ei (in fact for this kind of error LS
estimator is optimal) but very poor for error term with
outliers. As we mentioned above the breakdown point
of LS estimator is 0%.

,.

Replacing the squared residuals by another function of
the residuals yields the condition
N

where p is the even function of its argument with a
unique minimum at zero. Estimators coming from the
condtion (10) are called M-estimators. Differentiating
expression (10) with respect to the regression
coefficients 6 . results in
J
N

C~

()xi5 = 0

(1 1)

i=l

The solution of (1 1) is not equivariant with respect to a
magnification of the y-axis (functions p(.) and w(.)do
not "breathe" along the y-axis), and we have to
standardze the residuals and solve rather
N

& f ( l ; :/ $ x i

=o

(12)

i=l

instead of (11). Solving (12) 6 must estimated
simultaneously. For y(.)Huber's proposal (Ref. 1)
~ ( u=) min(c,max(u,-c))
(13)
is often used. M-estimators are robust with respect to
outliers in the y-direction but leverage pooints make
them breaking down. It should be pointed out, however,
that there are situations excluding possibilities of
appearance of leverage points. For example, in time
series analysis the values of explanatory variable
(instant of time) are fixed in advance very often.
The least me&an of squares (LMS) estimator is defined
by fulfilling the condition
MinMize med q2
(14)
0

i

LMS estimator is very robust with respect to outliers in
both directions (in y as well as in x) (Ref.1). Its
breakdown point is 50%, which is the highest possible
value. The LMS regression estimate 6 results in the
narrowest vertical width of the strip surrounding LMS
regression line and containing 50% of all residuals.

Weighted least squares (WLS) estimation method is
defined by

Knowledge of LMS residuals is used to establish values
of weights. The possible choice of weights could be:

This is a policy of hard rejection of outliers. It can be
applied soft or smooth rejection of outliers. WLS
estimator possesses the high breakdown point being
statistically more efficient then LMS estimator. Let us
notice that the concept of WLS estimation reflects
philosophy of &agnostics.
6. AR MODEL OF TIMING SIGNAL AND ITS
ROBUST IDENTIFICATION

Results of measurement of timing signal usually take
the form of times series, e.g., time error signal
resulting from measurement. A time series is a
sequence of N consecutive observation yl, y2, ... , y ~
measured at regular intervals. Often the observations
obey the rule
yi =p+xi , i =1, ..., N
(17)
where p is a location parameter, and xi are fitted by a
zero-mean autoregressive moving average (ARMA)
model. In what follow we consider autoregressive
AR(p) model for xi. According to that model
xi = ff,xi-l+...+ffpXi-p
+ ei
(18)
The larger value of p is used the better approximation
of ARMA is given by AR. From (18) and (17) for
measured (observed) value we have
yi = alyi-l+...+agi;.-p+ y+ei
(19)
where the intercept y equals p(1-al- ...-a$.
As i ranges
from pr-1 to N there are N-p sets (yi, yi-1, ...,
which can be used to estimate a l ,...,ap,y in (19)
Y i y~ '
means of some regression estimator. So we have matrix
eauation

(20)
Now we will use further a very simple AR (1) model
(21)
yi = a#i;.-l + y + ei
Stationarity of {yi) needs the absolute value of the
slope a 1 to be less than 1. Plotting the observed values
in pairs ( ~ i - ~ , yini ) a diagram we get a scatterplot of yi
(ordinate) versus yi-1 (abscissa) which can be used to
estimate the slope m l and the intercept y of AR(1)
process. In time series analysis two types of outliers
pose the problems (Ref. 1), viz, innovation outliers and

additive outliers (Ref. 1). The innovation outlier results
in on outlier in y direction (outlier in the response
variable) and some number of "good" leverage point,
which even can improve the accuracy of estimation.
The additive outlier produce outlaying response
variable and bad leverage point (in case of AR(1)).
They say that additive outliers occur more often then
innovation outliers. The possibility of appearance of
outliers calls for robust procedure of parameters'
estimation for time series (robust identification of time
series model). The LMS or RWS linear regression
methods can be applied.
7. IMPULSE NOISE PREPROCESSOR
Impulse noise disturbs information time series conveys
very severely. E.g., it can seriously change AVAR and
TDEV of timing signal, therefore the impulse noise
should be suppressed before further processing of the
signal. The DPCM (differential pulse code modulation)
modulator (Ref.3) can be adopted for the impulse noise
suppression. The arrangement is shown in Fig. 1. The
specific solutions applied in (pre)processor in Fig. 1
and the effectiveness of the impulse noise supression
are considered in literature (Ref. 4 and 5). Let us
notice, that the Huber's y(.) function (13) can be used
in the cleaning signal block of the preprocessor and the
results of robust identification of the signal maybe
exploited in prediction.

ei

"

Y;

package of robust statistics, named PROGRESS
(Ref. I), was used for estimation.

Fig. 2. Time error

Fig. 3. First difference of time error

-e.
Signal
) cleaning

1

I

Predict-and-compare loop

I

1

Predict-and-correct loop

I

Fig. 4. Second difference of time error

Fig. 1. Impulse noise removing preprocessor
8. THE EXPERIMENT

In the experiment time error between two timing sugnal
was measured. Analog version of time error is given in
Fig. 2. Then the first difference zi and the second
difference qi processes of time series of time error =re
computed. Their analog versions are shown in Fig. 3
and Fig. 4 correspondingly. Using the LS method and
then the robust LMS and WLS the existence of the first
and second order driff in the observed (measured or
computed) time error series was investigated. Program

Fig. 5. Scatterplot ~ i ' f O l i , ~of) time error

Then the identification of the AR(1) model of the
measured time error process was carried out. The data
presented in the form of scatterplot in Fig. 5 were
exploited for that purpose.
The first difference process zi (the scatterplot given in
Fig. 6) and the second difference process (the
scatterplot given in Fig. 7) are also identified in therms
of AR(1) model.
The results of experiment show,: that robust methodsof
statistics and diagnostics enable to make statistical
inference free from the bias introduced by disturbance
even if the relatively high quality signal is investigated.
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1. Abstract
I discuss a novel technique for periodically extending
by reflection an ordered series of phase-difference
measurements {x,.) to yield estimation of new
frequency and time variances having improved longterm confidence and the same mean as the Ailan
variance. In addition, I describe a correction to a
negative bias in the sample variance based on the actual
number of observations in the measurements at long
term.
Key words: two-sample ffequency variance; time
variance; Allan variance; TOTAL variance

2. Background
This paper assumes some familiarity with the Allan
variance and five common noise models (white phase
modulation, WHPM; flicker of phase modulation,
FLPM; white frequency modulation, WHFM; flicker
of frequency modulation, FLFM; random walk of
frequency modulation, RWFM) present in frequency
standards, clocks, and synchronization systems [Refs.
3,211. It is widely recognized that a trend (given by a
slope in log coordinates) in the autoco~relationfunction
and hence its Fourier transform S-(f)ocfU
has a
Y
correspondence to a trend (given by p) in the twosample frequency variance [Refs. 3,10,21]. This
power-law correspondence between = and p means
that, in general, procedures for better estimation of the
power-law type in the f-domain have a parallel in the tdomain [Ref. 21. For those in the business of operating
extremely precise clocks and oscillators, a principal
task is characterizing the frequency stability of the
devices relative to other devices and for comparison
with the device's own history. Thus pertinent
characterizations often refer to changes over relatively
long segments of time.
One of the recommended ways to estimate the stability
has been the two-sample frequency variance known as
the Allan variance and corresponding statistic given by
(" < > " denote infinite time average)

consecutive phase differenas {x,,)("primed" indexes
means 2,-spacing); then {y,), k = 1,2,3,...,M are
.fractional frequency differences averaged over interval
mz, = t. Hence 0; is implicitly dependent on
dimensionless quantity m, a scale parameter which for
efficiency can be limited to rational powers of 2, i.e.,
2'=m, i =0,1,2,3,. ..; (see for example, [Ref. 11).
A record of residual fractional frequency fluctuations
implies that we have administered some form of trend
removal (detrending). The removal of a trend such as
drift is done electronically (as a voltage steering
correction in a clock or oscillator synchronizing servo,
for example), computationally (as a regression to an
internal estimate of a continuous polynomial), or even
mechanically (as a thermally-compensated cavity, for
example). The response of the two-sample Allan
variance eq (1) at long term is highly variable with
forms of detrending and exhibits a negative bias [Refs.
4,8,13,17,23,24]. In cases where the last point is
obviously false as judged by the rest of a,(t) plot, it is
thrown out. Worse, however, if it seems plausible and
is judged somehow as "okay ," it is retained and can be
used to conform to some expected or suitable long-term
behavior.
Realizing this, I introduce a new variance which has
the same mean as the Allan variance eq (1) but reexpresses deviates in terms of an averaged combination
of "in-phase" and "phase-shifted" sampling functions
[Ref. 111 The new variance takes the traditional Allan
variance and its single 2 sample function and combines
it with an orthogonal 3 sample function proportioned so
that its averaging time t is taken out of the 22
sampling-interval's middle (not just the first half and
second half). The comparison is shown in fig. l a and
Ib. This increases the effective number of independent
observations from one to two in the sampling interval
thus increasing the number of degrees of freedom
which 1'11 discuss in a moment. Even more crucial
however is that sensitivity to removing drift from a
segment of data in process (detrending) is eliminated in
this variance. The new variance is given by

-

where if {y,,}, k' = 1,2,3,...,N-1 are fractional
frequency differences averaged over 2, derived from N
Contribution of the U.S. Government, not subject to
copyright.

where the average frequency is taken over tI2 rather
than z as in eq (I). All possible TIT, = m time shifts
(i.e., meaning deviates in the statistic are maximally
overlapped) in addition to two shifts (separated by r12

only as in eq (2)) result in smoothed estimates of the
new variance at long term. The sampling functions are
shown in fig. Ic. The smoothed estimate to eq (2),
called TOTALVAR, uses a novel data manipulation
which simplifies the procedure and which maximally
uses data at hand.
To begin, an estimate to eq (2) has an equivalent
description in signal processing as an "in-phase" and
"phase-quadrature" discrete functional component
separation. The variance component having the 3
sample function is computed by shifting the process's
observation window by r/2(am/2), for the "phasequadrature" variance and adding this to the Allan
component or "in-phase" variance [Ref. 111. This
yields a combination of sample statistics given by

where, in terms of phase data {x,.) spaced by to ,
hence the "primed-k" index (t is the running time in
seconds)

TOTAL FREOUENCY VARIANCE:

Notice that n+m stops just short of N; that avoids an
identically zero second difference.
The evolution of a time error over t (TIME
VARIANCE) between clocks is defined as the
frequency variance times (t2.constant) and is calculated
using the same procedure as eq (4) with a slight
modification which distinguishes levels of phase
coherence, namely WHPM and FLPM [Ref. 211.
Determining phase coherence is important particularly
in synchronous networks which need to characterize
time coherence in the long term in addition to the more
relaxed but less meaningful requirement of frequency
coherence. Phase coherence, in a statistical sense, is
inferred by the trend in the variability (convergence
property) as a function of r-averaged phase. Thus we
construct TOTAL-TVAR (with square-root as TOTALTDEV) as
TOTAL TIME VARIANCE:

and

,,

x,, x,, ...xNis wrapped such that x, = x
for 5 < 1
and c > N, i.e., x, =xN+,which reindexes to x,, It is
important to point out that shifting the data and using
a wrap (circularizing {x,,)) is equivalent to changing
the sampling function and merely simolifies the form of
the sample variance eq (3) corresponding to eq (2)
[Ref. 61. There is no assumed extension of the
original observed data; the wrap (or implied extension)
is a computational procedure.
The treatment of changes in systematics (i.e., nonstationary second increments of {x,,)) has been
addressed [Refs. 12,131. This has resulted in a wrap of
series {x,,} which reflects about the last value of the
series rather than simply wraps the data about an axis.
This pictorially is shown in fig. 2 and is discussed in 4
below. The final procedure is as follows with notation
change x,, = x(k') to distinguish a different (extended)
set {x,} :
For x(l), ...,x(N), remove a slope and constant
(endmatching procedure) to produce x,(l),. .., xo(N),
where x,(l) = x,(N) = 0. Adjoin x,(N+l), ...,xo(2N-I),
where x,(N+j) = -x,(n-j), j = l to N-I. For t - m z,
TOTALVAR (with square-root as TOTALDEV) is
given by

A summary of methods of improved estimation applied
to eqs (4) and (5) are presented next.
3. Endpoint Matching

Often we remove at least a regressed linear slope in an
ordered set of time-difference measurements given by
{x,,). In practice this removes an overall frequency
difference but instead of removing a regressed linear
slope, there is a case for removing a linear slope
designed to match the endpoints of time series {xr).
This has other advantages in the context of the data
extension procedure of eqs (4) and (5).
A series {x,,} represents the finite observation of
ordered random variables. All observations are made
through an observation window function which (unless
otherwise noted) is rectangular in shape. Treating the
series as a function over a finite interval, one
commonly determines rate and drift using regression
analysis of x(t) or its derivative y(t). Subsequent
removal of a chosen model of trends can significantly
alter an essential characteristic of the original series of
measurements particularly at long-term for non-white
By using a circular
noise types [Refs. 4,5].
representation of a finite time series, one can
arbitrarily time shift any chosen observation window or
sampling function such as shown in fig.1 [Refs.
6,11,14]. In the moved-window case, the beginning

and endpoints of the series {x,,) are somewhat matched
given by the trend removal, correlation, finite physical
boundaries, and measurement-system bandwidth of the
measured series. However, the turn-onlturn-off
transient of the window, becomes an artifact which is
not representative of the functional "roughness" or
"smoothness" of the series and as such should be
eliminated by a removal of linear slope which matches
the endpoints prior to calculating a measure of such
quantities as variance. If the incremental differences
are stationary this methodology does not change the
linear combinations of incremental differences
contained in eqs (4) and (5).

degrees of freedom). Calculating the variance implies
that M (the number of samples) is at least two.
Random variables may be differenced relative to a nonzero mean (or an assumed or actual zero mean),
relative to a starting, ending, preceding, or following
random variable, or for that matter any quantity
derived from the set of M variables. Starting with
independent random variables, any variance which
properly preserves independence should have a scaling
or normalization factor given by M-1. Division by
this scaling factor yields a sample variance often called
an "unbiased estimate," and the scaling factor is the
number of jnde~endentobservations.

4. Reflected Time Series

Therefore, if F = 0, the normalized variance (or
variation) about a zero mean is given by the meansquare deviates as:

The wrap procedure implies an extension of the data by
the original series which of course has identically
distributed statistics, that is, the circularized series has
the same variance as the original series. To reduce
endpoint turn-off transients, a source of what is called
in signal processing "leakage" [Refs. 15,181, we apply
an endpoint match. We also desire smooth derivatives
in the extension to properly estimate low-frequency
noise components in whatever statistic we choose.
This is particularly important in handling RWFM and
drift. Frequency variances are not affected by reversing
the direction of the series of measurements. Therefore,
reflecting and wrapping the time series about the first
and last points (both made to equal 0 as shown in 3
above) implies that we have made the most prudent
assumptions and practical extensions of the time series
in order to reduce transients, and hence reduce leakage.
Figure 3 which shows series {x,) reflected about the
last point, represents simulated RWPM (or equivalently
WHFM). We construct a new sequence of numbers
which reflect about the last point (zero) however again
I clarify that this construction is not a real extension; it
is a convenience in calculating a maximally-overlapped
estimate of the new 3-samplel2-sample variance
suggested here.
5. Normalization of Sample Variance and Effective
Degrees of Freedom (edf)

5.1 Illustration: We start with the sample mean of a
set of discrete variables indexed by k' as given by

The mathematical form of the standard sample variance
of the mean looks very much like the sample mean, an
average, but in fact it is not an average, i.e., a sum of
numbers divided by the total number of numbers as in
eq (6). The sample variance is sometimes described as
a sum of deviates divided by (or "scaled" by) the
assumed number of degrees of freedom, often believed
to be M , the total number of deviates. But the
individual deviates are always some "difference"
quantity derived from the grand mean of the set of
random variables (recall the basic measure is
"variance") and there can never be any more than M-1
differences that are "independent observations" (M-1

Recall that the actual number of observations is M in
our quest to find some "true" mean which we don't
know but which the finite grand or sample mean
estimates. Therefore we can assume M independent
observations (M degrees of freedom) to the extent that
the sample mean estimates the true mean. For a white
(WH) process, the sample mean whose variability
decreases as M is the optimum estimate of the true
mean, thus M degrees of freedom yields an unbiased
estimate of its variance. For a random walk (RW)
process, there is no true mean, nevertheless there is a
sample (moving) mean, the bias on its variance is
readily calculable and turns out to be small (an error by
a worst case factor of 1.5 at t =TI2 for the two-sample
frequency variance). If we can judge the noise type,
hence correct for bias at long term, then we have
essentially M degrees of freedom. Noise type can be
determined from empirical data by its normalized
autocorrelation function discussed next.
3.2 Effective Number of Inde~endentObservations

m: Barnes [Refs. 3,10,211 did extensive work on

estimation of the two-sample frequency variance, and
introduced bias functions and fractional degrees of
freedom. Small-sample statistics in which r-TI2 was
not treated as a special case is the main subject at hand.
In order to treat this case, I very briefly introduce
concepts of self-similarity, or the autocorrelation
function. Wherey, are frequency deviations averaged
over t, we can relate an autocorrelation to the two
sample variance [Ref. 251. We have in simplified form

where r, =

-.~y;y;+,
ZX,

The coefficient r, is a good approximation to the
normalized sample autocovariance (autocorrelation)
given by

where the x, are deviations from the mean of the series
considered, and L denotes the lag between the values of
the product. It has often been found adequate to
assume that the correlation between more distant values
arises solely from that between the directly neighboring
values; if that correlation is R, the correlation
coefficient r, of values L time units apart becomes
equal to RL[Ref. 161.
The assumption for WHFM is that the normalized
autocorrelation of average frequency deviations yields
r,=O everywhere except at T = O where r,= 1. A nonzero autocorrelation in a series "reddens" its spectrum
h , f" , giving a greater share of
of deviations S,V)
the total variability to longer periods and a smaller
share to shorter ones [Ref. 71. Processes where < 0
contain memory in the sense that correlation between
long time intervals arises from values at the shortest
interval denoted as to[Ref. 51. As a consequence, the
variability of sample averages of frequency deviations
with memory (approaching RWFM) decreases more
slowly with increasing sample size than does that of
averages from a white series without memory pef.221.
Thus the number of independent observations is
expressed as an effective number of degrees of freedom
(edJ) smaller than the actual number used in the
summand of the sample variance [Ref. 201. This
effective number of independent observations (ed8 is
essentially the number of equivalent degrees of freedom
based on the autocorrelation function in the samples
themselves. We have

=x

where e depends on M and autocorrelation properties,
subscript y designates the type of sample frequency
variance, and (edJ can be fractional, i.e., non-integer.
To be concise, I limit the discussion to M = 2 which
turns out to be the most interesting case (longest term)
representing r =T/2.
Properties of the distribution of the usual Allandeviation estimate have been studied using fractional
degrees of freedom on the confidence interval [Refs.
9,101. Similar studies can also be applied to the actual
time series, since there is a correspondence between
these distribution properties and the underlying noise
process of the data. Keep in mind that the two-sample
frequency variance is a time-averaged, standard-sample
variance against a previously measured mean. Its
square root defines a relative uncertainty on this Taveraged mean. Thus the sample Allan deviation is an
uncertainty of a sample mean frequency decomposed by
+G averaging times.
The underlying noise type defines
the trend in this uncertainty. Moreover the number of
degrees of freedom in the underlying noise type has a
correspondence to the degrees of freedom in the
uncertainty.
In this form for the Allan variance,
eAVAR(2)
can only range from 1 to 1.5 corresponding to

WHFM to RWFM respectively since RWFM as an
integral of WHFM. This is because the means of
segments of data will converge to the grand mean only
half as fast for RWFM vs. WHFM.
5.3 Actual Number of Observations (h): The sample
Allan variance is useful as a power-law (octave-band)
spectral estimator but is time-shift (phase) sensitive and
depends on where we start the calculation with respect
to data in process. For large data sets and small scale
values of m, the odd and even values of index k
overlap and average together in eq (1) for a fairly
accurate estimation of a broadband spectral distribution
of variance of first differences of average frequency.
The division by 2(M-1) which corresponds to 2(N-m-1)
in eqs (4) and (5) is arguably due to overlapping two
sets of deviates and has constant "2" only for WHPM,
FLPM, and WHFM but ought to approach M-1 (or Nm-1) for an accurate estimate in the statistic as mt,
T/2, since the first and last deviates do not overlap.
However, at the largest scale, the estimate is negatively
biased for non-WHFM (i.e., FLFM and RWFM)
because there is only 1 (not 2) "two-sample" sample.
This reason causes an estimation error at long term in
virtually all cases in which the noise is no longer
WHFM but is FLFM or RWFM even though the
estimation is supposedly unbiased even at these large t
values (or equivalently large values of m).
+

For the statistic TOTALVAR given in eq (4), there is
considerable overlap in the summation. It is widely
known that this effectively smooths the estimate [Refs.
10-121. But the number h of actual observations (hence
the scaling factor) has not changed and remains a
straightforward calculation giving

We find in simulation studies that eq (1 1) should be
applied for RWFM, and not at all for WHFM [Refs.
12,191. This suggests that the division by 2(M-1)
ought to approach M-1 because of the effects of
correlation and not necessarily because of a connection
with the actual number of observations as discussed
above. Nevertheless, if h is the actual number of
observations, note that for large M values, (edfi -I h,
but that for small M, (edJ becomes increasingly
sensitive to the value of E. A table of values of M,
and corresponding eAvA, for various noise types is
planned for future work. For the purpose here, we
find that in the presence of RWFM, substituting 2(Nm-1) in eqs (4) and (5) by h in eq (11) above removes
a negative bias in estimates of sample frequency
variance at long averaging times.
6. Conclusion
I have introduced new statistics of frequency and time
variances which yield improved estimation of both
frequency stability and noise type, particularly at long
averaging times. An initial procedure involves
regressing to global basis functions such as orthogonal

polynomials. This procedure of detrending assumes
the residuals are white phase noise. Unfortunately
frequency variations usually exhibit systematic effects
that eventually change and are interpreted as arising
from a divergent noise type hence non-stationary
sample frequency variance. Hence in the case of the
two-sample Allan variance the effective number of
observations (equivalent degrees of freedom) is slightly
reduced by factor E which ranges from 1 in the
presence of WHFM to 1.5 for RWFM for the largest
T-value at T/2.
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Fig. la: The Allan variance (2 sample) function has
one degree of freedom per 2t interval and is
sensitive to the method of drift removal
(detrending) over large z values.

FIG. l a

Fig. lb: The important advantages to the new 3samplel2-sample variance is that it retains all
of the desirable convergence properties of the
Allan variance, has the same mean, has at
least one (depends on noise type) additional
degree of freedom for any segment of the
data, and is not sensitive to removal of drift
[Ref. 111. The additional degrees of
freedom are especially crucial at long
averaging times where the number of degrees
of freedom is limited to about only 1 using
even the max-overlap sample Allan variance.

FIG. 16

Fig. lc: Maximum-overlap sampling smooths the
estitnve of the 3-saropIe/2-mpIe frequency
variance aver 2r by shifting the r-sampk by
ro and averaging aU possible frequency
variances. This averages all passibfe phase
shifts of r-sample relative la the 2r interval
[Refs. 11-14,19J.
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Fig. 3:

This figure shows typical data that is
extended (adjoined at *) using endpoint
matching and reflection about the last point.
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Optical Frequency Standard Based on Trapped Ca Atoms

J. Helmcke, F. Riehle, H. Schnatz, B. Lipphardt, P.Kersten, G. Zinner, T. Trebst,
T. Kurosu
Physikalisch-Technische Bundesanstalt
Bundesallee 100
D-3 8116 Braunschweig, Germany
Phone: +49-53 1 592 4300, Fax: +49-53 1 592 4305, e-mail: juergen.helmcke@ptb.de

Optical frequency standards allow at present the most accurate realization of the SI unit of length, the
metre. Furthermore, they may lead to the development of optical clocks of unprecedented low
uncertainties. We have developed an optical frequency standard stabilized to the 3 ~ -1 1Sotransition in
4 0 ~ata h = 657.46 nrn. In our standard, we have excited Ca atoms stored in a magnetooptical trap
with three consecutive pulses of a standing wave leading to atomic interferences. The frequency of a
prestabilized laser was then stabilized to the interference structure. Using separated field excitation, we
have investigated the phase and frequency shifiing influence of disturbing fields e.g. ac and dc-Stark
effect, Aharonov-Casher effect, Sagnac effect, laser fields, and cold collisions to determine an
uncertainty bud et of the optical frequency standard. It can be expected that a relative uncertainty of a
?! I
few parts in 10
can be reached with this standard. Recent consecutive frequency stabilizations to two
independent magnetooptical traps showed no difference between the two frequency values within the
relative uncertainty of the experiment of 1

In order to relate the frequency of the Ca optical standard to the one of the primary standard of time
and frequency, the Cs atomic clock, a phase-coherent frequency measurement chain was set up to
bridge the frequency gap between the microwave and the optical standard. Four different
measurements performed so far led to the combined result of (455 986 240 494.07 1: .35) kHz.As a
result of this measurement, the Ca stabilized laser now represents the frequency standard in the visible
spectrum with the lowest uncertainty for the realization of the metre. Its frequency will be suitable as a
reference in this spectral range for precision wavelength measurements as well as for the determination
of fbndarnental constants.
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WIDEBAND OPTICAL PARAMETRI[C OSCILLATORS FOR OPTICAL FREQUENCY
lW3ASUREMENT
Takeshi Ikegami and Sergey Slyusarev
National Research Laboratory of Metrology,
1-1-4, Umezono, Tsukuba-Shi, Ibaraki-Ken 305, Japan
Tel: +81 298 54 4035, Fax: +81 298 50 1456
Email: ikegami9nrlrn.go.jp

ABSTRACT
We developed an injection locked Nd:YAG laser using a monolithic nonplanar Nd:YAG ring oscillator
as a master laser. The injection locked, unidirectional output of 9.5W was obtained. By the external doubling with an LiB3O6 crystal, we got 2.5W
of green (532nm) light. Using this green light as a
pump source of cw doubly resonant optical parametric oscillators (DROs), we got oscillation with three
types of nonlinear crystals: (1)With a KTiOP04
(KTP) with cutting angle of (8,q5)=(90°,300),willation frequency was (1050nm(signaI),1078nm(idler))
and the pump threshold was 30mW, (2)With
KTP (90°,400), they were (1001nm(s),1135nm(i)),
612mW, (3)With RbTiOAs04 (90' ,4a0), they were
(904nm(s),l284nm(i)), 5 0 W . The efficiency was
about 20%. To get higher stability, a monolithic
KTP DRO was demonstrated. The threshold was
7mW and the efficiency was 16%. It was very stable and operated over 3 hours without any modehopping under free running condition. It was tunable by 2nm with temperature. The beat frequency
between the signal and the idler could be successfully phase locked to a signal from a synthesizer by
applying an Efield across the crystal.

(KTA)), LiNbOa (LN) and its periodically paled one
(PPLN), and KNb03 (KN), (4)Pdbility of practical use of cw doubly resonant optical parametric aacillators (DROs), which can produce any wavelength
with the same principle (Ref.6), (5) Appearance of
optical frequency comb &enerators (OFCGs) which
produce wide span of the sidebands over 5TW.z with
a modulation frequency of several GHz (Ref.7).
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Keyword: cw optical pcrrametrdc oscillator, monolithic optical pcrmrnet&c oscillator, Irequency chain
1. INTRODUCTION
Recently, the new types of frequency chains were
proposed based on the development of the new
solid state laser technology and the progress of
nonlinear optical crysta2s (Refs.1-3). We h proposed a new frequency chain shown in Fig.3, considering the following situations (M.4). (1)Ap
pearance of a commercial, reliable, very narrow
linewidth (IOkHz) Nd:YAG laser, (2)AvailMty of
a high power (over 10W) Nd:YAG laser (Ref.51, (3)
Appearance of transparant, non-hygroscopic, easy
to treat, reliable, nonlinear optical crystals with
large nonlinear constant, such as KTiOP04 (KTP)
and its isomorphic crystals: (RbTiOAs04 (R3A),
CsTiOAs04 (CTA), RbTiOP04 (RTP), KTiOAsOr

Fig.1 (&)PropadNRW frequency chain. SUM%zSH:
Frequency divider (Ml),(8,4): Cutting angle of
n o b a r crystab. The mvekqth 798- is p d d
by 31 divider DRO and the final 23THz is measured
by the p d e l oonnection of KTP DROa and o p t i d
kequency comb gematm (Ref.2).
(b)Actual image af the WRLM Ghsjn on an optid
bench. CG:OptW frequency comb generator, PD:
Photodiode. For the other parts, refer to the text.

We already succeeded in the oscillation of a nearly
degenerate cw-DRO with the threshold of lOmW, the
efficiency of 20%, and the tuning range of 20nm. The
signle mode pair operation of signal and idler without
any mode hopping over 3 hours was obtained (Ref.8).
The phase locking of the beat signal between the signal and the idler was also obtained (Ref.9).
On the other hand, we developed an OFCG which
had 5.5THz span at 1064nm with the modulation frequency of 6.2GHz (Ref.4).
For the realization of our frequeny chain, we
need wide span cw-DROs which can operate between
800nm and 1600nm. To get this span, we developed
a high power green (532nm) pump source described
in section 2. Using this green light, we pumped wideband cw-DROs (section 3). In addition, to get more
stable and low threshold oscillation, we developed a
monolithic DROs (section 4).
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LD Pump Power (W)
Fig.3 Injection locked, unidirectional output power vs

LD pump power.

2. HIGH

POWER GREEN LIGHT
SOURCE

Fig.2 Setup of a high power green light source to pump

cw-DROs.

To realize our frequency chain, we need a green
(532nm) pump source satisfying the following requirements: (1) Over 4W of green (532nm) power,
(2) Single logitudinal and transverse mode oscillation
with the spectral linewidth smaller than lOkHz, (3)
Stable single mode operation without any mode h o p
ping over hours and days. Because we already have
a commercial laser which satisfies the above spectral characteristics (a monolithic nonplanar Nd:YAG
ring oscillator (NPRO), Lightwave Electronics Inc.),
we decided to adopt an end pumped ring cavity high
power Nd:YAG laser, which was injection locked to
the NPRO (Ref.5). To get the green power from this
IR,the second external ring enhancement cavity was
adopted as shown in Fig.2.

For the IR part, we adopted similar physical parameters to (Ref.5). The main cavity has a bow tie
ring structure including a pair of Nd:YAG rods (3mm
in diameter and 5mm long), which are end-pumped
by a pair of fiber coupled laser diodes (808nm,12W
each). The cavity was composed of 2 flat mirrors
and 2 concave mirrors with a curvature of 10cm. Because the laser oscillated bi-directionally with multi
longitudinal modes, it was injection locked to the
NPRO with output power of 700mW to improve
the spectral characteristics. The transmittion of the
input=output mirror for 1064nm was 92%. After
the injection locking, we obtained an uni-directional,
single longitudinal mode output of 9.5W as shown
in Fig.3. To keep the injection locking, the cavity
length was locked to the master laser frequency with
a Pound Drever method with a modulation frequency
of 19MHz. For the cavity length control, two PZTs
(slow and fast) which were attached to each mirror
were used. The locking was kept over 1 hours as
shown in Fig.l(a).
For the SHG part, we adopted an external enhancement cavity with the similar bow tie ring structure. The parameters for the cavity was similar to
the main cavity except that the transmission of the
input coupler was 97%. We used a LiB305 (LBO)
crystal in the angle tuning configulation. We obtained a maximum SH power of 2.5W at 532nm. To
keep the resonance, the Pound Drever method was
adopted again. The modulation frequency of 28MHz
was selected to avoid the interference between the
main cavity modulation. The total system including the master laser, the main laser cavity and the
SHG cavity operated stably aver 2 hours without any
mode hopping as shown in Fig.4(b).
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Fig.5 Wavelength range obtainable by 532nm pumped
DROs using KTP, RTA, and CTA crystals in the xy

plane phase matching.
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Fig.4 (a)Unidirectional IR (1064nm) output from the
slave laser, (b)Green (532nm) SH output from the 2nd
cavity.

We are trying to improve the stability of the system now. Also, we are comparing several nonlinear crystals including an angle tuning, critical phase
matching LBO, a temperature tuning NCPM LBO,
KTP, Na doped KTP to get higher efficiency.

3. WIDEBAND CW OPTICAL
PARAMETRIC OSCILLATORS

Next, by using the developed high power green
light source, we demonstrated wide band cw DROs.
We can expect the low threshold oscillation in the full
range between 750nm and 1900nm using three KTP
isomorphic crystals, KTP, RTA, CTA because the
walkoff angle is small in the xy plane phase matching (< 0.5'), as shown in Fig.5.

The DRO setup is shown in Fig.6. Three types of
nonlinear crystals with 8mm long, 3mmx3mm cross
section were used with the type-I1 phase macthing
configulation. Both sides of the crystal were AR
coated for the pump wavelength (532nm), the signal wavelength, and the idler wavelength. The typical reflection for the pump, the signal and the idler
were 5%, 0.15%, 0.15%, respectively. The input mirror had a 25mm radius of curvature and was coated
for maximum reflection (typically 99.9% ) for signal
and idler. The transmission of the input mirror for
532nm was 96%. The output coupler had a 25mm
radius of curvature and its transmission was 0.4%
for the signal and idler. It was coated for maximum
reflection for 532nm light. A PZT was attached to
the output mirror for cavity tuning. The typical distance between the mirrors was 49mm.

532nm
Pump

-

49mm

-

-

HR for Signal & Idler
HT for Pump

PZT

Idler

R=25mm
T=0.3% for Signal & Idler
HR for Pump

Fig.6 Experimental setup of wideband DRO.

We first tried KTP crystal with the cutting angle of (0, @) = (90°, 30'). The oscillation wavelength
was 1050nm and 1078nm as shown in Fig.7(a). The

pump threshold was 30mW and the efficiency was
30%.
Next we tried KTP with the cutting angle of (90°,
40'). The oscillation wavelength was lOOlnrn and
1135nm as shown in Fig.7(b). The threshold was
612mW.
Thiidy, we tried RTA crystal with the cutting
angle of (90°, 48O). The oscillation wavelength was
904nm and 1284nm as shown in Fig.7(c) and the
pump threshold was 500mW.

1064nm

o

~

,

~si~-~idlei'J.ST
(AH1=28nm)
~
Threshold = 30mW

~ Sig;l
~ t

t

(10dBIdiv)

Idler

lrnm

By the adoption of the semimonoithic cavity which
does not use the adjustable element such as mirror mounts including springs, we could obtain the
enough mechanical stability for long term operation
(Ref.8). However, the allignment became much diffucult to get the oscillation in this case.
Second, for the low thredhold operation, very severe specification is required to the coating. Very
high transmission, triple wavelength anti reflection
(AR) coating to the crystal, and very Fgh reflectivity, triple wavelength mirror coating to the mirrors are necessary. The present DRO composed of
discrete elements includes 4 relevant faces (2 mirror surfaces and 2 crystal suraces). If we adopt a
monoithic structure, in which the two faces of the
crystal is polished spherically, the loss will be significantly reduced. In addition, we can expect much
higher mechanical stability. However, if we adopt the
monlithic structure, the tunability of the oscillation
frequency may be limited. We will discuss this point
later.

Idler

(1001nm)

KTP Crystal
R=lOmm
AR for 532nm
HR for Signal and Idler

vsig-vidle~35.4THz(A A=134nm)
Threshold = 612mW
Signal
(10d~ldiv)f (9:"
')
Output

1

1064nm

Idler
(1281nm)

vsig-vidle~98.2THz(A A=380nm)
Threshold = 500mW

Fig.? Output spectrom from the DROs (a) KTP
(90°1300),(b) KTP (90°,400), (c) RTA (90°1480).

4. MONOLITHIC CW OPTICAL

PARAMETRIC OSCILLATOR
Owing to the adoption of the type-I1 phase
matching, our DRO operated in signle longitudinal
and transverse mode pair of signal and idler (Ref.10).
However, due to the same reason, the high stability
is requiered to the cavity length to maintain the simultaneous resonance for the signal and the idler.

R=lOmm
HR for 532nm
Ta0.37'0for Signal and Idler

Fig.8 Structure of monolithic KTP DRO.

We adopted the following monolithic degenerate
KTP DRO as shown in Fig.8. The crystal size was
3x3x8rnm. The two faces of the crystal was polished
spherically with the radius of curvature of 10mm.
The input surface was AR coated for 532nm and high
refrection (HR) coated for 1064nm. The output face
has a transmission of T=0.3% for 1064nm and HR
coated for green. We obtained 7mW of threshold and
16% of efficiency. It operated in single longitudinal
mode pair of signal and idler over 3 hours without
any mode hopping under free running condition as
shown in Fig.9. For the tunability we anticipated, we
could confirm that it is tunable by 2nm by changing
temperature from 46OC to 20°C as shown in Fig.10.
The tunability was O.lnm/deg. By tunig temperature, we could operate it close to the degeneracy
and we could observe the beat signal between the
signal and the idler. By detecting the beat signal
with a high speed photodetector, mixing it with a
signal from a synthesizer, and by feedbacking to the
Efield applied to the crystal, we could obtain the
phase locking of the beat signal as shown in Fig.11.
The beat frequency was 12GH.z.

Fig.9 Output intensity from the monolithic DRO.

Crystal temperature

at once.
2. With this green light source as a pump source,
we demonstrated wideband cw-DRO between 905nm
and 1284nm using the isomorphics crystals of the
KTP.
3. To improve the stability and to the threshold,
the monolithic DRO was demonstareted. It was stable, and tunable with temparature (slow) and Efield
(fast).
For the construction of our frequency chain, following things are remained to be done.
1. Increase of the green power using higher
efficiency crystals such as noncritical, temperature
phase matching LBO, KTP, Na doped noncritical
phase matching KTP.
2. Demonstration of 3:l divider (532nm pumped
798nm signal 1596nm idler cw-DRO). This is considered to be possible with the (90°, 50') CTA crystal
or the PPLN crystal.
3. Demonstration of the parallel connection of
cw DROs using the OFCGs.
4. Construction of the system using SUM&SH
dividers with KN crystals.
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Fig.11 Phase locked beat spectrum of monolithic DRO
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6. SUMMARY
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A FAST EXTERNAL LASER FREQUENCY STABILIZER

H. R. Telle
Physikalisch-Technische Bundesanstalt, 0-38023 Braunschweig, Germany

1. ABSTRACT

A novel external frequency stabilization scheme
is presented which is applicable to almost any
single-mode cw laser. It consists of a self-oscillating opto-electronic loop whose oscillation
frequency is determined by the frequency
detuning between the optical input signal and
the resonance frequency of a high-Q reference
cavity. The method has been used for frequency stabilization of a laser diode (P=50 mW,
hz850 nm) with respect to the resonance of a
stable Fabry-Perot interferometer
Keywords: FM noise reduction, electro-optic
modulation, laser diodes

overall loop delay time limits the control bandwidth to the order of MHz.
This paper describes a novel scheme which entirely operates in rf domain and thus minimizes
the number of loop components. The experimental scheme is depicted in Fig. 1. The upper
part of this set-up is used for spectral diagnostics: a small portion of the output beam of the
laser under consideration (LD1) is coupled out
and heterodyne-detected with the help of a local
oscillator (LD2) and a fast photo diode (PD1).
Its output spectrum is monitored with a rf
spectrum analyzer (SA). The remaining part of
the emission of LDI is used for frequency stabilization. It is sent through an electro-optic
modulator (EOM) and focused into a high-Q
Fabry-Perot resonator (HQC).

2. PRINCIPLE

Light sources with narrow emission line width. i.
e. low FM noise level, are required for most
applications in spectroscopy, interferometry,
optical frequency synthesis and so on. Although
the quantum-limited emission line width is sufficiently small in most cases, fast servo loops are
needed to reduce technical noise contributions
from acoustic perturbations of the laser resonator, plasma oscillations, thermal llf-noise and
so on.
However, locking the emission frequency to a stable reference requires a fast
frequency control input which is rarely available.
To overcome this problem, external frequency
stabilizers have been proposed and realized
[1],[2] which employ acousto-optical modulators
as variable frequency shifters. However, owing
to complicated error signal processing loop
delay times are quite long, yielding slow servo
response: FM-spectroscopy is used to generate
an error signal from a narrow resonance (optical
resonator or atomic absorption line). This error
signal in rf domain is converted to a baseband
signal with the help of a mixer. Then, the baseband signal is amplified and employed as the
input signal of an voltage controlled oscillator.
Its rf output signal is used to drive the AOM.
Finally, after an acoustical delay of the order of
ps the control signal reaches the optical beam.
Due to this large number of components, the

HQC
LDI
PD2
Feedback
Loop

Fig. I:
Experimental scheme
LD: laser diodes, /SO: isolator, EOM:
electro-optic modulator, SA: rf spectrum
analyzer, PD: photo diodes, AMP:
rf amplifier, HQC: high-Q-cavity

This reference cavity acts, in conjunction with a
fast photo diode (PD2), which detects the reflected signal, as a FMIAM-converter for FM
noise components which coincide with the offset
between carrier and cavity resonance. The rfcomponent of the photo current is amplified and
fed back to the EOM. For properly chosen feedback phase, the initial FM noise component is
filtered and amplified'yielding a larger rf photo
current signal and vice versa. Hence, sustained
oscillation sets in and the optical frequency of
the resonant FM sideband (RS) becomes almost
independent of fluctuations of the carrier (C)
frequency whereas the FM noise amplitude of
the non-resonant sideband becomes two times
larger than the carrier noise. However, this unwanted , non -resonant sideband (NR) and the

carrier are not present in the transmitted signal
of the cavity. The oscillation amplitude grows
for sufficiently large rf gain until the sideband
power reaches -5 dBc, i. e. the maximum of the
first order Bessel function.

L

3

LD2: extended-cavity GaAlAs laser diode
STCOSO, h 5 850 nm, Pout= 10 mW
loop delay time z d E 40 ns
loop oscillation frequency f 5 150 MHz.
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Fig. 2: Input-to-output conversion factor
Fig. 2 depicts the power of the first and second
order sidebands, normalized to the input power,
as a function of the loop gain g, normalized to
its value at threshold,

where Acp denotes the intra-loop oscillation
amplitude and Jo and J t the Bessel functions of
zeroth and first order, respectively.
The parameter g combines factors like optical
input power, quantum efficiency of the photo
diode, gain of the rf amplifier, modulation sensitivity of the EOM and so on. Fig. 2 indicates
that the optimum operation point of this oscillator is at gain values about 2.5 times (-8 dB)
above threshold: the power of the desired first
order sideband is already close to maximum
whereas the second order sideband is still weak.
Fig. 2 reflects a remarkable characteristic of
this oscillator: gain saturation does not arise
from nonlinear behavior of the gain medium but
from mathematical properties of the Bessel
functions.

Fig.3: Heterodyne-detected emission spectrum
of resonant sideband, carrier and non-res.
sideband, detection bandwidth: 300 kHz

One clearly sees in Fig. 3 the expected behavior: the spectral width of the resonant sideband
is substantially reduced with respect to the carrier whereas the non-resonant line is broadened.
The width of the resonant line is already limited
by the emission line width of the local oscillator.
The frequency noise spectrum of the LO emission was measured to consist of an almost white
frequency noise level of S, z l o 4 HZ*/HZat high
Fourier frequencies (f>100 kHz) and relatively
strong llf-noise and acoustic noise contributions
at low Fourier frequencies.
The considerable narrowing of the line wings of
the resonant sideband, seen in Fig. 3, indicates
that the effective control bandwidth is of the
order of 10 MHz. For a more quantitative determination of the loop bandwidth, the carrier
was frequency modulated at a few MHz adding
a small ac current to the injection current of
LDI. The unity gain frequency was deduced
from the modulation width reduction of the
resonant sideband. A typical spectrum for fm0d=
4.2 M'Hz is shown in Fig. 4.

3. EXPERIMENTAL RESULTS

Fig. 3 shows typical experimental output spectra
of the frequency stabilizer, measured with the
heterodyne-detection scheme shown in Fig.2.
under the following experimental conditions:
cavity with free spectral range of FSR=
2 GHz and resonance width of 30 kHz
(FWHM), deduced from decay time of 10 us
EOM: 1*1*25 mm3 LiNb03-crystal
broad band rf power amplifier with 12 W output power
LDI : free-running GaAlAs laser diode
STC050, h s 850 nm, Pout= 50 mW

Fig. 4: Heterodyne-detected emission spectrum,
carrier frequency modulated @ 4.2 MHz
The carrier displays a central line and first order
sidebands of equal magnitude. The power of
these lines is proportional to the square of the
zeroth and first order Bessel function, yielding
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SUB-HERTZ STABILISATION OF C02 LASERS
IN THE 30 THZ SPECTRAL REGION
V. Bernard, Ch, Daussy, G. Nogues, P.E. Durand, L. Constantin, A Amy-Klein,
and Ch. Chardonnet.
Laboratoire de Physique des Lasers, URA 282 du C.N.RS., Universitt Paris 13,
Avenue J.-B. Cltment, 93430 Villetaneuse - France.

1. ABSTRACT

We developed a frequency stabilisation scheme of C02
lasers using only external modulations via an
electrooptic modulator (EOM). One of the laser
sidebands which are generated by the EOM and
frequency-modulated is set in resonance with a FabryPerot cavity, filled with 0 ~ 0 4 The
.
saturation signal of
4
detected in transmission of the Fabryan 0 ~ 0 line
Perot cavity is used for the stabilisation. We obtained a
stability of 0.1 Hz ( Av / v = 35 10-If ) on a 100 s time
scale, and a reproducibility up to 10 Hz with the
strongest Os04 reference lines. As an application we
measured 20 frequencies of CO2 laser transitions
relative to the Os04 grid with a precision of 100 Hz.
The absolute frequencies differ by several kHz f?om
results obtained with the saturated fluorescence
technique and we attribute these differences to pressure
shifts of several kHz in the conditions of this last
method.
Keywords: C 0 2 laser, stabilisation, electrooptic
modulator, C 0 2 frequency grid
2. INTRODUCTION

High-resolution spectroscopy and metrology have made
important progress over the last twenty years and
require better and better stabilized lasers (Refs. 1-3).
During the last two decades, our group performed
molecular spectroscopy with C02 lasers in the 10 p
spectral region, A typical resolution of 1 kHz limited by
the transit width (Ref. 3) was routinely obtained and we
were able to resolve most of the hyperfine structures of
molecules. Concerning the metrological aspects, the
most widely used secondary frequency grid in the 30
THz spectral region is based on the COz laser
transitions, for which the saturated fluorescence
method allows for an accuracy of the order of several
kHz (Refs. 4, 5). We demonstrated the possibility of
using directly C02 saturated absorption signals as
frequency standards (Ref 6). There is also a more
precise frequency grid based on Os04 saturation signals
which reaches accuracies from 1 kHz (Ref 7) to 50 Hz
(Ref. 8).

In this paper, we present a frequency stabilization
scheme of a CO2 laser using only external modulations
via an electrooptic modulator (EOM). One laser
sideband generated by the EOM is stabilized onto a
saturation peak of 0 . ~ 0 4detected in transmission of a
Fabry-Perot cavity (FPC). The modulation frequencies
required for the detection of the cavity resonance and
the molecular line are directly applied to the sideband
through the synthesizer which drives the EOM. Thus,
we removed the distortions induced by the modulations
with piezo-electric transducers (PZT) and obtained a
reproducibility of about 3.1o-'~. In addition, this
method gets rid of any modulation of the powerhl
stabilized laser carrier which can be more easily used as
a local oscillator. Finally, the carrier can also be used
as a tunable source by scanning the frequency of the
synthesizer which drives the electrooptic modulator. As
an application, we also present the comparison of 20
new absolute frequency measurements of C02 laser
lines with previous values obtained with the saturated
fluorescence technique.
3. NEW STABILISATION SCHEME

Let us first recall the characteristics and performances
of our previous stabilization system (Ref. 9) which are
essentially preserved in the new scheme. To ensure
reproducibility and accuracy of the laser frequency, one
requires an atomic or molecular transition as a
frequency reference. Our experimental set-up was based
on the stabilization of a CO2 laser onto the saturated
absorption peak of a strong Os04 line. We used, as an
absorption cell, a Fabry-Perot cavity (FPC) filled with
Os04 which improved the signal contrast by a factor of
the order of the cavity finesse. Moreover, the cavity
allows a better control of the beam geometry.
In order to detect the molecular line, the cavity
resonance was locked to the laser frequency with a
servo loop bandwidth of 100 Hz. This was
accomplished using a 30 kHz frequency modulation of
the FPC length via a PZT. The laser frequency also was
modulated at 4.4 kHz via a PZT to detect the third
harmonic of the molecular saturation signal. The laser
frequency was locked onto this line with a servo loop
bandwidth of 1 kHz. The performances of the
stabilization method are summarized as following : the
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Figure 1.
square root of the Allan variance of the laser firequency
reached a Flicker plateau at a level of 0.7 Hz between
t=l s and 50 s while we obtained a laser linewidth
(FWHM) of 3.4 Hz
Although the excellent long-term stability of the laser
frequency, when reproducibility and accuracy were
considered we observed frequency offsets up to 500 Hz
between two identical stabilized lasers that we
attributed to modulation distortions induced by the
piezo-electric transducers. The new scheme, presented
now, overcomes most of the limitations associated with
the usual modulation techniques in the 30 THz spectral
region.
The basic idea of our new stabilization set-up (Ref. 10)
is to use one of the two laser sidebands generated by an
electrooptic modulator (EOM) as a new carrier. Thus,
this sideband can be modulated by modulating the
radio-hquency (rf) which drives the EOM. Then, the
FPC is fed by one of the sidebands which can be locked
onto the Os04 line. Figure 1 shows the experimental
set-up, that differs firom the previous one mainly by the
introduction of an EOM and by the modulation method.
The principle of the electrooptic modulator is the
following. It is a traveling-wave EOM, working as an
amplitude modulator. The 2*2*40 mm3 CdTe uystal is
driven with a rf field which generates two sidebands.
We obtained easily a bandwidth of 500 MHz which is
still far firom the theoretical limit. The firequency
modulations that are required for detecting both, the
cavity and molecular resonances are simply applied to
the sidebands by modulating directly the rf synthesizer.
This method allows the setting of a strong and easily
controlled modulation index, and a broad choice of the
modulation frequencies without facing the distortion
problems induced by PZT's. With a 20 W rf power, we

transfer up to 0.03 % of the laser power in each
sideband.
The sidebands are generated with a polarization
orthogonal to that of the carrier. Thus, we can pick up
the sidebands as the reflection on a Brewster plate
which transmits and, thus, rejects 99.8 % of the carrier
power. However, the residual carrier reflected along the
sidebands is yet about 10 times stronger than each
sideband, and its firequency often coincides with higherorder modes of the FPC, so that it is not always
efficiently filtered by the P C . Note than an optical
isolator set just after the FPC reduces the feedback of
the residual reflection on the detector into the FPC and
the laser cavity.
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Figure 2.
With the new method of modulation, we completely
avoid any amplitude modulation induced by the
modulation of the laser gain profile when the cavity
length is modulated by a PZT. The modulation
frequencies were set to 90 kHz to lock the external

cavity resonance onto the laser sideband and to 4.9 kHz
(with a 3f-detection) to lock the sideband on the
molecular line. These frequencies are sufficiently
different to filter efficiently each signal in each
detection channel. Figure 2 presents a spectrum of the
mdecular &equency discriminator : it appears a comb
of lines separated by 45 lcHz due to the combined
&equency modulations. The laser is locked onto the
central component : we typically obtained, with a few
Pa molecular gas and 50 pW power inside the
cm@, a peak-to-peak linewidth of 20 kHz and a
signal-to-noise ratio (SNR) of 1000 with a 1 ms time
constant. Note that, by constrast with the modulation
applied by PZT, no asymmetry of the signals as well as
no phase drifts were detected. Slow corrections
(bandwidth of about 100 Hz) of the cavity length and
laser frequency are applied via the PZT's, as
previously. The fast correction of the laser frequency is
applied to the rf source of an AOM with a correction
bandwidth of 4 kHz, which could be improved in the
future.
4.

RESULTS

Figure 3 shows the beat note between two independent
lasers stabilized on the P(46) A: (-) 0 ~ 0 line
4
located at
+ 115 209,15 kHz from the center of the P(14) CO2
laser line. Note that, actually, the beat note of the laser
carriers is recorded or measured while one of the
sidebands of each laser is locked onto the molecular
line. The FWHM is 12 Hz corresponding to 6 Hz per
laser.

with a slope near + 1 which is the signature of a linear
frequency drift.
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To complete this analysis, we recorded the long-term
frequency fluctuations (Fig. 5) : the laser frequency
stays within an interval of 5 Hz for 5000 s. For longer
time, the frequency exhibits oscillations whose peak-topeak amplitude is less than 20 Hz, with a few hours
period. We attribute them to residual interference
fringes due to an imperfect optical isolation, which is
the weak point of our set-up. These fringes are probably
localized between the EOM and the Fabry-Perot cavity
and between the cavity and the detector.
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Figure 3.
Figure 4 gives the square root of the Allan variance of
the beat frequency. It goes down with a slope of - % up
to T = 100 s indicating a white frequency noise and
thus a correct functioning of the servo loop. The
minimum is reached at a level of 0.1 Hz, that is
A v l v = 35 10-15, at r = 100 s. This improves by a
factor 7 the results obtained with a PZT modulation.
For T r 100s and up to 500 s, the square root of the
Allan variance stays below Av 1 v = 10-14, and goes up

Then, we analyzed the performance of our system in
terms of reproducibility. Figure 6 shows the histogram
of beat note frequencies when the sidebands of the two
systems are locked, both, onto the P(46) A: (-) 0s04
line. These measurements were performed within a
period of 20 days. The radio-frequencies of the two
EOMs differed by 50 kHz in order to measure beat
notes around 50 kHz instead of zero.
The mean frequency is 50.002 kHz with a standard
deviation of 10 Hz. This demonstrates an excellent
reproducibility of our system (3.10-13). We observed
that, when slightly changing some experimental
conditions like the optical isolation or the cavity
alignment, the center frequency could be shifted up to
50 Hz. Note that these optical problems could be

seriously limited with a better rejection of the carrier
and with a modulation of the optical path length to
scramble the fiinges.

beat note frequency (kEIz)

Figure 6.
However, this new modulation method largely
improves the performances of our stabilization system.
We did not observe any modulation distortion, proving
the clean characteristics of this external modulation
technique. Another crucial advantage of this set-up is
the possibility to shift continuously the sideband
fiequency up to 500 MHz away fiom the C02 gain
profile. The tunability of our system is thus largely
enhanced and this allows us to reach some new and
better molecular reference lines, not accessible with
C02 lasers tunable over only 150 MHz for each laser
line.

As an application to this new stabilisation scheme, we
measured by beat note experiment the frequency
difference between 20 CO2 laser lines and the close
0 ~ 0 lines
4
belonging lo to0 ~ 0 fieqwrq
4
grid.

Hz because of the lower signal-to-noise ratio than for a
Os04 line; the laser linewidth was then of a few
hundreds of Hertz. The square root of the Allan
variance of a laser stabilized on the R(16) C02 laser
line is displayed on Figure 7, the flicker plateau of 23
Hz was reached at z = 10 .s .
We recorded twenty Os04/C02 frequency differences
&om P(24) to R(26) on the 10 pm branch of our C02
lasers, where Os04 references are available, by using
the frequency measurement procedure which is detailed
in a forthcoming paper (Ref. 11). The typical
uncertainties of our measurements are fiom 50 to 200
Hz and comparable to the day-to-day repetability. We
could also control the quality of our measurements by
comparing the results for P(12), P(14) (Ref 6) and
R(10) (Ref 12) obtained a few years ago with a slightly
higher precision due to the narrower linewidth of the
C02 lines obtained by using our 18 m long cell. The
two sets of measurements, although they were obtained
with two very different experimental methods and
conditions, are Mly compatible. Finally, the absolute
4
grid
frequencies are deduced using the 0 ~ 0 frequency
with accuracies between 50 Hz and 1,4 kHz.
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The srandard conditions for the detection of the C02
lines were a pressure of 0.1 Pa and a laser power of 1
mW.A first harmonic detection was preferred because
of the weakness of the signal. The servo-loop
%andwidth was reduced down from 1 kHz to about 100

Figure 8 displays the fiequency shift of the C02 grid of
Bradley et al. (Ref. 4) and Maki et al. (Ref. 5) relative
to our data. These grids are mainly obtained from COz
measurements with the saturated fluorescence
technique. It is remarkable that, roughly speaking, our
measurements are between the values of Maki and
Bradley although these data come mainly from the
same measurements. We can also observe that the error
bars of these data are underestimated if we consider
that our measurements are certainly more precise that
those performed with the saturated fluorescence
technique for which the line is wider by about two
orders of magnitude. It must be noticed that the
frequencies of these two grids are not the direct result
of measurements. In contrary, the frequencies were recalculated from the molecular constants obtained after a
global fit of all the measurements. The uncertainties
take into account only the statistical residuals coming

from the fit and no systematic error was included, as it
should be to estimate properly the actual accuracy of
the data. For example, let us remind that a red pressure
shift of -2 to -4 kHz under the standard conditions of
the saturated fluorescence technique is predicted
following the saturation measurements of (Ref. 12) in
agreement with theory (Ref. 13). However, an
anomalous blue shift of the saturated fluorescence
signal was reported in (Ref. 14) but not taken into
account for the calculation of the frequencies of (Ref. 4)
because important instrumental errors were
simultaneously observed. For these reasons, we believe
that the discrepancy of a few kHz between our
measurements and those based on the saturated
fluorescence technique is an indication of the present
limitation of this last method in terms of accuracy.
6. CONCLUSION

We developed a frequency stabilization scheme using
only external modulations via an EOM, that improves
significantly the performances of our previous system.
The square root of the Allan variance reaches the 0.1
Hz level at 100 s and stays below 0.3 Hz up to 500 s.
This corresponds -to our knowledge- to the best longterm stability obtained in that frequency range
(Ref.15). The cleaner characteristics of the
modulations prevent &om any molecular line
distortions and lead to a few tens of Hertz
reproducibility of the system. To improve these
performances the point is certainly to have a better
optical isolation. Besides the stability performances, the
external modulation method proved to be very convivial
as there is no real technical limitations for the
modulation index and frequency, so that the
experimental parameters can be very easily adjusted.
These new developments with its various advantages
allow us to consider a new generation of experiments.
For instance, the use of an unmodulated local oscillator
will be essential for the observation of 50 Hz-Dopplerfree two-photon Ramsey fringes on a supersonic beam
of SF6, that we plan to perform. With this ultra-stable
laser, it can now be considered to test parity violation in
molecules : we plan to measure very small eequency
differences in the spectra of two enantiomers of a chiral
molecule. Recent theoretical estimations (Re£ 16)
indicate that the present stability of our lasers is
compatible with the observation of such an effect. For
that purpose, we plan to use a second EOM as
described above, working with the same principle as
the first one but with a tunability range of 8- 18 GHz on
each side of the laser carrier. Finally, the stability and
reproducibility of our system open the way to
significant progress in the field of metrology. We were
able to carry out new measurements of the frequency
differences between OsO4 lines and C02 laser
resonances. This led to an enhancement of more than
one order of magnitude of the accuracy of the C02
frequency grid and c o n w e d that the detection of the

cavity-enhanced saturation signal is a good alternative
to the usual saturated fluorescence method.
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ABSTRACT

1. INTRODUCTION
Owing to their intrinsic characteristics of short
term frequency stability (improved by absolute
stabilization to a molecular reference) and relatively
high output power, diode-pumped solid-state ErYb:glass lasers are attractive sources for
applications
in
optical
communications,
spectroscopy and metrology. The Er-Yb microlaser
developed at Politecnico of Milan [ I ] can provide
for output powers up to 20 mW, in a pure TEMoo
mode under single frequency operation with a wide
wavelength tunability range. A single laser device
can also be operated in a multi-longitudinal-mode
operation allowing for a comb of 4 to 10 optical
carriers with a frequency spacing of 40 to 20 GHz
between adiacent ones. For both high-density
wavelength division multiplexing (HDWDM) [2] and
frequency metrology the absolute stabilization of
the emitted wavelength(s) is of great interest. In
this work the obtained results of frequency
stabilization by two different techniques with
respect to molecular lines of the acetylene
molecules will be reported.

Er-Ybactive material
\

Fig. 1 The Er-Yb microlaser.
In a first set of experiments, see Fig. 2, two
identical Er:Yb:glass lasers have been stabilized at
two different points of the P(13) vibrationalrotational line of C2H2 (k1532.828 nm) by the
fringe-side locking technique [3].

2. EXPERIMENTS
The Er-Yb microlaser (Fig. 1) consists of a
plano-spherical resonator longitudinally pumped by
the 978 nm radiation emitted by a InGaAs laser
diode (Spectra Diode Laboratories Mod. 6460).
The active medium is a phosphate glass disk with
diameter of 6 mm and 2.5 mm thick containing
do ant concentrations of 10" ions/cm3 ~ r and
~ '
10Fl ions/cm3 yb3'. The overall cavity length,
including the anular PZT transducer for fine
frequency tuning, is less than 5 cm. The output
beam is linearly polarized, diffraction limited with
circular shape.

Fig. 2 The fringe-side-lockingexperimental setup.
Upon detecting the beat note between the two
stabilized lasers, a long term (4-hours) fluctuation

of the frequency difference of about f l MHz has
been measured. By analysis of the beat note
spectrum, the short term ( -1 ms) linewidth of each
laser has been evaluated to be narrower than 50
kHz. The stability measurements are reported in
Fig. 3.
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Fig. 4 Experimental setup of the FM-eterodyne locking.

In another set of experiments, the Er:Yb:glass
laser has been successfully tuned around the 1550
nm wavelength [5]. The wide continuous tunability
interval obtained, spanning over 36 nm, suggested
to investigate the possibility of frequenc locking
1
these sources to the molecular lines of C2H2 [6].
With the same laser, several absorption lines have
been matched from P(13) at 1540.057 nm to P(29)
at 1550.870 nm. Preliminary fringe-side locking
experiments, at these higher wavelengths, have
also been conducted.

Y

Error-signal slope: 400 [uVIMHz]
50000
40000
30000

Fig. 3 Short-term linewidth and long-term frequency
stability of the Er-Yb laser locked to the side of the P(13)
line of C2H2.

Absolute frequency stabilization by external
phase modulation and synchronous detection after
the gas cell, FM-eterodyne technique, has also
been demonstrated for one source at 1534.097
nm. The experimental setup is depicted in Fig. 4.
The time analysis of the error signal showed a
peak-to-peak frequency deviation lower than 80
kHz over several hours of robust locking (Fig. 5). A
second Er-Yb laser will now be locked to the center
of P(15) line of C2H2at 1534.097 nm to allow for
beat note measurements and for an evaluation of
the Allan variance. The aim is to achieve a long
term frequency stability and reproducibility of less
than A ~ 1 0 0kHz. The corresponding frequency
)
stability and reproducibility ( ~ v l v = 5 x l 0 " ~should
establish a stable reference in the 1.5 pm spectral
region based on this novel solid-state laser source
[4]. By means of the tunable Er-Yb laser some fine
spectroscopic measurements of absorption lines at
1.5 pm can also be performed. As an example, in
Fig. 6, we report the measured absorption profile of
P(15)line of C2H2at a pressure of 10 mbar.
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Fig. 5 Frequency to voltage discriminator curve and
time behavior of the error signal in the FM-eterodyne
experiment on the P(15) line of C2H2.
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Fig. 6 Absorption profile of line P(15) of C2H2 at
1534.097 nm.

3. CONCLUSIONS
The Er-Yb microlaser has been frequency
stabilized to different molecular lines of the
The wide
acetylene molecule at 1.5 m
wavelength tunability (continuous tuning range from
1528 nm to 1564 nm) in single frequency operation
and the frequency stability, when locked to the
molecular reference (Avc50 kHz Q 1 ms and
A ~ 1 0 0kHz Q 10 h), open several possibilities of
application in the fields of optical communications,
spectroscopy and frequency metrology.
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Main approaches
to design of low loss SAW filters
for mobile communications
(abstract)
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As the wireless telecommunications industry continues to expand rapidly, there is an increasing
demand for new surface acoustic wave (SAW) filter technology. To design approaches are
currently dominating: coupled resonator filters (CRFs) and ladder type filters. The last idea was
proposed about 10 years ago by Japanese scientists. The idea is actually very simple: long SAW
transducer (or SAW resonator) has impedance dependence on frequency very similar to classic LC
resonator, or to quartz resonators. It was known for many years how to build the filters using
crystal quartz resonators. The authors proposed to used SAW resonators to build the same ladder
filters, as using quartz bulk wave resonators. The idea was not appreciated by the SAW community
for quite a long time, and only when other companies a few years ago also demonstrated very
attractive results the real boom started.
This type of filters radically differ from all others. In these filters the SAW itself plays an auxiliary
role: the signal is not transformed into SAW, as in classic SAW filter, and then re-converted back.
Instead of that the change of impedance of SAW resonator is exploited, exactly like in quartz crystal
filters. The separate resonators are not "talking" acoustically, through the SAW, so no signals is
carried by SAW from the input to the output. Because of the primary role of the impedance
changes we call these class of filters "SAW impedance element Jilters (IEFs) ", but the names
"ladder" or "lattice filters" are also used.
In this paper we will compare CRFs and IEFs and we will try to show that the IEFs have essential
advantages over all other types of low loss filters and so they will probably occupy the great part of
the market, with some particular exceptions, and we will concentrate on Balanced bridge type of
IEFs, recently invented in Micronas SA .
We will discuss the principals of operatibn and design of impedance element filters, estimate
achievable parameters and limitations, discuss advantages of this design approach compared to
others types of low loss SAW filters. A few examples of filters designed in Micronas ( SAW
division) will be presented.
We believe that in most cases the SAW filters which will be used in the next generations of
mobile phones will be impedance element filters. For 2 GHz range it will be the only real
possibility, but evident advantages of the IEFs will gradually replace all other types of RF filters in
900 MHz range too. As to IF filters the balanced bridge filters have significant advantages both
in performances and in sizelcost and they match perfectly to balanced circuitry already now widely
used in IF stages of handhold phones.
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ABSTRACT
Waveguide coupling of SAW resonators is widely
used to make low loss compact filters. The
classically used structure for this kind of device
consists of two tracks separated by a common
ground bussbar. To obtain a balanced drive using
this structure, it is necessary to split the
transducer in two parts connected electrically in
series. This can result in load and source
impedances which are too high for system
requirements.
We present a new multitrack balanced drive
waveguide coupled resonator filter structure
exhibiting both low impedances and small crystal
sizes. A general analysis procedure has been
developed to analyse this new structure. This
procedure is suitable for an arbitrary number of
layers and for any number of electrical ports.
Results of a GSMJDCS 1800 IF filter at 188 MHz
using the new structure will be presented. Typical
performances are a 3 dB bandwidth of 250 kHz,
a 20 dB bandwidth of 500 kHz and a 6 dB
insertion loss.

1. INTRODUCTION
One major application of SAW is mobile phone
1.F filters.
increased IF frequencies make
coupled resonator filters well suited for that
application. Proximity coupled SAW resonators
achieve both low insertion losses and very
compact sizes, both needed in mobile phones.
The evolution of integrate circuit technologies
results in the need for balanced drive devices.
The usual filter structure using a center ground
bussbar is not well suited for balanced drive. In
the past, two main approaches were used to
handle balanced drive. The first one [3] consists
of splitting one transducer into parts. This results
in a large impedance increase, often incompatible
with system requirements. A second approach,
[5] consists of dividing the center bussbar in two
parts. This approach solves the high impedance
~roblem. however two
filters have to be
bnnected in parallel to avoid degraded rejection.
This results in larger crystal sizes. We propose a

third approach based on a three rdsonators
configuration.
2. STRUCTURE DESCRIPTION

7

2.1 Unbalanced resonator filter

OUT

FIGURE 1 :CLASSICAL UNBALANCED DRIVE
TWO POLE PROXIMITY COUPLED
RESONATOR FILTER
Figure 1 shows the classical unbalanced two pole
filter. By coupling, each resonator mode is split
into two modes, one which is symmetric in the
transverse direction (parallel to the metal strips)
and one which is antisymmetric. By moving the
two resonators closer, the coupling becomes
stronger and the frequency shift between the two
modes (and also the filter bandwidth) increases.
In this configuration, the center bussbar is
curnmon to the input and the output and has to be
connected to ground. This does not directly allow
balanced drive and different structures have to be
found. Usually, 4 pole filters are made by
cascade of 2 pole filters. So, only balanced drive
input, unbalanced output structures are needed
2.2 Serial connection balanced drive structure

One approach to obtain balanced drive on one
side is to split one of the transducer into two

parts. This gives the configuration given in the
figure 2.' Obviously, 4 or 6 poles can be obtained
by cascading several 2 poles, with or without a
parallel coupling inductor.

as shown in figure 3. This allows one transducer
to be balanced driven with the same impedances
as for the conventional unbalanced structure.

FIGURE 2 : SERIAL CONFIGURATION FOR
BALANCED DRIVE
This configuration is equivalent acoustically to the
unbalanced configuration, however the serial
connection of two half transducers increases the
electrical impedance by a factor of 4. For several
applications, especially for the wide band
applications, the resulting impedances are too
large to be useful.

I

FIGURE 4 : PARALLEL CONNECTION
BALANCED DRIVE STRUCTURE
As pointed out in [5], the main problem here is
the electrical asymmetry in the capacitances
between the two input ports and the output port,
resulting in important direct feedthrough. This
problem is solved in [5] by connecting two filters
in parallel, thus making the structure symmetric
again.
The feedthrough problem is now suppressed and
the impedance is lowered by a factor of 2 due to
the parallel connection. The only disadvantage
of this structure is the need for 2 filters in parallel,
requiring increased substrate width.

FIGURE 3 :SPLIT CENTER BUSSBAR
CONFIGURATION
2.3 Parallel connection balanced drive
wnfiauration

A second approach is to keep the same
acoustical structure and cut the center bussbar

Next, we will present an alternate structure which
has a low impedance with electrical symmetry
and with a substrate size close to the classical
unbalanced structure.

1ST ANTISYMMETRIC MODE

2.4 The three resonator balanced drive structure

A

Figure 5 shows the three resonator balanced
drive structure. This structure keeps the split
bussbar idea described in section 2.3 allowing
low impedances but the symmetry is now
obtained by using a three resonator structure.

3.00

1ST SYMMETRIC MODE

-

0.00

4.00

FIGURE 5 : THREE RESONATOR BALANCED
DRIVE STRUCTURE

1

1

2nd SYMMETRIC MODE

-4.00 1 VELOCITY PROFIL (SCHEMATIC)
METALLIZED

The center transducer of figure 5 is balanced
driven while the two external transducers are
connected in parallel. This structure is electrically
symmetric and can be used as a two pole filter. A
four pole filter is obtained a by cascading two.
For the small apertures generally used, the three
resonator structure has two transversely
symmetric modes and one antisymmetric mode.
Due to the symmetric electrical excitation, only
the two symmetric modes are coupled. Figure 6
shows typical transverse mode shapes for this
structure.
As for the conventional two pole filter, coupling
between the center transducer and the two
external ones is of opposite sign for the two
symmetric modes contribution. This means that
with an adequate choice of geometry, the three
resonator structure is compatible of a two pole
design.

GRATING

y (MM)
FIGURE 6 : EXAMPLE OF A THREE
RESONATOR STRUCTURE AND
CORRESPONDING MODE SHAPES
3. ANALYSIS PROGRAM

Due to the number of degrees of freedom of the
three resonator structure, an analysis based on
test device measurement data [lo] was found
insufficient for device optimization. Furthermore,
this technique is structure dependent and does
not allow a quick investigation of different
structures. To alleviate these shortcomings, an
analysis program was developed to work directly
from the geometrical dimensions.

Following Haus et al. [6],the mode shapes and
velocities vary inside the stop band and a correct
model has to take into account the different
reflectivities in the different regions. For
synchronous resonators, the resonant frequency
is at the beginning of the stop band and it is valid
to consider the grating as an homogeneous
material with simply a velocity change due to the
reflectivity.
We choose to use a stack matrix theory [8] based
model. This theory gives the mode velocities and
shapes for an arbitrary geometry. As pointed out
by Morgan [7], one key point is to use the correct
velocity for the different regions. Inside the
transducer-grating regions,
our FEM BEM
periodic model [4] was used to compute the
correct velocity and reflectivity coefficient. This
model, for example, can take into account the
electrode shapes which are strongly dependent on
the technology used to manufacture the filter.
Knowing the mode velocities and shapes, the
filter is analyzed by using a classical P Matrix
cascade model [ I I]. The basic principle of the
model is to divide a transducer in several unit
cells (usually the unit cell is a single period), to
compute the P matrix of a single unit cell and
then to cascade the P matrices to obtain the
overall P matrix of the transducer. The
transversely coupled device model follows the
same approach as the basic model except that
the unit cell P matrix now has a larger number of
acoustical ports (due to the different propagation
modes) and a larger electrical port number (due
to the fact that electrodes in each track can be
connected to different electrical ports). The unit
cell P matrix has to take into account the mode
shape of each mode. The program allows the use
of an arbitrary number of electrical ports to
analyze a general structure. For example, the
analysis of the three transducer structure includes
four electrical ports (two for the center transducer
and one for each of the outer transducers).
The datas of Biryukov et al. [9] for the classical 2
pole resonator was used to test the analysis
program. Figure 8 shows the comparison of the
analysis to the measurement for a cascade of two
2 pole filters in a 50 R system. The fit between
analysis and measurement is very good.

I

ELECTRODE GEOMETRY
I ~ I D T H THICKNESS,
,
PERIOD)

MOD"1
SHAPES AND VELOCITIES

P MATRIX
CASCADE

FILTER ADMITTANC
MATRIX

1

FIGURE 7 : PRINCIPLE OF THE FILTER
ANALYSIS
4. RESULTS

4.1 . Geometrv owtimization
The first step when designing a filter is to
determine the geometry of the structure. It was
found that to obtain a symmetric frequency
response, it is necessary to choose the acoustical
widths of the three channels so that the coupling
is equalized. This is obtained when, for each
active area, the coupling to the two symmetric
modes is nearly equal. This is true when the
three resonators have the same aperture.
4.2. Filter results
The three resonator structure was used to design
a filter at 188 Mhz for mobile phone applications.
The filter works on 50F S2 with balanced drive and
fits in a 9,1x7,1 mm package. Figure 9 shows
measurements and simulations of the filter. The
measured insertion loss is 5.5 dB. It has a 3 dB
bandwidth of 240 kHz a 20 dB bandwidth of 500
kHz and a 40 dB bandwidth of 900 kHz.
Simulation and measurement are close.

Measurement (from [9]) (10 dB1div)

187.80

188.00

188.20

FREQUENCY (MHz)

FIGURE 9 : MEASURE AND SIMULATION
OF A 188 MHz 3 RESONATORS FILTER
Simulation (dashed line) : reference 5.7 dB
Measurement (full line) :reference 5.5 dB
Simulation (10 dB1div)

I

I

I

I

I

I

I

I

I

1

5. CONCLUSION

I

A new balanced drive transversely coupled
resonator filter has been presented. This structure
allows for low impedances while keeping the
electrical symmetry. A general analysis program
for transverse coupling was developed and used
to design a three resonator filter. Results are
compatible with the system requirements as well
as for the impedances and the frequency
characteristics. Reasonable coherence between
analysis and measurements were obtained
demonstrating the ability of our analysis to be
used as a design tool.
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SURFACE MOUNT HYBRID MODULES WITH SAW FILTERS
FOR MOBILE TRANSCEIVERS

ONIIP, Maslennikov str., 231, Omsk, 644063, Russia. Fax: (381-2) 57 90 38
At present for the packaging of the SAW filters the miniature SMD packages are widely
used in order to combine the SAW filters with surface mount technology (SMT). At the
same time for miniaturizing the mobile transceivers hybrid SAW modules (functional
devices combining low loss SAW filters, amplifiers, mixers) are successfully used. It is
promising to combine the two mentioned technologies [I]. This paper presents surface
mount hybrid modules with SAW filters for 146-174, 440-470 MHz mobile transceivers;
namely the receiver module (RXM) with R F amplifier (RFA), tramsmitter module
(TXM) and receiver module (RXM) with voltage-controlled oscillator (VCO). For the
modules we used 8.4x14.2x2.6 and 8.4x18.2x2.6 mm ceramic SMD packages. As the
SAW filters for RXM with RFA we used previously developed self-matched SAW ring
filters with the insertion loss of 1 dB on 1280YX and 640YX LiNb03 [2]. The RXM with
RFA contained two SAW filters: the first with low inputloutput impedances on
12g0YX, the second with high inputloutput impedances on 64OYX, connected across
RFA having only one bipolar transistor. Surface mount RXM's with RFA and the
SAW filters have shown low amplitude ripple of 0.3 dB within the 2 dB bandwidth
about 1.5%, 8 dB gain, suppression over 90 dB at f10.7 and 421 MHz offsets from the
center frequency of 164.5 and 460 MHz respectively. Noise factor less than 2 dB. These
RXM's were used for the local oscillator frequency and image frequency suppressions.
We used VCO with SAW delay line and external phase shifter in the amplifier feedback
loop [3]. 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 41800 at
3-dB fractional bandwidth of 5% on 4g0YX LiNbO3 [2]. The hybrid module with VCO
contained the SAW filter, amplifier, phase shifter. The amplifier of VCO contained a
single bipolar transistor. The phase shifter with the miniature varactors and the leadless
inductor [3] provided the phase shift about 1000 when the control voltage varied from
0.5 to 12 volts. The optimization of the amplifier-phase shifter-SAW filter system was
provided for achieving the maximal variable frequency range with specified maximal
control voltage of 12 volts, current consumption of 5 mA and the carrier to noise ratio
C/N no less than 70 dB (at 25 kHz carrier offset, 3 kHz bandwidth). Surface mount
164.5 and 460 MHz TXM's and 185, 480 MHz RXM's with VCO provided a variable
frequency range of 1-2% with the control voltage varying from 0.5 to 12 volts. C/N was
80 dB . We developed new surface mount modules with SAW filters much smaller than
the previous ones [I], and we shall use them in small mobile transceivers assembled
using SMT.
REFERENCES
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A New Design of SAW Filters for Clock Recovery Application in
Optical Communication Systems
Dong-Pei Chen, A. Vishwanathan, V. Narayanan, D. Mahoney, Bob Potter, and C.S. Lam
Vectron Technologies, Inc.
267 Lowell Road, Hudson, New Hampshire 0305 1, USA

Abstract
A new design of clock recovery SAW filter using a
conventional AJ8 split-finger transducer in combination with a
AJ4 finger resonant transducer has been developed. Such a
new structure has the small chip size as a full resonant filter
but retains many merits of a transversal filter- smooth
passband, ease in phase adjustment, less sensitive to
metallization thickness and mark to period ratio, etc. This
paper presents the results of a 155.52 Mhz clock recovery
SAW filter using this design.

1.

Introduction

For many years, transversal SAW filters have been used
widely in providing accurate clock extraction from the
corrupted non-return to zero (NRZ) digital streams within the
timing recovery circuitry of modem high speed optical
communication systems from 50 Mhz to 2.5 ~hzll-"~.
Of the many available designs, SAW transversal filter is most
popular because of its ease in design and manufacture. The
absolute phase of conventional transversal filter can also be
easily adjusted through varying the separation of the
transducers. For clock recovery application, precise phase
matching is needed prior to the decision circuit for retiming.
This design, in general, has between 12 to 20 dB insertion
loss. Quartz substrate is exclusively used because of its
temperature stability for narrow band application.
Another popular design uses two long AJ4 finger resonant
transducers which create strong resonant peak for filtering.
Though this configuration features low-loss, small size, and
wider finger feature size, it is considerably more difficult to
design and manufacture because of its sensitivity to
metallization thickness, mark to period ratio, and transducers
separation which are inherent to resonant filter designs.
We have developed a new design of clock recovery SAW filter
using a conventional AJ8 split-finger transducei in
combination with a W4 finger resonant transducer. Such a
new structure has the small chip size of the ?J4 finger
resonant filter but retains some of the merits of a transversal
filter- smooth passband, ease in phase adjustment, less
sensitive to metallization thickness and mark to period ratio,
etc. This paper presents the results of a 155.52 Mhz clock
recovery SAW filter using this new structure.

2.

Conventional Transversal SAW Filters

For clock extraction application in the timing recovery
circuitry of modem high bit rate optical communication
systems, SAW filters of 3-dB bandwidth Q of 400 to 1200 are
most commonly used[']. Since insertion loss of up to 20 dB is
in general acceptable, conventional transversal SAW filters
using quartz as the substrate material can easily offer the
bandwidth with high temperature stability. If two identical
transducers are used, the sidelobe rejection will be 26 dB
which is more than enough for clock recovery applications. If
needed, one of the transducers can be slightly weighted (e.g.
raised-cosine apodization) to provide additional sidelobe
rejection. Transversal SAW filters are easy to design and
manufacture. However, they are in general quite lengthy
because of the Q requirement.
As discussed before[','], the passband smoothness can impact
the amount of jitter peaking of the clock recovered. The
magrutude of the passband ripple depends on the amount of
triple transit echo and reflectivity (primarily mechanical for
aluminum transducer on weak coupling quartz). Since the
insertion loss is high and matching is not needed, triple transit
echo is in general not of concern. However, transducer finger
reflection has to be suppressed. The most common way of
suppressing finger reflection is to use AJ8 split-finger type
transducers. This mechanical reflection can be canceled
within every period of 4 fingers. This method limits the
frequency of operation as W8 fingers are needed.
Later on, transversal filters using the grouptype transducers
with AJ4 fingers became
The mechanical
reflection can be canceled out within every four groups of
fingers (Figure 1). The merit of such a structure is obvious
since h/8 t-ingers are no longer needed. This allows operation
into higher frequency.

Figure 1. Transversal SAW Filter Using One 4-finger and
One 3-finger Group-type Transducers.
To further ensure the suppression of mechanical reflection,
fingers can also be buried since the mechanical impedance of
aluminum is close to that of quartz[81. One demerit of
transversal filters using the group-type transducers is the
existence of many spurious responses stemmed from
sampling[g1.

3.

Resonant SAW Filters

Another class of clock recovery SAW filters was developed
over a decade ago and has been used extensively in some of
the products from ~ a ~ a n l " Clock
~.
recovery filters up to 2.5
Ghz using this structure are available["l. The structure of this
design is in fact a resonant type with two closely aligned long
U4 finger transducers (Figure 2). Using the surface U4
fingers, the transducers generate a strong resonant peak which
serves as the filter passband.

corresponds to about 45" in phase change. Though resonator
filter has comparable phase slope, it's not easy to adjust the
absolute phase since the frequency response is very sensitive
to the separation of the transducers. Figure 5 compares the
transmission phases of two SAW filters using the
conventional transversal filter design and the resonant filter
respectively.

Figure 2. Resonant SAW Filter
Figure 3 compares the frequency responses of two SAW filters
using the conventional transversal filter design and the
resonant filter design respectively. The latter offers lower
insertion loss (<I0 dB) and smaller chip length. However, an
only slightly attenuated spike (10-15 dB) appears in the high
frequency side of the passband. This spike will appear on the
low frequency side if the separation of the two transducers
increased or decreased by U4.

Frequency in MHz

Figure 4. Passband of Resonant SAW Filter

Frequencyin M M

Figure 5. Transmission Phases of the Conventional
Transversal and the Resonant SAW Filters
Frequencyin MHz

Figure 3. Frequency Responses of the Conventional
Transversal and the Resonant SAW Filters
Since the structure is inherently resonant type, the frequency
response is vexy sensitive to the metallization thickness and
mark to period ratio. The passband is in general asymmetric
(Figure 4) and is unfavorably sensitive to the separation of the
In addition, it is difficult to achieve low Q.
Phase matching is especially critical in timing recovery unit
applications where additional phase shifter is not
implemented due to the compactness of the devices[3a131.
Transversal filter allows continuous adjustment of phase
through changing the separation between the transducers. For
example, an increase or decrease of U 8 in separation

4.

New Structure Using a Conventional 118 Split-finger
Transducer with a X i 2 Resonant Transducer.

The lengthy chip size of transversal filter was not of concern
in the past. Nowadays, new applications like SAW-based
timing recovery units and optical receivers require small
packaged SAW filters. To achieve the small chip size, a
resonant filter structure is most likely needed. However, the
problems as described in the previous section are of concern.
We have developed a new 155.52 Mhz clock recovery SAW
filter which can be encapsulated into a 9mmx7mm leadless
chip carrier (LCC). The new structure uses a conventional
U 8 split-finger transducer in combination with a U4 fmger
resonant transducer (Figure 6). Such a structure retains the
small chip size of a resonant filter. However, it has the merits
of the transversal filter- smooth passband, ease in phase

adjustment, less sensitive to metallization thickness and ratio,
etc. Figures 7 & 8 compare the frequency responses and
transmission phases of two SAW filters using the
conventional transversal filter design and the resonant filter
design respectively.

the split-fmger transducer is weighted.
compare well (Figure 10).

The passbands

Figure 6. New Structure of SAW Filter for
Clock Recovery Application
Frequency in MHz

Figure 9. Frequency Responses of the New Structure
and the Transversal SAW Filters
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Figure 7. Frequency Responses of the New Structure
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Figure 10. Passbands of the New Structure
and the Transversal SAW Filters
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Figure 8. Transmissions Phases of the New Structure
and the Resonant SAW Filters

In addition to the smaller chip size as compared with the
transversal filter of the same Q, the new structure also has
lower insertion loss because one of the transducers is a
resonant one. Note that the sidelobe rejection of the new
structure in general is not as much as that of the transversal
filter (Figure 9). However, the rejection can be improved if
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Figure 11. Transmission Phases of the New Structure
and the Transversal SAW Filters
The transmission phase of the new structure compares well
with that of the transversal filter (Figure 11). Figure 12

compares the ring time of the two designs. Though the chip
size of the new structure in this example is about half of that
of the transversal filter, it has the same ring time to ensure
clock recovery in case of long transitionless signal string[I1.
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It is of interested to note that, in addition to the fimdamental
mode, the split-finger transducer supports the third harmonic
also. By using the third harmonic, the finger width of the
split-finger transducer would be about 33% wider than that of
the ?J4 finger resonant transducer (Figure 13). We have
demonstrated this with a new 622.08 Mhz clock recovery
filter. Results will be reported later.
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Figure 13. New Structure of SAW Filter Using the 3rd
Harmonic of the Split-finger Transducer
5.

Conclusion

We have developed a new 155.52 Mhz SAW filter for clock
recovery application in optical communication systems by
using a conventional W8 split-finger transducer in
combination with a ?J4 finger resonant transducer. Such a
structure has the small chip size as a full resonant filter but
retains many of the merits of a transversal filter- smooth
passband, ease in phase adjustment, less sensitive to
metallization thickness and mark to period ratio, etc.
In addition, the ?J8 split-finger transducer can also be
operated at the 3rd harmonic. For a 622.08 Mhz clock
recovery SAW filter, submicron finger width will not be
needed for both the split-fmger transducer and the ?J4 fmger
resonant transducer.
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COMPENSATION OF WAVEGUIDING EFFECTS IN SURFACE ACOUSTIC WAVE FILTERS
Piotr Naglowski, Eltbieta Dqbrowska, Bogumila Niewczas
Institute of Electronic Materials Technology
W6lczyrSska 133,Ol- 919 Warsaw, Poland

ABSTRACT
A method for broadband compensation of
waveguiding effects in SAW filters of "in-line"
structure is presented. The method is suitable for
filters supporting any number of propagating
modes. According to the compensation method
constrained optimization techniques are used to
appropriately modify the apodization pattern.
Theoretical and experimental compensation results
are presented for TV-IF filters designed on 128O YX
LiNbO, substrate.

one and the compensation concerns only this
single mode. Since it is performed at the, center
frequency the described methods are suitable only
for narrow-band SAW transversal filters.
To meet stringent specifications wideband compensation of parasitic effects is often necessary.
Since it seems difficult to ensure absolute domination of the fundamental mode over a broad band of
frequencies other propagating modes should be
included in the mathematical model used for the
compensation. This paper proposes a wide band
compensation method which can be used for filters
supporting any number of propagating modes.

Keywords: SAW filters, waveguiding effects, SAW
diffraction.

2. MATHEMATICAL MODEL OF THE SAW
FILTER

1. INTRODUCTION

A typical application circuit containing a SAW filter
is presented in Fig.1.

Numerous modern applications of SAW transversal
filters require precise control of filter parameters
like stopband rejection, passband amplitude ripple
and transition bandwidth.
Various second-order effects degrade the parameters of SAW filters. These parasitic effects should
be accurately predicted by the filter mathematical
model and efficiently compensated for during the
design process.
Interdigital transducers of narrow acoustic aperture
(less than 202) are widely used in SAW filters to
reduce the cost of the devices. SAW diffraction
severely degrades the frequency responses of
such filters, especially in the stopbands. Unfortunately, it is difficult to develop a mathematical
model correctly predicting diffraction effects in
a filter containing narrow aperture IDTs. Most
published methods on diffraction compensation
assume that the metallization pattern (IDT fingers
and bus bars) has no influence on the SAW
wavefronts once they have been excited. Thus the
above methods ignore the slowing effect of the
metal which is the cause of guiding of SAW energy.
This assumption of a "free diffraction" model is
particularly unjustified for strongly piezoelectric
materials like e.g. 128" YX LiNb03.
The methods of waveguiding effects compensation
were published previously (Refs.l,2). According to
the methods it is assumed that the fundamental
mode of the IDT guiding structure is the dominating

.
Fig.1. Circuit containing a SAW filter
The filter transmittance D can be expressed using
the elements of filter's admittance matrix [ Y 1, and
terminations YG and YL (Ref.5). Neglecting the
triple transit signal we obtain:

/

.

D VL VG = Fin Y2, • Fout
where Fin = YG/(Y,, + YG) , FOuf= -1/(Y22

+

(1)
YL) .

The analyzed structure of a SAW filter is shown in
Fig.2. It contains a section of earthed dummy
fingers between the transducers (Ref.4), which
forms the electromagnetic shield and makes the
guide almost continuous. All the electrodes of the
structure are of the same width (w) and the electrode pitch (p) is constant and identical in both IDTs
and the shield. Double fingers are used to make
the internal reflections off the electrodes negligible.
The structure has slow ( metallized, a < 1x1 < b ),
intermediate ( semi-metallized, 1x1 < a ) and fast
( free surface, 1x1 > b ) velocity regions.

input IDT (apodized)

shield

output IDT
(uniform)

Fig.2. Analyzed interdigital structure and the
coordinate system
We determined the modes propagating in the
waveguide as described in Refs.3,4. The only difference in our approach is the use of the electric
potential on the surface of the piezoelectric. substrate to describe the modes instead of the
components of particle displacement vector used in
Refs. 3,4. The electric potential on the suiface of
the piezoelectric substrate caused by the m-th
mode (m = 7, ..., M) propagating in the +y direction
is assumed to have the form:

where km is the propagation constant and fm(x)
describes the x-dependence of the m-th mode. The
expout) dependence of each mode is assumed but
omitted in all the formulas for clarity. In the finger
region fm(x) takes the form of cos, sin, cosh or sinh
function. In the bus bar region it has a sinusoidal
form and in the free surface region exponentially
decays with 1x1+ co.
The dispersion relation of the waveguide is
obtained by demanding the continuity of (x,f)
and
its first derivative.
The charge densities on the electrodes at and near
the IDT ends are distorted. These distortions are
known as end effects. They affect the frequency
response of the IDT especially in the case of
relatively short transducers. For the in-line filter
structure shown in Fig.:! the apodized transducer is
usually much longer than the uniform one (this is
normally true e.g. for TV-IF filters). Therefore end
effects in the uniform IDT are expected to cause
more severe distortion of the filter frequency
response than analogous effects in the apodized
IDT. Exact modelling of end effects requires the
computation of charge distribution on the IDT
fingers. For long apodized transducers this
computation is both time and computer memory
consuming. For the above reasons end effects are
taken into account only for the uniform IDT in this
paper. Inter-electrode gaps are assumed to be
elementary SAW sources in the apodized
transducer. In the uniform 1DT each electrode is
considered to be an elementary SAW source.

Charge densities on all the fingers of this IDT are
determined numerically.
Let a voltage V be applied to the j-th IDT (j=1
corresponds to the apodized IDT, j = 2 to the
uniform one) with the other IDT short-circuited.
Figs.3,4 show the location of n-th elementary SAW
source within the apodized IDT (n = 7, ..., NS1;
where NS1 is the number of inter-electrode gaps in
..., NS2;
the IDT) and within the uniform IDT (n =I,
where NS2 denotes the number of fingers in the
IDT) respectively.
n-th source
n-th
(n+l)-th finger
finger
X,,1

.--..-....

.qn+lhl

Fig.3. Location of SAW source within the apodized
IDT
n-th source

,

n-th finger

-

(n+l)-th finger

Fig.4. Location of SAW source within the uniform
IDT
The SAW potential pn,(x,y) generated by the n-th
source is assumed to be a linear combination of all
the propagating modes of the structure. To evaluate this potential at the exact source location the
assumption of the source homogeneity throughout
its length was made and quasi-static approximation
was used. Infinite number of fingers in the
apodized IDT was assumed (Ref.7) whereas the
moment method (Ref.8) was applied to evaluate
the charge distribution on the fingers of the uniform
transducer. Application of the Galerkin method (as
in Refs.3,4) yielded:

3. WAVEGUIDING EFFECTS COMPENSATION

where:
1
4= -

ESfa) Vo

(1 +

32

Vo

)

(see Ref.9).

-

vo - free surface SAW velocity, v,
metallized
surface SAW velocity, AV = vo vm , ~,(s) effective
permittivity function, k = w / vo, (k) gap element
factor (see Ref.7),

-

-

-

To compensate for waveguiding effects we used
the algorithm, outline of which was presented in
Ref.5. Let's introduce the following notation:
f1,f2, ... ,fL dense grid of frequencies,
number of apodized IDT electrodes,
N1
E
[xl
,
x2,...,
xNf] vector of gap positions in
x
apodized IDT,
Dvw, x)
filter frequency response, computed
according to Eqn.1,
Dk(x) E D(2njfk,x) complex amplitude of frequency
response for w = wk = 2 d k ,

-

-

-

-

where:

(4)

j

Z (k)

Cn (Y) =
zn

(k)

Cki (a) =

for y > yn2
for Y < yn2

I

an(y) - charge density on the n-th finger when 1V
potential difference is applied to the IDT,

3)i?D
(k

ax,

- response sensitivity to
x=x

i-th gap position change for @=wk=21Zfk.
For most practical cases lYGl >> IYlll and the
following approximation is justified:

-v,+w12

5,' (k) - conjugate of Zn (k),

The admittance matrix [ Y ] can be expressed as a
sum of contributions from the IDT static capacitances and a motional part [ Pot
] due to the
current induced piezoelectrically by the SAW
(Refs.3,4). Applying the reciprocity relation between SAW launching and reception (Ref.7) and
using Eqns.3,4 we obtained:

It is assumed that before compensation the initial
gap positions in the apodized IDT (xO), the
geometry of the uniform IDT and the values of
desired frequency response (Ik) on the frequency
grid are obtained.
The compensation algorithm has the following
form:
1. Let x := xO,
2. Compute Dk(x) and Ck,{x) for 1 s k s L ; 1 sisN,,
3. If the response is good enough then stop, or if
not, find a complex number a = cx, minimizing
L

the expression: z w k I Dk(d - rJ, l2
k=f

(wk are positive weights),
4. Find the gap position displacement vector:
& = &"minimizing the expression:
2

Nf

kwk
k=f

M

Y2,mOt

= - w& Ep(k)

m

fm2

(x) dx Bm2

Static capacitance of the apodized IDT can be
computed from quasi-static theory assuming infinite
number of the IDT electrodes (Refs.10,ll). We
determined the static capacitance of the uniform
IDT by using the moment method to evaluate the
charge distribution on its electrodes when 1V
potential difference is applied to the IDT.

(a)

* c c k i f ~ ) - % lk I
h

i

i=l

under constraints:
ximi, I
xi + Axi 5 Ximax for 1I i s N1
,x(i
and,,ix
are chosen by the designer, see
the design example in Ref.5),
5. x:=&+&O, go to2.
To minimize the quadratic function in step no.4 the
gradient projection technique combined with
conjugate gradient method is used. The Cki(d
coefficients are determined analytically from Eqn.8.
In step no.2 Dk(d and Cki(d are computed on the
dense grid of frequencies which requires the
amount of computer time roughly proportional to

NS, + NS,. This time is much longer (proportional
to NS, NS2) for the "free diffraction" SAW filter
model~usingparabolic approximation.

These differences are especially large in the low
frequency stopband region adjacent to the
passband. Since the zeroes (traps) of the uniform
IDT appear approx. at 30MHz and 39.5MHz this
transducer does not significantly contribute to the
filter rejection in the above frequency region. The
rejection in the region is practically determined by
the input IDT apodization pattern. After 5 iterations
of the compensation algorithm the theoretical
amplitude response very close to the desired one
was obtained. This response and the experimental
one are shown in Fig.6. The stopband rejection of
the experimental response is much better than the
theoretical one corresponding to the uncompensated design. The discrepancies between the
curves shown in Fig.6 are caused by many
simplifications in the mathematical model of the
filter. Some of these simplifications are: modelling
waveguide modes by a scalar potential, neglecting
the evanescent modes, parabolic approximation of
SAW velocity anisotropy, use of quasi-static
approximation, ignoring bulk waves and direct
breakthrough signal.
Another example concerns two sound filters for
parallel sound applications. In one of the filters
(filter A) waveguiding effects were compensated
according to the described method. In filter B only
diffraction (and end effects in the output IDT) were
compensated for. Parabolic "free diffraction" model
was assumed for this filter and the compensation
algorithm of Ref.5 was used. In both filters the
acoustic apertures, uniform lDTs and the distances
between the transducers are identical. The initial
apodization patterns (xO) and the desired responses (Ik) of the filters were also the same. In
filter B the electromagnetic shield in the form of a
single relatively wide metallic strip was used
(instead of a 13-electrode array applied in filter A)
to impede the propagation of waveguiding modes.
The layout of filter B is shown in Fig.7.

4. EXPERIMENTAL VERIFICATION

The developed compensation method was used to
design many TV-IF SAW filters on 128" YX LiNbO,
substrate. In the examples presented below the
source impedance of 50R and the load impedance
of 2kR in parallel with 3pF were assumed.
Amplitude distortions resulting from the output IDT
response, load impedance and gap element factor
were compensated in the initial stage of the design.
The first example is the video filter for quasilparallel
sound applications. It consists of the apodized IDT,
the uniform one and the shield with 269, 30 and 14
electrodes respectively. The acoustic aperture is
approx. 152. Fig.5 illustrates considerable differences between the desired ideal response and the
response taking into account waveguiding effects
computed before the compensation.
.
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Fig.6. Theoretical and experimental amplitude
responses of the TV-IF video filter

Waveguiding effects in this filter were suppressed
by the application of SAW damping medium (epoxy
resin) to IDT bus bars and adjacent areas (Ref.6).
Screen printing techniques were used to apply the
epoxy resin onto the substrate surface. The
apodized lDTs in the filters contain 263 electrodes

and the uniform ones 38 electrodes. Acoustic
aperture is approx. 11.5A but the apodization
pattern extent in the input lDTs is only approx. 5A
since considerable areas had to be reserved for
acowtic absorber in filter B. The filters' theoretical
amplitude response including waveguiding effects
(before compensation) is shown in Fig.8.

hand the presented waveguiding effects compensation method gives quite satisfactory results.
Contrary to the procedure used to develop filter B it
does not require the precise application of SAW
dampening medium onto the substrate surface.
The method also allows to obtain smaller filter
chips since there is no need to reserve IDT areas
to be covered by SAW absorber.

5. CONCLUSION

25
30
35
40 [MHz]
Fig.8. Theoretical amplitude response of the TV-IF
audio filter with compensated waveguiding
effects (filter A)

A wideband waveguiding effects compensation
method suitable for in-line SAW filters containing
one apodized IDT and one uniform IDT has been
developed. It was shown that the method makes it
possible to compensate efficiently for waveguiding
effects in narrow aperture SAW filters designed on
128" YX LiNb03 substrate. In the investigated case
of the TV-IF sound filter the described method
produced results almost as good as those obtained
by the precise application of SAW absorbing
medium over IDT bus bars and adjacent areas.
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The same figure also illustrates the theoretical
response obtained for filter A after 7 iterations of
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Since last year, we have generated a continuous beam
of cold Cesium atoms. This continuous beam is
extracted from a two-dimensional Magneto-Optical
Trap (2D-MOT) in a standard vapour cell. It has
been generated by launching the atoms from the
2D-MOT either with a 1D moving optical molasses
or a static magnetic field (magneto-optical train) in
the vertical direction. The results will be presented
and analysed. In order to understand these results,
we have proposed some theoretical models : a good
agreement has been shown for the launching with a
moving molasses. In this case mean drift velocities
between 1.9 to 5 m/s and up to lo6 atoms/s in
this beam can be obtained. Launching by a static
magnetic field was similary efficient but exhibits a
double-peaked structure in the velocity distribution
of the launched atoms.
These experiments are a burning issue for the
development of a new design for future atomic
clocks.
Keywords : cesium atoms, atomic frequency
standards, laser cooling and trapping.

The advantages of using cold atoms for primary
frequency standards is now well admitted (Ref.1).
At the present time, most of the research on
frequency stantards are based on pulsed operation.
A continuous beam of cold atoms exhibits some
advantages. First, the average atomic density during
the ballistic flight would be reduced (typically by
a factor of 100). As a result, the collisional shift
(Ref.1) would be reduced by the same proportion.
Secondly, a continuous beam could improve the
frequency short-term stability, which is in the case
of a pulsed operation limited due to the intermittent
generation of an error signal in the servo-loop that
controls the local oscillator (Ref.2). One may also
use the properties of cold atoms to shorten the
interrogation cavity size, while keeping the atomic
clock stability to a level similar to the best cesium
thermal beam frequency standards. It will lead to a
compact and transportable frequency standard.
We expound here the experimental set-up for
trapping the atoms in an anisotropic 2D-MOT. We
consider launching the atoms using two methods :
the moving molasses technique and the magnetooptical train. We present the first experimental
results obtained with a continuous beam of cold
atoms. We finally present the theoretical calcu-

lations of mean Doppler and sub-Doppler forces
applied to the atoms in order to predict the mean
velocity at which the atoms are launched.

Vertical cooling
and launching
laser beams

3,EXPERIMENTAL SET-UP

In an usual MOT trapping and cooling of atoms from
a vapour cell result from the application of three
pairs of counterpropagating light waves emitted by
a laser locked a few MHz below a "cycling" atomic
transition (for Cs : 62S112,F = 4 --+ 62P312, F = 5
transition) and of magnetic field gradients in the region of intersection of the laser beams, which have to
be appropriatly polarized ( a t - a- configuration).
In general the three-dimensional magnetic field gradient along the three axes of the cooling laser beams
is generated by one pair of symmetric magnetic field
coils supplied with opposite currents (anti-Helmholtz
configuration).
Deviating from this set-up in our scheme the trapping process in one direction (Oz) of the MOT is suppressed in order to enable the extraction of atoms in
this direction. For this purpose, we designed a 2DMOT device, in which the magnetic field gradients
in the intersection region are produced by two pairs
of anti-Helmholtz coils as shown in Fig.1. The field
gradients created by each pair of anti-Helmholtz coils
add in the two horizontal directions (Ox and Oy) and
compensate in the Oz-direction, so that the magnetic
field is quasi zero on the Oz axis. For practical reason, we used octogonal coils as show in Fig.1. Finally
no trapping occurs along the vertical axis of the 2DMOT and the cold atoms are allowed to leak from
the intersection region of the laser beam in this direction, while axial cooling in a 1D optical molasses
is still provided.
Because the radiation pressure would disturb the trajectory of atoms on the Oz axis, it is not possible to
use a pair of vertical laser beams for our 2D-MOT.
Instead of this we use two pairs of counterpropagating laser beams of 2.5 mm diameter which makes an
angle of 4 = 14O with the vertical axis ("crossed cooling and launching beams") (Fig.1). The two beams
intersect in the intersection region of the horizontal beams, so that the atoms can be cooled and
launched along the Oz axis, but no Iight appears
along the atomic path. A repumping laser tuned
to the 6'SS1/?,F = 3 + 62P312,F = 4 cesium transition is superposed to the horizontal beams to avoid
the leakage of atoms to the state 62S112, F = 3.

laser beams
~ t o m i beam
c

Figure 1: Experimental set-up.
We use two different techniques for launching
the atoms. The first one consists in submitting
the atoms to a moving laser wave generated by
two counterpropagatin'g progressive waves, whose
frequencies are symmetrically shifted around the
frequency of the horizontal laser beams by fA f .
The atoms are thus cooled in a frame which moves
at the velocity
ijd

XAf
=cos 4

where X is the laser wavelength (Ref.3).
The frequency of the horizontal laser beams is
ajusted to be - 3 r ( r - l is the excited state lifetime)
below the F=4 + F=5 cycling transition, with
the aid of acousto optical modulators. The crossed
launching beams frequencies can be independently
adjusted by means of acousto optical modulators
around the frequency of the horizontal beams.
The second method consists in using a stationnary
laser waves, whose counterpropagative components
are respectivly circulary polarized at and a-,
and applying a static homogeneous magnetic field
along the Oz axis. In this case the magnetic field
along the a+ ( a - ) beam has the same effect on
the evolution of an atom as lowering (raising) the
optical frequency by the Larmor frequency. In our
experiment the stationnary laser wave is provided
by the crossed cooling beams tuned to the same
frequency as the horizontal beams. The magnetic

field is produced by a pair of symmetrical magnetic
field coils (not shown on Fig.1) supplied with
equal currents (Helmholtz configuration), so that
a magnetic field amplitude B, of up to 7 G could
be obtained. The extraction mechanism is also
studied at Observatoire de Neuchbtel (Switzerland)
by Pierre Thomann's group (Ref.4).

PUS

laser

4,EXPERIMENTAL RESULTS
After the trapping and cooling lasers have been
switched on, we trap up to 4 x lo6 atoms, whose
fluorescence is detected by a calibrated photodiode.
If one of the two described launching methods is applied, the atoms are extracted from the 2D-MOT
with a drift velocity vd and fall under the influence
of gravity. They may be detected in a detection region situated 30 cm below the trap center (Fig.2),
where the atoms cross a transverse standing laser
wave tuned to the F = 4 + F = 5 transition.
The experimental curves were obtained using the
procedure described below. For measuring the continuous beam properties, the atoms cross 7 cm below
the trap center a transverse "pushing" laser beam, to
which a part of the repumping laser is superimposed.
To begin with, the pushing laser is injection locked by
the laser diode which provides the horizontal cooling
and trapping beams (-31' below the F = 4 4 F = 5
transition) and it efficently pushes the atoms away.
At t f = 0 we quickly (<< 1 ms) detune the pushing
laser by a current jump, so that the atoms arrive in
the detection zone after a falling time t f (Fig.2).
Fig.3 shows a typical signal for launching with a ID
moving optical molasses with A f = 3 M H t . The
fluorescence is supposed to be proportional to the
number of atoms N arriving in the detection zone at
a certain instant t,. The arrival time of the atoms in
the detection region depends on their inital velocity
distribution in the 2D-MOT along the Oz axis. The
analysis of the launching process gives for the velocity distribution f(v) at the level of the pushing beam:

where g is the gravity acceleration, H the distance
between the pushing beam and the detection beam
and : V ( t j ) the number of detected atoms at a certain
instant t j .

Figure 2: Measurement o f the atomic azial velocity distribution by the time of flight technique.

In order to get the initial velocity distribution
f ( v d ) at the trap level, v has to be replaced by
vd = -(v2 - 2hg)lI2 taking into account the falling
distance h between the trap center and the pushing beam. The such derived velocity distributions
are shown for the two launching methods in Figs.4a
and 4b.
For launching with a 1D moving optical molasses the
initial velocity distributions are well fitted by a gaussian curve for detunings A f ranging between 1 and 4
MHz. In this range the temperatures deduced from
the velocity distribution similar within the error and
are on the order of 1 f 0.5 mK. For largest detunings A f the curve shapes become non-gaussian. We
attribute this to an increasing misalignment of the
crossed launching beams for increasing detunings due
to the deflexion by the acousto optical modulators.
In this case the 1D moving molasses does not cool the
atoms properly. As we measure without any launching a temperature of 45 ph' for the atomic cloud by

Figure 3: Fluorescence signal measured in the detection
region.

0 1 2 3 4 5 6

Dew@)
Figure 4: Velocity distributions f(vd) of the atoms eztracted from the BD-MOT ( a ) by a 1D moving optical
molasses for different detunings Af and (b) b y a static
magnetic field for different magnetic field amplitudes B z .

'

using a conventional time-of-flight technique (Ref.5),
a heating process during the launching is obvious.
A possible reason for this process is that the atoms
when leaving the trap may cross a region, where they
only interact with the horizontal beams. This would
lead to a heating in the vertical direction. Further
experimental investigations to clear up this problem
are in progress. The measured mean drift velocities
f d are shown in Fig.5a as a function of the laser detuning Af. They are in good agreement with the
values calculated by eq.1, which demonstrate the efficiency of the launching process.
By launching with a static magnetic field the velocity distributions (Fig.4b) reveal a double-peaked
structure, which suggests the existence of two
different mean velocities for the atoms. As the
two peaks are not completly resolved, it is difficult
to determine the corresponding mean velocities.
However, their position seems to depend linearly
on the static magnetic field amplitude B, with a
similar slope of 0.41 f 0.08 m/s/G (Fig.5b). The
existence of a double-peaked strucure has already
been experimentally proved in a 1D optical molasses
(Ref.6).
For small values of B, (< 3.1 G) our signal was so
weak that the derivation of a velocity distribution
was not possible because of noise. Our results prove
the existence of a double-peaked structure in the velocity distribution by launching with magnetic field
amplitudes between 3.9 and 7.0 G. The reasons for
the unexpected large velocity distributions may be

1

2

4

1

1

M

Magnetic BY % (G)

Figure 5: Ezperimental and calculated slopes for launching by ( a ) a 1D moving molasses and (b) b y a magnetooptical train.

the same as for the high temperatures obtained by
launching with a 1D moving molasses (see above),
and its explanation needs further experimental
studies. A better resolution of the two peaks would
make it possible to determine the slopes more safely.
5.THEORETICAL CALCULATIONS

In order to explain these experimental results, we
have developped a theoretical model using a F = 1 +
F = 2 transition system, but with the Cs Land6 factors. This is the simplest atomic system if we want to
observe the effects of Doppler and sub-Doppler cooling with circulary polarized light. We remind that
sub-Doppler laser cooling appears when the light polarization varies and when the atoms exhibit a multilevel scheme for the ground level. This configuration
allows us to achieve lower temperatures, well below
the Doppler limit ( N 125 ph' for Cs).
For our calculations, we first assume that the laser
beams used for launching are vertically directed (not
crossed as for the experiments). We also neglect the
effect of the horizontal laser beams as photon recombination. So we present a simple 1D model along the
Oz axis, defined as the quantization axis. We calculate the mean force versus the atomic velocity for the
two launching techniques (Figs.6a and 6b). We cannot foresee the temperature from these curves but
only the velocities at which the atoms are launched.
For the experimental parameters, detuning b = -31'
and intensity per beam lo = 5 mW/cm2, the saturation parameter is well below the unity. So low

To conclude, we succeded in the generation of
a continuous beam of cold atoms using a 2DMOT and two different extraction mechanisms. At
launching velocities of a few m/s we obtained up to
l o 6 atoms/s in our beam. Our results suggest that
launching with a 1D moving optical molasses is more
promising than lauching with a static magnetic field,
where the involved processes are more complex and
lead to larger velocity distributions. Our source of a
continuous beam of cold atoms may be an extremly
valuable tool for atomic frequency standard.
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Figure 6: ~ a l c u l a t e dmean forces for launching ( a ) b y a
iD moving molasses for ditferent detunings Af and ( b )
b y a magneto-optical train f o r different static magnetic
field amplitudes B,.

intensity approximation can be used to calculate the
forces. In our model, we assume that b = -3I' and
the saturation parameter so = 1.
In the case of ID moving optical molasses, the force
becomes once zero for velocities different of zero.
These velocity values depend linearly (Fig.5a) on the
frequency detunings A f . We clearly obtain only one
velocity distribution because the Doppler and the
sub-Doppler forces cancel out for the same velocity.
There is a good agreement between the eq.1, the
experimental results and these force calculations.
In the case of the magneto-optical train, the calculation results are very different (Fig.6b). For
small magnetic field amplitudes (B, < 3.9 G), there
is a single peak structure due to launching by a
sub-Doppler mechanism (only the sub-Doppler force
cancels out). The drift velocity is proportional
to the Larmor frequency of the ground state and
the calculated slope is about 0.30 m/s/G (Fig.6b).
In an intermediate range (3.9 < B, < 10 G),
a double-peak structure appears, for which the
second peak is due to launching by a Doppler
mechanism. For the second peak, the drift velocity is proportional to the Larmor frequency
of the excited state and the calculated slope is
about 0.48 m/s/G. Finally, for large B, (> 10 G)
only the latter peak remains. The slope values are
in agreement with the ones presented in Refs.7 and 8.
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ABSTRACT
Starting from a two-dimensional magneto-optical
trap where Cesium atoms are permanently subjected
to 3D sub-Doppler cooling and 2D magneto-optical
trapping, we have produced a beam of cold atoms
continuously extracted along the trap axis free of
magnetic gradient. The simplest extraction mechanism, presently used, is the drift velocity induced
by a constant magnetic field along the neutral axis
of the trap.
We have used this continuous beam of atoms to
produce Ramsey fringes in a traditional microwave
cavity. The fringes are detected optically by the
fluorescence from the atoms'falling through a probe
beam. This is the first demonstration of an atomic
resonator operating continuously with laser cooled
atoms. The flux density is l o 4 atoms s-' mm-2.
Preliminary analysis of the Ramsey fringes is consistent with a sub-Doppler temperature in the atomic
beam.

Keywords: atomic clock, laser cooling of atoms,
continuous beam, Ramsey fringes

1

INTRODUCTION

Cold atoms are expected to bring considerable improvements in the accuracy and short-term stability of atomic frequency standards. In primary standards, 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 realised Cesium standards,
the cooling and trapping laser beams are periodically
shut off to allow launching of the cold cloud 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 consists in extracting atoms continuously from the trap [2]. Continuous extraction differs
from pulsed extraction in several respects. While the
resonator line Q is potentially lower in a continuous
beam setup than in a fountain with the same size of

the microwave interaction region, the average atomic
density in a continuous beam is lower than in a fountain with the same average atomic flux by a factor
equal to the inverse of the duty cycle in pulsed operation, typically 100. This is of interest since the
collisional shift [I, 31 is reduced in the same proportion. Moreover, the continuous operation suppresses
the short-term stability limitation 14, 51 which arises
in a pulsed resonator from the intermittent presence
of atoms in the microwave interaction region.
In this paper, we describe an atomic resonator
using a continuous beam of Cesium atoms at subDoppler temperature to produce Ramsey fringes.
The experimental setup is briefly outlined in section
2. Section 3 contains experimental results on the
three following aspects:
1. Drift velocities induced in a 2D magneto-optical
trap (MOT) by a homogeneous magnetic field.
Three classes of atoms, with drift velocities centered at vd = 0, 2.2 and 4.4 mm s-l pT-I
are identified by their time-of-flight (TOF) spectra, the last one appearing only at high field
(B, > 100pT). All three velocity groups are
characterized by sub-Doppler temperatures.
2. Production of a continuous beam of atoms,
whose intensity is strongly correlated with that
of the highest velocity group in TOF measurements.

3. Generation of Ramsey fringes in a short cavity. On the basis of these preliminary measurements, the temperature of the atomic beam is
found to be in the sub-Doppler range. The shotnoise-limited stability of the resonator is estimated from the measured beam flux and resonance linewidth.
Section 4 concludes by pointing to possible improvements that will allow a short-term stability in the
low 10-13 7-lI2 range.
2

EXPERIMENTAL SETUP

We distinguish two parts in our vacuum system (figure 1): the top part, filled with a Cesium vapor at

room temperature (some
mbar) where atoms
are cooled and trapped in a magneto-optical trap,
and the bottom part where we interrogate cold Cesium atoms. The two parts are connected by a hollow cylinder of graphite, which acts as a getter for
thermal Cesium atoms.
Our MOT uses three retroreflected cooling beams
locked 2.5r (I' is the natural width) below the
IF = 4) + IF' = 5) transition and circularly polarized according to MOT requirements. Two of those
propagate in the Oyz-plane at 45O with respect to
the vertical direction. The third cooling beam is
parallel to the Ox-axis. Each cooling beam has a
power of about 20 mW and a diameter at l/e of 18
mm. An additional repumping beam locked to the
IF = 3) + IF' = 4 ) transition (not retroreflected) is
superimposed to the Ox-beams.
To avoid trapping in the vertical direction we use
an anisotropic magnetic gradient produced by four
straight and vertical copper wires (up to 0.125 T/m).
With this MOT configuration we get a trapping in
the horizontal plane (Oxy) and a molasses vertically
(Oz). The required compensation fields (Ox, Oy)
and extraction field ( 0 2 ) are produced by three sets
of Helmholtz coils.
Atoms falling from the trap pass through a Ramsey cavity placed vertically 200 mm below. This
cavity, only 130 mm long, is surrounded by a Cmagnetic field winding and two magnetic shields. To
detect atoms after the cavity, we use a probe beam
locked either to the ( F = 4) + IF' = 5) or to the
IF = 3) + IF' = 2) transition and measure the perpendicular fluorescence.
3

EXPERIMENTAL RESULTS

Figure 1: Continuous beam Cesium resonator. 1:
static magnetic field; 2: 2D magnetic gradient;
3: cooling beams (Ox and repumping beams not
shown); 4: thermal Cesium getter; 5: Ramsey cavity;
6: probe beam.

Cold atoms in anisotropic trap With respect
to our previous MOT [6], we have improved several
features: firstly we have increased the beam diameter and improved the homogeneity of the cooling
beams. That leads first of all to a smoother shape of
the cold atoms cloud (figure 2). Typical dimensions
of the cloud are 30 mm long by 2 mm in diameter.
Measured by the TOF technique, the temperature
is about 25 pK for laser parameters optimizing the
number of trapped atoms. For comparison, the temperature in a 3D trap with the same operating parameters is typically 50 pK.
Atomic drift in a magnetic field When a static
magnetic field is applied during the cooling and trapping process, atoms thermalize around a drift velocity v d # 0. The drift velocity is measured by the
TOF technique 390 mm below the trap location. An
evolution of TOF versus magnetic field B, along Oz
is shown in figure 3.

Figure 2: Cold atoms cloud in the anisotropic trap.
(length: 30 mm)

At zero field the TOF looks very symmetric centered at 281 ms, corresponding to vd = 0. By increasing the magnetic field we notice two important
features : on the one hand a three-peaked velocity
distribution appears, point on which we will come
back later. On the other hand the signal decreases
drastically between 0 and 100 p T (notice vertical
scales in figure 3). A possible explanation of this
loss of fluorescence signal could be a residual perpendicular drift velocity imparted to atoms leaving
the trap when a magnetic field is applied.
An important improvement in the present experimental setup is a significant reduction of the thermal
Cesium background in the detection zone. This allows to study weak TOF signals, especially in high
magnetic fields. Indeed, over 100 pT, we clearly distinguish three peaks with different drift velocities:
a weak peak always appearing after the same time
as without magnetic field and two other peaks with
drift velocities depending linearly on the magnetic
field. It is interesting to notice that the integral of
the total TOF profile, which measures the number
of atoms detected, remains approximately constant
above 100 pT. On the other hand, the proportion of
the faster atoms increases with magnetic field. Over
200 p T only the fastest peak remains and we begin
to see different DC levels before and after this peak.
We will show further that this fact proves the existence of a continuous beam of cold atoms. The onset
of the continuous beam coincides with the transition
to the single-peak TOF profile where only the fastest
atoms contribute. The widths of the TOF peaks provide an estimate of the longitudinal temperature according to the following relation, which depends on
the initial velocity vd:

where Atllz is the TOF FWHM, m is the atomic
mass, g is the gravitational acceleration, kB is the
Boltzmann constant and H is the falling height. All
temperatures measured in these TOF spectra are
sub-Doppler .
On figure 4 we have plotted the mean velocities
of different peaks versus static magnetic field. As already pointed out, a small fraction of atoms does not
undergo drift velocity. We explain this zero velocity
peak by local potential wells in the vertical direction
due to our 45O cooling lasers configuration. The second peak of TOF spectra, which dominates at low
magnetic field (up to 100 pT) shows a drift velocity of 2.2 mm s-l pTml. The 2D quantum model
of Castin [7], which takes into account 45' configuration and is valid at low magnetic field, agrees well

0.15
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0.3

0.35

Time of flight [s]

Figure 3: TOF spectra evolution us. magnetic field.
1: B, = 0 pT, scale 1:25; 2: 60 pT, 1:5; 3: 120 pT,
1:l; 4: 180 pT, 1:l; 5: 260 pT, 1:l.

Static magnetic field [KT]

Figure 4: Drift velocities of figure 3 us. magnetic
field. Right peak is static, middle peak is drift at 2.2
mm s-' pT-I and left peak is launched at 4.4 mm
s-l pT-'.
with our experiment (2.1 mm s-l /.AT-'). Concerning the fastest peak, which is mostly responsible for
the presence of the continuous beam, we measure a
linear dependance with magnetic field of 4.4 mm s-l
pT-', which is as yet not fully explained.
Continuous beam As already mentioned above,
the static magnetic field provides a tool for the production of a cold atoms continuous beam. Figure 5
shows the fluorescent intensity transients from atoms
crossing the probe beam (tuned to the IF = 4) +
IF' = 5) transition) when the cooling lasers are shut
off during 200 ms.
Before the TOF signal occurs (part 1 and 2), we
detect different fluorescence levels depending on cooling lasers state. Indeed, by switching off the cooling
light at t = 0, we reduce the depumping effect from
the trap both on the continuous beam and on the
thermal Cesium background, which results in an in-

Time of flight [s]

Figure 5: Continuous beam with a static magnetic
field. The residual T O F signal occurs in 3 and the
continuous beam intensity is the difference between
1 and 4.
crease of the fluorescence signal. In part 3 we observe
the residual T O F signal 180 ms after light cut. This
signal is due to atoms still in the trap when the cooling lasers are shut off. When we switch on the cooling
lasers again in part 4, it takes the same 180 ms to
see a step increase of the fluorescence signal. This increase is evidence of Cesium atoms being extracted
continuously and reaching the probe beam from that
time. The continuous beam intensity is measured by
the difference of DC levels between parts 1 and 4.
We estimate the atomic flux density to be about l o 4
atoms s-l mm-2. Notice also on this graph that the
rise time of the continuous beam does not give any
information about the longitudinal velocity distribution of the beam, but rather reflects the loading time
of the trap.
Ramsey fringes We use an E-bend Ramsey cavity with a free precession length of 130 mm. Our
goal is not for the moment to get the most precise
and stable frequency standard, but only to show the
ability of our cold atoms continuous beam to provide
an atomic resonance signal. As the continuous fluorescence signal is very weak, we modulate the RFpower sinusoidally at 3 Hz and detect synchronously
the fluorescence.
Figure 6 shows Ramsey fringes produced with
a continuous beam of cold Cesium atoms. These
fringes are obtained with the first optimal RF-power,
which means an almost total n-pulse in the cavity at
zero detuning. The total pulse is not exactly T , because the RF-power is modulated. The FWHM is
10 Hz, in agreement with the calculated width. This
power only allows to distinguish nine fringes. Over
200 Hz detuning, the fringe contrast becomes too
weak, because of the Rabi envelope behaviour.
In order to enhance the fringe contrast at high
detuning, we repeat this measure with an approx-
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Figure 6: Ramsey fringes for the fisrt optimal RFpower. Measured and calculated FWHM: 10 Hz.
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Figure 7: Ramsey fringes for the second optimal RFpower.
imately 3n-pulse (figure 7). We observe two types
of contrast reduction: at low and at high detuning.
The idea is to use these losses of contrast to get information about the velocity distribution in the beam
along the vertical direction.
To explicit these contrast reductions we calculate
steady-state Ramsey fringes. The RF-power modulation, necessary for synchronous detection, only
affects the relative amplitude of the fringes below
200 Hz detuning. To account for the observed contrast reduction of fringes around 300 Hz detuning,
we consider a Gaussian velocity distribution in the
beam. Moreover, we take into account different interaction times in the cavity due to the gravitational
acceleration (difference: 16%). Figure 8 shows theoretical Ramsey fringes calculated under the above
assumptions and for a 3n-pulse. We observe a reduction of contrast at high detuning well understood by
destructive interferences of different atomic velocity
classes. At low detuning, the velocity distribution
of atoms has, as expected, nearly no influence. The

For the future, we plan to test potentially more
efficient extraction mechanisms like the moving molasses and the dark channel. In addition, transverse
cooling may prove useful to reduce the beam divergence and thus to further increase the beam flux. In
parallel, use of a longer cavity to improve the atomic
quality factor by 3 will allow a stability in the low
10-13 r - l I 2 range.
ACKNOWLEDGEMENT
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Figure 8: Ramsey fringes calculated for a 3n-pulse
and using a longitudinal velocity distribution.
(T 5 100pK)
criterion that fixes the velocity distribution width is
based on an equivalent fringe contrast around 300
Hz detuning with respect to experiment (figure 7).
80 mm/s,
We obtain a satisfactory fit with a v,,
which means a longitudinal temperature below 100
pK (sub-Doppler regime).

<

Resonator characteristics The magnetic field
along Oz that optimizes the continuous beam intensity is about 300 pT. Atoms leave the trap with
an initial velocity of 1.25 m/s and reach 2.6 m/s in
the middle of the Ramsey cavity. Thus the effective atomic transit time is 50 ms. The estimated
relative spread of longitudinal velocities in the continuous beam is 3%.
As already mentioned above, the total flux density is about l o 4 atoms s-' mm-2 including all Zeeman sublevels m F (-3, . . . ,3). The useful flux of
m F = 0 atoms (Ramsey fringes) is in good agreement with 117 of the total intensity of the continuous beam. Because of our short Ramsey cavity, the
present fringes width of 10 Hz leads to an atomic
quality factor Q m lo9. So the theoretical stability
a y ( r )of our resonator, if only limited by the atomic
shot-noise, is 7 . 10-l2 T - ~ I ~ .
4

CONCLUSION A N D PERSPECTIVES

We have shown in this paper the first results dealing
with a sub-Doppler continuous beam. As extraction
mechanism we have used a static magnetic field. As
experimentally simple as it may be, this mechanism
allows to extract continuously cold atoms from a
magneto-optical trap. We have then used this continuous beam to get an atomic resonance signal (Ramsey fringes) as an alternative to the atomic fountain.
These first results open the way to the development
of a continuous beam frequency standard.

The authors wish to thank Y. Castin for the numerical computations he made for them. This work was
supported by the Federal Office of Metrology and by
the Swiss National Science Foundation.
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1. ABSTRACT

3. THE CS FOUNTAIN AT NRLM

The National Research Laboratory of Metrology is
developing an atomic Cs fountain frequency standard. An
experimental apparatus, useful to perform basic experiments
on cooling and launching of Cs atoms, was realized.
In the past years we proposed a multipulse scheme and
showed the feasibility of the reduction of some frequency
inaccuracies (Ref. 1) due to collisional frequency shift and the
down conversion of the local oscillator noise.
To improve the laser beam quality, the MOT characteristics
and the long term stability we realized a new optical set-up
which will be an important part of the standard under
development. The technical solutions adopted in the Cs
atomic fountain standard and the related experiments on the
cold atomic source are reported in this paper.

NRLM planned to build a fountain frequency standard
operating beside the optically pumped Cs clock which was
realized in the late 80's (Ref. 6,7, 8). Many papers have been
already published (Ref. 1, 9, 10) and some basic experiments
have been carried out to evaluate the feasibility and the
performances of this new standard.
In fig.1 a rough set-up for the experimental apparatus is
sketched out. Six independent laser beams, tuned to the red
of the (F=4-F'=5) cycling transition, are introduced in the
loading part of the vacuum chamber for trapping and cooling
of the Cs atoms.
I

i

Keywordr: laser system, cold atoms, Csfountain.

2. INTRODUCTION
In the recent years the laser cooling and trapping of neutral
atoms allowed a set of new apparatus for basic experiments
in physics and spectroscopic fields (Ref. 2). Particularly the
frequency and time community took advantage of these
methods which seem necessary to overcome some
inaccuracies in the traditional atomic Cs beam standard.
With the aim of a reduction of some causes of inaccuracies
new technical solutions were adopted in many primary
frequency standards (Ref 3, 4) but at this moment the
Zacharias idea of the atomic fountain seems the best solution
to achieve an accuracy budget in the low lo-'' because of the
characteristics which distinguishes this type of standard.
Among these the long interaction time, the monokinetic
velocity of the atoms and the intrinsic reduction of the cavity
related shift are relevant benchmarks.
On the contrary the complexity of the Cs standards using the
fountains scheme is increased of almost an order of
magnitude because of the large number of lasers necessary to
trap, pump and probe the Cs atoms. Consequently the
performances of the laser system is crucial because the cold
atomic source is strongly correlated to many parameters of
the laser set-up.
Actually many laboratories are involved in the project of Cs
fountain apparatus and a set of new solutions were proposed
to overcome some sources of inaccuracies. Finally the LPTF
laboratory already carried out many remarkable results on the
fountain ftequency standard and the preliminary evaluation
of the operating standard reported an accuracy of the order of
few parts in 1 ~(Ref.
' 5).
~
'G A.CoSTanznis a member of Lar.c.a. -Dip. ElsttrO~~a.
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Fig. 1 : Scheme of the Cs fountain at NRLM (horizontal
beams orthogonal to the MOT coils are not shown).
The quadrupole magnetic field, useful for magneto-optical
trapping, is generated by two anti-Helmholtz coils wound
around the vacuum conflat flanges in the loading zone which
is surrounded by a magnetic shield.

The horizontal beams are orthogonal to the Helmholtz coils
plane whereas the vertical ones have an inclination of 45'. In
this manner it is possible to introduce the vertical beams
without the spatial reduction due to the passing holes in the
end caps of the microwave cavity.
An additional laser beam, which is frequency locked on the
(F=3-F'=4) transition, is then used to repump the atoms from
the F=3 level.
The 3D ot o-MOT method is used to trap the atoms in the
bottom part of the vacuum chamber connected through a
valve to a Cs reservoir at the laboratory temperature.
After the launching sequence, which is performed with the
moving molasses technique with a few millisecond post
cooling period, the Cs atoms interact with the microwave
frequency in the cylindrical copper cavity which resonates in
the TEol mode.
Thanks to their parabolic flight the atoms pass twice in the
microwave cavity performing the two separate oscillatory
field Ramsey resonance method. After that the atoms are
detected by fluorescence using a probe laser, tuned on the
(F=4-F'=5) cycling transition, and a light collection mirrors
with an efficiency of several tens percent.
During the past years a couple of experiments have been
realized using this apparatus with the purpose to increase the
background knowledge towards this new standards.
During the first experiments the amplitude fluctuations of the
lasers intensity and the beams positions were the main source
of instabilities in the cold atomic source for the apparatus.
To overcome these problems we projected and realized a new
optical set-up also with the aim to obtain a handling and
modular structure which will permit an easier and faster
maintenance of the final standard as delineated in the
following paragraph.

-

In the Cs fountains the laser system is an important part
which has a remarkable complexity compared to the scheme
used in the optically pumped Cs beam frequency standards.
To develop the optical set-up it is necessary to mind many
parameters to achieve the goal of a highly stable trapped cold
atoms. Frequency stability, beam intensity, beam quality,
good flexibility in the tuning of the AOM devices are
essential.
Nowadays semiconductor lasers in the near infrared region is
a useful tool in the Cs spectroscopy. Extended cavity laser
diodes are commonly used and commercial products are also
available. Nevertheless the provided power is not exceeding
several milliwatt.
An efficient solution (Ref. 11, 12) at this problem is achieved
with the master-laser configuration which transfers the
spectral purity of a low power stabilized master laser (ML) to
the higher power of the slave injected laser (SL). For this
purpose only several microwatt of the ML are necessary and,
moreover, no servo electronics.
In Fig. 2 the new optical set-up for the Cs fountain is roughly
depicted. In this scheme a commercially available diode laser
system mounted in Littman-Metcalf configuration is locked
on the crossover resonance between the (F4-F'=5) and
(F=4-F'4) lines using the saturated absorption spectrum of a
Cs cell which is surrounded by a magnetic shield to prevent
the frequency instabilities due to the variations of the
magnetic field in the laboratory environment. Few percent of

the total power of the laser beam is inserted in an electrooptical modulator driven by a 30 MHz synthesizer.
In this manner the common FM sideband method is applied
without the modulation of the diode laser current which
introduce detrimental sidebands in the main beam. The
saturated absorption signal is then detected by a PIN
photodiode and subsequently demodulated in order to get the
error signal which is used to control the laser current and the
PZT voltage by the loop filter.
From the analysis of the Fourier Transform of the error signal
in closed loop conditions it is possible to assume a value of
several kHz for the laser linewidth which is dominated by the
low frequency jitter due to the sensitivity of the extended
cavity to the mechanical vibrations.
To the
optically
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Cs beam
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Fig.2 : The optical set-up for the Cs fountain (the dashed area
shows one of the three injected slave lasers).
I

Afterwards the main power of the master laser is coupled into
a single mode fiber and then splitted into two parts: one is
used for the NRLM optically pumped Cs beam frequency
standard and the other one for the fountain apparatus.
Each fiber provides about 1.5 mW useful to lock another
laser (OLL).The offset frequency is about 125 MHz and it is
accurately tuned by referring to the maximum fluorescence
signal from the detection of the atomic Cs beam in the
optically pumped Cs standard. The beat note between the ML

and the OLL is detected by an avalanche photodiode and
then is fed in an AC coupled amplifier.
After a prescaling of the IF by a digital divider by 10 the
signal is inserted in a digital phase and frequency
discriminator (PFD) (Ref. 13, 14) which ensures a reliable
lock for long time but showing a high sensitivity to the
acoustic noise picked-up from the optical table. The output of
the PFD is splitted in a fast component which control the
laser current and a slow component for long term
stabilization by the PZT voltage input of the extended cavity
laser.
Fig. 3 shows the beat note between the ML and the offset
locked laser: the signal to noise ratio is of the order of 30 dB
in a bandwidth of the spectrum analyzer of 10 H z . Thus the
main power of the OLL is firstly up-shifted of (2x75)MHz
using an AOM in double pass configuration and cat's eye
combination and finally is injected in a single mode laser
amplifier (ILA) with a CW power of 150 mW.

-

CENTER FREQUENCY 125MEz
SPAN=I~,RBW=IOKHz

Fig. 3 : Beat note between the master laser and the offset
locked laser in closed loop condition.
To monitor the laser spectrum we used a scanning FabryPerot interferometer with a full spectral range of 2 GHz. The
injection beam (P=2mW) is aligned in the laser amplifier
and, with the purpose to optimize the locking bandwidth, we
measured the induced photocurrent when the ILA was
switched off.
In this simple manner the maximum induced photocurrent is
about 400 fl and it is possible coarsely evaluate the amount
of the total injected power which js of the order of 400yW in
the hypothesis of unitary quantum efficiency. A nearly
optimum mode matching is performed by the temperature
setting of the Peltier cooling element in the laser package.
Because during the launching sequence the OLL frequency
undergoes a large frequency shift, the efficiency of the AOM
and, consequently, the power useful to inject the ILA is
decreased. Following that we drove the ILA at lower power
with the aim to obtain the highest locking bandwidth for this
laser.
When the ILA power is about 20 mW and the injected power
is several hundreds of microwatt, we obtained about 10 GHz
of locking bandwidth which ensures a good and robust
stabilization for long term operation and still when we
produce a frequency shift of the order of 10-15 MHz from the
operating frequency (75 MHz) of the AOM.
Finally we coupled the L A in a singlemode fiber which
distributes the power to three independent slave lasers. Each
beam coming up from the fiber is collimated by a grin lens
and then injected in the SL. The three SLs emit about
150mW with a locking bandwidth of more than 2 GHz. The
main laser power is splitted into two parts and each one

undergoes a negative frequency shift using AOM in double
pass configuration. Finally the laser beam is fed in an optical
fiber. An half wave plate is used before the fiber aligner to
accurately match the laser beam polarization with the
polarization axis of the fiber.
After the beam expander the beam intensity has a fill
gaussian shape with a diameter of 30 mm (l/e2 points). A
quarter wave plate is placed close to the fiber output to
achieve the desired a+or dpolarization.
All the AOMs are driven by independent direct digital
synthesizers (DDS) which frequencies are set by remote
control with a computer. The output of each DDS is fed in a
RF power amplifier to achieve the 1W power level necessary
to properly drive the AOM.
For the fluorescence detection we used a DBR laser which is
stabilized by injection locking using few percent of the OLL
power. The DBR laser beam is then coupled in a optical
fiber and used as probe in the detection zone of the fountain
apparatus.
In this scheme problems are the long term instabilities of the
laser power and the poor fiber coupling efficiency (about
30%). The former is mainly ascribed to the beam drift when
the temperature variations slightly change the relative
positions of the optical components.
Furthermore the coupling efficiency to the fiber is strongly
correlated to the beam positions. Even if we used a double
pass configuration for the AOM devices the laser beam
intensities still showed a sensitivity to the operating RF
frequencies driving the AOM.
Fig. 4 shows the laser intensities variations at the fibers
output when the frequencies of the AOM devices are swept
with a span of 10MHz: only the laser beam #4 shows a
symmetric and bandpass-like characteristic unlike the beams
#3 and #6.
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Fig. 4 : Laser beam intensity when AOM frequency is swept
around the 85 MHz working point (for an easier caption only
3 of the 6 laser beams characteristics are shown).
In order to get more stable laser beam conditions we
stabilized the power at the exit of the fibers controlling the
RF power driving the AOM devices.
For this purpose we used optical beam samplers placed in
front of the end of each fiber. A relatively low percentage of
the laser power is detected by a photodiode and then fed in a
control loop filter u s e l l for the long term stabilization of the
laser power.
This solution ensure a constant level of the laser power even
if the AOM devices are tuned at different frequencies during
the launching sequence. With the active control it is also
possible to reduce the amplitude noise which is induced

when the optical fibers undergoes some unwanted micro
bend.
5.EXPERIMENTA.L RESULTS
ON THE COLD ATOMIC SOURCE
With the optical set-up described in the previous chapter we
performed some basic experiments with the aim to investigate
on the performances of this new laser system which will be
used for the fountain standard apparatus.
Firstly by a CCD camera we observed the characteristics of
the 3D o+ 6 MOT: about 10'-10' atoms are trapped when
the six laser beams intensities are of the order of 2 m ~ l c m ~
and the laser frequency detuning is -20MHz. A stable shape
of the atomic cloud is kept for long time.
Then the time of flight (TOF) method was used to measure
the molasses temperature: after a 200ms loading time the
MOT coils are switched off in few milliseconds and the
molasses are further cooled by decreasing the intensity of the
trapping beams to a value of about 0 . 3 r n ~ / c m ~and
increasing the detuning. This cooling period can be adjusted
by computer in order to get the best TOF signal. In this
manner a final temperature of several microkelvin can be
achieved.
After the ballistic flight the cold Cs atoms are detected in the
lower part of the vacuum chamber (not shown in Fig.1)
where a wide area photodiode collects the fluorescence signal
obtained when the probe laser excites the (F=4-F'=5) cycling
transition. A diaphragm is used to reduce the laser beam sue
to 2mm.
When the laser detuning is about -20MHz the detected TOE
signal has a S/N of 65dB (1Hz of bandwidth) limited by the
electronic noise and the scattered light. From integration of
the TOF signal still the number of detected atoms is
consistent with the number roughly evaluated from the MOT
observation by CCD camera.
Moreover we can detect pure Cs molasses directly trapped
with MOT coils switched off. In this case the number of
loaded atoms is about ten times lower.
With this simple experiment it is possible to measure the
molasses temperature by comparisons of the spread of the
TOF signal with the related temperature of a maxwellian
velocity distribution which best fits the TOF signal.
Fig. 5 shows the results obtained from these measurements at
different laser frequencies detuning and laser beam intensities
used during the cooling phase occurring after the MOT coils
are switched off.

-

In Fig. 5 the TOF broadening due to the geometrical size of
the probe laser and molasses is not removed and it limits the
resolution of the measurement. As expected the molasses
temperatures decrease with the laser detuning and the
intensities of the lasers beams during the cooling phase. A
saturation level of a couple of microkelvin is achieved for
detuning larger than -20MHz.
Finally the TOF signal can be used to check the stability of
the cold atomic source which is strongly related to the laser
beams parameters (intensity, frequency stability, frequency
detuning).
When laser power at the output of the fibers is not stabilized
the fluctuations of the TOF signal are of the order of 10%
peak to peak. Moreover we noticed an evident jitter of the
arrival time of the molasses clouds.
These instabilities are notably reduced when the laser power
control loop is operating: the fluctuations of the TOF signal
become not exceeding 1% peak to peak even for long
measurement time.
At this moment this value is probably limited by the
fluctuations of background stray atoms and the Cs partial
vapour pressure which change the trapping esciency and
affect the ballistic flight of the cold Cs atomic source.
6. SUMMARY

In this paper we presented the new optical set-up which will
be used in the Cs fountain frequency standard at the National
Research Laboratory of Metrology (Japan).
The high complexity of the lasers system was analyzed and
we described some technical solutions as the offset locking
and the injection locking of lasers. Moreover we used optical
fibers for laser beam distribution in order to reduce the
position fluctuations of the lasers beams. The main goal was
to obtain a better lasers configuration which is necessary to
increase the efficiency and the stability of the cold Cs atomic
source.
With the aim to investigate and confirm the performances of
this new optical set-up we also showed basic experimental
results concerning the temperature measurements of the
molasses by time of flight method. Finally the improved
stability of the cold atomic source was here reported.
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3. COOLING IN ISOTROPIC LIGHT
EXPERIMENTAL SET-UP

1. ABSTRACT
W e present a new 3 dimensional cooling
configuration with isotropic light. We demonstrate that
this ,cooling technique is very efficient and easy to
operate. Various simple clocks configurations using a
source of atoms cooled in isotropic light are described.
Keywords : Cold cesium clocks, miniature clocks

2.

The experimental set-up is depicted in Figure 1.
The cesium atoms are contained in a pyrex cell
(diameter = 4 cm). The isotropic light is created in an
integrating sphere (diameter = 3 inches) made with
SPECTRALON (produced by Labsphere). This Spectralon
material exhibits a perfect Lambertian diffusion function
and reflects more than 99% of the incident light at the
considered wavelength h = 852 nm.

INTRODUCTION

The use of cold atoms has already demonstrated
the great potentiality to improve both frequency stability
and accuracy of frequency standards. At the present time,
all the realizations are primary standards mainly based on
the fountain principle. Such a device has been shown to
exhibit high frequency performances. Primary standards
using cold atoms will be obviously of great importance for
high precision metrology and for precise tests in
fundamental physics. Nevertheless, at the present time,
the users of atomic clocks are generally satisfied by the
frequency performances of existing clocks but they wish a
reduction of the size of these clocks without any
degradation of their performances.

I

PIGTAILED

The use of cold atoms is an answer to that wish.
As a matter of fact, a common reduction - by the same
factor - of the atomic velocity and of the microwave
interaction length leads to the same interrogation time.
The performances are expected to be roughly unchanged
whereas the volume of the clock is reduced. But radiative
cooling techniques will only become very attractive for
the design of portable clocks when their operation will be
easy. Unfortunately, the good operation of the existing
generation of cold atoms clocks requires a great number of
optical components for the control of the laser parameters
(frequency, polarization, etc ...). Moreover, a precise
alignment of the different cooling laser beams is needed
and mechanical misalignments may prevent from a long
term reliable operation of such clocks.
We propose a new cooling configuration with
isotropic light which has been demonstrated to be efficient
and easy to operate. In section 3, we describe the
experimental set-up and compare in section 4 the
performances of this new cooling scheme to those
obtained with the conventional cooling using collimated
laser beams. First experimental results obtained on a
preliminary prototype are shown in section 5. We present
in section 6 two kinds of clock designs using a source of
atoms cooled in isotropic light. The corresponding
realizations should be very compact and should lead to
high frequency performances, in the 10'15 level for
applications on Earth and in the 10-16 level for space
ones.
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Fig. 1

Experimental set-up

The laser light is injected inside the integrated
sphere with 14 multimode fibers ( 50 / 125 pm )
symmetrically disposed around the sphere. This number
corresponds to fiber positions every 60" along the latitude
and the longitude. These fibers are connected to a 1 x 16
Coming multimode coupler. The fifteenth output fiber
allows the measurement of the power of the coupled laser
light. For alignment purpose, a laser beam, issued from a
pigtailed laser diode connected to the sixteenth output
fiber, emerges from the input fiber. The superposition of

the cooling laser beams on this alignment beam allows
easy and rapid settings of the lens which couples the light
into the input fiber.
The cooling light comes from a SDL laser diode
which delivers about 100 mW and which is spectrally
purified with an injection locking technique. The master
laser is a SC extended cavity laser. Its cavity exhibits high
mechanical stability thanks to self-alignment techniques
(1). Its frequency f~ is tuned below the resonance frequency
fo of the 4+ 5 transition of the cesium D2 line. The
pumping laser, tuned to the 3 + 4 transition, avoids the
trapping of the atoms in the F=3 fundamental state. About
30 mW cooling light and 1mW pumping light are injected
in the integrating sphere.
No acousto-optical modulator is used. The
cooling laser frequency is locked on the frequency of the
saturated absorption signal for the 4 + 5 transition. The
resonance of the absorbing atoms is shifted by Zeeman
effect. The frequency detuning is then simply controlled by
adjusting the magnitude of the applied static magnetic
field.
F o r temperature measurements o r clock
operation, it is imperative to switch off the cooling and
pumping lights with a high efficiency. For this purpose,
we used two pigtailed switches in series with a global
extinction ratio of 60 dB. The switching duration is about
1 ms.
Two probe laser beams are used (see Figure 1). We
may observe the linear absorption of the PLl laser beam to
detect the presence of cold atoms inside the cell. The PL2
laser beam is used for measuring the cold atoms
temperature with a time of flight technique (see section 5).
We have tested two kinds of pyrex cell. The first
one has been frosted in order to avoid spurious specular
light reflections at its surface. The second one was not
frosted but we deposit on its inner surface a dry film made
with OTS (2) in order to prevent the sticking of atoms on
the cell surface (see section 5).

4. ADVANTAGES O F T H E COOLING
IN ISOTROPIC LIGHT

resonant in the atomic frame. This implies that the laser
frequency f~ shifted due to Doppler effect must be equal to
the atomic resonance frequency fo :
fo = f~

v cos 9

+h

(1)

where h is the laser wavelength, v is the atomic speed and
8 is the angle between the atomic velocity and the laser
beam direction. In conventional cooling schemes with
collimated laser beams, this relation cannot be always
fulfilled because the speed v changes when the atom is
slowed down whereas fo, f~ and h are fixed and 9 is random.
In the cooling configuration with isotropic light, there is
always a light cone (centered on the atomic velocity)
which is resonant in the atomic frame. The angle 9 of such
a cone is fixed by the resonance condition (1). During the
slowing down of the atom, this condition is always
fulfilled because the variation of the speed v is balanced by
the variation of the angle 8 of the resonant light cone.
This self-adaptation effect lead to a noticeable
improvement of the cooling processes efficiency. It
results an enhancement of the capture velocity.
The increase of both the capture velocity and the
capture volume leads to a larger number of cooled atoms.

The experimental set-up is very easy to operate.
Only the injection of the light into the multimode fiber
requires precise settings. The integrating sphere plays
various roles :
(i) it creates the isotropic light ;
(ii) thanks to the great reflectivity (199 % ) of Spectralon
at 852 nm,the cooling light is stored inside the sphere. It
results a noticeable enhancement of the effective intensity
of the light seen by the atoms ;
(iii) the light diffusion processes inside the integrating
sphere drastically filter spurious imbalances between the
intensities of the beams emerging from the various fibers.
Moreover, there is no need to control the polarizations of
the cooling beams since the light inside the sphere is
randomly polarized.

4.1 Basic advantam

In the conventional cooling configuration, the
atoms undergo a radiative friction force in the intersection
region of the collimated laser beams. The capture velocity,
which is the maximal velocity of the thermal atoms which
may be cooled, is then directly related to the laser beams
diameter. A high number of cold atoms requires a high
capture velocity and consequently a large beam diameter
which must be associated to large and expensive optical
components.
In the presented cooling scheme, the whole cell
is irradiated by isotropic light. As a consequence, all the
atoms contained in the cell undergo the radiative friction
force.
The capture velocity is determined by Doppler
cooling processes relying of the radiation pressure. These
processes are all the more efficient as the laser light is

Furthermore, we have observed a greater
insensitivity of the cooling configuration to spurious
magnetic fields. Cold atoms have been observed without
any compensation of Earth or instrumental magnetic
fields. Nevertheless, it is only possible to obtain very low
temperatures with sub-Doppler cooling mechanisms if the
residual magnetic field is reduced.
5. EXPERIMENTAL RESULTS
3.1 Demonstration of the coolinq

To demonstrate the feasibility of the cooling, we
observe the linear absorption of the laser beam PL1 (see
figure 1). Figure 2 points out the narrow absorption peaks
of cold atoms superimposed on the broadened absorption
signal of residual thermal atoms. The three peaks
correspond to the three allowed transitions 4 4 3 ' , 4 4 4 '

and 4+5'. The amplitude of the spurious broadened signal
is directly related to the density of thermal atoms. We have
decreased this density by cooling the Cs reservoir with a
Peltier element. The number of cold atoms remained
roughly constant whereas the background almost
disappeared. Nevertheless, the loading duration of the
optical molasse is increased when the density of thermal
atoms is too low.

A absorption signal

consequence, the temperature cannot be precisely deduced
from the TOF signal.
Moreover, for different experimental parameters,
we have also observed TOF signals with 2 peaks (Figure 4)
which point out strange locations of cold atoms inside the
sphere. Nevertheless, the estimated temperatures are in the
30 pK - 300 pK range. The obtained sub-Doppler
temperatures demonstrate the presence of intensity or
polarization gradients in the isotropic light. A better
control of the laser parameters (detuning, intensity) should
allow us to reach the 1 pK level.

A fluorescence signal

Fig.2

Linear absorption of the PL1 beam

The number of cold atoms is a few lo9. We have
observed a noticeable enhancement of this number when a
dry-film is deposited on the inner surface of the pyrex
sphere. Nevertheless, this is only a qualitative result and
further detailed experiments must be undertaken to study
this effect.

Fig.4

Double peak TOF signal

In order to measure more precisely the
temperature, two techniques may be used :
(i) the double TOF technique where the cold atoms are
detected at two different heights during their fall.

The easier way to measure the cold atoms
temperature is the Time Of Flight (TOF) technique. At a
given instant, cooling and pumping beams are switched
off. The cold atoms fall and emit fluorescence photons
when they cross the resonant probe laser PL2. A typical
TOF signal is depicted in Figure 3.

(ii)
the stimulated optical Compton scattering
technique (3).

6. CLOCK CONFIGURATIONS
As previously mentioned, it is important to
design a cold atoms clock which is compact and which
does not require neither numerous optical components nor
critical settings. We present two basic configurations
which take advantage of the isotropic cooling :

A fluorescence signal

(i) the simplest clock where the cold atoms are launched
using gravity

t

(ii) a miniature clock where the cold atoms are not
launched
5.1 First confteuration : la&

Fig.3

Typical Time Of Flight signal

The dispersion of this TOF signal results both
from the dispersion of the initial atomic velocities and
from the initial size of the cold atoms cloud. In
conventional cooling, the fall height is generally far
larger than the initial cloud size and the temperature can be
directly deduced from the width of the TOF signal. In the
isotropic cooling configuration, the initial locations of
the cold atoms in the glass sphere are unknown. The fall
height and the sphere diameter have similar values. As a

with g n U y

The set-up is schematically depicted in figure 5.
The clock has a sequential operation. In a first step, the
atoms are initially cooled with isotropic light. The lasers
are then switched off. During their fall, the cold atoms
undergo the microwave interrogation in a cylindrical
cavity operating in the TEol 1 mode. The clock signal is
optically detected below with a resonant laser.
The time sequence is shown in figure 6. If the
length of the microwave cavity is 5 cm and the fall height
is about 10 cm, the microwave interrogation duration is

.

The time sequence of the operation of this clock
is shown in figure 8. The durations of the various steps in
a e first cvcle are the following :

- initial Doppler cooling : 100 --> 500 ms
- sub-Doppler cooling to reach very low temperatures : a
few ms
- preparation of the atomic state : 10 ps
- microwave interrogation : 30 ms
- optical detection of the clock signal : 1 ms
Two kinds of microwave interrogations may be chosen :
clock rlgnal
detectton

Fig.5

cooling+
pumping laser
beams

Clock using launching with gravity

about 30 ms. The durations of the various steps are the
following :

(i) the Rabi scheme : a single
duration T (figure 8-a)

For a same total duration, the Ramsey scheme
leads to a linewidth twice lower than the one obtained with
the Rabi scheme.

initial Doppler cooling : 100 --> 500 ms
sub-Doppler cooling to reach very low temperatures : a
few ms
preparation of the atomic state : 10 ps
microwave interrogation : 30 ms for example
- optical detection of the clock signal : 1 ms
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(ii) the Ramsey scheme : two short d2 pulses separated by
a dead time T (figure 8-b)
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Fig.6 Time sequence
The clock signal obtained with this simple
scheme is expected to have a linewidth about 30 Hz which
should lead to frequency performances in the 10-l5 level.
8-b

4.1 Second corlfigyration : no launching
In this very different configuration, the atoms
successively undergo the state preparation, the microwave
interrogation (in a cylindrical cavity) and the clock signal
detection at the same place where they have been cooled.
The set-up is schematically depicted in figure 7.
lg2MHz

micmwavs cavity

Fig.8

Ramsey scheme
Time sequence

Since the microwave interrogation duration is not
too long, the cold atoms have not enough time to be
warmed up again. As a consequence, the Doppler cooling
step in the following cycles may be performed during a
shorter time. This is one of the main advantages of this
configuration compared to all the other clocks : the cold
atoms are not lost at each cycle. As a result, the cycle
duration may be consequently shortened and the duty cycle
(interrogation time compared to the cycle period) is
reduced.

detection !mam

Fig.7

Miniature clock with no launching

The microwave interrogation duration T is limited
by the displacement of the cold atoms during this time.
Figure 9 shows the variations of this displacement as a
function of T on Earth and in a microgravity environment.
The corresponding linewidth, obtained in the Rabi
scheme, is depicted in the same figure.
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Cold atoms displacement and linewidth as
a function of the interrogation duration

This miniature configuration is very flexible
since the duration can be easily modified. This leads to a
large range of frequency performances. If we accept a
maximal displacement of 1 cm during the interrogation,
the expected performances are the following :
(i) On Earth, the clock signal obtained is expected to have
a linewidth as low as 20 Hz which should lead to frequency
performances in the 10'15 level.
(ii) In a microgravity environment, these performances
should be potentially improved by one order of magnitude.

7.

CONCLUSION

The cooling configuration with isotropic light
appears to be efficient, easy to operate and well suited to a
compact clock with high frequency performances. Of
course, an important work remains to do in order to reach
such performances. In particular the following points must
be studied :

- the interrogation of an atom with a accelerated motion in
a cylindrical microwave cavity.
- the influence of collisions : between cold atoms,
between an atom and the wall of the cell, etc ...
- the determination of the exact locations of the cold
atoms inside the sphere
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ABSTRACT

Previous work has shown the interest of transverse wave
propagation under metal strip grating deposited on thin
Quartz plates. Particularly, thermal properties of these
waves have been investigated from both theoretical and
experimental points of view, emphasizing interesting
temperature compensation effects on both AT and Z cut
plate devices. High quality factors together with low
insertion losses have also been measured on AT cut plate
devices. As a consequence, the ravimetric sensitivity of
such devices has been modelef and tested. A rigorous
theoretical approach is then proposed to compute
accurately the mechanical and electrical characteristics of
the waves for different structures. This gives access to the
frequency variation versus the thickness of the loading
layer which appears strongly dependent on the elastic
roperties of the latter. Particularly, experiments have
geen performed on AT and Z cut plate devices loaded by
Aluminium and Chromium layers. In the case of
Aluminium, a decrease of resonance frequencies of both
devices is predicted and measured. However, for chromium
deposited on Z cut plate, an increase of lower mode
resonance frequencies is observed. The roposed model has
been used to explain this result. It is stown that due to a
higher phase velocity of the wave in the chromium layer
than in the Quartz substrate, first resonance frequencies of
the loaded device are theoretically found higher than the
ones corresponding to the unloaded device. Finally,
theoretical and experimental gravimetric sensitivities are
given and compared to state of the art.

Moreover, the elastic properties of the loading layer appear
to have a strong influence on the sensing properties of the
devices from both experimental and theoretical points of
view. The first part of the paper is devoted to a description
of the analytical model used to redict mass sensitivity of
the devices. The results providefby this model are exposed
and discussed in the following section. Finally, a
comparison between theoretical and experimental data is
reported, emphasizing the efficiency of the preposed
theoretical analysis.
2. STW ANALYTICAL MODEL I MECHANICAL
AND ELECTRICAL BOUNDARY'S CONDITION

2.1 Propagation equations
Figure 1 shows the theoretically studied device and
experimentally tested. A definition of the axis system used
to develop the analytical equations of STW pro agation on
thin Quartz plates is also reported on this igure. The
polarization of the mechanical displacement is parallel to
the X axis called a,, and the STW propagates along the
axis a, perpendicular to a,. The axis a2 is normal to the
plate surfaces, pointing outwards the upper side. The
mechanical displacement u, and the electrical otential @
assumed to be only depend on a, and a , alfowing the
development of a 2D model using scalar fielis.

1. INTRODUCTION

It is now well known that transverse horizontal waves,
generated on an singly rotated Quartz cut (propagation
along the rotatedlz-axis), can be trapped on the surface by
periodic grating, either thin metallic strip or shallow
oove gratings [I-41. Such trapped waves are called STW
Surface Transverse Waves) [I] and show great interest
due to their high velocity (1.6 times more than of Rayleigh
waves on (ST,X) Quartz) that allows to operate at higher
frequencies without requiring any technological
improvement.

gT

A theoretical study and an accurate numerical modeling
have been recently performed [5, 61, and resonators have
been fabricated on thin AT-cut plates. Many modes can be
generated on such thin plates, with insertion losses better
than -10 dB and quality coefficient higher than 25000
measured at frequencies close to 130 MHz. A theoretical
model based on Bloch-Floquet's series [I] has been written
and numerical calculations have been done to predict the
resonant frequencies of STW on AT and Z-cut thin Quartz
plates. More accurate boundary conditions have been
formulated to model the electrical and mechanical
conditions on both lower and upper sides, allowing to
predict the frequency shift due to mass loading on lower
side. Experiments have been achieved on AT and Z-cut
Quartz plates of 128 pm thick supporting metallic gratings
of 20 pm spatial period on the top side. Aluminium (At)
and Chromium (Cr) layers have been deposited on the
bottom side of the plate and mass sensitivity has been then
measured. A good agreement is found between theoretical
predictions and experimental measurement.

Fig. 1: Periodic metal-strip gratings on thinplate device
and the coordinate system (e = 128pm, p = 2 0 p m )
Assuming a periodic gratin$ infinite along a, allows to
expend u , and in Floquet s series [61 consisting of an
infinite sum o space harmonics which describes the
spatial periodic modulation. Moreover, due to the finite
dimensions of the plate along a,, the system is correctly
described by considering four partial waves instead of two
as in the classical STW model [7]. As a consequence, u, and
@ can be written as follows :

Z

where a n , and b,, are res ectively the amplitudes of the
acoustic displacement antelectrical potential, an, is the
attenuation along a,, Po is the wave number and p the
spatial period of the y t i n g s . This first Floquet mode
depending on eziboa3 g oball corresponds to a traveling
wave along positive values ora . The second Floquet mode
depending on aboa3 is also solution of the system. The
general coupled equations of motion, governing the STW
behavior in a Quartz crystal are given by :

+

where fin = fi,
2nn/p, yn is the attenuation coefficient of
the wave in the vacuum (yn = pnl), @ , is the amplitude of
the potential in the vacuum and D is the electrical
induction normal to the crystal surface.%he u perscripts S
and Vrespectively hold for the substrate and t i e vacuum.
At the interface between metal and substrate, the
following equations are considered :
V
D S ( e , a3 1 - D ( e , a 3 ) = u ( a 3 ) for -p/4< a3 <p/4 ( 5 )
s

@ (e,a 3 ) = 0

where a(a3)represents a charge distribution deduced from
the propagation characteristics of the wave. The
assumption of an infinitely thin strip has been erformed
to establish Eq. ( 5 )which correspond to a shortecfelectrode
condition.
On the lower side, the stress free condition is verified at
the top of the loading layer :

where he is the metal layer thickness.

where EU, ei., Cjj, and p , are respectively the dielectric,
direct piezoejectric and elastic coefficients and the density
of Quartz. Equation ( 2 ) allows one to determine the
amplitudes a,, and the attenuation coefficients an, both
depending on the propagation constantp,.

However, it is necessary to calculate the acoustic
displacement inside the layer to establish the stress and
displacement continuity at a = - e. This displacement u',
can be rigorously calculate$ assuming that the metal is
isotropic or cubic and considerin that the waves exhibit
the same polarization in the metafthan in the substrate.

2.2 Mechanical and electrical boundarv conditions

A set of boundary condition equations must be defined to
numerically calculate the transverse wave characteristics.
Because of the periodicity of the problem, one can reduce
the anal sis to only one spatial period. Accurate electrical
and mecianical conditions are taken into account on both
sides.

Using the propagation equation of the transverse waves in
the layer allows to obtain the following expression of u', :

On the to side, a stress free condition is assumed on the
upper surface of the metal strips. Considering the Quartz
s p m e t r i e s , the wave polarization and assuming a strip
t ickness h very smaller than the acoustic wavelength [6]
provide the following form of this boundary condition :

where

where flu3) is a function describing the metal strip profile.
Because of the periodicity of the ating, periodic electrical
boundary conditions must be cagulated on the upper side
of the plate. On the non metallized surface of the substrate,
both electrical potential and electrical induction are
continuous through the substrate-vacuum interface. This
condition is then written for - p / 2 < a 3 < -p/4 and
pI4 < a , < p / 2 as follows :

aU1

D: (e, a 3 = ezle -aa,

a@'

E

2e

-

Veais the velocity of the shear wave in the metal layer and
V, is an effective phase velocity of transverse waves in the
suistrate.
r,,,,,are determined by the continuity relations of the
acoustic displacement and of the stress T,,at the metalQuartz interface. Then,

In the case of a metal layer loading the lower side, the
surface is assumed grounded. The electrical boundary
condition can be expressed as Eq. ( 5 ):

a

The relation of continuity gives, in the unloaded case :
Q,'

( - e , a 3 ) = Q, v ( - e , a 3 )

(12)

Using this electrical and mechanical boundary conditions
allows to obtain a set of linear algebraic equations whose
determinant must be zero for the existence of a non trivial
solution. Consequently the propagation coefficientJ, can
be numerically evaluated by the resolution of thls
determinant.
The resonance frequency is then calculated using a
transmission line model applied to a reflector-cavityreflector structure. Since only synchronous devices are
considered, the resonance generally occurs at the
beginning of the stop-band of the resonator. The resonance
condition of constructive interference at the mechanical
ports of the cavity accurately determines the resonant
frequency which is evaluated by numeric computation too.
3. NUMERICAL RESULTS

The model resented in Section 2 has been used to
determine t i e influence of a loading layer on the
dispersion relation of trasverse waves on thin plate. It has
been shown [61 that this relation is usually characterized
by many stop-bands, the first one taking place at a value of
J0 =nip, p being the spatial period of the top side metal
gratin . Real and imaginary parts of@, are both plotted on
the folfowing curves.
The case of transverse waves on AT cut Quartz plate
devices loaded by At layer has been investi ated first. The
evolution of the dispersion relation versus t t e thickness of
the loading layer is reported in Fig. 2. This figure indicates
a shift down of the frequency stopband along the increase
of the loading layer thickness he. This phenomena appears
linear only for small values of he (up to 0.1 pm). This shift
gives the gravimetric sensitivity of the device
(theoretical1 predicted values of sensitivity are resumed
in Table I). h e sensitivity Sm is defined by :
(13)
Sm = lim Aflf
Ap,+O 'pS

where x- and x'-, are the proportionality coefficient
between tfie amplitude of modes n = - 1 and n = 0, for first
and second Floquet modes res ectively. L is the length of
the reflector and d is the pgase origin 68 = JD-nip
represents the amplitude of the imaginary part ofJ in the
stop band. Equation (14) shows that r is proportional to 6b
for small values of 6J, and then decrease as it. The quality
factor of the resonator is then assumed to decrease for
thick At' loading, and even de-trapped the STW.
Figure 3 shows the Chromium loading effect on a Z-cut
quartz plate device. In that case, the phase velocities of the
first modes in the substrate are lower than shear waves in
the layer (Ve,
4 000 m.s-I ; V = 3 600 to 4 000 m.s-I).
As a consequence, these first moies exhibit an evanescent
behaviour in the layer and the electroacoustic ener
trapping of these waves in the substrate is improvey
Moreover, according to Fig. 3, the corresponding stopbands
are shifted u , denoting a slight acceleration of the wave.
The amplitule of the stopband is also increased, inducing
higher reflection coefficient r according to Eq. (14). It
should be noted that for Chromium thicknesses larger
than an acoustic wavelength, no more variations of the
dispersion relation are predicted. For higher modes, the
apparent phase velocities of the waves in the substrate
become larger than the layer shear wave one, and a
behaviour similar to A t on AT Quartz is emphasized.
However, since the phase velocit difference is smaller in
Quartz, the frequency
the present case than for At' on
shifts and the decrease of the stopband amplitudes are
smaller too.

-

where Af is the frequency shift and Aps the surfacic mass
variation.

Frequency (MHz)

Fig. 3 : Theoretical influence of Cr loading
on transverse wave propagation

Frequency (MHz)

Fig. 2 : Theoretical influence ofAt loading
on transverse wave propagation

For thick loading layers (>1 pm), the width and
magnitude of the stop-bands strongly decrease. The
reflection coefficient of the reflector strongly depends on
this amplitude, and is expressed in a two spatial harmonic
approximation [8] as follows :

4. EXPERIMENTAL RESULTS

Experiments have been done to validate the proposed
model. Transverse wave resonators have been built on Zcut plate with a 20 pm periodic grating and IDT's period is
20 pm so that there is no discontinuity in the device which
may be considered as infinitely periodic. The electrical
response of the tested resonator shown in Fig. 3 presents
small insertion losses and quality coefficients

- f

Q - 3 d ~-

(15)

df

larger than 10000 are measured in the frequency range
90 MHz-120 MHz. It can be remarked that the theoretical
predictions for this device are in good a eement with
experimental date, except for one m o g which was
predicted and not found experimentally.

A Chromium la er has been then deposited by e-beam
evaporation on t i e lower side of the Z-cut plate. Although
the thickness of the Cr layer was not accurate1 measured
(estimated thickness 200 nm), the measureJfrequency
shifts are found to correspond to a theoretical value of Cr
thickness in the vicinity of 300 nm. More precise
measurements are now required to provide better
comparisons for Z-cut devices loaded by Chromium.
However, it must be emphasized that the lower mode
frequencies are slightly increased when Chromium
present on the lower side, accordingly to the numerical
results of Section 3. Also, the higher mode frequencies are
shifted down, but the general aspect of the electrical
response is not strongly-affected i n comparison with the
unloaded device response (cf. Fig. 3).
plate thickness e = 128 flrn :spatial ueriod u = 20 urn

5. CONCLUSION

A new model has been developed to predict the influence of
metal layer loading on the resonance frequency of
transverse waves resonators built on thin Quartz plates.
This model based on a Bloch-Floquet's analysis of
transverse waves propagation on thin plate has been
validated by experimental measurements. The strong
influence of the elastic constants of the loading layer on
the wave
ro erties has been theoretically and
experimental& iemonstrated. The ratio between phase
velocity in the substrate and in the layer appears to
strongly condition the sensing properties of the device.
The measured gravimetric sensitivities for AT cut devices
are slightly smaller than those of classical SAW and
slightly higher than classical Acoustic Plate modes.
However, the proposed devices benefit from thermal
compensation on an extended frequency range (127 to
150 MHz for AT cut devices) and from high quality
electrical response which allow an accurate sensing of
mass loading. Moreover, a clever choice of crystal cut
allows to optimize the device for a given type of loading
layer.
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the transverse waves are more efficiently generated on
AT-cut and electrical response looks much better (higher Q
factors, smaller insertion losses). Ak is also deposited by ebeam evaporation and thickness of the layer is measured
during deposition b a Quartz micro-balance : 0.5 pm of At
were deposited b t i i s way Comparison between electrical
responses of unroaded and loaded devices is shown in
Fig. 4. Experimental frequency shifts correspond to the
predicted ones and the sensitivity measured from this
experiment is shown in Table I. A good agreement is found
between the value of sensitivity of each modes, though it
was not ossible to measured it for the first modes because
of the difficulty to identify the peaks corresponding to the
theoretically predicted modes. A systematic difference of
10 % between experiments and theory is emphasized by
Table I. This can be explained by the difference between
fundamental elastic constants used for Ak in the proposed
theoretical analysis and the effective constants of the layer
due to the deposition operation. Moreover, the presence of
internal stresses induced by the deposition technique can
also modify the effective elastic properties of the metal.

StnD ofthe art [El

Table I : Comparison betweenpredicted, experimental
and state of the art values of gravimetric sensitivity
(frequency in MHz, S, znppm/mg)

[I] B.A. Auld, J.J. Gagnepain, M. Tan, "Horizontal shear
waves on corrugated surfaces", Elect. Lett., vol. 12, no
24. DD. 650-651 (1976).
Y U . ~ .~ u l ~ a eand'V.P.
v'
Plesskii, Sov. Tech. Phys.
Lett., vol. 3, no3, pp. 87-88, (march 1977).
D.F. Thomoson. "Temoerature comoensation of
microwave koustic resoiators", Ph. di dissertation,
Ginzton Laboratory, Stanford University, Qune 1986).
C.A. Flory and R.L. Baer, "Surface transverse wave
mode analysis and coupling to interdi ital
transducers". Proc. 1987 Ultrasonics S"v m ~ . .I ~ E E
cat.nO8 7 ~ ~ 2 4 9 2 -pp.
7 , 313-318.
S. Ballandras, E. Gavignet, E. Bigler, G. Martin,
"Experimental measurements of STW properties on
quartz plates of finite thickness", Electronics Letters,
vol. 32, no4, pp. 413-414 (feb. 1996).
S. Ballandras, J.B. Briot, E. Gavignet, E. Bigler,
"Propagation of transverse waves on piezoelectric
plates supporting sin le or double side -metal strip
gratings", to be publisied in J. of Acoustical Society of
America.
[71 E. Gavignet, S. Ballandras, E. Bigler, "Theoretical
analysis of surface transverse waves propagating on a
oiezoelectric substrate under shallow-moove or thin
-metal
-- - - -- strip grating", J . Appl. Phys., voc 77, no 12, pp.
(1YYS).
6228-33 (1995).
[8] D.S. Ballantine, R.M. White, S.J. Martin, A.J. Ricco,
F.T. Zellers, G.C. Frve, H. Wohltien. Acoustic wave
sensors : theory, "design and" physico-chemical
applications, Academic Press, 1997.

.,

'

11 TH EUROPEAN FREQUENCY AND TIME FORUM

NEUCHATEL

-4-5-6

MARCH 1997

INFLUENCE OF ELECTRODES ARRANGEMENT ON
THE QUARTZ RESONATOR EQUIVALENT CIRCUIT

J. Zelenka * and J. Suchgnek **
* Faculty of Mechatronics, Technical University in Liberec,

** Krystaly as., Hradec KrAlov6,
Czech Republic

The analyses of the influence of electrodes on the frequency-temperature characteristic
in AT-cut quartz resonators has been presented in [I]. The results of the study of the
influence of electrodes dimensions on the parameters of the electrical equivalent circuit
have been given by Tiersten [2] and some remarks were published also in Proc. EFTF96
[3]. The planparallel quartz plates with the same shape and dimensions of electrodes
deposited on the both sides of the main planes of the plate vibrating in thickness-shear
mode have been considered in all these cases.
The influence of the tabs of electrodes on the electrical equivalent cicuit parameters of
AT-cut quartz resonators was shortly described by Suchanek and Zelenka 141.
In this paper the quartz resonators in the form of the circular or rectangular planparallel
plate with the electrodes deposited in different arrangement on each side of the main
planes of the plate so that only part of the electrodes overlaps is considered. The aim of
the paper is analyzed the influence of electrodes on the electrical equivalent circuit and
the resonant frequancy temperature dependence. The rotated Y-cuts and SC-cut quartz
plates vibrated in the thickness-shear mode are considered by the analysis.
REFERENCES
[l] J. Zelenka: The calculation of the resonant frequency temperature dependence of
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CHARACTERIZATION OF SC-CUT RESONATORS OPERATING IN ANHARMONIC MODE

R. BOURQUIN, B. DULMET, J.J. BOY
ECOLE NATIONALE SUPERIEURE DE MECANIQUE ET DES MICROTECHNIQUES
Laboratoire de ChronomCtrie, Electronique et PiCzoClectricitC
26 Chemin de 1'Epitaphe
25030 BESANCON CEDEX FRANCE

ABSTRACT
Resonators operating on the first anharmonic
modes (no1 or n10) can be drived by means of two
pairs of cross connected electrodes. The width of the
gap between the electrodes and its orientation are the
main parameters that enable to obtain a better
electrical response of the C-mode. The computation of
the electrical parameters is based on the Lewis formula
and takes into account the geometry of the electric
field in the gap. We give here examples of the
variation of the motional resistance versus the gap
width and the shift of the mode pattern with respect to
the electrodes.

I

Keywords :Bulk wave resonator, contoured resonator

figure 1

-

-

1 INTRODUCTION

2 MOTIONAL PARAMETERS

It is possible to design an SC-cut resonator for
which the motional resistance of the C-mode is
sufficiently lower than that of the B-mode so that its
use in an oscillator does not require any selecting
circuit. Such resonator operates on an anharmonic
mode, having two vibrating areas with opposite
phases, instead of,the classical mode presenting an
amplitude of vibration with a maximum at the center
of the resonator [I].
The reduction of the B-mode response is
possible because, for some modes, the orientations or
the shapes of the modes of the two families are
sufficiently different. The driving of the selected mode
is obtained by using two pairs of cross connected
electrodes with a geometry giving a better drive of the
C-mode (Fig. 1).
In a previous paper [I], we have presented a
simplified anlaysis of such a resonator. This analysis
assumes that the electric field is strictly homogeneous
between the electrodes and zero outside. Futhermore,
only the derivative of the mechanical displacement
with respect to the thickness of the resonator is taken
into account. The here presented analysis removes
these limitations without any unnecessary refinements.

The capacitance ratio C1/Co between the
motional capacitance C1 and the static capacitance Co
is computed from the Lewis formula [2]

where Ek are the components of the static electric field
in the resonator, S, the strain components due to the
vibration and V the volume of the resonator.
Static electric field
We are mainly interested by the electric field
in the gap between the electrodes. The non
homogeneity of the field at the periphery of the
electrodes can be neglected because of the smallness
of the strain in this region. We also neglect the
component of the electric field in the z-direction. The
electric field is calculated by using the SchwartzChristoffel conformal mapping 131.

Dvnamic strain
In the (x',, x,, x',) frame, the mechanical
displacement is given by :
ui = A i bp

(6)
Ai being the components of the displacement and
unmp its spatial dependence [I, 31
a$,2 + ~ , < 2

nnx
U ~ ~ ~ ~2 h- H - ( X ; & ' ) H P ~ ~ ~ 2) ~
figure 2
The figure 2 shows a half section of the
resonator and the corresponding transformed plane.
Between the coordinate
z=x+iy
of a point in this section and the corresponding
coordinate
(=E,+iq
in the transformed plane, we have the relation :

k is a parameter that depends of the ratio d/h, and is
the solution of :

Since the potential is known along the 5-axis,
(-V between A - C, +V between D - F and zero
elsewhere), the complex potential U+iF can be
calculated in the transformed plane. So 4 can be
expressed as a function of the potential U (-V<U<V
and the flux F (- w <F<+ w) at the corresponding point
by :

(7)
K,H, are Hermite functions and an,& scale
factors that are defined below. The two integrals
corresponding to the electric energies are numerically
evaluated. The mesh is made in the (x, y, z) frame, the
cells in the (xy) plane are obtained by incrementing
the potentiel U and the flux F. This way offers two
advantages. First one, the electric field is then directly
computed from (4) and (5) without having to solve the
equation (2) as in the case where the mesh is made
directly from the (x, y) coordinates. Second one, the
size of the elements depends on the electric field
intensity, a small element corresponding to a high
electric field.
For the precision needed here, it is not
necessary to evaluate all the terms in the second
integral in the denominator of (1) corresponding to the
elastic energy. Labeling F,' the derivative of u, with
respect to x , ,this integral can be directly calculated by
the following result when the indices m and p are
equal to 0 or 1 :

the integration being performed for a resonator of
infinite diameter because of t h e trapping of the
vibration.
The electric field is given by :
The static capacitance of the resonator is given by

and the motional resistance R1 by
1

-

3 RESULTS
The motional resistance R1 depends on the
size of the electrodes, especially the gap value, and on
their orientations with respect to the mode pattern. The
more different the mode patterns, the better the
possibility to improve the C-mode response. The
orientation of the mode patterns must be
experimentally determined by varying the orientation
of the electrodes [I] or by using X-Ray topography
[51.
The curves given below have been obtained
for 5 MHz (n, 0, 0 mode) SC-cut resonators having the
following parameters:

between the half electrodes for various orientations of
the electrodes with respect to the mode pattern
comprised between y - a = - 20" to y - a = + 20". We
have noticed that the curves are not very sensitive to
the value of the angle y of the mode.
We may notice that for the 301-modes the
motional resistance R1 of the B-mode ,(fig. 4)
increases more quickly with the gap than that of the Cmode (fig. 3). This fact is due to the high trapping of
the vibration of the B-mode in the x', direction (the P3
constant is about half that of M3). The C-mode is
slightly more sensitive to a variation of y-a than the
B-mode.

Diameter of electrodes : 6 mm
3rd overtone : thickness : 2h = 0.542 mm
radius of curvature : R = 200 mm
5th overtone : thickness : 2h = 0.919 mm
radius of curvature : R = 115 mm
All curves, as other numerical data, are drawn
assuming a Q factor equal to 1.10~.In practice, one
must remember that the Q factor is not the same for
both mode families, the B- mode exhibiting a slightly
higher value.
The mode shapes are governed by the
parameters an and pn which are related to the
dispersion constants Mn and Pn and the effective
elastic coefficient of a mode family [4] :

The values of Mn and Pn we have used are
those deduced from the resonant frequencies of a
resonator [I]. The adopted values, as well as the
orientation ym of the modes, are summarized in the
table I.
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figure 3 (2-301 Mode :Motional resistance R1
versus gap for various orientations of electrodes
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figure 4 B-301 Mode : Motional resistance R1
versus gap for various orientations of electrodes

Table I : Dispersion constants (in lo9 ~ l r nand
~)
orientation angles of mode-shapes.

For the 310-modes (fig. 5 and 6), on the other
hand, both modes exhibit quite the same feature. Since
the orientations of the B and C-modes of the third
overtone are very close, the improvement of the Cmode response is only possible by using the C-301
mode orientation with electrod~shaving a wide gap
with the same orientation as the mode pattern.

The figures 3 to 8 give the variations of the
motional resistance R1 as a function of the gap

In the case of the fifth overtone, the modes of
both families exhibit similar behaviours. The figures 7

and 8 are drawn for the 501 modes. Curves for the 510
modes are very similar. Since the orientation y~ of the
B and C modes are different, it is possible to improve
the C-mode response by using an orientation for the
electrodes that gives a better driving of this mode than
for the B-mode, but this is a less efficient way.

figure 8 B-501 Mode :Motional resistance R1
versus gap for various orientations of electrodes
90
0.2
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figure 5 C-310 Mode :Motional resistance R1
versus gap for various orientations of electrodes

The motional resistance is very sensitive to a
shift of the mode in the direction perpendicular to the
gap. This fact is illustrated by the figure 9 for the 301modes when the width of the gap is equal to 1.2 rnrn.
This effect can explain higher values of the observed
motional resistance than those expected from the
calculus. We may notice that the B-mode is most
sensitive to this effect than the C-mode, which is a
positive point since such a defect tends to reduce its
electrical response.
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figure 6 B-310 Mode :Motional resistance R1
versus gap for various orientations of electrodes
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figure 9 Variation of R1 when the mode-shape is
shifted in the direction perpendicular to the gap
(301 modes)
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figure 7 C-501 Mode :Motional resistance R1
versus gap for various orientations of electrodes

Motional parameters of a resonator operating
in 301 modes are indicated in table I1 for several
values of gap-width. If the motional capacitance C,
and the static capacitance Co decrease when the gap
increases, the capacitance ratio remains quite constant:
it varies from 6.70 to 6.82 10" in the case of the
C-mode and from 6.58 to 6.1 1. 10" for the B mode

mode

C 301

B 301

gap(mm)
0.2
0.8
1.2
0.2
0.8
1.2

C,(fF)
0.165
0.150
0.131
0.161
0.142
0.118

C,(pF)
2.46
2.12
1.92
2.45
2.12
1.93

R,(R)
96.8
105.9
120.9
98.6
112.1
134.6

Table 11: Motional parameters.
A resonator with a width of gap of 1.2 mm
has a B-mode resistance which is about 20% higher
than that of the C-mode. This difference is sufficient to
allow to build an oscillator without any selective
circuit. The short term stability (Allan variance)
obtained at this time is reported on the table 111.

Table III : Short term stability of a resonator
operating in C-301 mode.
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1. ABSTRACT
A unique solid carbon dioxide based cleaning system has been
assessed as a process for removing drive level dependence
(DLD) in quartz crystal resonators.

This paper describes the TIG-Snow technology and the results of
a preliminary investigation into its use in reducing DLD in
quartz crystal resonators.

Trials have been conducted on mass base plated blanks
selected for high levels of DLD. Initial results have shown
significant improvements over untreated controls, in some
cases reducing the number of failures in a batch from 47% to
0%.

3. THE TIG-SNOW SYSTEM

The procedure has not yet been optimised and this preliminary
investigation has been carried out using a simple manual
process employing a hand held applicator. However, the
system easily lends itself to automation, thus removing the
uncontrolled variables associated with manual operation.

The TIG-Snow cleaning technology was developed by the
Deflex Corporation, largely in response to the increasing need
to move away from traditional CFC solvent based cleaning
systems. It differs from conventional solid carbon dioxide
based systems in that the snow is combined with a filtered,
heated and ionised, inert gas at the applicator nozzle which
can accelerate the snow to supersonic velocities.

TIG

Key words: drive level dependence, solid carbon dioxide.

Snow
2. INTRODUCTION
The drive level dependence (DLD) or second level of drive at
low applied power, observed in some quartz crystal resonators,
has been attributed to the effects of surface defects and
contamination by sub-micron particles (Ref. 1,2,3). The
problem can be alleviated by using finer abrasives for lapping
the blanks, followed by chemical etching and subsequent
processing employing good clean room practice to avoid
contamination.

TIG

Snow

TIG

However, the problem has never been entirely eliminated and it
has become common to include an additional procedure to
remove DLD. This usually involves driving the units at much
higher than the normal working power (Ref. 1) in order to
dislodge any particulate contamination or other material such as
quartz fragments and badly adherent metallisation. While this
treatment has proved effective, there has always been some
concern over possible damage to the resonators and the
permanence of the effect.
We have been assessing an alternative technique for reducing
DLD using equipment on loan from EPAK Electronics Ltd.
This is the ~ i c r o - s n o mcleaning system (Ref. 4), manufactured
by Deflex Corporation which employs a combination of
Thermal-Ionised-Gas (TIG), which may be dry nitrogen, carbon
dioxide or air, and solid carbon dioxide (Snow), to produce a
variable high velocity jet that can dislodge sub-micron
contaminants.

Figure 1. TIG-Snow spray nozzle.
Figure 1 shows the nozzle assembly. The TIG, which may be
air, nitrogen or carbon dioxide gas (for our tests high purity
cylinder nitrogen was used), flows in an outer flexible tube.
Liquid carbon dioxide is expanded into gas and solid state and
transported through an inner tube to the nozzle where it is
combined with the TIG and ejected at high velocity. The
spray pattern may be either convergent or divergent and a
number of nozzles are supplied that produce different patterns
and spray velocities. The pressure of the snow spray is
boosted by the TIG by an amount dependent on the TIG
pressure as shown in Figure 2. This is for a 3:l T1G:Snow
nozzle ratio.

over the range -27 dBm to -1 dBm for a 1 MHz fundamental
unsealed crystal, showing the behaviour typical of DLD due to
surface contamination. The maximum drive level has been
restricted, so as not to remove any particulate contamination
by the high drive effect. Figure 4 is the resulting plot for the
same crystal after a one second application of the TIC-Snow
jet to each side of the crystal. All trace of DLD has been
removed and the minimum resistance has been reduced from
192.7 ohms to 143.2 ohms.
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Figure 2. Snow pressure boost by energy transfer from TIG
The snow concentration is controlled by a timer operated
valve that allows pulses of variable length to be applied and
this in conjunction with the heated TIC allows the user to
control the temperature of the surface to be cleaned.
The cleaning action of this system is both physical and
chemical. The very high snow velocities achieved can
overcome electrostatic and Van der Waal's forces that bind
small particles to the surface. There may also be an effect
resulting from charged carbon dioxide particles colliding and
combining with small charged particles on the surface which
are then swept away by the snow jet. Although the
mech~nism is not fully understood, organic residues on a
surface can also be removed by the snow (Ref. 4). This may
possibly be due to dissolution of the of the organic material in
liquid phase carbon dioxide at the surface.
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Figure 3. Plot from HP4195A showing drive level
dependence of ESR in a bad unit.

4. APPLICATIONS IN QUARTZ CRYSTAL
MANUFACTURE
It is clear that the TIG-Snow technology may be applied to
quartz crystal manufacture in its intended role as a cleaning
agent, for example, as an alternative to wet processes for
cleaning crystal blanks. The purpose of this investigation,
however, was to assess the potential of the system for
removing contamination likely to cause drive level
dependence.
Some preliminary tests were carried out to establish a suitable
operating window for the TIG-Snow parameters (pressure,
TIG temperature, Snow pulse time etc.), taking into account
the fragility of the crystals, material usage and effectiveness of
the treatment Since a minimum pressure of 240 kPa is
required to ;~tivatethe TIG heater, the operating pressure was
kept with; I the range 240 kPa to 275 kPa. The TIG
temperatvre was set at 60' C and Snow pulse times used were
betweer 0.2 and 1 second. The applicator was held at a
distanr e of about 50 mm from the crystal and at an angle of
45'. No attempt was made to optimise the TIC-Snow
parameters in this exercise, since the manual application
r~ocedureprecludes the possibility of precise control of
position and direction of the jet.
The method used for assessing DLD is that described by P. E.
Morley et al. (Ref. 5), using a Hewlett Packard HP4195A
NetworMSpectrum Analyzer which displays a plot of
resistance (ESR) against applied power over the range -56
dBm to +4 dBm into 50 ohms. Figure 3 is a plot of resistance
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Figure 4. Plot of ESR of above unit after TIG-Snow
treatment.
Trials have been carried out at two stages of manufacture,
immediately after mass base plating and after the crystals have
been mounted in their bases. There are advantages and
disadvantages at both of these stages. After plating, the
crystals, still in the plating masks, are supported peripherally
and are therefore less likely to be broken on application of the
TIC-Snow jet than is the case for mounted crystals that are
supported only at two edges. However, as the plating stage
occurs early in the manufacturing process subsequent recontamination could occur. This is less likely to happen if the
treatment is carried out on mounted crystals before frequency

adjusting and sealing. Of course, in the case of some product
types, such as flat-pack resonators and Dual-in-Line (DIL)
oscillators, in which only one side of the mounted crystal is
available for TIG-Snow treatment, the only option is to carry
out the procedure after mass base plating.
4.1 Treatment After Mass Base Plating
Two types of crystal were used in this test, flat blanks intended
for use in DIL oscillators and plano-convex blanks for flatpack resonators. Both groups had a high incidence of DLD.
In the former, this had been the result of a faulty plating
procedure. The plano-convex blanks had been lapped with a
coarse abrasive resulting in sub-surface damage.
Figures 5 to 7 and Tables 1 to 3, compare untreated controls
with TIG-Snow treated flat crystals, measured for DLD after
mass base plating. DLD is expressed as the difference
between the maximum and minimum resistance over the
power range. In this case the failure criterion is a DLD of 7
ohms and the mean DLD and ESR given are the values for
those that passed the test. In all other tests reported here the
failure levels are those recommended by CECC 68 000 Issue
1. The 16 MHz crystals (Figure 6 and Table 2) gave the best
result with 100% recovery. The 6% no activity (NA) failures
in the 20 MHz crystals in Figure 7 may indicate that the TIG
pressure was excessive for this thickness and size (7.5 mm) of
crystal and consequently some damage has been done to these
units. It is encouraging to note that both the mean DLD and
ESR for all three groups have been reduced by the TIG-Snow
treatment.
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Figure 6. Distribution of DLD for treated and untreated
16 MHz DIL crystals.

UNITS
DLD Failures %
ESR Failures %
No Activity %
Total Failures %
Mean DLD ohms
Mean ESR ohms

Control
17
47
0
0
47
4.7 +I-1.1
8.9 +I-0.9

TIG-Snow
18
0
0
0
0
1.6+/-1.3
7.4 +I- 1.O

Table 2. Failure statistics for treated and untreated 16 MHz
DIL crystals.
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Figure 7. Distribution of DLD for treated and untreated
20 MHz DIL crystals.

Figure 5. Distribution of DLD for treated and untreated
11 MHz DIL crystals.

Table 3. Failure statistics for treated and untreated 20 MHz
DIL crystals.
Table 1. Failure statistics for treated and untreated 11 MHz
DIL crystals.

The results of the second group are given in Figure 8. This
was the largest trial, involving 749 units (12.8 MHz). Two
slightly different TIG-Snow conditions were used here.
a) 0.1 second Snow pulse.
b) 0.2 second Snow pulse.

I

Table 5. Failure statistics of treated and untreated 6.4 MHz
contoured crystals (mounted).

Figure 8. Distribution of DLD for treated and untreated
12.8 MHz contoured crystals, showing comparison with high
driven units.

Table 6. Failure statistics of treated and untreated 13 MHz
contoured crystals (mounted).
4.3 Stabilitv of TIG-Snow Treated Crvstals

Table 4. Failure statistics for treated and untreated 12.8 MHz
contoured crystals, showing comparison with high driven
units.
The DLD measurement has been carried out on completed
resonator units and these are compared with untreated controls
and units that have been high driven before final adjust and
sealing.
There is very little difference between the
effectiveness of the two TIG-Snow conditions. The results of
the high drive treatment are also similar but it is worth
remembering that the TIG-Snow procedure was carried out
after mass base plating and consequently many opportunities
exist for re-contamination of the crystals between this and the
stage at which the high drive was carried out.

The effectiveness of TIG-Snow technology in reducing DLD
in quartz crystal resonators has been clearly demonstrated.
However, of more importance, is the stability of the effect and
whether treated crystals will recover their drive level
dependence after a period of inactivity, or worse become
"sleeping" crystals. Table 7 gives the results of a group of
TIG-Snow treated 13 MHz contoured crystals, measured
immediately after sealing and after 51 days. There is no
observed degradation, however the number on test is small
and this needs to be repeated with a much larger batch.

4.2 Treatment After Mounting
Treatment after mounting the crystals in their bases was
restricted to the more robust lower frequency crystals. Tables
5 and 6 give the results of tests on 6.4 MHz and 13 MHz
plano-convex units with a poor surface finish. The DLD
measurements were carried out immediately after TIG-Snow
treatment which in this case consisted of a 2 second Snow
pulse on the 6.4 MHz units and a 1 second pulse on the 13
MHz units.

Table 7. Stability of sealed contoured 13 MHz crystals.
4.4 Mechanisms of DLD Removal
The physical mechanisms involved in the removal of DLD by
TIC-Snow are not fully understood and are dependent on the
causes of the DLD. For example, it would seem reasonable to
suppose that if the DLD was the result of sub-micron
particulate contamination on the active area of the crystal, then
the mechanism would simply be the removal of this by
momentum transfer and shear stress.

The case of contoured crystals is not so clear. These exhibit a
much higher incidence of DLD than flat crystals and it has
been suggested that this may be related to the surface finish.
Sub-surface damage resulting from lapping with a coarse
abrasive, which is not completely removed by etching, can be
in the form of micro-cracks that cause small regions of the
surface to be almost detached (Ref. 2). The removal of these
regions by the TIG-Snow would reduce DLD. This would
also involve the removal of the plating at these weak points.
Badly adherent plating also contributes to DLD. Thermal
stress resulting from the rapid cooling effect of the Snow
would weaken these areas allowing the snow jet to remove the
faulty plating. The plano-convex crystals described in section
4.1. exhibit a frequency shift of about +10 ppm after
treatment, which could be accounted for by the removal of
0.3% of the plating. Small areas, where the plating has been
removed, can in fact be seen under the microscope as shown
in Figure 9.

This shows part of the electrode area of a contoured crystal,
plated only on the contoured side and view in transmitted light
a) before TIG-Snow treatment and b) after treatment. It is
unlikely that this plating has been removed by abrasive action
since solid carbon dioxide is extremely soft, having a hardness
on the Moh scale of only 2. Therefore it must be assumed that
the plating on these regions had a reduced adhesion.
5. CONCLUSION

Although the system has not been optimised for quartz crystal
treatment, the TIG-Snow system has been shown to be
effective in reducing the incidence of drive level dependence
in resonator and DIL crystals.
The simple manual
implementation is not ideal as there are too many uncontrolled
process variations such as distance and angle between the
applicator and the crystal surface but even so, it has been
shown possible to reduce the failure rate in one group of
crystals with 47% failures to 0%. Further improvements
would be expected by automating the system and synchronised
pulses from two applicators, one on each side of the crystal
would minimise stresses and enable higher frequency crystals
to be treated without breakage.
The system is capable of removing very small particles from
the crystal surface that may give rise to DLD and has been
shown to reduce DLD in crystals with sub-surface damage.
Although the effects of the latter type of fault have been
minimised, long term stability tests will have to be done on a
much larger scale than in this exercise, to be certain that the
DLD will not return. The real solution to this, of course, is to
make the blanks correctly in the first place.
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SOME PRACTICAL CONSIDERATIONS ON THE PROBLEM OF INTERMODULATIONDISTORTION
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MONOLlTlDC CRYSTAL FILTERS
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Quartz Crystal Division, Belgrade, Yugoslavia
ABSTRACT
The influence of several factors contributing to the improvement of In-Band and Out-Band Intermodulation Distortion
and Power Handling Capability has been considered.
The eflects were analyzed on 38 MHz, 40,032 MHz, 81.4
MHi, 97.8 MHz , and 109.35 MHz . V.H.F.crystal filters, as
well as on 21.4 MHz Monolithic Crystal Filters.
The results that are presented fully just& the introduction on
new and improved activities within technology.
Some problems regarding the measurement of Intermodulation Distortion were also considered.

1. INTRODUCTION
Over the past two decades, the constructors of new telecommunication devices faced to the fact that crystal filters b e
have as non-linear systems as results of non-linear effects in
the crystal resonators. Non-linearities in crystal resonators
can be considered as being of four types as it given in (Ref.
3). Historical background of the problems caused by nonlinearity and drive power level sensitivity is presented very
interesting in (ReK2).
It is necessary for purposes of this paper to cite the definitions of intermodulation and intermodulation ratio w ) .
The intermodulation is mixing of two or more signals in nonlinear device which results in the generation of new frequencies. These new frequencies are sums or differences integer
multiples of original frequencies. If some of those IMgenerated frequencies fall in the passband region of a filter,
1M distortion occurs. Intermodulation distortion can be
caused by input signals inside the filter passband @-Band
IMDistortion) or by signal outside the passband (Out-Band
IM Distortion).
The level of intermodulation distortion is usually described
by Intermodulation Ratio. The Intermodulation Ratio (IMR)
is defined as the ratio of available power at the filter input
0,
or either test tone to the power in specified intermodulation products, measured at the filter load (PIM).
IMR = PTTPIM
At the consideration of intermodulation it is very important
to define the value of drive input level (strain level).
Generally two cases can be analyzed:
a) Low Strain Level
b) High Strain Level
By our paper which follows we will consider the influence of
low strain level and high strain level on the level of intermodulation distortion of 3rd order.
On the basis of our experience we think that it is possible to
divide the intermodulation distortion requirements into three
groups:
I. Low level requirements.
11. Normal level requirement
III. High level requirements

We also tried to set the borders for those tree levels and for
the cases of In-Band and Out-Band intermodulation distortion. For better definitions we suggest to adhere to the Intercept Point @).
IP = Pin +IMD/2
Pin a Input Power (dB).
IMDa Intermodulation Distortion (dB)

-

I

I

LowLevel
Requirements
In- I OutBand
Band
LP.
I.P.
(dB)
(dB)
0-10 1 0-20

II

1

1

I

II

1

Normal Level
Requirements
In- I outBand
Band
I.P.
LP.

I

(

1

I

I

I

High Level
~equirements
In- I OutBand
Band
I.P.
1.P

I

I

I

1
Table 1

The enclosed table has the aim to give approximate orientation in the analysis of the requirement and achieved results.
The discrete or monolithic realization, as well as LF or VHF
crystal filter are not taken into consideration particularly.
Over the last decade in Institute Mihajlo Pupin - Quartz
Crystal Division a big effort was done in order to improve
the quality of crystal filter due to intermodulation distortion.
We had not ambition toward the theoretical considerations of
non-linear characteristics of the crystal resonators. Our intention was, that on the basis of experiences of others, numerous references which consider the phenomenon of intermodulation, to give our own contribution to the practical
realizations, presenting the achieved results and the way how
we achieved them. Particularly, it was done in the field of
improvement of the technology of crystal filters and design
and technology of crystal resonators. Due to requirements of
market, the main efforts were in the field of
a) VHF crystal filters 50 120 MHz, In-Band and Out-Band
IMD at low strain level and high strain level.
b) Monolithic filters 21.4 MHz. In-Band IMD at low strain
level and high strain level.
c) Power handling was solved by design of crystal resonators. (Ref 3) give exelent results using SC, BT or IT cuts.

-

2. EXSPERIMENTAL RESULTS
In further review of our achieved ressults we will adopt, because of clarity, an approach to the analyssis of In-Band and
Out-Band Intermodulation Disstortion, separatly.
2.1. In-Band Intermodulation Distortion In VHF Crystal
Filters.
From four mentioned mechanisms (Ref. 5) which make nonlinear effects in crystal resonator, the influence of surface
effects has been observed. It has been observed the connection between IMD and defectives of the surface before or
after evaporation, bad adhesion of the film,effect of evapora-

tion, damage of film by scratch. At the mechanical processing of crystal blanks on the surface the micro crack are made,
which are expanded, then it come to breaking of the pieces of
quartz which stay on the surface or it is easy connected whit
it. In order to avoid or to alleviate this moment we have used
the polished blanks. onlv.
For good adhesion of film the cleaning of the blanks before
deposition of electrode is very important.
In that aim the U.V. cleaning has been introduced.
It is known that the particles of the dust are easily connected
to the polished surface. To proceed fiom an assumption that
in working room there are enough particles of the dust the
stabilization of the crystal resonators has been introduced in
vacuum chamber for drying after final adjustment in order to
avoid the possibility of the soil. To proceed from the fact that
on the surface of units there is the dust which generally contains the oil, the washing of crystal units has been used.
good results have been obtained bv adding Zonil (surface
active substance) to the IDEX- solution for chemical adjustment of freauencv (ref 13). The results are verified on the
crystal filters 40.032 MHz, 81.4 MHz, 97.8 MHz,
109.35 MHz and many others.
Some of those results are shown on Fig. 1 to 4.
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2.2 In-Band IntermodulationDistortion in Monolithic Crystal Filters
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The monolithic crystal filter are since 1966 in very wide and
numerous applications. From the origin solution on 10.7
MHz, the technology of production monolithic dual resonators has made a big progress and today the application of
monolithic ~ y s t afilters
l
is in the range of 5-160 MHz.The
relative technological complexity of one elementary 2-pole
monolithic crystal filter imposes the more severe technological requirements in its realization, and particularly relating
than requirements of intermodulation distortion. The problem of intermodulation distortion in monolithic filter has
been considered by several authors (Refs. 2,3,5,8) where
the 2-pole realozation of monolithic crystal filterhave been
considered. To our opinion, the statements given in the section 2.1. can be applied completely also at monolithic filters.
The reasons of genesis of the intermodulation distortion, as
well as the way of their elimination are the same.
To achieve the results in the category of high requirement
(Table 1) is more difliicult accordingto our experience. The
obtained results are, on the basis of our experience, few reliable and so-called "sleeping sickness" is more expressed
then in the case of VHF crystal filters.
In IMP-QCDwe analyzed the monolithic crystal filter 21.4
MHz 4 poles, 8 poles and 10 poles.
The obtained results are given in Fig.5 to 7.
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Figure 6
2.3. Out-Band Intermodulation Distortion in VHF Crystal
Resonators and Filters

FILTER TYPE: M 140 Z 30 8
Center Frequency fo-11.4 MHz
40

In the cited literature (Refs. 2, 5) doas not stand out the essential difference of the reason of intermodulation distortion
for the case of Out-Band . Generally can be said: At low
levels of strain the non-linearity causing IM3 ,whether InBand and Out-Band are predominantly related to surface
defects. The obtained results are given in Fig. 10 to 11.
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Monolithic fiter 10-pole, type M 140 Z 30 8 has very high
requierments at low strain level .By using standard technology for production we could not achive good yeald. It forced
us to introduce longer each time then usualv. The obtained
results are given at fig. 8 to 9.
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2.5. Conclusions
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2.4. Out-Band Intermodulation Distortion in Monolithic
Crystal Filters
The obtained results are given in Fig. 12 to 13.
FILTER TYPE:255 A 30 8
Center Frequency fo-11.4 MHz

a) Accepting the hypothesis that low levels non-linear effects
were related surface defects and depending upon the electrode Wm as well as the quartz, in IMP-QCD are placed the
technological processes which have given in practice trough
serial production of VHF crystal filters satisfactory results
and very good yield.
b) The same hypothesis is applied also in the technological
procedure of the realization of monolithic filter and results
have justified this attitude. The complexity of the construction of dual resonators in the cases of the extreme require
ments for intermodulation distortion at low strain level has
forced us to introduce longer etch time then usually.
c) Experimentally, then ,it appears at low strain level the
non-linearity causing intermodulation whether In-Band or
Out-Band, are predominantly related to surface defects of
one kind or another .
d) The causes of intermodulation distortion of high strain
levels are less easily determined, although the experience
indicates the decreasing importance of surface conditions as
strain level amplitude increases. Same experience indicates a
highly reproducible mechanisms. The regularity of square
function appears.
e) Also, same experience indicates the reduction of intermodulation distortion by increasing of the surface of electrode in the case of VHF crystal resonators.
f) In the case of monolithic filters there are the indication
that the influence of coupling c o a c i e n t is minor.
3. MEASURING METHODS AND PROBLEMS

Measurement of intermodulation distortion is really very
complex measurement. The basic instructionsfor the measurement of IM3 are given in (Rd.
9). We use the test arrangement as shown on fig. 14.
Test circuit for IM3 In-Band measurement
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Test circuit for IM3 Out-Band measurement
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Figure 15

Where are:

E
IXI

FUT
SA

and sG2

HP 8640B Signal Generators
Amplifires
HP 355D Attenuators
HP 8721A (6dB) Splitter
Filter Under Test
HP 8568A Spectnun Analyzer

(Refs. 1 0 , l l ) give the useful suggestions for improvement of
the measuring methods. In the cases when exist the requirements for high level input in IMP-QCD, we use the specially
constructed amplifiers. By using such test-set up the measurement is enabled:
a) In-Band IM3 up to 85 dBm.
b) Out-Band IM3 up to 100 dBm.
The tolerances of measurement is f 5 dBm.
For the purpose of control of the production of quartz resonators and dual resonators we introduced the testing of IM3
requirements for resonators and dual resonators according to
the suggestion in (Ref.8). For each type of filters the correlation of requirements is placed. For IM3 for filter and corresponding IM3 requirements for resonators or dual resonators
can be set. It was shown that such correlation contributes
exceptionally to the high percentage of crystal filters yield.

c) The presence of histeresis effect, and at the change of
testing course this appearance only occurs when the drive
level is increasing.

4. POWER HANDLING
The new generations of Military R F , radios is expected to
demand even more stringent IM3 performance from crystal
flters. Also, in order to improve exiter signal-to-noiseratios
it is desirable to have as much signal amplification as possible before filtering. To achieve these objectives filters capable of handling higher power levels while still operating in a
linear manner are needed. In (Ref. 31, for the first time was
given the review of the solution of this problem by using SC,
BT or IT cut and for drive levels between 0 dB and 25 dB.
In IMP-QCD this problem was considered in concrete cases,
being solved exceptionally by special design of crystal resonator. It was shown that the influence of the surface of electrode is very important, dominant for the solution of stated
problem. Very good results are obtained in the field of VHF
resonators and filters for up-conversion for 75 MHz,
81.4 MHz and 38 MHz.
Conclusion: The problem of power handling at crystal filters
for up-conversion can be solved by increasing of surface of
electrode achieving of necessary compromise for spurious
response requirements.
5. SUMMARY AND DISCUSSION

In IMP-QCD the problem of intermodulation distortion and
power handling capability has been considered exclusively
through the experiments. For the purpose of IM requirements
for In-Band and Out-Band ,the technological procedure of
the production of VHF crystal resonators and dual resonators
for 21.4 MHz has been changed . We introduced in this
treatment a few new steps which have considerably contributed to the improvement of IM3, as well as to very good
yield of the realized resonators.
In Table 2 is given the review of the obtained results in IMPQCD for VHF and monolithic crystal filter. The review is
based on the results obtained from serial production.
In our previous work, first of all experimental, unfortunately,
besidei all undertaken measurements, the following appearances were noticed and up to now they were not solved:
a) " Sleeping sickness". This appearances has been also noticed at VHF crystal filter, as well as 21.4 MHz monolithic
filters. We can say that at monolithic filter is more outstanding.
b) The change of IM3, unfortunately worse, after thermal
cycling of filter or after h a 1 temperature test. By checking of
dual resonators ,we stated that usually one resonator has
considerably changed its IM3 characteristic.

Table 2
In the (Refs. 3, 4) the mathematics expression for IM3 in
fimction of central frequency, passband width, overtone and
surface of electrode and input level, are given. We think that
areas for future experiments, for the purpose of improvement
of crystal filter quality, must be:
a) Optimum choice of the electrode surface.
b) Intluence of "overtone" at IM3.
c) Testing of the influence of base heating during the group
evaporation.
d) Influence of deep etching at IM3.
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Abstract
Currently the most popular method ofcomparing remote
clocks is to use the GPS and GLONASS satellite
navigation systems. Comparisons via GLONASS signals
were suspended for many years because full deployment
of the system was delayed and there were no comniercial
time receivers. Currently, however, nine major timing
centres are equipped with twelve GLONASS or
GPS/GLONASS time receivers, and their number is
increasing. This paper presents the results from
GLONASS common-view time comparisons, obtained
using a GLONASS receiver of type ASN-16 from the
Russian Institute of Radionavigation and Time (RIRT)
and a R-100 type of 3S Navigation, in four European
and three US time laboratories, while following a BIPM
international tracking schedule. The paper continues
with the analysis of a comparison with GPS common
views.

INTRODUCTION
This paper provides a tentative estimation of the
precision of time comparisons by GLONASS common
views, describes the main characteristics of the ASN-16
and R-100 receivers and presents the results of time
comparisons between several laboratories in Europe and
North America according to the BIPM international
GLONASS schedule. Procedures for data processing and
standards for GLONASS international common-view
time transfer are also discussed. Since most laboratories
participating in this exercise are also equipped with
GPS, or GPSIGLONASS time receivers, we are able also
to report comparisons of GLONASS and GPS commonview time transfer. GPS common-view time transfer is
accomplished with an accuracy of several nanoseconds
and gives an excellent reference with which to evaluate
the ultimate performance of GLONASS common-view
time transfer, if we exclude some systematic errors like

those in receiver calibration. The present comparison
shows a slightly lower performance for GLONASS time
transfer. The causes of this, and possible solutions, are
presented.
The use of GLONASS signals, which for time
synchronization have characteristics similar to those of
GPS, was restricted for a long time because there were
no commercial time receivers. In late 1993, the Russian
Institute of Radionavigation and Time (RTRT) completed
the development of a GLONASS time receiver,
satisfying BIPM requirements and based on its own
airborne ASN-16 receiver. To obtain and process
GLONASS time measurements automatically, an
interface between the ASN-16 and a personal computer
was built. Receivers to this specification are already in
operation at the Russian State TimelFrequency
Reference in VNIIFTRI, Mendeleevo, at the other
Russian Time Service laboratories, and at the BIRM,
Beijing, China. In mid- 1995, 3S Navigation
commercialized the GLONASS R-100 receiver in
accordance with BIPM requirements. In 1996, a dualsystem was produced by this company, the first
commercial GPS/GLONASS time receiver. These
receivers were installed at the BIPM, USNO, VSL,
NIST, DLR and other laboratories, see Table 1. After the
appearance of these special timing receivers, the BIPM
published the first tracking schedule for international
time and frequency comparisons by GLONASS common
views. Regular measurements and data exchange
between laboratories began on 4 January 1996. At
present the third BIPM international GLONASS
tracking schedule is being implemented. There are some
differences between the two systems which have an
impact on time transfer. These differences and possible
ways of overcoming them are described below. The need
for GLONASS and GPSIGLONASS time transfer data
format standardization is also emphasized.

The deviation of UTC(USN0) from the UTC generally
remains within 20 ns. In the Russian Federation,
however, UTC(SU) was going away from UTC. The
deviation, [UTC-UTC(SU)] approached minus 8000 ns
in November 1996, see Figure 1. The GPS operators
keep GPS Time within 100 ns from the UTC(USNO),
and it has generally performed much better than this
except for a period of about two weeks in December
1994 when, due to a malfunction, GPS time made an
excursion from UTC(USN0) of about 270 ns. For
GLONASS, the difference between GLONASS Time
and UTC in January 1997 was around 35000 ns, and
was increasing steadily. The 13th Meeting of the CCDS
(Comite Consultatif pour la Definition de la Seconde)
held on 12-13 March 1996, recommended
(Recommendation S 4 1996, Ref. 1):

Table 1. Laboratories observing GLONASS in commonview and showing interest.

that the reference times (modulo 1 second) of satellite
navigation systems with global coverage* be
synchronised as close as possible to UTC,
that the reference frames for these systems be
transformed to be in conformity with the terrestrial
reference frame maintained by the International Earth
Rotation Service (ITRF),
that both GPS and GLONASS receivers be used at
timing centres.

TIME REFERENCES
One of the major differences between GPS and
GLONASS is that they use different references for time
and space. For time reference, GPS relies for its GPS
time on UTC(USNO), Coordinated Universal Time
(UTC) as realized by the USNO. GLONASS relies for
its GLONASS time on UTC(SU), UTC as realized by
the Russian Federation. UTC is produced by the BIPM
and is the internationally recognized time reference for
the whole Earth..
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This Recommendation specifies a basis for harmonizing
GPS and GLONASS, which does not make GLONASS
depend on GPS, or GPS on GLONASS, but requires that
both systems maintain their time and space references in
agreement with international standards. Following this
Recommendation, the Russian Federation agreed to
improve the synchronization of its time scales with
UTC. On 27 November 1996 a time step of 9000 ns was
applied to UTC(SU) in order to make it approach UTC,
see Figure 1. Next, on 10 January 1997 a frequency step
was applied to GLONASS time to adjust its frequency
to be close to that of UTC(SU). Further adjustments of
these two time scales with respect to UTC are expected.
This development is a sign of good will and
understanding.
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Figure 1: Deviation of UTC(USNO), UTC(SU), GPS
time and GLONASS time from UTC from 2 January
1993 to 31 January 1997.

The values of [UTC - GLONASS time] reported on
Figure 1 were published in BIPM Circular T until 31
December 1996, for the standard dates at 5-day
intervals, according to observations of [GPS time GLONASS time] performed at University of Leeds with a
GPSJGLONASS receiver, 'Bart', designed and built in
house. The same differences, derived from GLONASS
observation at the BIPM with a R-100110 receiver, differ
by a constant of about 1250 ns, see Table 2. Similar
differences were observed using other R-100 receivers at
the VSL and the DLR. We know that R-100 receivers
are not calibrated absolutely. We would prefer to trust
the Leeds values, because there the primary observations
are [GPS time - GLONASS time].

* Such as Global Positioning System (GPS), Global Navigation Satellite
System (GLONASS), International Maritime Satellite Organization
(INMARSAT), Global Navigation Satellite System 1 (GNSSl), Global
Navigation Satellite System 2 (GNSS2).

Table 2. [UTC- GLONASS time] by BIPM Circular T
and by a R-100110.
UTC - GLONASS time
-21055
-21421
-21813

1264

The hardware delay should be the same for GPS and
GLONASS signals and should cancel in the difference.
However the values of [GPS time - GLONASS time]
provided by the new GPSIGLONASS receiver 'Slot'
built at the Leeds University differ from that provided
by 'Bart' by 200 ns (Ref. 2). Data from a similar
comparison with GLONASS data recorded with a ASN16-02 receiver show another shift. Russian receivers are
not calibrated absolutely, so also do not provide an
independent check.
Because GLONASS receivers are not calibrated
absolutely we know [UTC - GLONASS time] with an
accuracy no better that 1 microsecond. GPS receivers are
absolutely calibrated and [UTC - GPS time] is known
with an accuracy of a tens of nanoseconds, mainly
because of SA. It follows that GLONASS provides an
average user with world-wide real-time dissemination of
UTC, as produced by the BIPM, to an uncertainty no
better than 1 microsecond after the recent improvement
of the synchronization between UTC(SU) and UTC.
GPS does the same with uncertainty lower than 100 ns.
Since 1 January 1997, BIPM Circular T has provided
daily values of [UTC - GLONASS time] derived from the
observations of a R-300130 receiver located at the VSL,
Delft, the Netherlands. Until GLONASS receivers are
calibrated absolutely it was decided to apply a constant
bias of 1285 ns to the GLONASS observations obtained
at the VSL, to maintain continuity with the previously
published observations from Leeds University.
Summing up, we note that persisting differences
between Russian time scales broadcast by GLONASS
and UTC affect real-time dissemination of UTC through
GLONASS, and to some extend complicates the dual
system GPSIGLONASS navigation solution. However,
this discrepancy does not affect common-view time
transfer as readings of the satellite clock vanish in the
difference. Also lack of absolutely calibrated GLONASS
receivers can be easily overcome for common-view time
transfer by differential calibration of receivers.
REFERENCE FRAMES
It is now general practice for laboratories engaged in
accurate GPS time transfer to express ground-antenna
coordinates with decimetric uncertainties in the ITRF,
the internationally recognized ultra-accurate terrestrial
reference frame. Post-processed GPS precise
ephemerides are also expressed in the ITRF. Although

actual GPS broadcast ephemerides are expressed in the
WGS 84, the newest realization of this reference frame
agrees to within one decimetre with the ITRF. In these
conditions the uncertainties in the GPS ground antenna
coordinates can have an impact on the accuracy of GPS
common-view links of no more than 1 nanosecond. To
sum up: the use of coordinate reference frames for GPS
time transfer is well defined, well practised and fulfils
all recommendations and standards.
The situation is somewhat different for GLONASS. Its
geodetic reference frame PZ-90 can differ by up to 20 m
from ITRF on the surface of Earth and no accurate
relationship between PZ-90 and ITRF is yet known The
simplest way to determine GLONASS antenna
coordinates is to average a series of navigation solutions.
But the uncertainties of such coordinates are no better
than several metres, see Table 1, and can have an impact
on the accuracy of the common-view link of a few tens
of nanoseconds. First users of GLONASS time receivers
decided ad-hoe to determine the GLONASS groundantenna coordinates in the ITRF wherever this was
possible (Ref. 3). This has the obvious advantage of
immediately providing the best possible consistency
between the GLONASS ground-antenna coordinates. At
present the ITRF antenna coordinates introduced into R100 type receivers are transformed to the PZ-90
reference frame to make them consistent with broadcast
ephemerides. All R-100 type receivers now in operation
use the same transformation formulae and parameters.
Russian ASN-16 receivers do not transform antenna
coordinates. In order to harmonize GLONASS with GPS
and avoid operations on ultra-precise ITRF coordinates,
another approach would be to keep the ITRF
coordinates unchanged in the receiver and transform
broadcast ephemerides from PZ-90 into ITRF according
to a standardized set of formulae and parameters. This
solution was submitted to the CCDS Sub-group on GPS
and GLONASS Time Transfer Standards (CGGTTS) at
its last meeting on 2 December 1996 (Ref. 4).
The uncertainty of GPS broadcast ephemerides ranges
from 5 m to 15 m. It is not affected by Selective
Availability (SA). The uncertainty of GLONASS
broadcast ephemerides is estimated to be slightly larger
and should range from 15 m to 20 m. Post-processed
precise ephemerides for GPS satellites are publicly
available with a delay of several days. Their uncertainty
is currently several decimetres, but is improving
progressively. At present, no information is available on
the computation of GLONASS post-processed precise
ephemerides, but some geodetic civil institutions are
already considering international efforts to compute
GLONASS precise ephemerides for public use. We
should also expect that future GLONASS post-processed
precise ephemerides will be expressed in ITRF
coordinates. In the present study we did not apply GPS
precise ephemerides. In this way the GPS time links
were computed under the same conditions as GLONASS
links.

IONOSPHERIC DELAY

GPS CIA-Code time receivers correct time observations
for ionospheric delay using a model based on broadcast
parameters. As the GLONASS navigation message does
not contain ionospheric parameters, GLONASS CIACode time receivers use a model based on fixed
parameters. This limits the precision of the longdistance GLONASS links studied in this paper, because
these links necessarily use low satellite tracks.
Ionospheric measurements using two GPS frequencies
are performed at the BIPM, the NIST and the USNO. To
perform GPS time links under the same conditions as
GLONASS, GPS ionospheric measurements were not,
therefore, used in this study. Commercial doublefrequency GLONASS time receivers are now available
and these are capable of measuring ionospheric delay.
Their use should greatly improve the quality of
GLONASS measurements.
BRIEF DESCRIPTION OF
GLONASS TIME RECEIVERS

Table 1 lists laboratories which observe GLONASS
according to the tracking schedule for international
time and frequency comparisons by GLONASS
common views and laboratories which have expressed
interest in using GLONASS common-views. The ASN16, designed by the RIRT, is a one-channel, onefrequency unit designed for airborne navigation (Ref. 5).
When used for time determination, it provides, via one
chosen satellite, an output of 1 Hz synchronized to
GLONASS time. That is why, for time comparisons via
GLONASS signals using the ASN-16 receiver, an
additional time intervallometer is necessary. To
eliminate the need for this instrument the ASN-16
receiver was redesigned to provide a time difference
with an external signal of 1 Hz. In this form, the ASN16 receiver is designated ASN-16-02 and, through an
interface, it provides filly automated measurements to a
PC. The uncertainty of time determination between the
user clock and the satellite clock by this receiver should
not be worse than 60 ns (rms) after its absolute
calibration. Tests of two ASN-16-02 receivers at the
RIRT show that uncertainty of GLONASS zerobaseline common-view time comparisons is not worse
than 10 ns (rms) for averages including 15 or more
tracks per day.
Receivers of type R-100 are manufactured by 3s
Navigation. The R-100110 receiver is also a onechannel, one-frequency, CIA-code unit. It provides
time differences between the user clock and the
satellite clock with an uncertainty not worse than 60 ns
(rms) and common-view time comparisons with an
accuracy of a few nanoseconds (rms) when calibrated
relatively. The R-100130 receiver is a multi-channel,
two-frequency, two-system GPSIGLONASS, instrument
which uses P-code for GLONASS and CIA-code for

GPS. It provides independent measurements for each
channel, and for GLONASS accounts for ionospheric
delays by the two-frequency technique. The uncertainty
of time determination between the user clock and
satellite clock is not worse than 60 ns (rms), if we
exclude errors in receiver calibration, and the accuracy
of common-view time comparisons is a few nanoseconds
(rms) for differentially calibrated receivers.
The ASN-16 and R-100 receivers are both controlled by
a PC and use a standard format developed for GPS
common-view technique by the CCDS Group on GPS
Time Transfer standards (Ref. 6). The R-100 receivers
also use the standard formulae and parameters adopted
for GPS. The ASN-16-02 receiver does not yet follow
these standards, but their fill implementation is
expected soon.
RESULTS OF GLONASS
COMMON-VIEW TIME TRANSFER

Ten time links on baselines ranging from zero to 9000
km we consider for this study (Ref. 7). We show that the
baseline length affects the precision and accuracy of
satellite common-view time transfer. The greater the
distance, the larger is the effect of uncertainties in the
satellite ephemerides and ionospheric delay on time
transfer. However, uncertainties of the antenna
coordinates, see Table 1, may add a major contribution
to the accuracy and precision of the common-view link
even over a short baseline.
Table 3. Tentative theoretical uncertainty budgets for
GLONASS common-view time comparisons.

normal solar activity,

Table 3 gives a tentative theoretical uncertainty budget
for GLONASS time comparisons in common-view
mode, at distance d, for CIA-code receivers, for one 13minute track and for an average of 30 tracks over one
day. In making these calculations it is assumed that: the
noise of the laboratory clocks and the rise time of the
reference pulses are negligible; ground antenna

coordinate uncertainties are of the order of 10 m;
ephemeride uncertainties range from 15 m to 20 m (Ref.
8); a model with fixed parameters is used to determine
the ionospheric delay.
Table 4. Precision determination of GLONASS
common-view links.

Table 4 shows the results of precision determination of
GLONASS common-view time comparisons between
clocks in some laboratories noted above, for intervals of
one month.

0

We speak here about precision and not accuracy, as
many sources of systematic effects could not yet be
resolved for GLONASS links. We have chosen to
express the precision of a single 13-minute GLONASS
common-view measurement in terms of the root mean
square (rms) of the differences between raw and
smoothed values. The data analysis covers the nine
month period in which the lst, 2nd and 3rd BIPM
international GLONASS schedule were implemented.
From 7 to 62 GLONASS common views were available
daily. Vondrak smoothing (Ref. 9), which acts as a lowpass filter with cut-off periods ranging from about 1 day
for a 0 km baseline to about 10 days for a 9000 km
baseline, was performed on the raw GLONASS
common-view values. This range of cutsff periods 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 number of common views per link and cutoff periods are listed in Table 5. At the RIRT the method
of least squares interpolation was employed, using a
linear model for time differences and one day averaging.
The link RIRT - VSL computed using the RJRT
approach is also reported (marked * in Table 4).
Estimating of precision derived from two methods are
similar.
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Table 5. Number of common views per link and cut-off
periods for smoothing.

At the BIPM a procedure to remove constant biases
between observations in different directions of the sky is
used operationally for the treatment of GPS data. It has
been shown for GPS common views that, for baselines
up to 1000 km, these constant biases are mostly due to
errors in the differential coordinates of the laboratories
involved. We have chosen the link DLR VSL to
illustrate the use of this procedure for GLONASS
common views. Figure 2 shows the common views
before removal of the biases, and Figure 3 shows the
same views after removal of the biases. The rms is
reduced from 7,9 ns to 2,4 ns. This is a strong indication
that the differential coordinates between these two
laboratories have an error of several metres. In fact we
already know (see Table 1) that the GLONASS antenna
coordinates at the DLR and VSL have errors of several
metres in the ITRF. The reasons of expressing
GLONASS antenna coordinates in the ITRF reference
frame are explained in detail above and in Ref. 3.

-

Table 6 . Estimated accuracy of GPS common-view links.

In Table 7 we show a comparison of GPS and
GLONASS common views between DLR and VSL.
There is a constant shift of 324 ns between the two
methods, partly due to the use of uncalibrated
GLONASS and GPS receivers and partly to the less
accurate geodetic coordinates available for GLONASS.
When constant shift is removed from the difference
between the GPS and GLONASS results, the values
obtained are strikingly low, generally 1 ns. Figures 4
and 5 illustrate the removal of biases from GPS
observations. The slight improvement, from 2,5 ns to 1,7
ns rms, is due to an error of about 0,5 m in differential
coordinates between these two laboratories.
Table 7. Comparison of GPS and GLONASS commonview time transfer for August and September 1996 at
five-day intervals.

COMPARISON OF
GLONASS AND GPS COMMON-VIEW TIME
TRANSFERS
To evaluate the performance of the GLONASS commonview method we computed five time links for a period of
five months using the GPS common-view method for
baselines ranging from zero to 8000 km. To estimate the
quality of GPS links we used the same statistical
approach as for estimation of the precision of
GLONASS links. However, in case of GPS we can speak
about accuracy as all known sources of systematic effects
were considered and as much as possible removed. The
results are given in Table 6 . We note that for a baseline
of zero, the behaviour of GPS and GLONASS receivers
is similar. We remark that the effect of baseline length
on the accuracy of GPS common-view time transfer is
similar that on GLONASS. The greater the distance, the
larger is the effect on time transfer of uncertainties in
the satellite ephemerides and ionospheric delay. We
note, however, that the precision of GLONASS links is
slightly lower than the GPS ones. This is easily
explained by problems with GLONASS antenna
coordinates, and slightly lower quality of GLONASS
broadcast ephemerides and ionospheric correction.

CONCLUSION
1) The appearance of commercial timing receivers of
types ASN-16-02 from the RIRT (Russia) and R-100
from 3 s Navigation (USA) has made it possible to begin
regular international time transfer using GLONASS.

2) Persisting differences between the time scales
broadcast by GLONASS and UTC and the absence of
absolutely calibrated receivers, affect
real-time
dissemination of UTC through GLONASS but do not
affect common-view time transfer as the readings of the
satellite clock vanish in the difference, and differential
calibration of receivers is easy to perform.
3) The results show that the precision of GLONASS
common-view time comparisons is of the order of a few
nanoseconds (rms) for distances of up to 1000 km, and

of the order of ten nanoseconds for intercontinental
distances. This is comparable with the performance of
GPS measurements.
4) The overall accuracy of GLONASS time links is
inferior to that of GPS. Improvements will be made
possible by:
determination of accurate ground-antenna coordinates
in the ITRF,
* use of post-processed precise ephemerides,
* double-frequency measurement of ionospheric delay,
differential calibration of GLONASS receivers,
adoption of standardized software,
keeping the antennas in constant temperature
enclosures (Ref. 10).
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MODIFIED RECEIVING AND DATA PROCESSING SYSTEM FOR
GLONASS COMMON-VIEW TlME COMPARISONS

Russian Institute of Radionavigation and Time (RIRT), Russia
In late 1993 in Russian lnstitute of Radionavigation and Time (RIRT) timing receiver
named ASN-16-02 was developed on the base of its own serial GLONASS ASN-16
receiver. It meets the requirements of Bureau International des Poids and Mesures
(BIPM) Time Section. To obtain the execution of measurements and their
processing automatically the interface between receiver and personal computer
was held. This set of devices was named as Receiving and Data Processing System
(RDPS).
At the same time many platforms of the Russian Time Service (RTS) continue to
use for GLONASS time comparisons the serial ASN-16 receiver with additional
time interval measurer of the difference between receiver internal time scale and
time scale of user. To provide the execution of measurements and their processing
automatically in this case also the additional interface modul and develope of
software was required.
Modified Receiving and Data Processing System on the basis of ASN-16 type
receivers provides:
executing of GLONASS time measurements according to schedule, formed by BIPM,
by RTS and/or independently for given user;
statistical processing of measurements for various variants and conditions of their
execution;
data exchange with other users (almanac, tracking schedule and results of
measurements in the BIPM format and RTS format) using E-mail;
forming an additional information about presence of satellites in visible zone for
given user or network of users;
graphic displaying of measurements processing results and other information.
The developed system is successfully maintaining in the structure of the econdary
TimeIFrequency Reference of RIRT and provides GLONASS common-view time
comparisons with accuracy about 15 ns.
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1. ABSTRACT

To support real-time precise navigation and positioning a low frequency real-time differential GPS
service is provided by the German Telekom and
the Institute for Applied Geodesy. The broadcasted
from Telekom station in Mainflingen pseudo-range
corrections are influenced by the reference receiver
clock offset to GPS system time. A time user
equipped with a low frequency real-time differential
GPS time receiver can use this property for improved clock synchronisation. The paper presents
DLR's first experimental results with LF-DGPS time
receivers. The described method could be of interest for the timing community in the European and
other regions.

Keywords: Synchronisation, GPS, LF-DGPS,
Pseudo-Range and Range Correction,
Time Receiver

offset consisting of the difference between the GPS
system time and reference receiver clock. A time
user equipped with a LF-DGPS time receiver can
use this property for improved synchronisation to
the reference clock. If the generated pseudo-range
corrections are compensated for the clock offset of
the reference clock in Mainflingen with respect to
GPS system time or an UTC(xx) (rangecorrection), these time scales could be disseminated in a very accurate manner. This has no effect to the navigation user.
3. THEORY
3.1 Formulation of the ~seudo-ranaecorrection
The signal pseudo-~ropagationtime p j ( t ) of an
R P
electromagnetic signal between a satellite j and a
reference station R at time t can be formulated
P
as:

JR ( tP ) = ( y k + d t j - d t R ] t n +

2. INTRODUCTION

Low frequency real-time differential GPS (LFDGPS) is provided by the German Telekom and
the Institute for Applied Geodesy. Using the signals
transmitted by GPS satellites the accuracy of the
position measurement is about 100 meters. LFDGPS delivers real time correction data and improves the accuracy up to better than 5 meters.
Trial measurements all over Germany lead to errors of 1-3 meters in the position measurement. Of
course, these errors are dependent on the distance
of the user from the reference station, cf. [DID-951
and [GPS-971.
The mentioned LF-DGPS service is based on a
reference station located at the Telekom broadcasting station in Mainflingen (near FrankfurVM.)
the coordinates of which are well known. The data
are broadcast at 123.7 kHz in the Radio Data System format (RDS). The advantages of the low frequency are its large coverage (larger than Germany), small radio shadows, small and inexpensive
receivers, the possibility of integration of the LFreceiver into the GPS receiver, and modern broadcasting und modulating methods resulting in high
quality in reception and guarantee high reliability. ,
cf. [DID-951 and [GPS-971.
The broadcasted from Telekom station in Mainflingen pseudo-range corrections are influenced by an

with

Yfk

- signal propagation time due to the geo-

d t ~

- clock offset of the reference receiver R

metric distance between satellite j and
reference station R in [s];
with respect to system time in [s];

dt-'

- clock offset of the satellite with respect
to system time in [s];

dtA,eph

- propagation delay caused by the ephemerides error of the satellite j with respect to reference station R in [s];

- error due to selective availability (SA) -

dtkSAeph

satellite j ephemerides degradation with
respect to reference receiver R in [s];

dtiAChck- error due to SA clock degradation of
satellite j in [s];
''/R,ion

-

path between satellit j and reference
station R in [s];

- tropospheric

4,mp

-

We assume that the above defined pseudo-range
correction is available for a time receiver k at time
tp+l ' It is subtracted from the determined pseudo
propagation time Y l ( t p + l ) of the time receiver k

ionospheric delay on the propagation

dtk,trop

3.2 Usina ~seudo-ranaecorrections in a time receiver

which is defined following Eq.(3.1) substituting the
index R by k

delay on the propagation
path between satellite j and reference
station R in [s];
propagation delay due to multipath ef-

fects on the propation path between
satellite j and reference station R in [s];

'4,re

4

-

remaining delays on the propagation
path satellite j
[sl;

-

reference station R in

- reference receiver R noise in [s].

The system time is concerned with a certain navigation system. In Eq.(3.1) the delay @ i d t R due to
the motion of the satellite and receiver during the
signal propagation is not considered.

The value of dtk indicates the clock offset of the
internal time receiver clock with respect to system
time,
is the corrected signal pseudopropagation time between satellite j and receiver k.

(d)c

It is assumed that A'

(t ) can be corrected for
R P
dti(tP+,).
Thus, the clock offset 9'as the 1 pps
output of the time receiver can be calculated with

The geometric propagation delay can be easily
determined as the difference of the known position
vectors of the satellite and reference receiver:

The correction term A' ( t ) as the difference beR P
tween the pseudo- and geometric propagation time
at time t can be written as
P

and shows that a time user k using this output gets
synchronised with the reference receiver clock.
The reference to the system time of the navigation
system is lost now. For a navigation user this is not
important.
3.3 Formulation of the ranae correction

If we assume that the reference receiver clock
error dtR(tp)is known we can define the so called
The term c -

AL

is called pseudo-range correction

range correction (A' ( t )) with
R P C

-

for the satellite j with c speed of light in vacuum.
Note that the value of this term depends on the
certain reference station R used, because dt ( t )
R P
is included.

The range correction is independent on the reference receiver clock offset. To generate this value,
a highly stable frequency input and an accurate

clock modelling with respect to system time has to
be realised on the reference station.
3.4 Usina ranae corrections in a time receiver
Now we apply the range correction (A' ( t )) to
R P C
Eq.(3.4) and get the signal corrected pseudopropagation time ( ~j ~ ( t ~ + with
~ ) ) ' ,

again assuming that

dR ( tP ) can be corrected for

dt'(tp+,).In this case the offset BJJis equal to the
clock offset of the 1 pps output of the time receiver
with respect to system time

The characteristic we are interested in is the variance of ( d t i , k ) r e . For this we can neglect the variances of receiver noises, ,,normalu ephemerides
and multipath effects. The main drivers for an increasing variance of ( d t k k ) r e are the variances
of:

*

reference and user receiver clock offset: the
generation of the clock offset to system time
has to be realised on the reference receiver and
strongly depends on the modelling effort. For
the pseudo-range correction an offset is also
generated to bring the internal reference clock
near to GPS time. But this value is only a raw
estimate and thus can have a high variance. For
the range correction this value has to be modelled as accurate as possible and is essential
for the time user. Finally a GPS time restitution
has to be realised, and this is not so easy to do
under SA. A restitution strategy has to be formulated, and the model proposed must be
adapted to the applied reference clock;

*

satellite SA clock and ephemerides (if activated)
effects mainly due to latency / age and increasing baseline);

*

ionospheric, and tropospheric effects (mainly
dependent on the baseline).

The time user gets again synchronised with the
system time.
3.5 Resultina remainina delay
The resulting remaining delay ( d t i , k ) r e for a clock
synchronisation of a time receiver k using pseudorange and range corrections from a reference station R for a satellite j will be briefly discussed here.
The delays for the time receiver kare defined in the
same way as for the reference receiver R in
Eq.(3.1).
It is assumed that the correction terms coming
from the reference station R are updated after a
certain time (i.e. 8 sec) and transmitted by a LF
broadcasting station. Thus, we have a problem of
the latency and age.
The value ( d t k k ) r e can be written as

It also arises the question whether atmospheric
delays are modelled or measured or considered on
the user site.
3.6 Calibration and a ~ ~ l i c a t i o
as~ects
n
Calibration and application aspects in this context
mean hardware calibration in the conventional

sense and application of the d r i worth at the receiver site.
The hardware calibration is a more or less understandable feature and will not be discussed here.
The main point for the calibration task is the application of the differential corrections, i.e. the reference clock offset in the time receiver. This is a
large error source, because GPS receivers are
usually designed for navigation and do often not
fulfil the requirements of the timing user. Thus, it is
very difficult to get hard- and software details from
a dedicated manufacturer.

, the local clock - the hydrogen maser Hl(DLR) of
the Russian company Kvarz. The general setup
can be obtained from fig. 4.1.
Now, over the measurement period of some weeks
the difference between the 1 pps output and the
hydrogen maser's 1 pps has been recorded each 5
seconds. These records were subjects for further
analyses.

3.7 Theoretical conclusions
The transmission of additional information containing pseudo-range and range corrections includes the following properties:

*

*
*

possible improved synchronisation for the time
user with respect to the reference receiver clock
(using pseudo-range corrections) or to the system time (using range corrections);
if the reference receiver clock is synchronised to
GPS-time or UTC(xx) the time user has an accurate direct access to this time scale;
increasing the baseline between user and reference station receiver increases the variance of
the resulting remaining delays and degrades the
accuracy.

It should be noted here that the introduction of
range corrections instead of pseudo-range corrections on the reference station will not influence the
navigation user.
4. EXPERIMENTAL SETUP

Mainflingen (near FranWuWM.)

Fig. 4.1
setup.

Obeplatlenh~ten

Overview of the system's experimental

5. POTENTIAL ACHIEVABLE ACCURACY

Let us estimate the resulting remaining error for a
time user applying pseudo-range or range corrections of a reference station transmitted by a LF
broadcasting station. The baseline is assumed to
be about 300 km, the update rate is about 8 s (5 s
latency, about 8 s age).

I

Resulting remaining
error

I

uncertainty [ns]

ephemerides

In our measurement campaign pseudo-range corrections have been used broadcasted on 123.7
kHz form the Telekom in Mainflingen (near Frankfurt1M.) The reference receiver is a Trimble
4000SSI. In the past this station operated with a
highly stable quartz oscillator, now it was replaced
by a caesium atomic clock. At this point we want to
mention that the improvement due to the atomic
clock has not be considered in the clock offset
monitoring presently, because the time user has
not been considered as a possible customer of this
service.

SA clock under age
concern

In DLR Oberpfaffenhofen an Efratom ,,DGPS FC"
(SIN 001) six channel DGPS time receiver was
installed. This receiver was fed with the differential
data coming from a LF receiver (STAR.TRACK
LWRX). The 1 pps output of that receiver was
compared to

Total
= 14.0
Tab. 1 Potential achievable synchronisation accuracy for a time receiver using LF transmitted
pseudo-range or range corrections

12.0

--

ionosphere

2.0

tro~os~here

1.O

multipath

2.0

receiver noise

2.0

calibration and application (mainly application
of DGPS clock correction)

6. RESULTS

In this section we will present examples of two
types of results: running the time receiver without
and with DGPS data. In each case the local receiver position is fixed and hold constant during the
measurement.
Fig. 5.1 shows the residuals of the 1 pps output
from the time receiver with respect to the 1 pps of
Hl(DLR) over 1 day observation period (5.02.97).
The measurement interval was 5 s. The standard
deviation was calculated to be 35 ns (1o).

One significant error source is assumed to be located in the reference station: the clock offset
modelling is not as accurate as possible for the
time user and the new implemented atomic clock is
not considered sufficiently. The clock model runs
on the old quartz oscillator presently. The navigation user does not matter about this.
Another point is the unknown procedure in the time
receiver to consider the pseudo-range and range
corrections. DGPS receivers are usually designed
for navigation purposes and do not meet all the
requirements concerning the time user. Thus, we
are not ready to describe the detailed algorithm for
the DGPS processing inside the time receiver. On
the other hand it is strongly recommended to know
about this to mark important points.
We have also no accurate information about the
latency and age intervals. This input is needed to
estimate the error coming due to SA. We tried to
find out realistic figures.
The DGPS time receiver is not capable to compensate for ionospheric effects. But, these effects are
considered on the reference site. The differential
effect can increase the error variance.

-

481 5
UJD

- 5CJW

Fig. 5.1 Residuals of HI(DLR) - Efratom time receiver 1 pps comparison over one day (5.02.97)
without differential data input.
With the same operation deals Fig. 5.2, but in this
case the time receiver was fed with differential
data. This measurement took place on the
28.01.97. The standard deviation was calculated to
be 27 ns (1o).
r e ~ i d u o Hl(0LR)
l~

C

'

- Oiff.

CPS RX

I

-IW

UJO

The stand-alone solution for the DGPS-time receiver looks good. This is caused by the fact that
,,all in view processing" with 6 satellite channels has
been made. Using only a typically one channel
receiver the improvement would be significant. On
the other hand multi-channel time receivers are
inexpensive on the market now and have to be
assumed as the standard equipment for the near
future.
We conclude, that finally we should stress our investigations to sufficiently model the reference
receiver clock offset. This leads to the restitution of
GPS system time. The internal receiver processing
has to be discussed assuming certain latency 1 age
concerns.

1

A78 5

470.0

Further problems occured with the LF-receiver.
The signal reception was interrupted repeatedly.
This was indicated by a LED. What about the data
handling of the DGPS-receiver in this case ?

477.0

- ygm

REFERENCES

-

Fig. 5.2 Residuals of Hl(DLR) Efratom time receiver 1 pps comparison over one day (28.01.97)
with differential data input.
7. CONCLUSION
We can obtain a significant difference between
both preliminary estimated and achieved accuracy
(note, in the experiment we only analysed the precision). The sources for such discrepancies have to
be identified.

[DID-951 Dittrich J. and Kuehmstedt E., Real Time
Differential GPS over long wave. Contribution of the lnstitut fiir Angewandte
Geodasie, Frankfurt am Main, to DGPS
in GIBS, November 1995.
[GPS-971GPS Information and Observation System (GIBS), lnstitut fijr Angewandte
Geodasie, February 1997
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ABSTRACT

Most precise time transfer between remote atomic
frequency standards is achievable with two-way
signal transmission systems. This paper describes
the results of a validation experiment that was
realized by means of the PRARE system, which
offers all necessary features to compare - in two-way
Common View (CV) mode - time offset and time
drift of up to four ground-based atomic clocks
simultaneously. The obtained results confirm that
the two-way PRARE CV technique is superior to
standard GPS CV methods and should, therefore, be
seriously considered for application in a future
Global Navigation Satellite System (GNSS).
keywords: two-way time transfer; PRARE, Common
View technique, GNSS

1 INTRODUCTION

When discussing new navigation satellite systems
like the proposed European GNSS-2, not only
adequate clocks for precise time keeping, but also
appropriate methods for accurate time transfer have
to be discussed [Ref. 11. The time comparison
method should allow to really control the stabilities
of the involved clocks and should not have to deal
with insufficient time signal transmission and data
evaluation techniques. Two-way time transfer offers
the possibility to strictly separate clock deviation
and ground station position~satellite ephemeris
errors. Their main advantage is that the basic
one-way time interval measurements of space and
ground clock can be reduced by quasi-simultaneous,
nearly error-free two-way time interval measurements, if the signal-generating equipment is able to

receive the time signal once again, after it has
accomplishedthe round-trip travel, and compare it to
the previously transmitted signal. By that approach,
the clocks' deviation is truly measured, there is no
need to model it.
The PRARE system (= Precise Range And RangeRate Equipment), which has originally been
developed for highly precise orbit determination and
ground positioning purposes [Ref. 21, offers exactly
these features. The PRARE measurement principle
is based on two-way tracking of microwave signals
in X-band (accuracy: sub-rnm level) with an
additional S-band downlink for ionospheric refraction determination. The signals are coherently
modulated by a 10respectively 1Mcpsls pn-code for
simultaneous two-way ranging (accuracy: sub-dm
level). The complete PRARE system consists of a
space segment, which is integrated onboard the
target satellite (presently active onboard the
European remote sensing satellite ERS-2), master
control facilities, and about 30 transportable ground
stations, which are distributed near-globally. A
detailed description of the system and its main
purposes can be found in [Refs. 3,4].

2 EXPERIMENTAL SETUP

All PRARE tracking signals are referred strictly
coherently to the central BVA-oscillator of the space
segment. Moreover, the space segment is able to
track up to four ground stations simultaneously.
These important features have been taken advantage
of in a dedicated time transfer experiment with
PRARE that has been carried out between November
1995 and February 1996 [Ref. 51. The standard
PRARE tracking signals have been used to compare
the time offset of three ground based frequency
standards, which are located at the facilities of the

GeoForschungsZentrum (GFZ) Potsdam (Cs clock),
at the Deutsche Forschungsanstalt fiir Luft- und
Raumfahrt's (DLR) branch establishment in Weilheim (H-maser clock), and at the PRARE-Masterstation of GFZ in Oberpfaffenhofen (Rb clock, fig. 1).

stations were linked to the clocks parallel to the GPS
receivers at each site. This way, simultaneous clock
comparison by means of the GPS Common View
technique could be carried out, which was used for
absolute calibration of the PRARE results. Internal
calibration was fulfilled by careful measurement of
the signal delays induced by the locally used equipment. Figs. 2 to 4 show the hardware setups and the
relevant signal delays of each measurement site.
QPS time signalp UTC(USN0)
PRARE time signals

reference

Fig. 1:Experimentaltwo-way CommonView comparisoncf a Cs
(GFZ Potsdam),a Rb (GFZOberpfaffenhofen), and an H-maser
frequency standard (DLR Weilheim) with PRARE on ERS-2.

At each site, a PRARE ground station and adequate
time interval measurement equipment has been
installed to measure during local passes of ERS-2
(five to six times a day lasting about 10 to 12 minutes
each) the time offset and time drift between each of
the ground clocks and the PRARE space segment
oscillator. After reducing those individual one-way
measurement data sets with the corresponding twoway measurement data sets, which are routinely
preprocessed at the PRARE-Masterstation [Ref. 41,
and correlating two of these scaled data sets
respectively, all influences of the space segment and
the space oscillator,which are common to both links,
are cancelled, and the ground clocks' time scales can
be inter-compared directly.

-

-

Fig. 2: Experiment setup and signal delays at GFZ Potsdam.
QPS lime sign& UTC(USN0)

PRARE time signals

Rb-Nod
with n h e mhersnt

bacliup

I

Fig. 3: Experiment setup and delays at GFZ Oberpfaffenhofen.

3 SYSTEM CALIBRATION

The fundamental data correlation technique including all corrections of the signal disturbances due to
atmospheric refraction, internal hardware delays,
phase centre variation, and the PRARE measurement principle, has been fully described in [Ref. 51.
In this paper, only the systematic experiment
calibration efforts are focussed in detail.
For local time keeping, each of the clocks is driving
a permanently operated GPS time receiver. The
experiment layout was chosen such that the PRARE

I

backup

I

Fig. 4: Experiment setup and signal delays at DLR Weilheim.

4 PRARE DATA EVALUATION

The locally generated PRARE clock data sets, which
consist of one value per second, have been smoothed
after combining the data sets from two sites
respectively in order to suppress short time noise.

This was done - in accordance to BIPM Common
View data smoothing and to IGS data smooting
procedures [Refs. 6 , 7 ] - for 30 second and for 300
second intervals each. For the time transfer discussed
in this paper, two representative PRARE measurement data sets of 14 December 1995, 19:30 h and

Clock comparison of 14 December 1995,19:30 h

21:15 h, have been used. Fig. 5 shows the obtained
clock correlation results for each of the couples
H - Rb, Rb - Cs, and Cs - H including the
respective standard deviation values, both for 30 s
and 300 s smoothing. The local residual hardware
delays have been taken into consideration.

Clock comparison of 14 December 1995,21:I 5 h
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Fig. 5: Timeoffset and time drift between H-maser clock Weilheim and Rb clockoberpfaffenhofen (top row), Rb clockOberpfaffenhofenand
Cs clock Potsdam (middle row), Cs clock Potsdam and H-maser clock Weilheim (bottom row) on 14 December 1995,19:30 h (leftcolumn)
and 21:15 h (right column) from PRARE two-way Common View observations. a-values without drift removal.

It becomes obvious that the precision of the PRARE
two-way Common View clock comparison technique is very high showing standard deviation values
around 1 ns for 30 s smoothing. These values can be
further reduced significantly by longer smoothing
intervals (for example o = 200 ... 800 ps for 300 s
smoothing) andlor by linear adjustment of the

clocks' relative drift. The latter method has not been
made use of because of the short pass lengths, but
both methods are standard techniques for clock data
processing. By these approaches, routine precision
values of around o = 250 ps are easily achievable.
Additionally, the results confirm that the scaled
two-way data sets, which are used for reduction of

the one-way measurements, show no residual
systematic distortions or deviations. This is due to
the specific PRARE tracking data preprocessing
routines which could be significantly improved
during the last months following intensive internal
calibration efforts [Ref. 41.
The baseline length between the clocks' locations
seems not to play an important role, although the
visibility zone of the ERS-2 satellite is not very large
because of the low orbit height. Therefore, this
question could not be investigated further. It should,
however, be mentioned again that the quality of the
obtained results is basically driven both by the high
signal frequencies, which offer low signal noise, and
the fact that all correction parameters are measured,
not modelled within the PRARE system.

5 ACCURACY DETERMINATION

For system accuracy verification, three GPS time
receivers (2 x AOA TTR6, 1 x DATUM 9390) were
used during the experiment. By implementing the
up-to-date BIPM Common View tracking schedule
for Europe, simultaneous observation of identical
GPS satellites was assured. Unfortunately, the
tracking schedule could not be programmed at the
GFZ Potsdam time receiver due to diverse reasons.
Therefore, appropriate reference values could only
be generated for the link DLR Weilheim - GFZ
Oberpfaffenhofen.
A detailed description of the according data
evaluation process as well as the correlation results
for the whole comparison period can be found in
[Ref. 51. Fig. 6 shows an excerpt of the obtained
correlation data (including the local residual
hardware delays) which are relevant for the analysed
PRARE passes.
The graph is subdivided into two sections, because
the Rb clock is subject to automatic frequency
control every three days to maintain coherency to
UTC. The standard deviation of each of the two parts
is - after linear adjustment - around f20 ns, a usual
result for routine Common View observations with
GPS. The obtained accuracies and precisions of the
two-way PRARE and the GPS Common View clock
comparison results are summarized in table 1.
The table confirms the surpassing potential of the
two-way PRARE CV time transfer technique
compared to routine GPS CV measurements, when

Fig. 6: TimeoffsetandtimedriftbetweenH-maserclockWeilheim
and Rb clock Oberpfaffenhofen from GPS Common View
observationsbetween 12 and 17 December 1995, a-values after
drift removal.

precision is discussed. As far as accuracy is
concerned, a nearly constant time bias of around
+40 ns between the data sets was identified during
the experiment. This could be due to the fact that
each of the used AOA GPS receivers is specified
with an absolute accuracy of around i 3 0 ns.
Additional measurements with the help of a third
GPS time receiver, which was operated in Weilheim
and Oberpfaffenhofen for a week in each case to
inter-calibrate the primary AOA receivers, resulted
in similar biases [Ref. 51.
Table 1:Precisionand accuracy of quasi-simultaneous two-way
PRARE CV and GPS CV clock comparison measurements between H-maserWeilheimand~b~berpfaffenhofen(*:estimated).
PRARE CV
offset
H-Rb
14.12.95,
19:30 h

GPS CV

cr3~

0300

1475.8 ns 1.083 ns 0.539 ns

offset
H Rb

-

difference
o

1438.3 ns 15.4 ns

PRAGPS

o

37.5 ns 45 ns*

6 CONCLUSIONS

The time transfer experiment described in this paper
proves the applicability and very high precision of
differential ground clock comparison, which is
achievable with the PRARE two-way Common
View technique. The only existing disadvantages are
due to the low earth orbit PRARE is currently
operating in and could easily be overcome by
installing the system onboard a high flying satellite.
When combining it with an ultra-stable frequency
standard, the system could not only serve for
comparing ground-based clocks, but also provide
global time transfer with an unparalleled stability

and accuracy. As the standard PRARE system
features, like near-real time ranging, simultaneous
range-rate determinationby dopplerlphase measurement, and high capacity data transfer, could be fully
maintained, its consideration in a new European
satellite navigation system is strongly recommended
[Ref. 11.
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ABSTRACT
After a brief report on two-way satellite
time and frequency transfer (TWSTFT) so£t ware and hardware developments at the Technical University Graz (TUG) results of
measurements of the differential delay of
TWSTFT stations are reported and discussed.
These results indicate that carrying out
TWSTFT measurements together with measurements of the differential station delay
frequency comparisons at the 10-15 accuracy
level for averaging times less than one day
should be possible. In addition envisaged
activities involving both TWSTFT earth
stations available at the TUG are mentioned .
Keywords: Two-way satellite time and frequency transfer (TWSTFT), satellite simulator, signal delay, stability, accuracy.

communication Union (Ref. 3) . One is to be
used for reporting individual 1 s measurements and the other one for reporting the
results of a quadratic fit. I n the first
format in one data file only data from one
satellite track can be reported, but giving
the full data set. The purpose of the second format is to reduce the amount of data
to be exchanged and to be able to report in
one data file more than one track involving
different partner stations and different
satellite links. Moreover the exchange of
related information concerning measurement
uncertainty, delay calibration and delay
stability, meteorological and other parameters necessary to process the data is possible. Software has been developed at the
TUG to process data files according to the
first format in an automated way producing
numeric and graphic output and to convert
data given in the first format together
with the necessary additional data into the
second format and to process data given in
this format (see Fig. 1).

1. INTRODUCTION
The two-way satellite time and frequency
transfer (TWSTFT) technique is well known
for decades, but only recently it was used
in a large scale experiment, the so-called
INTELSAT field trial, carried out in 1994
and 1995 by six European laboratories and
two laboratories in the United States of
America; one of these laboratories was the
Technical University Graz (TUG) (Refs. 1,
2 ) . Based on experience gained during this
experiment and previous TWSTFT activities,
at the TUG extensive work was done to be
ready for the planned follow-up experiments
which should lead to operational use of the
TWSTFT technique and should furthermore
prove its frequency comparison capability
at the 10-15 accuracy level for averaging
times below one day. The activities concerned software and hardware developments
and studies of the time transfer stability
of TWSTFT systems.
2. SOFTWARE

For the exchange of TWSTFT data two formats
are recommended by the Radiocommunication
Study Group 7 of the International Tele-

INPUT DATA:

TWSTFT INT. DATA FORMAT: ITU-R TF.1153 (ANNEX 2)

LOCAL DATA:
[TWSTFT MEAS,

INDIVIDUAL Is MEASUREMENTS

+

1

RESULTS OF A QUADRATIC FIT

CONVERSION PROGRAM
(STATION SPECIFIC)

RELATED MEAS

t

1

4

+

DATA PREPROCESSING
AND CONVERSION PROGRAM
(STATION SPECIFIC CONF.)

REMOTE DATA:
lNDlVD.1 sMEAS.-.DATA FILES
RESULTS O F A
QUADRATIC FIT
DATA FILE

-

1
1

7

1
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PROGRAM
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NUMERIC
OUTPUT
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GRAPHIC
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i
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Figure 1 Overview of software developed at
the TUG and the relationship to the ITU-R
TWSTFT data formats.

3. HARDWARE

Two VSAT-type satellite earth stations (1.8
m antenna diameter) for TWSTFT operations
are available at the TUG. Both stations are
equipped with a satellite simulator (SATSIM) each in order to monitor signal delay
variations and fully automated measurement
systems are employed. Furthermore a third
satellite simulator to be operated in some
distance from the antennas is available.
Details are given in (Refs. 4, 5) . The
stations and measurement systems can be
arranged in different ways for example
allowing to switch the measurement system
of station 1 between both stations (see
Fig. 2). Station 2, together with its measurement system, is designed also to be used
as a mobile station allowing the calibration of other stations. For this purpose
the complete system can be transported by a
small trailer.
4. SIGNAL DELAY STABILITY
The crucial parameters for the performance
(stability, accuracy) of a TWSTFT system
are the stability of the difference between
the transmit and receive delays and the
knowledge of this differential delay or the
difference of the differential delays of
two systems assuming that the stability is
not limited by other parts of the system
such as time and frequency distribution,
electronic counter and modem (Ref. 6) . The
frequency comparison accuracy of a system

is limited by its time transfer stability given by the stability of the differential
delay - and the time comparison accuracy is
given by the uncertainty of the knowledge
of the differential delay, but cannot be
better than the stability of the differential delay.
4.1 Measurements
At the TUG measurements of the stability of
the differential delay of station 1 were
carried out during the INTELSAT field trial
for a period of about 15 months together
with the time transfer measurements which
were performed three times per week (Ref.
6). A first evaluation of the stability of
the differential delay of station 2 was
carried out during February 1997 over a
period of 27 days performing successive
measurements each lasting about 12 minutes.
A measurement of the differential delay
consists of different delay measurements
each lasting 100 seconds. Using this measurement scheme and performing the measurements under the same conditions as the time
transfer measurements the measurement error
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Figure 2 Scheme of the possible arrangements of both satellite earth stations and
measurement systems.

Figure 4

Outside temperature.

I

estimated by an error budget is smaller
than 50 ps. The measured differential delay
divided by 2 - as it enters the two-way
equation (Ref. 7) - and the outside temperature are shown in Figs. 3 and 4, respectively. There is an obvious correlation
between outside temperature and delay variation. During the reported period a peakto-peak variation of the temperature of
about 32OC and of about 1.7 ns of the differential delay can be observed. The stability calculated from the data given in
Flg. 3 is depicted in Fig. 5, which is a
composite time and frequency stability
plot, thus allowing from one plot to estimate the time and frequency transfer capability (Ref. 5). Also given in Fig. 5 is
the delay stability of station 1 as measured during the INTELSAT field trial.

8). The possible improvement can be estimated from the stability calculated for a
period of about 40 hours around MJD 50479
with only a smooth temperature variation
and such allowing to estimate from the
uncertainty of the SATSIM measurements a
resulting frequency comparison capability
of the 10-15 accuracy level for averaging
times below one day (see Fig. 5). Such a
figure has already been reported for a
special TWSTFT set-up performing a commonclock experiment using VSATs of the same
type - maybe causing cancellation of delay
varrations caused by temperature and humidity effects - and a satellite simulator on
top of a mountain (Ref. 9) . For comparison
purposes the stability obtained for this
experiment and also stability data reported
for the GPS carrier-phase technique (Ref.
10) are given in Fig. 5.

4.2 Discussion
5. CONCLUSION AND ENVISAGED ACTIVITIES
Performing one measurement per second
TWSTFT usually shows white-noise PM behaviour (the actual noise level depending on
the modem and the carrier-to-noise power
density) up to averaging times of minutes
and is then dominated by clock noise or
using highly stable clocks by noise from
the measurement system and the satellite
earth station (Refs. 5, 6 , 8). Fig. 5 shows
that for the system used at the TUG the
dominating noise source for averaging times
longer than a few minutes is the satellite
earth station. Measuring the differential
station delay by means of a SATSIM and
using this measurements to correct the
TWSTFT measurements should allow to reduce
this noise and therefore to improve the
already excellent TWSTFT stability as evaluated by common-clock experiments (Ref. 6,

log M o d . u y ( r l

-8

-9

-10

-11

-12

-43

-14

Using the existing measurement set-up - the
same modem is used for TWSTFT measurements
and SATSIM measurements - both measurements
cannot be performed simultaneously. The
shortest repetition period for a combined
TWSTFT and SATSIM measurement is about 6
minutes. This may slightly improve the
stability for a certain averaging time
compared with the 12 minute period used for
the results presented which already indicate a frequency comparison capability of
the 10-15 accuracy level for averaging
times less than one day.
Using both earth stations equipped with
SATSIMs available at the TUG, common-clock
experiments will be carried out to further
evaluate the frequency transfer capability
of the TWSTFT technique. This will be done
in addition to the regular INTELSAT measurements resumed in February 1997 and performed 3 times per week, for half an hour
each within Europe and between Europe and
the USA and hopefully for extended measurement periods using a repetition rate of
about 6 minutes to verify the frequency
transfer capability of the 10-15 level for
averaging times less one day.
Furthermore the mobile station shall be
used for repeated calibration trips to also
evaluate the time transfer capability of
the TWSTFT technique.
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Figure 5 Stability of TWSTFT measurements
for averaging times up to 100 s (TW) and of
the differential delays of station 1 (b)
and station 2 (a) and for a selected period
for station 2 (c). Also given is the stability of a common-clock two-way time
transfer between MITREX modems (ideal conditions) (1) and between stations of the
same VSAT type employing a satellite simulator (2) and of the GPS carrier-phase
technique (CP).
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ABSTRACT

We report the improvement of short term stability
(5.10-I3 z-I*) that has been obtained with a laserpumped passive gas-cell frequency standard.
Three types of lasers, including extended cavity (EC),
solitary and DBR lasers, have been used with different
stabilization schemes. Their amplitude modulation
(AM) noise and phase modulation (PM) noise have
been measured and compared.
The requirements on the accuracy and on the stability
of their frequency stabilization have been established by
light shift measurements which were performed with
simultaneous heterodyne detection of the laser
f r e q u e n ~The use of the Dl line instead of the D2 line
of Rb
is also discussed. The possibility of
simultaneously making the two light shift coefficients
(AV,I& /A Il-r and A v ~ &/AVlossr)zero is described.
Some limitations due to the microwave synthesizer are
presented. Finally, clock stability measurements are
presented and discussed.
Keywords : Rubidium passive frequency standard,
laser optical pumping, light shift, noise.
1. INTRODUCTION

The paper contains four sections. The first section
defines our goals and recalls the frequency stability
limits of passive laser-pumped rubidium frequency
standards. The second section displays our analysis of
the two major potential sources of instabilities: the laser
and the microwave interrogation. The third section
presents the short term stability obtained with different
types of laser diodes and discusses the long term
behavior of the clock. The conclusions are given in the
fourth section.
Our goal is to build a "super local oscillator" with a
short-term stability near 1.10 -I4 z -In for use in clocks
based on laser cooled atoms and ions.
Presently, we are using an atomic resonator containing
a buffer-gas cell. This delivers a signal compatible with
Work of the US Government. Not subject to copyright.

an ultimate short term stability of 1.10 -I3 z -In. This
stability can be called the "shot noise limit" since it is
the theoretical limit obtained from the shot noise of the
z ,
detected light. This noise is typically 1 p ~ d ~when
the DC light intensity has been optimized.
Different processes involving both the laser and the
microwave radiation introduce frequency instabilities
which are above the shot noise limit. The following
section details the phenomena related to the laser and
briefly describes some effects due to the microwave
radiation. This last aspect will be presented with more
details in a separate communication (Ref. 2).
2. CLOCK INSTABILITY SOURCES

2.1 Limitations from the laser
The laser radiation alters the clock stability by adding
noise on the photodetector and by modifying its
frequency via the light shift effect. Each of these
processes results from different mechanisms which are
discussed separately below.
2.1.1 Noise on the photocurrent
We have measured the photocurrent noise on the signal
detector in typical operating conditions with three types
of laser sources. The results obtained at a Fourier
frequency of 300 Hz (typical clock modulation
frequency) are summarized in Table 1.
These results show that the intrinsic intensity noise of
all the laser sources is not significantly higher than shot
noise (column 1). However, the values measured after
the laser beam has passed through the vapor (column 2)
indicate that additional noise is present on the detection
photocell. This noise, which can be one order of
magnitude higher than shot noise (with the EC laser
and the solitary laser), is due to laser phase noise
combined with the atomic absorption (Ref. 3).
Table 1 Photocurrent noise on the photodetector with
dvferent types of laser diodes and locking schemes
. . and 2nd columns
(shot noise = 1 p ~ A ~The~ 1st
display the noise before and ajler the rubidium cell

respectively. The last column is obtained with the noise
cancellation technique described in the text.

Laser and
locking type

Solitary
current mod.
70 kHz

Noise
before Rb
[pAldHZ]

Noise with
Noise
after Rb cancellation
[pAldHZ] [pAldHZ]

2

30

3

1.5

2

1.7

piezo mod.
7kHz

DBR
sideband
12 MHz

According to theory (Ref. 3), this additional noise
should be proportional to the laser linewidth. Our
results are in apparent disagreement with this
prediction since the noise obtained with the EC laser is
as high as the noise obtained with the solitary laser.
We attribute this discrepancy to low frequency phase
fluctuations of the laser, probably due to mechanical
instabilities in the extended cavity system.
The total intensity noise perturbs the clock stability
because it adds noise to the signal. For this reason, it is
possible to improve the clock stability using a passive
noise cancellation (Ref. 4). As described in (Ref. I), this
could be successfully implemented in a laser-pumped
Rb clock.
As can be seen in the last column of Table 1, the shot
noise can be approached with the three laser systems.
2.1.2 Light shift

Since there are two ground state hyperfine sublevels
(F=l and F=2), two groups of transitions are available
for both Dl and Dz. F=2 is usually chosen to be
depopulated since the double resonance signal is higher
by a factor of 513 for an almost unchanged light shift.
Thus, the problem of selecting the optimal transition
for clock operation is reduced to the choice between two
.possibilities : Dl or D2.
Figure 1 displays the light shift measurement
corresponding to the first option. The laser frequency
(current) has been swept through the atomic transition
at different light intensities. The closest line appears to
be approximately 140 MHz higher than the unique zero
In order to fine tune the
light shift frequency (v-).
laser frequency, we shifted the laser frequency with an
acousto-optic modulator (AOM) in a double pass setup.
The light shift was then measured at different detuning
frequencies, which were precisely known by heterodyne
detection of the beat node against a second laser. The
result obtained are shown on Figure 2.
Figure 2 is in good agreement with Figure 1 and
provides a very precise measurement of the light shift
coefficient. From this coefficient, we have deduced the
requirements on the accuracy and the stability of the
laser frequency tuning for a specified clock stability.
These requirements are given in Table 2.
Table 2 Summary of the requirements on the laser
accuracy and stability deduced from the light shift
coeficient of the Dl transition of ~b~~(6vclock= relative
clock frequency fluctuation, AvIW = laser frequency
detuning from the zero light shiftfrequency 6v1,,, = laser
frequency fluctuation, 6 1 1 , =
~ ~laser
~ intensity change).

Light shift coefficient
6' c l a k
Av ,we, .

IlGSW

Many studies on light shift in laser-pumped rubidium
clocks have been reported (Ref. 5). In particular, the
light shift is a limiting factor on the clock performance
(Ref. 6). In this research, we have focused on the
problem of accuracy and stability of the laser
frequency, and its relationship with the clock short
term and long term behavior.

Short term stability
laser frequency stability
( 6 ~ 1 ,SO~ that 6vclock < 10 ?)

~ frequency
,
can be tuned either to
With ~ b the~ laser
the Dl transition SIn + Pm (795 nrn) or to the D2
transition Sin + Pw (780 nm).Dz has the advantage of
more efficient optical pumping (and thus a higher
double resonance signal). Dl, as will be shown, could
be more interesting as far as the medium and long term
performance is concerned.

laser frequency (tuning) accuracy
( A V -~+ ~6 1 ~ ~ = 1 % -<I
+ 0-IZ
6 ~ ?)
~~~

Long term stability
laserfrequency stability
(6vha so that 6vclock< 10 -IZ ?)

Closest saturated line

20 MHZ / 140 MHz

D2 / D l

Laser current
i r e1

Light shift coefficient of the Dl transition of R ~The
S lower curves show the clockfrequency
= 4 p~/cm3.
with three dgerent light intensities, 4.3, 5.7, and 6.4 pd approximately (I
The upper curve displays the saturated absorption of a separate evacuated Rb cell.

134.28 MHz

+ 3.12.10.~~/pA

f

E X

T

< I.IO-'~/PA

f3L-g

I

138.55 MHz

L

TI

f

142.05 MHz
-4.21.10'"lpA

DC photocurrent [PA]
F i e2

Fine tuning of the laser frequency to the zero light-shift point. The clock transition
frequency shfl is plotted as a function of the light intensity (1 pd = 4 p ~ / c m Zfor
) direrent
laser detunings. The beatfrequency and the residual light shift is indicatedfor each curve.

The requirement on the laser frequency stability for a
short term stability of 10-l3(Table 2) is not too severe,
and any locking system with a bandwidth hi?? than
10 kT3z fulfills it. Reaching a stability of 10- will be
much more difficult. The requirement on the laser
frequency stability for good clock long term stability is
more severe and is not achieved in our present setup.
The requirement on the accuracy of the laser frequency
tuning to the zero light shift frequency indicates that a
fine tuning of the laser frequency is necessary (with an
AOM, by some offset locking system, or by fine tuning
of the buffer gas, for example) if we want to allow 1%
of change in the light intensity. Otherwise, active
stabilization of the light intensity is necessary.
Another method for overcoming this requirement on
accuracy of laser tuning is provided by the interesting
shape of the Dl transition. In fact, since the detuning
between the exited state hyperfine sublevels is large (as
compared to the Doppler broadening) two partially
resolved Doppler absorption lines and light shift
dispersion curves are visible (Fig. 1). In our setup, there
is only one zero light shift frequency, but theoretical
calculations have shown that at lower buffer gas
pressures three zero light shift frequencies are present
(Ref. 7). At the transition buffer gas pressure passing
from three to one zero, there are two zeros. One of
these zeros is a second order zero, which means that at
this particular frequency the clock would be insensitive
to intensity and frequency fluctuations.
The D2 transition does not have the partially resolved
lines and the light shift has a simple dispersion shape.
Since there are more saturated transitions, lines closer
to the zero light shift frequency can be found. In our
particular setup, the closest line (of a separated
It is
evacuated cell) was only 20 MHz away from v-.
possible that by adjusting the buffer gas pressure this
residual detuning might be further reduced.

2.2 Limitations from the microwave interrogation
2.2.1 Noise on the ~hotocurrent
In presence of optical pumping, the microwave field at
resonance induces a reduction of the photocurrent. The
total absorption of light due to the microwave
constitutes the double resonance signal used for
stabilizing the quartz oscillator. Unfortunately, it can
also introduce additional noise on the photodetector. In
our setup, the noise increases to 6 pA/dHz when the
microwave is present. This value is obtained when the
microwave frequency is set exactly at resonance "clock"
frequency (without modulation). It increases strongly
on the side of the resonance, indicating that it is more
likely due to PM noise than AM noise. Additional
efforts will be needed to reduce this noise.

The theoretical limit of the clock stability is 6.10-l~z-ln.
This estimation is obtained from the experimental
resonance signal (discriminator slope = 1 nA/Hz) and
the noise level.
2.2.2 Microwave PM noise
Synthesizer PM noise at all the even harmonics off,
(microwave modulation frequency) limits the stability
of passive frequency standards (Ref. 8). We have
measured the PM noise of our microwave synthesizer at
100 MHz by using the "three-cornered-hat crosscorrelation technique" (Ref. 9) and have obtained the
following values :

According to the quasi-static model described in Ref. 8,
with a modulation frequency of 300 Hz, the short term
stability limit is 2.4.10-'~i l n . This estimation is based
on the 100 MHz PM noise measurement. The PM noise
at 6.8347 GHz might be higher than expected from the
multiplication chain.
3. FREQUENCY STABILITY MEASUREMENTS

We have measured the frequency stability of laserpumped rubidium frequency standard with the different
laser systems and the results are shown in Figure 3.
In each case, the stability is higher than the best
reported stability of lamp pumped rubidium frequency
standards (5. 10-l3.z-In l o, (7) l1.5 10-l2. 2"'2).
We also note that the D2 transition gives better results
than the Dl transition. In fact, the three corresponding
curves are below 1.10-l2 z-ln and represent the best
reported performance of any rubidium passive
frequency standards.
We have obtained better results with the EC laser than
with the solitary and the DBR lasers. However, all the
curves corresponding to the D2 line are practically
within the error-bar range. This remark is in agreement
with the fact that the three laser systems all yield
results close to the shot noise (2.1.1). Two important
conclusions follow:
(1) The laser linewidth does not a limit clock stability
for o, (7) 2 5.10-'" z -In. In fact, there are more
than two orders of magnitude difference between
the spectral linewidth of extended cavity lasers and
solitary lasers.
(2) We have reached the limit of short term stability
allowed by the total photocurrent noise (6 p A / d ~ z )
and there is a potential factor of 5 improvement.
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1. ABSTRACT
The use of Coherent Population Trapping, (CPT), for the
realisation of a passive frequency standard is examined. The
results of a calculation based on a perturbation approach are
outlined, making explicit the signal size, its linewidth and the
expected light shift. Preliminary experimental results
obtained on cells containing cesium and various buffer gases
are given. Conclusions are drawn on the possible advantages
and expected difficulties to be encountered in the practical
realisation of a frequency standard based on this approach.
Keywords: Atomic frequenqv standard, Dark line, Buffer gas,
Light shift, Coherence.

2. INTRODUCTION
The advent of solid state diode lasers has created new
avenues in the field of atomic frequency standards. Passive
primary cesium standards have been realised in which state
magnetic selection and detection are replaced by optical
pumping. Many studies and experimental results have also
been reported on the use of diode lasers to replace the
standard spectral lamp in passive rubidium standards (1).
Finally, diode lasers have been used to cool atoms to a very
low temperature in schemes allowing the realisation of a
clock using the Rarnsey cavity approach with an extremely
narrow central fringe (2). In these approaches, the high power
density of the lasers is used to accomplish exchange of energy
between the atoms and the electromagnetic field, altering
either the populations of the various energy levels or the
dynamic behaviour of the atoms such as their velocities.
Another avenue which has not been exploited as intensely in
the field of microwave atomic frequency standards is the use
of the laser coherence property itself. The standard level
structure in optically pumped atomic frequency standards
using alkali atoms consists essentially of two hmne
ground levels between which microwave transitions are
excited, (the clock transition), and an excited state that is
used for population inversion through intensity optical
pumping. It is possible, however, to excite the microwave
transition by means of optical transitions alone making use of
the coherence property of two lasers having a frequency
difference equal to the hypedime fi-equency, vh,. The
resulting physical phenomenon called Coherent Population
Trapping (CPT) gives rise to a dark line (3). It has been the
object of several experimental studies (4) and elegant
analysis of the mechanisms involved have been presented
(5,6). In these analysis the creation of the narrow dark line
with interesting properties for the field of atomic frequency

standards is made explicit. The use of the phenomenon in
rubidium for this purpose has been examined and preliminary
experimental results have been reported (7). The avenue
seems to be promising for the realisation of a passive
frequency standard with improved frequency stability, virtual
absence of light shift and reduced complexity in view of the
absence of a microwave cavity.

In the present paper the CPT phenomenon is examined in
connection with its use with the cesium atom which offers
some advantages such as high hypedime frequency, low glass
reactivity, natural isotope purity. The results of a perturbation
calculation making explicit dark line signal size, line width
and light shift are presented. Some preliminary experimental
results are also given for cells containing cesium and various
buffer gases.

3. THEORETICAL RESULTS
The theory is developed for a three level system as shown in
Figure 1.

Figure 1. Three level system used in the
analysis.
Two radiation fields excite coherently the two transitions
p + m and p ' + m. In practice the need to use two lasers
can be avoided through frequency modulation of a single
laser at a subharmonic of the desired hypedime frequency.
With the laser frequency I tuned to the middle of the two
ground state hyperfme levels, the first two spectral sidebands
w sbl and w sbz are made to coincide with the optical
transitions.
A detailed analysis has been done of this so-called A system
excited by two lasers (6). The exact solution obtained,
however, does not lead to simple interpretation and analysis
of the experimental data. In order to obtain a more
transparent solution, we have made a calculation using a
perturbation approach based on the assumption that optical

saturation of the spectral lines by the sidebands is low and
that the effect of the dark line takes place on a very narrow
range of frequencies over a broad optical line. The details of
these calculations will be published elsewhere (8). The
calculations take into account all coherences created in the
ensemble and all relaxation mechanisms in the excited state
and the gtound state. For simplicity, in the present
description of dark-line signal amplitude and linewidth, we
have assumed that the optical excitation Rabi frequencies
w IR and w 2R are nearly equal. We set them equal to w, ,
the value of the Rabi frequency when the two sidebands are
tuned to their respective transitions. This does not &ect
substantially the f i a l result and, !%thennore, this is close to
the situation encountered in our experimental arrangement.
The results are:
a) population of excited state, p -:

collisions may be present resulting in a reduction of the total
fluorescence.
Using Equations 1 and 4 it is readily observed that the
fluorescence is made of two combined spectral lines at
and w' , over which is superimposed the
frequencies w
narrow dark line. In the case of a cell without buffer gas,
velocity selective depopulation of the two levels of the ground
state takes place. This results in the absence of Doppler effect
on the observed fluorescence. In the case where a buffer gas
is present, the width of the fluorescence reflects the added
homogeneous broademng caused by collisions.

,,

We define the contrast as the ratio of the dark line amplitude
over the fluorescence signal. It is observed that in the three
level system considered 100% contrast is theoretically
possible. In practice, however, one deals with a more
complicated level scheme as shown in Figure 2 for cesium.

A detailed calculation using Clebsch-Gordan coeficients of
all a allowed lambda transitions, combined with the effect
of the buffer gas, shows that the available contrast is limited
to about 3% for the 0-0 transition.
+

(1)

b) linewidth, Av,,, :

c) light shift, A v , :~

."

In these equations, y 2 is the relaxation rate of the coherence
in the ground state, r * is the decay rate of the excited state
taking into account the natural spontaneous emission and the
decay caused by collisions with the atoms of the buffer gas, o
is the frequency difference between the two sidebands and
ow,is the hyperfie frequency. In the light shift expression,
Aw sb is the &tuning of the sidebands from the selected
optical transition frequencies. It is assumed that in our
experimental arrangement this detuning is equal for the two
sidebands. The analysis is also based on the assumption that
w,/T * < 0.1 . Under this condition p,, does not take a
value larger than 0.01 and it is expected that the perturbation
approach is valid within a few percent.
In practice we have used a technique in which the
fluorescence of the cesium vapour is monitored. The
fluorescence signal is then given by:

where T is the decay rate of the excited state resulting in
fluorescence radiation and n is the Cs density. In the case of
some buffer gases, quenching of the fluorescence through

Figure 2. Cesium atom lower energy levels
On the other hand it is observed that the linewidth, as given
by equation 2, is function of the optical power (Rabi
frequency) with a slope equal to 11I? * .

Finally equation 3 shows that the light shift is proportional to
the detuning of the two sidebands and the difference of their
power through the respective Rabi frequencies. The light
shift is absent when the two Rabi frequencies have the same
amplitudes.

4. THE BUFFER GAS
Due to the thermal velocities of the cesium atoms, the dark
line has a width that is inversely proportional to the transit
time across the laser beam. For a wide beam, Doppler
broadening is also present. In order to avoid these effects, a
buffer gas may be used as in the classical microwave standard
approach (Dicke effect) (9). The linewidth is then limited by
d i h i o n and buffer gas relaxation processes. In practice the
system is excited by means of a laser beam of radius 'a' over
a length 1 equal to that of the cell used. A solution of the
diffision equation considering the first diffision mode and
spin exchange relaxation gives a line width equal to:

frequency synthesiser. In order to avoid jAm/ = 2 transitions,
the laser beam is circularly polarised.
where Do is the diffusion constant of cesium in the buffer gas
at pressure PO,P is the buffer gas pressure, Lo is Loschmidt
constant, vr is the relative velocity of the cesium and buffer
gas atoms, u 2bg is the collision cross section and y, is the
spin exchange relaxation rate. Table 1 gives result of a
calculation using equation 5 for a typical buffer gas with
DO= 0.1 cm2/s,and P = 10 Tom.
.

0.1 cm

1 cm

-

.-

1 4400 s-'
1 58 s-'

1400 Hz

18 Hz
Table 1 Typical dark-line diffision limited
linewidth expected in cells containing a buffer
gas.

a) Laser frequency modulation. The experiments reported
here rely on the possibility of modulation of the laser at
microwave frequencies. This can be done directly by
modulating the laser driving current at a subharmonic of the
desired hyperfine frequency. However diode lasers have a
very low input impedance which depends .on their
construction. The technique works relatively well with open
heatsink lasers. A typical result with such a diode is shown in
Figure 4, as observed with a Fabry-Perot interferometer
having a free spectral range of 1.5 GHz. The modulation
frequency in that case was 4.596 GHz, one half the ground
state hyperfiie frequency of cesium. In our experiments we
have used lasers with and without external cavity. We have
found that the experimental results on the dark line were not
affected by the laser linewidth.

5. EXPERIMENTAL RESULTS
The experimental set-up used in the present preliminary
studies is shown in Figure 3

Figure 4 Typical spectrum of a laser diode
modulated at a frequency of 4.596 GHz. Due
to overlapping of Fabry-Perot modes and free
spectral range limitations the sidebands
appear close to the carrier.
b) Dark line signals: The dark line signals were observed
both with cells without a buffer gas and with a buffer gas.
I

microwave

Figure 3 Experimental set-up
This system allows the observation of the hyperfie
resonance both through the dark-line approach and the
classical approach. In this last case microwave energy at the
proper frequency is fed directly in the enclosure containing
the cell. Although this enclosure is not a resonant structure at
the microwave frequency, sufficient energy can be fed-in, to
observe the ground state cr and A hyperfiie transitions.
This provides a very convenient means of verification of
limiting linewidth, power broadening and quick measurement
of frequency shifts due to the presence of the buffer gas. For
the observation of the dark line the cment of the laser diode
is modulated at half the hyperfiie frequency by means of a

-No buffer gas. In that case the motion of the atoms is free.
Fluorescence is controlled by the natural life time of the
excited state and the signal originates from a given group of
atoms having a velocity which makes them resonant with the
applied optical radiation. The velocity range in interaction is
controlled by the width of .the excited state, and the
fluorescence does not exhibit Doppler broadening, as
expected. A typical result is shown in Figure 5. The relative
amplitude of the various Am=O transitions follows closely the
weight dictated by the Clebsch-Gordan coefficients for the
particular A scheme used in the case of circular polarisation.
The linewidths are of the order of 100 kHz and are controlled
by the finite transit time of the atoms across the laser beam.
The contrast observed for the 0-0 transition is given in Table
2.

Lorentzian. It has been observed experimentally that the line
is closer to a Lorentzian shape when the laser beam is
expanded. It appears that the effect is connected to an
inhomogeneous saturation of the transitions by the laser beam
which varies in intensity over its cross section. A simple
calculation over a Gaussian beam shape appears to confirm
this effect. Similar results have also been reported in other
circumstances and appear to agree with t h ~ conclusion
s
(10).

1 Experiment
0-0 transition
6.2 %
1 5%
No bufTer gas
3.1%
12to3%
Buffer gas
Table 2 Calculated and measured contrast of
the dark-lines
Contrast

Figure 5. Ground state hyperfhe dark lines
observed in a cesium cell without buffer gas
at room temperature. Horizontal scale:
1MHiddiv.First sidebands power: 1 r n ~ l c r n ~

-Cells containing a buffer gas. Several cells containing
various buffer gases at several pressures were studied. These
cells had been fabricated some twenty years earlier and were
still functioning as intended. Buffer gases included N2,Ne,
CI&, C3&, C4H10 and Ar. A typical dark-line result is shown
in Figure 6 in the case of a cell containing neon at a pressure
of 45.8 Torr. The contrast for the 0-0 transition is given in
Table 2.

Calculation

As expected, the linewidth is a strong function of the laser
intensity and of the size of the cross section of the laser beam.
This is shown in F i m e 7 for the case of a cell containing
- N2
at a pressure of 7.4 ?'om

70

X
b

-

BO50:
40-

Relative Power [a.u.]

Figure 7 Width of the dark line in a cell
containing Nz at 7.4 Torr as a function of laser
power for two settings of the laser beam width

A systematic study of a selected number of cells was made.
This consisted in measuring the width of the two spectral
lines of the Dz transition. The limiting line width of the dark
line as a function of laser intensity was also measured for a
laser beam expanded to about 1 square centimetre. In order to
obtain a comparison with the theory presented above the
linewidth was also measured as a function of laser power. In
theory the slope should be proportional to 11r *, where r * is
the lifetime of the excited state as affected by the brdXer gas
collisions. These results are summarised in Table 3.

Figure 6 0-0 hyperf~netransition Dark line
observed in a Cs cell contaming Neon at 45.8
Torr at room temperature. Horizontal scale:
1 W d i v . First sidebands power: 0.1 mw/cmz

It is observed that the lineshape is not well described by
equations 1 and 4. The upper part of the line is shaqxr than a

The physical construction of the cells available did not allow
an accurate determination of the power density inside the
cells. Consequently it was necessary to normalise the data to
one particular cell assuming that this density would remain
constant fiom one cell to the other. However it is observed
that even with this limitation, the normalised results are in
fairly good agreement with the theoretical calculations.
Future experiments with cells with optically flat windows
should provide better data for this verification.

Table 3 Experimental data on the various cells studied: ('IFrom natural life time. (2) From a Voigt
profile calculation. @) Limit of observed linewidth (zero power). (4) Nomlised to cell containing
C ~ H Ias
O a buffer gas. (')AS obtained from a measurement of the slopes of linewidth against laser
power, in the case of an expanded beam. The optical linewidths reported above as Avo,,, refer to
measurements made on the F=3 - F'= 2,3,4 ( 4 line) transitions.

6, APPLICATION TO THE FREQUENCY

STANDARDS FIELD
The previous analysis and data has direct application to the
frequency standard field. The use of the dark line as a means
of detecting the hyperflne transition and locking an external
oscillator to it has many basic advantages. First, experimental
data confhming theoretical predictions show that signals with
relatively high contrast ( 2 to 3 %) are observed. This should
make possible the realisation of a high signal to noise ratio
with a resulting good short term frequency stability.
Secondly, as highlighted in the analysis, the light shift should
be reduced considerably as compared to the classical
approach because of the particular combined pulling effect of
the sidebands. In fact the simple second order theory
developed shows that for equal sidebands amplitudes, large
detuning of the laser frequency will not cause a light shift.
Experimentally, as a rough check and with a resolution of the
order of 10 Hz, we have not been able to detect any dark line
shift for laser detuning up to 300 MHz. This is at least one
order of magnitude smaller then in the case of the standard
optical pumping intensity approach (1 1).
At this time several studies remain to be done. In particular
it appears important to investigate W e r the behaviour of
the dark line signal with temperature. We have found that in
our detection technique the dark line signal changes
amplitude and shape considerably above 35 O C. Although the
fluorescence level increases with temperature, the amplitude
of the dark line decreases. It is believed that this effect is due
to multiple scattering which causes a decrease of the
coherence in the ensemble. It should be mentioned that
although we have used fluorescence as a means of detection
of the dark-line, other means, such as a probe beam, could
also be used with some advantages. The studies suggested
above should also be done in this case.
Finally we wish to conclude by stating that the proposed
approach appears to offer several advantages regarding items
such as: construction simplicity (no microwave cavity),
frequency multiplication only to a subharmonic of the
hyperfiie transition frequency, strongly reduced light shift
compared to the classical intensity pumping approach, and
possibly reduced chemical activity of cesium as compared to
rubidium.
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ABSTRACT
We establish the equation which describe the time domain
behaviour of an oscillator controlled by a periodically
interrogated atomic resonator, such as those based on an
atomic fountain or an ion trap. We give the transient
response of the slaved oscillator. We derive its response to
systematic frequency changes of the free running oscillator.
We point out that a second integration in the feedback loop
may not improve significantly the rejection of slow
perturbations unless a condition relative to the timing of
the atom-field interaction is verified. We consider the effect
of the free-running oscillator noise and the detection noise
on the long term frequency stability of the standard.
Experimental results agree with the theoretical analysis.

Keywords :Frequency Control, Atomic Frequency Stundards

&~(~k+l)
hi(fk)
hs(tk)

Fig-I. Frequency change ofthe microwavefield during a
cycle and its mean value during the inrerrogation
Between two frequency corrections the frequency of the
oscillator evolves freely. We thus have, for tk S t < &+I :

1. INTRODUCTION
Advanced high performance atomic resonators, based on an
atomic fountain or an ion trap have been developed recently
[1,2,3]. In these devices, the atoms are not interrogated
permanently like in more traditional atomic resonators, but
periodically with dead time between each atom-field
interaction. The atomic response being available at the end
of each interrogation process only, the control voltage of
the oscillator slaved to the atomic resonance is updated
periodically, at discrete times.
We summarize here a simple but efficient analysis of the
most useful properties of the frequency control loop and of
the controlled oscillator. It will be published in more
details elsewhere [4]. In this paper, we do not consider the
limitation of the frequency stability of the slaved oscillator
by down-conversion of the oscillator intrinsic frequency
noise 151. A theoretical description and an experimental
evaluation of this effect have been presented at the Forum
last year [6].

2. TIME DOMAIN DESCRIPTION OF THE
FREQUENCY VARIATION OF THE SLAVED
OSCILLATOR
2.1. Sam~lineof the microwave field bv the atoms
Figure 1 shows the succession of events during one of the
cycles of operation, of duration T,. The cycle starts at 4,
immediately after a frequency correction has been applied to
the controlled oscillator. The atom-field interaction begins
at t'k such that t'k t, = Tp and it lasts the time interval Ti.
In the LPTF cesium fountain, the control voltage of the
oscillator is updated at the end of each cycle, e.g. at &+I.
We denote Am any frequency offset of the microwave field
with respect to the atom transition frequency, but
irrespective of the frequency modulation which is necessary
to probe the atomic resonance.

-

where the subscripts s and f stand for slaved and free,
respectively. Although the frequency varies during the
atom-field interaction, we can d e f i e an effective frequency
offset, Ami(tk) which is constant and provides the same
atomic resonator response as Am(t). We have :

with :

In this equation, g(t) is the frequency sensitivity function
[5,6] and go is its mean value during the cycle considered.
2.2. Error sign4
The microwave field is square-wave frequency modulated
with period 2Tc and modulation depth a,. The difference
between two successive detection signals at times
and
tl, is computed. It gives, at time 4 , an information on the
microwave field mistuning during the two half-periods of
modulation, from tk-2 to &-1 and from tk-1 to &. Assuming
a constant frequency offset, the sign of this difference
changes each time k is incremented to k+l. To obtain the
error signal AE(tk) this difference is multiplied by (-IF.
Assuming that Am, and 6wf are small compared to the
atomic line-width, it can be shown that we have :

In this equation, No and h(w- wo)

- an even function of

( a - coo) - represent the peak to valley height of the
resonance pattern and its shape, respectively. The
derivative is taken at the frequency which was actually
applied between 4-1 and &. We have set :
m ( t k ) =( - I ) ~ S N ( ~ ~ ) ,

slaved oscillator (proportional to that of the microwave
field), when sampled at times 4. The complete description
of the behaviour of the output frequency of the standard
requires Eq. (1) in addition to Eqs. (8) or (11). The first
equation gives the instantaneous frequency change between
the sampling times 4 and $+l.

(5)

where 6N(tk) represent the fluctuation of the atomic
response, i.e. the detection noise, at time tk. The time
series {6N(tk)) is a sequence of independent random
variables. We assume that it represents a white noise
2
process, having mean zero and variance O ~ N It
. is easy to
show that the 6fi(tk) have the same autocovariance
coefficients as the 6N(4). Thus the 6fi(tk) have the same
variance and power spectral density as the 6N(tk).

2. STABILITY CONDITION
Case A. The stability condition is 0 < $ el. The transient
behaviour is of the damped type for 0 < $ < 0.172 and of the
oscillatory damped type for 0.172 < $ < 1. Figure 2 shows
examples of the transient response to a step function
applied to the oscillator frequency. A time constant and an
oscillatory pseudo-frequency of the transient response can
be defined [4]. Figure 3 depicts their variation versus the
loop gain 0.

tion of the bauencv control loop
Case A. The error signal is added at time t, to its previously
accumulated value A%(&-1). We thus have :

This equation is that of a numerical integrator. Its output
updates the oscill&torfrequency at &. We thus have, k being
a constant :

-0.5 1
0

.
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Fig-2. Response to a step function in case A.

The equation which describes the dynamical behaviour of
the frequency control loop is obtained from Eqs. (4,6,7) :
Aws(tk )'(l-$)A%(tk-l
)+$A@s(tk-2)
= ~ @ (ft k ) - ~ w f(tk-l)-$[hf ( t k - l ) + b f (tk-211
+~[6fi(t~)+6fi(t~-~)].

(8)

The quantity $ is the open loop gain, defined by :

$ =-KN0ah/ao.

(9)

Case B. One may try to improve the rejection of the enor
signal low frequency components by adding a recursive
filter whose input is A%(&) and whose output is given by :

FigJ. Variation of the time c o n s t a ~and
~ of the pseudooscillatory angular frequency versus loop gain.
Case B. The stability condition is the following :

The parameters 71 and 72 are time constants. For a low
enough Fourier frequency, f, its frequency response is
(1+2njf~~)/2njf~~.
In that case, the equation of the frequency loop becomes :

with $1 = $zlfi2, $2 = $ T ~ z K1
~ ,= K z ~ / zand
~ K2 =
For a given frequency sensitivity function g(t), Eqs. (8) or
(11) contain all what is known about the properties of the

Fig- 4 . Shape of the stability domain in case B.

Figure 4 shows the shape of the stability domain in that
case. The transient response is oscillatory damped for most
of the allowed values of $1 and &.

Response

4. RESPONSE TO SLOW SYSTEMATIC
PERTURBATIONS
4.1. Reswnse to a freauencv r a m

A frequency ramp of the oscillator, due to ageing for
instance, can be represented by :

where r is the slope of the ramp. Then,
which does not depend on 4, and we set :

Time

is a constant

bf(tk)=aOrTl.

(14)

where T1 is given by :

-

with 8 = t 4,. Assuming that the sensitivity function is
represented by an even function when the time origin is
displaced to the middle point between the beginning and
the finishing of the atom interrogation process (e.g. at
point P in figure 1). it can be shown that we have [4] :

Fig-5. Response to systematic perturbations, Top : to a
ramp, bottom :to a sine-wave. The dashed line represents
the mean value of the output frequency.

The steady state error is given by :
( k ) / o= r ( - ~ ~ )
28

ill Case A,

in case B.
(22)

(17)

Since the frequency of the oscillator varies linearly between
the frequency corrections, applied at discrete times, the
frequency change is rT, over the duration of a cycle. Figure
5 shows the saw-tooth shaped instantaneous frequency of
the controlled oscillator.
The oscillator may be perturbed by slow periodic changes
of its environmental conditions. We set :

and we assume that the period of this sinusoidal variation is
much larger than T,, i.e. that we have 2nffc cc 1. Then,
between times t, and &+I,the fkequency offset Aw(t) given
by Eq. 1 can be written as :

where D(t,) is the derivative of Aor(t) at time 4.
According to the approximation made, ANt) varies linearly
between t and t,+l, with a slope which changes very
slowly. We thus have, from results of the preceding Section
and to first order with respect to 27tfI', :

Besides the residual sampled sinusol&l variation, do,(&),
of the frequency of the controlled oscillator, a linear
frequency change, of amplitude 2nffc ws(2nf&), occurs
during a cycle. Figure 5 shows the variation of the
instantaneous frequency of the controlled oscillator.
4.3. Practical conseauence8
The characterization of the frequency stability of the atomic
frequency standard involves an averaging of the
instantaneous frequency of the controlled oscillator over a
time interval 7. We will consider the long term stability,
such that z >7 T,. In that case, we have to deal with the
mean value of the instantaneous frequency and a term
proportional to Td2 must be added to the right-hand side of
Eqs. (17-18) and (21-22). The measurable relative frequency
offset y, is thus the following :
a) For a ramp at the input

b) For a sine-wave at the input

in case A,

(23)

in case B.

(24)

y = 27tf

(-TI +-

Co cos(2nft)

in case B.

(26)

This frequency offset depends on the loop gain in case A
and, in both cases, on the &tail and the duration of the
atom-field interaction (through Ti) and its timing (through
m

\

'pl.

It should be noted that, in case B, the steady state error due
to a frequency ramp is not equal to zero and the rejection
factor of a sine-wave is not of the second order with respect
to 2xfTc. This is a weakness compared to the more
traditional situation where the atom interrogation is
performed continuously.
However, the drawback disappears if the following
condition is satisfied :

It practically means that the atom-field interaction must be
centred on the cycle of duration Tc. Then, one mtrieves the
familiar properties of continuous time frequency control
loops. The steady state error and the rejection factor,
respectively, given by Eqs. (23) and (25) are inversely
proportional to the open loop gain in case A. In case B, the
steady state e m r is equal to zero and the rejection factor is
equal to zero to first order with respect to 2 m C .

5. FREQUENCY INSTABILITY RELATED TO
OSCILLATOR NOISE
f

IfSy(f) is the power spectral density of the frequency noise
of the free-mnning oscillator, the power spectral density,
Sy(f) of the slaved oscillator is given by :

assuming 2xiTC<< 1. The transfer function proceeds from
the results given in Section 4.3. We have :

Hs,f (f +0) = 2nifT,

in case B.

where %, is the frequency response to the input noise 6fi.
Figure 6 shows the variation of p21&,~2/~2versus ff,, for
several values of $.

p2 IH,,I2 I KZ

Fig-6. Power trMsfer function for detection noise
Assuming again 2xffc<< 1, we have, in cases A and B as
well :

-

and therefore, from Eqs. (9). (31). (32). (33) :
2Tc
a&
Sy(f +O)=
(34)
2'
(ah t am)2 N~
In the special case where the atom-field interaction takes
place according to the Ramsey method 171, we have :

mi

where it is assumed that the transit time T between the two
oscillatory fields is much larger than the time spent in each
of them. Usually, the modulation depth is equal to the
half-width at half-maximum. We thus have I ahtaw I = Tl2.
The atomic quality factor Gtbeing equal to qT/n. Eq. (34)
becomes :

(30)

When condition (27) is fulfilled, the conclusions of Section
4.3 apply. It can be shown that, in case B, the transfer
function is of second order with respect to ffc.
This transfer function can also be derived by considering
the frequency response associated with Eqs. (1,8,11) [4].

The related Allan variance is the following, for 2 >> Tc :
"

In the servo-loop, the quantity :

6. FREQUENCY INSTABILITY RELATED TO
DETECTION NOISE

In general, the frequency instability related to the detection
noise is larger than that due to the oscillator noise
considered in Section 5. Since the time series { 6fi(tk))
2
represents a white noise process, with variance QSN. the
one-sided power spectral density of the detection noise is
given by :

It is equal to zero for f > l/2Tc.
The power spectral density of the relative frequency
fluctuations of the controlled oscillator is then given by :

which is available after the atomic line has been probed on
both sides, is more easily accessible to measurement than
6N(tk). It is thus useful to express the result of interest
2
2
using W N instead of oa~.
The Allan variance becomes :

It can be shown that Eq. (34) does not depend on the details
of the processing of the enor signal.
It should be noted that Eqs. (37) and (39), which have been
derived rigorously, differ by a numerical factor from other
ones previously published.

7. EXPERIMENTAL RESULTS
Figure 7 shows the experimental set-up [3] which has been
implemented to verify the crucial poiots of the theoretical
analysis. The high resolution frequency synthesizer nO1is
frequency locked to the atomic resonance. It receives from
the computer : i) the frequency modulation signal at
frequency 1/2Tc which is necessary to probe the atomic
resonance, ii) the frequency control signal according to
case A and iii) the frequency perturbing signal. The
frequency synthesizer n02 is identical to nO1.It receives the
same signals as nO1,at the exception of the modulation. Its
output frequency change is Ams considered in the preceding
sections.

The experimental results agree clearly with Eq. (40) which
includes the tenn TI&.

Atomic response
-

.

ulation G m p l t a

fountain

Fig-9. Experimental measurement of the variation of
/H'l/21gT,versus @.

conao~siw Ysynthaizer
no 2

Fig-7. Experimental set-up
The response to a step function is shown in figure 8, where
the value of $ is known within a few percent. It closely
agrees with the predicted one. The response to slow
sinusoidal perturbations has been recorded. Its shape is
identical to that shown in figure 5 (bottom). These records
have been used to venfy the reality of the term Tl/Tc in Eq.
(21). which is specifically due to the pulsed operation of
the frequency standard. For that purpose, the transfer
function :

relative to the sampled values Aa,(&) considered in Section
4.2 has been measured. It has been verified that the quantity
IH'I/flC is a constant for given values of $ and TI&.

8. CONCLUSIONS
We have established the main properties of an oscillator
controlled by an atomic resonator operated sequentially.
We have given the stability condition of the feedback loop
and the condition to be satisfied to improve significantly
the rejection of systematic frequency changes of the
oscillator when a second numerical integration is included
in the control algorithm. We have derived rigorously the
expression for the Allan variance of the relative frequency
fluctuations associated with tire detection noise.
Experimental results confiirn the theoretical analysis.
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Fig-8. Experimental response to a step function
Figure 9 shows the variation of lH'I/21cfT, versus $,
for f = 2 5 . 1 Hz,
~ ~Tc = 1.095 s and TI = 0503 s. The 10 %
uncertainty of the measurement is due to the frequency noise
of the controlled oscillator.
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We present theoretical and experimental results for a novel oscillator that converts
continuous light energy into stable and spectrally pure microwave signals. This OptoElectronic Oscillator (OEO), can generate ultra-stable, spectrally pure microwave reference
frequencies up to 75 GHz with a phase noise lower than -140 dBc/Hz at 10 KHz.
The advent of the trapped ion and laser cooled atomic frequency standards with
has created the need for high performance local
potential for stability beyond
oscillators. This is because these new atomic standards operate as frequency
discriminators which periodically steer the frequency of a flywheel. The period of time
required to perform this function can be as short as a second, and as long as many tens of
seconds. During the intervals between each frequency comparison steps to steer the
flywheel with the atomic line, the flywheel is free-running. Thus the performance of the
flywheel for the duration of period between comparison steps determines the ultimate
performance that may be obtained with the atomic standard. At the present time,
conventional voltage controlled oscillators (VCO) based on quartz crystals significantly
degrade the stability which the trapped ion standards are capable to produce.
We report here on a novel oscillator that converts continuous light energy into stable
and spectrally pure microwave signals.1 The OEO consists of a pump laser and a feedback
circuit including an intensity modulator, an optical fiber delay line, a photodetector, an
amplifier, and a filter. This device holds the promise for the development of a flywheel
suitable for the new class of ultra-stable atomic standards.
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A MINIATURE ULTRASTABLE QUARTZ OSCILLATOR
WITH EXTREMELY GOOD PERFORMANCES
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Abstract

Until recently, ultrastable quartz oscillators
were fabricated in packages whose volumes
ranged between 500 and 1000 cubic
centimeters. 111 this paper it is shown that it is
possible to considerably reduce volume of
oscillators without sacrificing performances.
Basic concepts used for design of quartz
oscillators are first rapidly introduced. The
particular case of BVA oscillators is also
considered because BVA resonators usually
exhibit much lower noise level. A method to
determine the elements of a quartz oscillator
using the negative resistor concept is also
recalled. Then several limitations due to various
phenomena (including aging, g sensitivity,
magnetic sensitivities, second level of drive,
frequencyjumps, 'amplitude frequency effects...)
are considered. It is also shown that going to a
small size by use of surface mounted
components is favorable from many points of
view.

Stability versus
temperature
: 2x10-lo between (-20°C and
+50°C)
Accelerometric
sensitivity
: c10-~O/gworst axis.
It is also pointed out that 30% of oscillators
constructed have aging rates in the 10-l2 range.
Another model of larger volume (less than 450
cm3) oscillator has been constructed either to
obtain better aging rates (then 30% of
production exhibit aging rates lower than 1 x
1 0 - ~ ~ / dora ~to) obtain very low g sensitivity
(better than 5 x 1 0 - ~ ~in/ ga given plane).
From the upper results it is clearly seen that
performances of miniature BVA ultrastable
quartz oscillator can compare with usual
rubidium standards, including from M.T.B.F.
(Mean Time Betwwen Failures) point of vie^
As a conclusion performances of modem
miniature ultrastable quartz oscillators will be
reviewed and discussed.

-

I INTRODUCTION

As a consequence of previous studies a new
oscillator extremely small (91 cm3) has been
developed. However main performance
parameters are as follows :
: better than 2x10-l l/day
aging
Short term stability
at flicker level : 1 2x 10-l3
Spectral purity : 120 dBc/Hz at 1 H z from
canier
155 dBc/Hz at 100 kHz from
cmier

Reducing dimensions of a quartz Ultrastable
Oscillator (U.S.O.) is a very interesting goal
because volume and mass of such an oscillatoi
is an important parameter in many project^.
Unfortunately an important reduction in volume
is a difficult task mainly because of thermal
problems. In this paper we report on a 3 years
program that ended at the beginning of 1996
allowing production of a new oscillator
extremely small (91 cm3 ). However we
immediately point out that this effort has been

successfull basically because of the use of a
miniature 10 MHz SC cut 3rd overtone bva
resonator which had been extensively space
evaluated [I]. Our decision to fullfill all quality
requirements in resonator production seems to
be rewarding in the long run for oscillators
performances even if the cost of resonators
cannot be drastically reduced under those
conditions. In the some order of ideas, the fact
that a precise P.I.D. (Process Identification
Document) has been used is also very
rewarding.

-

I1 BASIC PRINCIPLES

Metrological oscillators are usually of the
Pierce, Colpitts or Clapp type more or less
modified according to the application. Those
three types of oscillators correspond in fact to
the circuit of Fig. 1 :

electronic sustaining circuit because BVA
resonators usually exhibit much lower noise
levels. A very useful concept is to consider that
an oscillator is made of two complex dipoles
one R 1 + jX 1 representing the resonator and the
other R, + jX, representing tlle sustaining
circuit or negative resistor. A very simple
calculation using this concept shows [21 that
stability will be somewhat better if the motional
inductance L1 is high enough. (In our case L1 is
in the order of 2 H) but this also means that
frequency pulling of resonator will be reduced.
In other words the resonator has to be very well
frequency adjusted.

-

I11 OVERCOMING SEVERAL LIMITATIONS

We have already called for attention on several
phenomena, namely :
aging phenomena (resonator, oscillator)
g sensitivities (resonator)
magnetic sensitivities (resonator,
oscillator)
amplitude frequency effects (resonators)
noise of components (incl. flicker of
resonator)
temperature fluctuations and variations in
oven
noise in various electrical connections
between components.
All these phenomena have been carefully
studied so as to obtain state of the art reduction.
As a consequence only some components have
been selected for use.

-

IV REDUCTION OF OSCILLATOR'S
VOLUME

Fig. 1

DC voltages are not represented on Fig. 1 and
the circuit is grounded either to emitter (Pierce
oscillator) either to collector (Colpitts oscillator)
or to base (Clapp oscillator). The oscillator
finally choosen in industries or laboratories
largely depends on available components and
technologies [discrete components, surface
mounted components (so said s.m.c.), hybrid
circuits or integrated circuits]. They also depend
on applications and on personal experience of
designers. S .m.c, techniques allow a substantial
decrease of volume together with greater
reproducibility.
In the case of BVA oscillators practical
limitations in oy(r) usually come from the

This reduction has been first studied from
theoretical point of view and all results have
been carefully verified on successive
experimental models. Specially selected surface
mounted components have been used except for
the loop transistor. Resonator is surrounded by
electronic circuitry which constitutes the oven,
the oven itself is sun-ounded by special foam.
This detail is very important for thermal
reasons. Finally the oscillator is hermetically
sealed in a laser welded package under dry
nitrogen. To prevent thermal effects of a 2g tip
over a special insulating alumina powder can be
used.
Finally it has been possible to reduce oscillator
volume down to 91 cm3 without sacrificing too
much on perfor~nances.

-

V PERFORMANCES OF MINIATURE
ULTRASTARLE hva OSCI1,LATORS

19 units have been built in LCEP before going
to larger scale on an industrial basis.
Units were under following specifications :
Power
consumption
: 1,s W
: better than 2x10-l l/day
Aging
Short term stability
at flicker level : < 2x10-l3
Spectral purity : better than 120 dBc/Hz at 1
Hz from carrier
155 dBc/Hz at 100 kHz from
carrier
Stability versus
temperature
: 2x10between (-20°C
and +50°C)
Accelerometric
: < 1 0 - ~ ~worst
/ g axis
sensitivity
Magnetic sensitivities :
resonator
:2 x l0-~2/~auss
oscillator
: a few 10-I l/Gauss
Barometric sensitivity
: < 10-'~har.

-

VI CONCLUSION

From the upper results it is clearly seen that
performances of miniature bva ultrastable
quartz oscillators can compare with those of
usual rubidium sources. Choice between the two
types of frequency standards largely depends on
application. BVA quartz miniature U.S.0, is
particularly suitable for applications where low
consumption, excellent MTBF together with
extremely good spectral purity are needed. It is
to be pointed out that from the point of view of
aging, g sensitivity and magnetic sensitivities
quartz U.S.O. now come close to the regular
rubidium units whereas their construction is
simpler.
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Aging performances after 60 days. Following
results have been obtained :
1 unit
< 4x10-ll/day
11nits
$ 2 10~ l l/day
7 units in the low 10-12/dayrange
this includes two units whose aging was in the
10-13/dayrange.
Acceleromeuic sensitivity
All units exhibited sensitivities less than 1 0 - ~ ~ / g
worst axis.
As pointed out recently, it is possible to build
improved oscillators [3] so that one of the
external walls of the oscillator package is a
plane, say P, of "zero" g sensitivity. This has
been done using oscillator packages of less than
450 cm3. Under hose conditions g sensitivity in
g any
this plane P is less than 5 x 1 0 - ~ ~ /for
acceleration contained in plane P.
* Larger packages

This larger package (450 cm3) has also been
used to house sane uluastable oscillator. Under
those conditions, said oscillator exhibits very
low aging rates since 30% of units show aging
rates lower than l x l ~ - ~ ~ / d a ~ .

MATERIALS
Chairman:

P. W. Krempl
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ABSTRACT
The synthetic crystal gallium orthophosphate
(GaP04) possesses a very good stability in
temperature up to 900°C and thus it is very
suitable for high temperature applications. Since
OH impurities influence the material properties
their spectroscopy is investigated in more details.
Infrared absorption in the range of 2600 to 3700
cm" is used to characterize the quality of GaP04
crystals. IR spectra of GaP04 show one strongly
polarized OH band which is attributed to a gallium
vacancy and a broad weakly polarized one. Most
IR bands in the GaP04 spectra are assigned to
intrinsic lattice vibrations of the crystal. It is
possible to reduce the IR absorption of GaP04by
exposing the crystals to high temperatures.
Keywords: gallium orthophosphate, GaP04, IR,
OH, high temperature

good help to estimate the quality of GaP04
crystals.
2. INFRARED SPECTRA OF GAP04

2.1 Comparison of some auartz h o m e o t v ~ a
The infrared transmission spectra of quartz and
two homeotypic materials are shown in Fig.1. The
purest and best documented (Ref. 1) material is
SO2, which shows narrow and strongly polarized
bands with low absorption. Most bands in quartz
are interpreted as OH defects near an aluminium
atom substituting a silicon one. These OH
impurities are responsible for the degradation of
the intrinsic material quality, i. e. the quality factor
Q (Ref. 2). AIP04 (berlinite) shows a high, broad,
weakly polarized infrared absorption band without
remarkable peaks. Thus most impurities are
believed to be inclusions (growth solution or
water). GaP04 possesses also a broad band
which has medium polarization and absorption
and in opposition to berlinite there are two strong
absorption peaks too.

1. INTRODUCTION

Gallium orthophosphate belongs to the same
point group as quartz (32), where silicon is
substituted by gallium and phosphorus alternately.
Thus the unit cell is about twice that of quartz in
z-direction. In opposition to quartz GaP04 does
not occur in nature (i.e. no natural seed plates).
Compared with quartz there are some advantages
as higher piezoelectricity, higher coupling
constant and the much better temperature
stability of all physical constants up to 900°C. The
growth mechanism is hydrothermal because of
the phase transition at 933"C, where the a-quartz
structure changes to a cristobalite-like one. In
quartz impurities are characterized mostly with
infrared rtdiation by investigating the region near
3000 cm' , where only the light hydrogen atom
vibrations absorb. The QIR value derived from the
IR spectrum limits the maximal mechanical Q of
a resonator, if it is designed well. Because of the
similarities with quartz the IR absorption is also a

-

( A ) 8ERLINITE STANOARO ( 0 2 10.0)
~ E R L I N I T E- S L O W GROWTH ( a =
( C I Q U A R T Z (a:0 . 2 2 . Q = 1.0 x 106)

q

a

I-

N PLATE THICKNESS
2000
WAVENUMBER ( e m ' ' )

Fig. 1: Typical infrared transmission of three
quartz homeotypic materials (Ref. 3):
SiOp ......., AIP04 -and GaP04 - - - -

2.2 Low temlserature IR slsectrum of GaP04
In most cases it is simpler to use the IR
absorption instead of transmission:
1

',T

absorption cm-' = -.
log d[cm]
T

[

d is the thickness of the plate in cm and T means
the IR transmission in %. TRefis the transmission
in % at a wavenumber, where no absorption
should occur (3800 cm").

The extraordinary beam (electric field is polarized
parallel to z) is absorbed more strongly in the
region of the broad band than the ordinary one
(electric field is polarized normal to z), but the
3508 cm" band vanishes. The difference between
the extraordinary and the ordinary beam is also
shown in the figure. The resulting broad band
looks like the absorption of pure water (Ref. 4).
The two significant bands at 3165 and 3286 cm-'
are weakly polarized only.

a

... absorption at 3400 crn
m/'

0

1

3

2

a of

wavenurnber [cm-11

Fig. 2: Infrared absorption of GaP04 at 80K and
300K
In a typical infrared spectrum of gallium
orthophosphate the broad band is not resolved
down to 15 K (Fig. 2). But the band at 3508 cm"
is splitted to three parts. Most bands don't change
but some new ones appear which can be
attributed to OH vibrations.

4

5

6

ord. beam [cm-11

Fig. 4: Plot of absorption of extraordinary against
ordinary beam at 3400 cm-' for plates with
different OH values
The absorption a at 3400 cm" of the
extraordinary beam is plotted against the ordinary
one (Fig. 4). The correlation of these two
absorptions is linear. Its slope which gives the
ratio of yxtraordinary to ordinary absorption at
3400 cm' equals 1.35, independent of absolute

2.3 Polarized spectra:
Polarized infrared spectra of GaP04 at room
temperature are shown in Fig. 3.

0,100

slrongw polarized

0.000

-

-0.025

1'

2800

-

a difference (e.0. ord.) [cm-$1
3000

3200

3400

3600

wavenumber [cm-11

Fig. 3: Polarized IR absorption of GaP04at 25°C

Fig. 5: Correlation between the absorption at
3508 cm" and the polarized part of the broad
band

OH contents. Therefore attention should be given
to the measurement of samples with different cuts
because the absorptions of x- and z-cut lamples
are not the same. The peak at 3508 cm- seems
also to be correlated wit! the difference of the
absorption at 3400 cm- of extraordinary and
ordinary beam (Fig. 5).
2.4 Intrinsic aallium orthoohosphate bands
Many different samples have been compared by
us to c h e ~ kif there are intrinsic vibrations around
3000 cm' . Some bands, especially the strong
ones at 3165 and 3286 cm' , have always the
same height of absorption peaks although the
absorption of the broad band varies strongly (Fig.
6).

It should be noted that some authors (Ref. 3, 5)
attribute these two peaks to POH and GaOH
vibrations.
2.5 Typical aallium orthophosphate sPectrum
All measured spectra can be used to explain the
.infrared spectrum of GaP04 (Fig. 8): Most bands
are intrinsic bands of GaP04, which is well seen
in infrared spectra of samples with low OH
contents as Fig. 11. Two peaks at 2850 and 2920
cm-' can be avoided if the samples are cleaned
carefully (shown later). The one real OH peak at
3508 cm-' is strongly polarized and correl~ted
with the broad background from 3600 cm- to
2600 cm" and lower.

broad band of

0.0

extrapolatedbasellne
(no absotptlon assumed)

-

I

2500
2600

2800

3000

3200

3400
3600
w a v e n u m b e r [cm-11

3800

OH

2750

.

I

3000

.

---.
,

3250

l--3500

3750
4000
w a v e n u m b e r [cm.1]

4000

Fig. 8: lnfrared absorption of GaP04

Fig. 6: Different GaP04 samples with different
OH contents
Both bands are assigned to third overtone
vibrations because at two thirds of their
wavenumbers, bands with roughly the same
absorption ratio can be detected if the samples
are very thin (< 0.1 mm) as shown in Fig. 7.

The absorption of the significant intrinsic bands
are given below (mean value of 57 samples):
3165 cm" : 0.697 cm"
3286 cm-' : 0.285 cm-'
3400 cm" : 0.078 cm-'

3. ESTIMATION OF OH CONTENTS
Different methods are in use to estimate the OH
contents of GaP04(Ref. 3, 5). We suggest:

I

1500

2000

2500

3000

3500

4000

w a v e n u m b e r [cm-11

Fig. 7: lnfrared absorption of a GaP04 sample
with a thickness of 0.073 mm

d means the thickness of the sample and T the
transmission at 3400 (OH absorption) respectively
3800 cm" (no OH absorption assumed =
baseline). a,, is the absorption of thy intrinsic
lattice vibrations of GaP04 at 3400 cm' and can
be neglected in most cases.

To get an idea about the quantity of OH (in
ppmlwt) one can multiply the a - value with 65.
This factor is estimated by the absorption of water
in quartz glass (Ref. 6) but we have made no
experiments to confirm this value, so we cannot
recommend it. The wavenumber of absorption
3400 has historical reasons and originates from
time when it was believed, that water is the
dominant impurity in GaP04 crystals. Its infrared
maximum value lays near 3400 cm-' (Ref. 4).
Because of the partly polarization of the IR
spectrum different cuts lead to different a values.
For our estimation method we suggest to use a
factor of 1.26 to get axor ayout of the absorption
of a z-cut, cl,.
If the surface is not polished, the baseline of the
infrared absorption raises linearly with higher
wavenumber. In Fig. 9 one spectrum represents a
GaP04 sample with a rough surface and the
second one shows the same sample coated with
immersion oil. The difference of both is
represented too. The latter curve shows that the
baseline of a rough surface is reallyl a straight
line. The peaks at 2850 and 2920 cm- vanish by
the use of immersion oil as well as by cleaning
and are attributed to CH - vibrations by surface
contamination as finger prints. An example of the
determination of a at 3400 cm-l is also shown.
Both spectra result in the same a value.

GaP04samples with higher OH contents become
opaque if they are exposed to high temperatures.
Two possible models can explain this fact. The
first suggest the formation of water bubbles by
single OH molecules which cause scattering. In
the simpler second model little inclusions extend
and destroy the lattice which causes the
scattering.
Ways to reduce the OH content are known for
quartz. Electrolysis under vacuum at high
temperatures force the hydrogen atoms to leave
the crystal. The influence of growth conditions has
been investigated for the last years. High
temperature growth and slow growth rates reduce
the OH content. In the growth process of gallium
orthophosphate OH is lowered by improving the
transport of solution.
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Fig. 9: Influence of a rough surface at the
baseline of IR absorption
4. INFLUENCE OF OH

OH impurities influence many physical properties
as the dielectric constants shown by Foulon et al.
(Ref. 7). Also influenced are the quality factor of
resonators Q, well established for quartz, and the
electrical insulation. Frequency-temperature
characteristics of the same cut show different
behaviour, shown in berlinite (Ref. 3), if OH is
very high.

Fig. 10: Reduction of infrared absorption after
heating to higher temperatures

If GaP04 crystals are tempered at very high
temperatures, for example 830°C for 4 days, the
OH absorption band in the infrared spectrum is
reduced in a strong manner (Fig. 10). Apparently
hydrogen diffuses out of the crystal. The
disadvantage of this method is that all disturbtions
stay which are caused during the growth process
and where OH indicates the imperfections of the
crystal.
5. DISCUSSION

For the absorption peak at 3508 cmS1one possible
model would be the occupation of a gallium
vacancy by 3 hydrogen atoms. Studies on the
influence of OH on physical properties are in
work. The reduction method by heating the
crystals is not satisfying so we research on
lowering OH by growth processes. One infrared
absorption spectrum of a gallium orthophosphate
sample with an OH content near zero is shown in
Fig. 11.

Fig. 11: Infrared absorption spectrum of a GaPO,
sample with very low OH content
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Experimental investigations of acoustic wave progagation in crystallographic directions
(X, Y, Z) of Langasite crystals submitted to uniaxial pressure have been performed. In
our case, the samples are parallepipedic and the pressure is applied in a direction
perpendicular to this of the acoustic wave propagation which is generated by a ZnO
electroacoustic transducer deposited on the largest surface. All surfaces of the samples
are optically polished. The system LGS-ZnO creates a multi-frequency high overtones
bulk acoustic waves composite resonator with resonances in the frequency range
[O.1 - 1 GHz].
The relative frequency shifts due to the uniaxial stress belonging to the range
[0 - 800 MPa] is linear and proportional to the "natural" sound velocity ; hence
nonlinear constants can be measured.
Furthermore, we have analyzed the slopes of experimental curves which can be positive
or negative depending on the directions of acoustic wave and strain.
Some experimental evidence of the onset of twinning when pressure is applied at 45'
angle to the Z-axis of X-cut samples was found and also discussed.
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HF LANGASITE MONOLITHIC FILTERS FOR GSM STANDARD
S.A.Sakharov, A.V.Medvedev, 0.A.Buzanov
FOMOS Co.,
Bujeninova St., 16, 105023 Moscow, Russia
1. ABSTRACT

The paper describes technological peculiarities
of the langasite crystal growth, HF monolithic filter
and SAW filter fabrication. The results of works
aimed at smaller defect number in crystals of greater
diameters up to 3 inch are presented. Langasite
resonator characteristics operating
at
the
fundamental frequency up to 200 MHz are also
given.

growth of the whole cylindrical part occurred with
the flat interphase boundary.
The "as grown" single crystals were subjected to
high temperature annealing after growth on the air.

Keywords: langasite , crysral growth, resonator,
filter, wafer, orientation
2. SINGLE CRYSTAL GROWTH
The procedure of initial charge preparation and
langasite crystal growth is described in detail in our
paper [I]. However, principal aspects have been
revealed, which required a more detailed
investigation.
The initial charge synthesis has been made by
the method of selfdistributing high temperature
synthesis (SHS). Lanthanum oxide (99.99%), silicon
oxide (99.99%), gallium oxide (99.99%) and metal
gallium (99.999%) have been used as initial
components. Substitution of gallium oxide for a part
of metal gallium during the SHS process compared
with that described in [I], made it possible to
significantly increase the part of melted phase (up to
85%) and, consequently to decrease losses of easily
volatile components caused by evaporation at the
stage of melt homogenization. The total impurity
contents in the charge did not exceed their level in
the initial components (not over 5*
mass. %)
Langasite crystals have been grown by using
Czochralski method in "Kristall-3m" pulling
machine
along
the
C-axis.
The
usual
"as grown" crystals had the inscribed circumference
diameter of the cylindrical part equal to 82 mm and
the total length over 150 mm. The crystal mass
exceeded 4 kg (Fig.1). The growth process of
langasite crystals having such dimensions is
connected with many difficulties. It was been found,
in particular, that the material of the crucible and its
geometrical dimensions are very critical for
obtaining high quality langasite crystals. Besides of
this, thermal gradients in the crystallization
chamber, the geometrical shape of the conical part
of the crystal and cinematic process parameters exert
especially strong influence on the quality of the
grown crystal. Crystal growing process proceeded
with the availability of the flat crystallization front,
which made it possible to avoid defects described in

The prmh!em

c . ~ g a i s t dig the fgc.tj that the

Fig. 1 - Photo of the langasite crystals with the
diameter of 86 mm
2. TECHNOLOGICAL ASPECTS OF
CRYSTAL MECHANICAL TREATMENT

LGS crystal mechanical treatment has a
number of peculiarities differing this technological
process from the process of quartz crystal treatment.
Langasite is considerably softer then quartz, its
Moh's hardness is equal to 5.5. Technological
aspects of LGS mechanical treatment have been
described in detail in papers [3,4]. In the course of
this work the main attention was paid to langasite
wafer treatment having large (3 inch) diameter.
The main problems for wafer manufacturers
with one-sided polishing are the following ones:
obtaining defectless polished surface
(absence of scratches, cracks, microinclusions at the
polished surface;
nonuniform thickness at wafers with
different treatment of their sides.

For mechanical wafer lapping the diamond laps
with special bonded abrasive have been used, the
abrasive grain size was 80163. The use of bonded
abrasive enabled us to obtain a satisfactory
planeparallelism and thickness nonuniformity.
The main peculiarities of wafer polishing are
connected with the use of polishing slurries based
on silica sol ( colloidal solution) with surface active
additives analogous to Nalco and Syton.
The use of cerium-, iron- and aluminum oxides
does not allow to obtain a wafer surface free of
scratches. It is necessary to note also the influence of
polishing pad material on the shape of wafers
obtained.
The use of the soft materials (polyvel) ensures
the best abrasive material holding at the surface,
but with this wafer edge rounding downwards
occurs due to wafer pressing into the polishing pad
material. When rigid polishing pads are used
(polyurethane foam) it is necessary to take into
account the fact that these materials should not
contain metal oxide inclusions and should hold well
polishing soles at their surface.
Chemical etching of langasite crystal wafers is
also one of the most important problems in
obtaining high quality products operating both at
bulk acoustic waves (BAW) and surface acoustic
waves (SAW).
Langasite crystals can practically be etched in
all acids, but the etching rate differs significantly
with different acids, etching temperatures and
concentrations. The main problem during the
technological etching process development consists
in finding suitable polishing composition.
We have investigated different etchants
influence on the surface quality obtained. The best
results have been achieved when etching langasite
crystals in a mixture of hydrofluoric and
hydrochloric acids. This composition has been used
for etching LGS-wafers for resonators operating at
the fundamental frequencies of 180- 210 MHz.
Langasite plates have been polished up to the
thickness of 70 pm , then reversed mesastructure has
been etched up to the thickness of 6 pm, i.e.
approximately 32.0 pm has been etched off from
each side. The wafer surface in the region of
mesastructure has no traces of selective etching at
which defect revealing occurs at the surface and
within the crystal volume causing through etching
of a crystal surface as a result.
The surface quality obtained with plate
thickness of 6 pm enabled us to manufacture
resonators with the parameters listed in table 1.

The technological process of chemical reversed
mesastructure forming at polished LGS crystal

plates has been used by the authors for monolithic
filter manufacture operating over the frequency
range from 30 to 100 MHz.
3. HIGH-FREQUENCY LANGASITE

MONOLITHIC FILTERS
In our earlier works we have many times
described the application of langasite crystals for
the development and manufacture of monolithic
filters. These filters operating over the frequency
range from 2 to 25 MHz are manufactured by using
conventional technology without the use of
mesastructure. The typical characteristic of the 8th
order MF at 10.7 MHz with the pass band 25 kHz
is presented at Fig. 2.

+

CENTER 10.7MHz

SPAN 5OOkHz

Fig. 2 - Amplitude-frequency characteristic of
LGS MF at 10.7 MHz, n= 8
Table 2 lists the main characteristics of
langasite monolithic filters operating over the
frequency range from 2 to 25 MHz. The principal
attention in this work has been paid to the
development of high-frequency LGS monolithic
filters. In the high-frequency region from 50 MHz
and above the electrode dimensions have become
smaller as well as the dimensions between them.
For MF manufacture the mask technology of
electrode evaporation is used. At present it is
possible to fabricate masks with the minimum
interelectrode distance of 90 pm. This causes the
limitation of the pass band of high frequency filters.
For quartz ,monolithic filters operating over the
frequency range from 50 to 100 MHz the optimum

of langasite crystals in an analogous frequency
range allows to manufacture MF with the relative
pass band from 0.2 to 0.6%.
The authors
have developed and
manufactured M F at the frequency of 71 MHz with
the pass band +90 kHz.
The most interesting from these filters are
filters at 71 MHz, which is the intermediate
frequency for cellular radio telephones of GSM
standard. At present analogous quartz crystal filters
are manufactured both with discrete elements and
in a monolithic form. The main drawbacks of such
filters are their large size and the value of spurious
responses in the stop band. In Fig 3 the amplitudefrequency characteristic of langasite MF at 71
MHz is given.

Fig. 4 shows group delay distortion of this
filters. Fig 5 shows package outlines of the 4th
order M F at 7 1 MHz.

Fig.4 - Group delay of LGS MF at 7 1 MHz,

Fig.3 - Amplitude-frequency characteristic of
L G S M F at 71 M H z , n = 4 ;

Fig.5- Package outlines of LGS MFat 71 MHz

Table 3 lists the main parameters of this LGS
monolithic filter.

at
at
at
at
at
at
at

fo+130kHz
fo+ 150 kHz
fof 200 kHz
fo 1 400 kHz
fo 600 kHz
fo i 800 kHz
fo- 12 MHz

13dB
17 db
28 dB
50 dB
65 dB
70 dB
85 dB

fo to 500 kHz
+500 kHz to +910 kHz
6 Min Spurious Guardband:

30 dB
42 dB

+

directions. At present the works aimed at growing
langasite crystals along the Y-axis are initiated.
Fig.6 shows the characteristic of a SAW filter
manufactured at langasite substrate.

Min. Spurious:

1
I]

f = 7 2 0 0 0 + 2 k ~ z l 70dB
5 dB
I Max. Insertion Loss ( at fo )
1 dB
Max. Pass Band Ripple
. .
( within fo f 45 kHz )
9 Max. Group Delay Distortion
1.5 psec
I ( within fo i 50 kHz )
I
- 2 dBm
10 I Input Level
0 - 70 OC
11 Operating Temperature Range

Fig.6 - Amplitude-frequency characteristic of
LAGSSAW filter
5. CONCLUSION

1

I

4. LANGASITE CRYSTAL APPLICATION

FOR SAW FILTERS
Results of large diameter LGS crystals growth
enabled the authors to make a number of
investigations aimed at application of this crystal
for surface acoustic wave (SAW) filters. As it has
been described in clause 1, these crystals were
grown along the Z-axis and , as a consequence of
this, SAW characteristics were investigated around
Z-orientations. Three inch diameter wafers with
one-sided polishing have been fabricated for this
purpose. Interdigital
electrodes have been
evaporated by photolithography method. The
main task for the authors was the search for
orientations with
the minimum frequency vs
temperature dependence. The orientations around
the Z-axis have been investigated with acoustic
wave distribution
along the
Y-axis. The
temperature coefficient of frequency has the values
10 ppm.
The SAW velocity is 2460 mlc.
The authors consider that the orientations
exist in langasite crystals with higher temperature
stability , allowing to apply these crystals for SAW
filters. For exact determination of these
orientations more thorough investigations are
necessary both around Z-orientations and in other

Results obtained by the authors in langasite
HF resonator and filter manufacture, in growing
langasite crystals of large diameter with a
satisfactory quality show the possibility of this
material application in piezoelectric engineering.
The most promising area of this material use seems
to be SAW filters.
The authors hope that the results presented
will find interest of specialists working in the field
of piezoelectric engineering and acoustoelectronics.
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SOME HIGHER ORDER EFFECTS IN THE ELECTROMECHANICAL SYSTEMS
BASED ON VOLUME AND SURFACE ACOUSTIC WAVES
Jaroslav NOSEK

Technical University of Liberec
Hiilkova 6, CZ 461 17 LIBEREC , Czech Republic

ABSTRACT
The paper deals with properties of piezoelectric
resonators and resonant mode sensors and
focused on non-linear effects, especially in elastic
domain. The effects of these nonlinearities in
electrical circuits are considered together with the
possibilities of using them in the sensors. The
effect of excitation and intermodulation in the
BAW quartz
resonators is described and
measured.Futher, an attention is paid to the
change of velocity of SAW propagation on the
quartz delay line, caused by electric field. The
arrangement of new electric field sensor is
presented.The optimal orientation and dimensions
of X-length strip
quartz resonator as a
temperature sensor are found.
Keywords: non-linearities of the BAW and SAW
quartz resonators, some results

material co-ordinates a~ are denoted by capital
letters for the study of material properties of
piezoelectric substances. The relationships
between the thermodynamic parameters V N , EN
and Di ,
Ei (electric displacement and intensity
of the electric field), in a space -coordinate xi are
the following:

where J is the functional determinant (Jacobean).
For an adiabatic process, the components
of
thermodynamic stress tensor can be expressed

tg
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1. NON-LINEAR ELECTRO-ELASTIC
EQUATIONS
The linear theory of piezoelectricity is a suitable
tool for describing the propagation of acoustic
waves with small amplitudes. Also, the vibrating
solids must be
subjected
to any elastic
prestressing or strong electric field. The non-linear
theory takes into consideration the final
deformation q,j. Elastic stiffness of higher order

can be derived from the internal energy U
relating to a unit volume of the given substance
by

where n is the order of stiffness. As shown in
(Ref. I), the elastic coefficients of n-order, as
well as higher order coefficients characterising
the dielectric, piezoelectric and pyroelectric
properties of crystals, can be derived from
various thermodynamic potentials. The electrooptical, electrostriction and other coefficients can
be specified by the same method. The
thermodynamic stress tLM, the thermodynamic
electric displacement V Nand the thermodynamic
intensity of electric field EN can be taken as the
basis for the study of non-linear electroelastic
properties of piezoelectric substances, the
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where symbols
and C,,,E ,a
denote
elastic stiffness of the second and third order,
symbols e;AB and ef;;,
denote linear and
quadratic piezoelectric stress-tensor components,
denotes the electrostriction
symbol

HiAw

coefficients,

,,

and the symbols E

and

E ?A'
denote the components of the tensor of
linear and quadratic permittivities. The non-linear
read
piezoelectric stresses ezABcD

U

~

,

~

where
and non-linear piezoelectric strains

In the simplified pure elastic case, the description
of propagation of a finite amplitude wave in a nonlinear medium leads to the wave propagation
equation with effective non-linear elastic constants
of the 3rd and 4th orders. In the presented
problem these non-linearities are at the origin of
harmonic generation with its consequences
amplitude frequency effect, and
intermodulation.

-

-

2.AMPLITUDE-FREQUENCY EFFECT
To some extent, the resonant frequency of
piezoelectric resonators depends on the
magnitude of excitation current passing through
the resonator. Considering the results of (Ref. 2),
the following approximate relationship for the
relative change in the resonant frequency of AT
resonators (in shape of a the plate) is used:

where

and
E

The influence of the excitation current on the
frequency and its mathematical description makes
necessary to introduce a non-linear impedance
characteristic of the piezoelectric resonator
(Nosek in Ref. 1). This influence was modelled
by the non-linear equivalent circuit, as shown in
Fig. 1.

2a
E

is

the

resonator

thickness,

c,, , c,, , c&,
are elastic stiffness of the
second, third and fourth orders, respectively,
measured under a constant electric field, e,, is the
piezo-electric stress, k26 is the electromechanical
coupling coefficient, E,, the permitivity along the
thickness axis of the plate, 2b, 21 are the width and
length, respectively, of a fully plated resonator,
o,,is the angular resonant frequency, VKis the
voltage and IK is the excitation current applied to
the resonator.
In Eqn. (7) , the first term in the square brackets
is usually negligible compared to the second term,
and Eqn. (7) acquires the form

Fig. 1: Non-linear equivalent electrical circuit for
piezoelectric resonator
The equivalent series resistance Rh(l) and
dynamic capacitance Ch(/) are taken to be
functions of the amplitude of the excitation current:

Rh and Ch are the equivalent series resistance
and dynamic capacitance relating to infinitely small
amplitudes of excitation current, the magnitudes of
the constants p and B depend on vibration mode,
elastic
and piezoelectric properties of the
resonator and the dimensions of the electrodes.
The constant 6 relating to AT resonator is
defined by Eqn.(lO). We analysed the above
equivalent circuit by the method of equivalent
linearisation. This method consists of determining
the average values Rhs,Chsof the resistance Rh(l)
and the capacitance Ch(/),which fulfil the condition
of equal voltage drops across the non-linear
elements for first harmonics of the excitation
current. It follows from this condition that

where I1is the amplitude of the first harmonic of
the current flowing through the dynamic branch of
the equivalent circuits, i.e. through Rhs, Chs and Lhs
in series. The relationships between the
amplitudes of the voltage Vl and the first current
harmonics I1read

3.1NTERMODULAT1ON OF PIEZOELECTRIC
RESONATORS
If two (or more) harmonic signal levels V1 and V2
and frequencies o, and o, positioned uniformly
with respect to resonant frequency o, act
simultaneously, the intermodulation signal of' the
voltage V,, and angular frequency Q = 220, - w,
is created due to the cubic non-linearities. This
frequency !2 will be located also within the
bandwidth, and, therefore will not be filtered.
A

G;,

(15)
and is shown in Fig. 2.

,
In

Fig. 4: Circuit with intermodulation current
The complex value of the intermodulation voltage
for the circuit in Fig. 4 can be derived from (Ref.
5). After a simple arrangement we get an
interesting relation for I
,:
L

Fig. 2:Computed dependence I(olo,) with
parameter V, (AT resonator 5 MHz).
Calculated dependence of the phases - frequency
with parameter V1 is given in Fig.3.

Fig. 3:Phases- frequency dependence of the
excited AT resonator 5 Mhz.

where

% is the resonator admittance at angular

frequency

a.
The
*

significance of symbols for

admittance Y,, , A,,, , A4and ASZ are shown in
(Ref. 5).
It follows from Eqn. (16), that the intermodulation
current consist of a component dependent on the
admittance $ and a component affected by
control signals of levels V1, V2, and effective
elastic stiffness y , which include the linear and
non-linear elastic stiffness of 2nd, 3rd and 4th
order.
The formulae given above makes the selection of
a suitable method for the measurement of the
intermodulation signal magnitude possible.
A measuring set schematically showing Fig. 5
contains generators in the part IM. The used
generators are crystal controlled oscillators of 10
MHz with mistuning o f f 1.
and stability of the
order (1
+ lo-' ) / day.
Mixing circuit SO is a key part of the control signal
block. It makes possible to increase the insertion
loss of channel A with respect to generator
approximately to 40 dB and the second harmonic
rejection increases to
85 dB. The forward
direction insertion loss is approximately 1 dB. The

o-~

-

mixing network consists of the crystal bandpass
filters of central frequencies fA = 9.997,7 kHz
and fg = 10.002,3 kHz symmetrical with respect
to the nominal frequency 10 MHz. Insertion loss
characteristic of realised mixing circuit are in Fig.
6.
I

IM generator

ekN, and, are expressed

by

-1

-

I measured
I evaluation
sample

Fig. 5: Measurements of IM products

e,, change on
these relations

and

The symbol c h , was used for the components
of the second order linear elastic modules
measured at constant thermodynamic electric field
strength. The symbol 0 is the potential related to
the electric field components by E N

= -QVN

and HNALM
are components of the electrostriction
coefficient. Due to the fact that elastic modules
cLCMDand piezoelectric modulus eiM are linear
functions of the electric field EN, the above
mentioned module will change by the activity of
the electric field, and the amplitude of the change
will be a linear function of the field.
Let us assume a thin piezoelectric plate with
orthogonal co-ordinate system as in Fig. 7.
I

Fig. 6: Measured insertion loss characteristic of
mixing circuit.
Evaluation part consist of commercial set with
measuring transmitter, generator and measuring
receiver.

-

The measured values VL = 98 dB and
n
c,=
76x10-l1 ~ f i ' (V, =4,5dB,
+- 1 kHz, fN = 9.995,35 kHz, RL = 135 R )
are valid for the AT-cut quartz resonator of 10
MHz.

4f=

4.PIEZOELECTRIC SUBSTRATE SUBJECTED
TO ELECTROSTATIC FIELD
The effect of a strong electroelastic field acting
simultaneously with a small varying field was
studied for the first time for GT cut quartz
resonators at the TU Liberec in 1961. The
resulting effect was termed by Hruska as a
polarisation effect (Ref. 7 and other papers). In a
later work
(Ref. 4) the effect of a strong
electrostatic or slowly varying electric field acting
on a piezoelectric cut vibrating near its resonance
was described with the aid of a change of elastic
modules. The elastic modules chcDchange on

-

the value of c

and piezoelectric modules

1x2

Fig.7: Control electrodes on piezoelectric plate
Two interdigital transducers IDTs and TDT are
on its surface, in the xl x2 plane. An important
part of the arrangement is that there is a pair of
electrodes A, , A: deposited both on top and the
bottom plate surfaces between the interdigital
transducers. These electrodes create an electric
field in the plate volume. The field results in a
change of the elastic module in the plate between
electrodes A,, A: from the value cLcMD to

-

clCMD.Also due to the piezoelectric effect , the
length li is changed by A1,. The relative length
change can be given by the relation

Al.

I=

1,

.

df 1 1 E,

where d;,
are the components of tensor of
piezoelectric coefficients. As a consequence of
the SAW velocity change from the value a to a '
and the relative length change A1, , the time z
for SAW transmission between transmitting and
receiving transducers is changed by

5.TEMPERATURE DEPENDENCE OF
RESONANT FREQUENCY
The
behaviour of resonators submitted to
temperature variations described by means of
thermal expansion coefficients and temperature
coefficients of the elastic constants. The nonlinear elastic constants combined with the
fundamental temperature derivatives coefficients
are necessary for describing nonuniformly
heated resonators. In this case, the temperature
gradients induce thermal stresses and strains
which, in addition to thermal expansion and
temperature dependence of the fundamental
elastic constants, contribute to the frequency
shifts by non-linear elastic effects(Ref.3):

where z = 1 / v . The ratio of velocities v and v' is
a complicated function of linear and non-linear
elastic module ,c,5
, chcD and piezoelectric
modules eNMand
simplified equation

eLM . Let us assume the
T f ( ' ) ,~ f ( ~ )f , ( represent
~ )
the 1st, 2nd and 3rd

After substitution and arrangement, it is possible
to obtain the dependence of the transmission time
on electric field

Using the DC or slowly varying voltage u = 4 , it
makes the possibility to change the SAW time
transmission continuously. In principle, an AID
converter of linear dependence of time delay on
control voltage with large stability can be
realised.

Fig. 8 An SAW sensor with two delay lines and
two mistuned oscillators

order static temperature coefficients of frequency,
and a" the dynamic temperature coefficient. It
follows from a static case from the Eqn. (23) that
the linear dependence, which is useful for a
temperature sensor, can be achieved if the 2nd
and 3rd order temperature coefficients
and a"
have been zero values. Such condition is valid for
double rotated cut YXbl8"26'/13" noted as LC cut,
of
the
temperature
coefficient
~t(')=4,79x los5K.' and typically frequency change
fo ~ O O O H Z K ' .
The progress in the analysis and in the design of
the strip resonators will enable a large reduction
of the resonator dimensions in the field of the
frequency - temperature sensitive quartz
resonators. The reduction of the strip resonator in
dimensions is accompanied by the elastic coupling
of the thickness-shear vibration with other modes.
Considering these effects, we investigate the
influence of the thickness - length flexure, widthshear and width-length flexure modes of vibration.
The rotated Y-cut and LC-cut quartz strip
resonators are selected as a suitable temperature
- sensitive sensors. The aim of the theoretical
consideration is to optimise the dimensions and
the orientations of the strip to determine the
parameters leading to the minimum impact of the
coupled modes, high temperature coefficient and
the smooth curve expressing the frequencytemperature characteristic in the given
temperature range.
The linear elastic equations for small vibrations
superimposed on
the
thermal induced
deformation by steady state and uniform
temperature changes were used by the derivation
of the resonant frequency -temperature
characteristic of strip resonators (Ref.6). The
thermally biased homogenous strain was included
in the constitutive equations by means of the
247

thermal expansions coefficients and thermally
dependent elastic stiffness. The incremental one
dimensional equations of motion are solved for the
modes of vibration in the strip width. The
description of the vibrations of the strip was done
by including the fundamental thickness-shear
mode vibration and expanding the mechanical
displacement and electric potential in series of
trigonometric functions of the width co-ordinate.
The incremental equations of motion were solved
by neglecting the piezoelectric effect for the
traction-free ends of the strip. Considering the
equations for the displacement, many procedures
provide the linear homogenous equation in the
amplitude A
,,

. A,,)

(g,,,)(y,,

= 0 , m,n = 1,2,3,4

(24)

ynrr,is an amplitude
where g, is
ratio, r = 1,2,3,4. The nontrivial solution of Eqn.
(24) is obtained, when the determinant of the
coefficient gmn vanishes, i.e. when

The roots of the transcendental Eqn.(25) enable to
determine the normalised frequency R vs
dimensions ratio of the strip resonator read

-

temperature coefficients
Tf ,~f ,Tf can be found from the obtained
frequency temperature dependence.
The experimental investigation showed, that
for frequency fo = 4.197 MHz the coefficients
are

The

frequency

"' "' '"

-

Tf 'I' = 58,914. 10°K-',

The optimal size of the frequency - temperature
sensor in the form of a small quartz strip
resonator was determined for one orientation of
the strip and the widthjthickness ratio d b = 3.1 .
For the orientation W15.5*the optimal Vb ratioes
(lengthlthickness) are 15,9, 19,s and 20.9.
YX15.,. 'cut strip have the largest first order
temperature coefficient ~ f ' l ' a n d kZb. The
coefficients of the 2nd and 3rd order are
Tf = 82.1 8. lod K-2 and

'"

6.CONCLUSION
The phenomena of the non-linear behaviour of
the quark resonators is topical because the
influences of the non-linearities have a large
significance for the applications of resonators
both in the oscillators and in the sensors.
This behaviour is described rather by effective
constants with 2nd, 3rd and 4th order fundamental
constants . The theoretical and experimental
evaluation of some fundamental constants of 3rd
and 4th order was realised (after more years)
mainly for quartz.
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ABSTRACT
An accurate adjustment of the central frequency of Surface
Acoustic Wave (SAW) devices requires a good knowledge
of their sensitivit to technological parameters such as
metal thickness orinterdigital transducers and reflectors.
This parameter is known to strongly influence the
turnover temperature of (ST,X) cut of quartz SAW devices
widely used in resonator and filter applications. A model
was implemented to calculate this phenomenon by
Minowa. However, this approach did not provide an
analytical ex ression of the first order Temperature
Coefficient of $requency (TCF) used to proper1 predict the
turnover temperature change versus meta thickness.
Based on a perturbation method developed by Tiersten and
Sinha, a new analytical approach is proposed to predict the
influence of metal thickness on the first order tem erature
coefficient. First, boundary conditions relative to t i e metal
layer are analytically derived and injected in the
variational perturbation equations. This allows to compute
a correction factor to the TCF as an additional term
proportional to the metal thickness. The turnover
temperature is then calculated by combining these first
order terms with the second order TCF obtained by the
classical thermal variation of the elastic constants of the
substrate. The results are finally compared with
theoretical and experimental data of Minowa and a ver
good agreement between the different approaches is f o u n l
Moreover, the proposed analysis gives access to an
analvtical expression of the correction factor of the TCF
welliuited fo; systematic hvestigations of new quartz cuts
exhibiting a frequency temperature dependence with a low
sensitivitj to metal thickness.
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1.INTRODUCTION

Surface Acoustic Wave (SAW) devices are generally built
on crystal substrates allowing the compensation of
temperature effects on the elastic ropagation. In the case
quartz cut [I] is
of Rayleigh wave devices, the (8~~x1
considered as an industry standard because of its low
sensitivit to quasi static thermal effects with a
confortab% tolerance on the propagation direction. A
strong effort was performed to describe accurately the
frequency-temperature characteristics of such devices
using for example perturbation methods [21 or a correction
of the classical constant variation approach [3]. However,
most of these theoretical models address the academic
problem of a Rayleigh wave propagating on a load-free
surface. Actuallv. the presence of metallic transducers and
reflectors on ihe ptopagation surface induces light
modifications of the thermoelastic properties of the wave.
These changes may be neglectgd for uncompensated
substrates as LiNbO, or LiTaO,, but not for devices
exhibiting a first order temperature coefficient of delay
(TCD) close to zero like Rayleigh wave on (ST,X) quartz
plates. Only little work has been devoted to take into
account the influence of the metallization on the thermal
stability of SAW. Minowa has proposed a calculation
method based on the thermal variations of effective elastic
constants [41. The SAW is considered to propagate under a
uniform metal film and both the metal and substrate
constants are varied. However, it should emphasized that
approaches using non rotationally invariant coefficients
were found inadequate for the accurate prediction of

temperature compensated crystal orientations [5]. As a
conseauence. Minowa's model is assumed to suffer from the
same iimitations.
To avoid this problem, it is recommended to use a perturbation method according to Sinha and Tiersten work 121.
This approach is based on the combination of variational
equations describing small fields superposed on a bias [6],
and requires the so-called first-order temperature
derivatives of fundamental elastic constants [7]. Since
these derivatives are calculated using the 3rd order elastic
constants and a set of representative frequencytemperature measurement for a given crystal, they were
only available for quartz [ I ]for which these different data
were measured accurately. However, a simple procedure
has been proposed to compute these derivatives for
isotropic or cubic material using their 3rd elastic constants
and their effective thermoelastic coefficients [8].
Consequently, Sinha-Tiersten's perturbation method can
be adapted to model SAW device with arbitrary
metallization on the propagation surface. The first section
of the paper is devoted to the perturbation equation
description in the case of a semi-infinite substrate covered
by a thin metal layer. The following section to establish
boundary conditions due to this layer at the propagation
surface which are necessary to compute the perturbation
equations. Finally, results provided by the proposed
analysis are compared to Minowa's theoretical and
experimental data [4], yielding discussion concerning
improvement of the models.
2. PERTURBATIONANALYSIS

2.1 Combination of variational equations
Figure 1 shows the axis-definition adopted for the present
work. The SAW is assumed to propagate along a axis and
to decrease exponentially along a, axis \material
coordinates). According to [2,61, variational equations are
derived to describe the wave propagation in both
unperturbed and perturbed states as follows :

where ui represents the mechanical dis lacements, Cgke
are the fundamental elastic constants, &the perturbed
elastic constants expressed in the natural state, p, the
unperturbed mass density and w the angular frequency.
The upperscript 0 denotes an unperturbed solution and * a
complex conjugation. vj is the normal vector pointing

It is shown in the n& section how the expression of the
stresses TOi.and Ty are derived from thermoelastic
constants of ihe metal using proper assumptions.

2.2 Surface boundary conditions
Fi . 1 : Axis definition, case of a semi-infinite crystal
sufstrate covered by a thin isotropic or cubic layer
outward the substrate (see Fig. 1) and consequently
written as (v = 0 v2 = 1, Y = 0). By considering proper
assumptionst21, dq.(1)can be combined to give access to
the angular frequency variations as follows
w-w

: = ,

0

1

JJ"!,
r

0

- au;

au~*
I

H

~- d u ~

"e

Figure 1 shows the propagation surface, mechanically
loaded by a metal layer. The profile of this layer is
assumed to be described by a derivable function flu,) as
follows
where h is the maximum height of the layer. A stress-free
condition similar to Eq. (4) is applied a t the top surface of
the metal layer. Assuming the normal vector vy pointing
outwards this surface given by
afla,

v;=-h-

v 2r = l

;
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aal

and assuming h much smaller than the acoustic
wavelength I,, allows to develop the above mentioned
stress conditions as a Taylor-McLaurin series limited to
the first order in h

with

8~::
where H y k ~appears as a perturbation tensor which is
written in the case of quasi static thermal effects applied
on a plate free to expand in all directions as follows

-
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where a,, is the thermal expansion tensor, 8 the temperature and €$ = 25°C. Note that Eq. (3) is obtained assuming
a fixed center of the plate and no rigid rotations around
this point.

The continuity of the mechanical displacements is also
assumed a t the interface (a, = 0). This condition allows to
determine the dependence of u'i along a,. Since the
dependence of the mechanical displacements in the
substrate are described by the function e - j Iuo/VR)al (V' is
the Rayleigh wave phase velocity), the following relations
are considered

The surface integral of Eq. (2) results from the
combination of surface integrals of Eq. (1). In the case of a
surface free of mechanical loads, these integrals vanishes
because of the conservation of the boundary conditions
written in the natural state as follows
Finally, the continuity of normal stresses at the interface
(a, = 0) are written to complete Eq. (9)
T i ( a 1 , 0) =
However, in the presence of a metal layer loading the
propagation surface, Eq. (4) are no longer valid and are
written as follows

~i( a , , 0)

(11)

It is now necessary to express the derivatives of uiOalong
a, to solve boundary conditions (9) and (11). It must be
underlined that all the derivatives along a vanish because
the mechanical displacement field does no%depend on this
variable. According to Eq. (101, the following stress
components are obtained

where !Poi. and fl.represent respectively the stresses in
the metal iayer in t i e unperturbed and perturbed states.
As a consequence, the surface integral of Eq. (2) can be
written as follows

Note that Eqs. (12) are valid for both cases of isotropic and
cubic materials. These equations are now used to develop
the propagation equations in the metal layer. These
equations are then used to determine the derivatives of the
stresses along a, ,which appear in Eq. (9). This yields the
following expressions

with

with
Using the matricial relation (15) together with stress
distribution (12) provides the expressions of stresses T1012
and TI0,,.
Equations (12) and (13) are now injected into the boundary
conditions (9). This provides the following result

Finally, expressing the continuity of the displacements in
a = 0 and considering Eq. (11)provide the definitive form
ofthe boundary conditions

It is important to remark that if the function flat) describes
a rectangular profile (obtained by combination of
Heaviside functions), then Eq. (16) correspond to boundary
conditions established by Datta and Hunsinger [9]. Also, if
the profile hfla,) is assumed rectangular (see Fig. I),
considering the condition h Q A, respected, Eq. (16)
provides the so-called Tiersten boundary conditions [lo].
These equations can be used to compute the frequency shift
of the Rayleigh wave only due to mass loading using the
following perturbation formula
where all the stresses, displacements and displacement
gradients are expressed in a, = 0. It can be remarked that
since To only de ends on ulO,, it can be directly used to
establish%q. (11)&r i = 3. Equation (14) also shows that
the displacement gradients a ~ , ' ~ l a aand au210/aa2are
coupled together and can be expresse8 as combinations of
displacements ulfOand u lo. This relation is written under
the following simplified d r m

} [:;](:;I
=

(I5)
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=

It is now necessary to establish the expressions of q2(al,0)
to calculate the surface integral of Eq. (6). In that case, a
particular attention should be payed to avoid mixing
statical and dynamical terms. The latter are always
considered unperturbed, and only the material fundamental constants are modified.
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The final form of the perturbation equation can be
established as follows
&=coo+
0

h~e,,,O-Oo,

P

(21)

In Eq. (21), the coefficient ea is the same as the one
provided by the usual load-free calculation [Ill. The
influence of the metal layer on the frequency stability of
the SAW is given by a linear relation along h due to the
truncature of the Taylor-McLaurin series in Eq. (9). Note
that a higher order truncature would provide a more
accurate description of the metal layer contribution to the
thermoelastic properties of the considered devices.
However, most of them are built using very thin metal
layer which largely respect the condition h 4 A,,.
A stronger assumption was made in establishing Eq. (21)
by neglecting the stresses generated at the metalsubstrate interface by the differential thermal ex ansion
of both materials. These stresses should be caiulated
using finite element analysis because of the substrate
anisotrop which prevents any simple analytical model.
~ e v e r t h e b s s calculations
,
have been performed to check
the importance of this assumption in regard with Minowa's
experimental results. One can remark that Minowa's
calculations also neglect these stresses and provide an
overestimated influence of the metal laver on the turnover
temperature variations of SAW on ST h a r t z [4]. However,
the proposed perturbation method is well adapted to take
these additive terms into account by winganadequate
expression of the perturbation tensor H ~ k e and a
discretized form of Eq. (2) as proposed in [121,
3. COMPARISON WITH MINOWA'S THEORETICAL

AND EXPERIMENTAL DATA

In the case of a metal layer with rectangular profile, the
right-hand side of Eq. (6) can be simply written as follows :

where

According to the definitions of [Ill, Vi combines
unperturbed wave parameters as follows :

As mentioned in introduction, Minowa's theoretical
calculation is based on a model of dispersive Rayleigh-like
wave propagating under a uniform metal layer deposited
on a piezoelectric crystal. This model is used to compute
the SAW frequency shift due to temperature perturbation
by the variations of effective thermoelastic constants of
both crystal and metal.
These approaches provide first the SAW sensitivity to
mass loading, but also the first and second order TCF.
These latter coefficients are used to evaluate the turnover
temperature, and finally its variations along the metal
layer thickness.
Experiments of Ref. [4] have been performed on threetransducer-type SAW devices [I31 with a lac
= 20.56 pm
and a finger width of 5.14 pm (finger to gap ratio equals 11,
built on quartz cuts close to (ST,X) orientation
(8 respectively equal to 40" and 42.75") with a propagation
direction varying from 0' to 6'. Since Minowa's model does
not allow to consider periodic gratings as built practically,
an equivalent thickness h equal to one half of the
experimental metal srip height was considered for
theoretical calculations of Ref. 141 since the actual profile
can be considered in the present a proach, perturbation
computations have been performed L r both cases of a half
thickness homogeneous layer and of a rectangular metal
strip (calculations performed over one mechanical period
AaC/2). Figures 2 and 3 show a comparison between
theoretical and experimental data of Ref. [41 concerning
the SAW on ST quartz sensitivity to mass loading and the
theoretical calculation corresponding to Eq. (19), using
Slobodnik's constants for quartz [14] and LandoltBornstein data for aluminum [151. The proposed approach
provides results closer to the experimental data than
Minowa's calculations ones. This may be due to the
fundamental constants used in Ref. [41 which do not
comply accurately with those found in [14] and [15].
Moreover, the description of the analytical model of
propagation in [41 does not allow to check Minowa's
calculation procedure. It should be precised that the
perturbation calculation corresponding to Eq. (19) is low
sensitive to the variations of the elastic constants of the
metal, which can considered either isotropic or cubic
(change of C' ). The precision of the prediction is better
than 1.5.10-~Y:nstead of 5.1.10-4 for Minowa's theory.
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Fig. 2 : Comparison of Rayleigh wave velocity versus
propagation direction between Minowa's theoretical
and experimental data [4] and theprgsent results case of a n
ST quartz cut loaded by a 1 000 A Aluminum layer
(C1,, = 25 GPa)
a ) loaded substrate (this work)
b ) unloaded substrate (this work)
c ) experiments [4]
d ) theoretical results of [4]
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Fig. 4 :Comparison of turnover temperature versus
propagation direction between Minowa's theoretical
and experimental data [41 and theprgsent results, case of a n
ST quartz cut loaded by a 1000 A Aluminum layer
a ) unloaded substrate (this work)
b ) loaded substrate, C'66 = 28.3 GPa (this work)
C )loaded substrate, C'66 = 2 5 GPa
d ) loaded substrate, C166= 23 GPa
e ) experiments [41
f ) theoretical results of [41
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Fig. 3 : Comparison of Rayleigh wave velocity versus
propagation direction between Minowa's theoretical
and experimental data [4] and thepresent results case of a n
(@ = 0°, 8 = 40') quartz cut loaded by a 1 0 0 0 A Aluminum
layer (C;, = 2 5 GPa)
a ) loaded substrate (this work)
b ) unloaded substrate (this work)
c ) experiments [4]
d ) theoretical results of [4]

In order t o provide comparative results for t h e frequencytemperature analysis, t h e turnover temperature has been
calculated according to Minowa's ~rocedure (first and
second order TCF cilculated using t'he effective constant
variation approach) but taking into account t h e correction
t e r m o f Eq. (21)proportional to t h e metal thickness h. This
yields t h e following expression of t h e turnover
temperature

'turn =

-

(22)

where a (0)and a,(o) are respectively t h e first and second
order T& according t o Minowa's calculation [41.

Fig. 5 : Comparison of turnover temperature versus
propagation direction between Minowa's theoretical and
experimental data [41 and the present results, case,of a n
(@ = O", = 40") quartz cut loaded by a 1000 A
Aluminum layer
a ) unloaded substrate (this work)
b)loaded substrate, C'66 = 28.3 GPa (this work)
C ) loaded substrate, C'66 = 25 GPa
d ) loaded substrate, C166= 23 GPa
e ) experiments [4]
f) theoretical results of [41
Figures 4 and 5 compare the variation of t h e turnover
temperature versus propagation direction for Aluminum
(1000 A thick) on ST quartz resulting from t h e proposed
theoretical analysis and Minowa's theoretical and
experimental data [41. T h e present calculations have been
erformed using Aluminum nonlinear elastic constants
rom Ref. [15] and first derivatives of t h e linear elastic
constants o f Aluminum calculated according to [81 (Refs.
[I51 and [16]).I t is important t o emphasize t h e fact that
t h e proposed calculation is very sensitive to these data.
Particularly, Figs. 5 and 6 underline t h e influence of t h e
shear elastic constant Clss of t h e metal layer. Actually, a
variation of 10 % of C' induces a 3 to 5'C shift of t h e
turnover temperature. Rowever, using t h e proposed set of
coefficients allows a more accurate prediction of t h e
turnover temperature t h a n Minowa's analysis.

I!

4. CONCLUSION

A rigorous analysis of the influence of thin isotropic or
cubic layers (metal or ox de) on the velocity and on the
thermoelastic behavior
waves on quartz has
been developed and implemented. Comparison between
theoretical and experimental data already published and
the present results have been exposed, emphasizing the
good accuracv of the vrovosed model in regard with
ex eriments. o ow ever, t h e gain of precision 7s trongly
inRuenced by the good knowledge of fundamental
thermoelastiiconstanfs of both layer and substrate.

dRayleigh

Although these data are well-known in the case of quartz
and for most of the isotropic and cubic materials, the
properties of thin la er materials may be subjected to some
variation in regarB with the bulk material ones. As a
consequence, the proposed model provides accurate
predictions only if these properties are precisely
characterized. Even if a satisfying set of constants was
found for Aluminum, greatly improving the theoretical
analysis, i t should be noted that more experimental data
are necessary to confirm the present results and to extend
the model to other materials.
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ABSTRACT

By using an approach based on the full nonlinear Barkhausen
criterion, it is possible to describe oscillator behaviour under the
form of a nonlinear characteristic polynomial whose coefficients
are functions of the circuit components and of the oscillation
amplitude. Solving the polynomial in the frequency domain
leads to the steady state oscillations amplitude and frequency.
In the time domain, the characteristic polynomial represents a
nonlinear differential equation whose solution gives the
oscillator signal transient. It is shown how symbolic manipulation capabilities of commercially available softwares can be
used to automatically generate the coding of the oscillator
characteristic polynomial from the SPICE description netlist.
The numerical processing of such an equation in the time
domain leads to inadmissible computer time because of the high
quality factor of the oscillator circuits involved. Nevertheless, by
using the slowly varying amplitude and phase method, it is
possible to transform the initial nonlinear differential equation
into a nonlinear first order differential equation system in the
amplitude and phase variables. The solution of this system
directly gives the designer the most relevant features of the
oscillation ;that is, the amplitude, phase or frequency transients
which can be accurately obtained within a short computer time
by using classical numerical algorithms.
1. INTRODUCTION

Increasing performance of quartz crystal oscillators as well as
predictability reauirements when develouine:these devices need
more and more accurate and powerful d&i& tools. For several
years, much software has been made available to help the
designer. Nevertheless, these programs are either quite general,
so that they are not well suited to quartz oscillator design or they
are highly specialized in the design of a limited number of
oscillator structures. In most cases, this software gives steady
state features of the oscillation ; nainely, amplitude, frequency
and noise. However, because of the high quality factor involved
in the quartz oscillator circuits, these programs usually fail to
accurately describe the transient behaviour.
For several years, a simulation program dedicated to quartz
crystal oscillators has been developed, mainly grounded on the
characteristic polynomial which represents the nonlinear
Barkhausen criterion. Previous papers [I, 31 have described the
oscillator circuit reduction method leading to the characteristic
polynomial from the circuit description.
By using commercially available symbolic calculation programs
it is possible to produce the calculation code giving the
characteristic polynomial coefficients. However, automatic
circuit reduction should be made with care because the brute
force method using symbolic analysis often results in an
explosion of terms in equations. On the other hand, a too high
encapsulation level may hide possible eimplifications leading to
an unnecessarily high polynomial degree which may be difficult
to solve. It will be shown that, by properly analyzing and
reducing the circuit, it is possible to safely, concisely and quickly
generate the polynomial coefficients.
Once obtained, the characteristic polynomial can be solved in
the frequency domain so as to obtain amplitude, frequency and
other features of the steady state oscillation [21.

In the time domain, the characteristic polynomial represents a
nonlinear differential equation. Even by using a numerical
method, this equation is quite difficult to solve in the general
case because of the high quality factor of the circuit resulting in
an inadmissible computer time. Fortunately this particularity
which is a drawback for the general method turns into an
advantage when using asymptotic methods.
The so-called slowly varying amplitude and phase method
transforms the initial nonlinear differential equation into a
nonlinear first order differential equation sytem in the
amplitude and phase variables. The solution of this system is no
longer the oscillator signal itself but the amplitude, phase or
frequency computation which can be accurately obtained within
a short computer time by using classical numerical algorithms.
2. OSCILLATION CONDITION

It has been long known that a quartz crystal oscillator can be
represented as shown in Fig. 1.

Fig. 1: Simplified block diagram
of a quartz crystal oscillator
The resonator exerts a positive reaction from the output to the
input of an amplifier "A" leading to growing oscillation whose
frequency is mainly determined by the resonator while the
amplitude is limited by the amplifier nonlinearity. Although the
simple form shown in Fig. 1 is appealing because it is easy to
understand, it gives very few insights into the influence of the
various circuit components on the oscillation features.
So as to go proceed in the oscillator analysis, the nonlinear
oscillator behaviour has to be described under a suitable form. In
the present work, the amplifier will be described under the form
of a large signal admittance two port circuit [4] as shown in
Fig. 2.

Fig. 2 :Large signal admittance twoport representation
of an amplifier
In this representation, the y-parameters are no longer constant
as in small signal representation, rather they are functions of
the amplitude of the input or output voltage. More precisely yi
and yf depend on the input voltage amplitude iL while y, and yo
depend on the output voltage amplitude b.
So as to simplify the automation of the circuit reduction process,
it is convenient to consider that in all cases the resonator takes
up one of the three basic positions with respect to the amplifier
as shown in Fig. 3.

By inspection of Fig. 4, we have
Yi U + Yr v = O
Y u+Yo v=O

(1)

The solution of this homogeneous system can be different from
zero if and only if, its determinant is null
Ay = Y i Yo - Y Yr = 0
(2)
f
Fig. 3 : Three basicpositions ofthe resonator
with respect to the amplifier
By simple transformations, each of the three basic circuits
reduces to the equivalent circuit shown in Fig. 4. Table I gives
the expression of the equivalent admittances.

This equation represents the oscillation condition of the circuit.
By using the expression of the equivalent admittances
summarized in Table I, the oscillation condition of the three
basic configurations can be expressed as a function of the resonator admittance Y g and the amplfier equivalent admittances y,,,
yra, yf,, yo, So as to improve the simplification process when
reducing the oscillator circuit, it turns out that it is more
convenient to express the oscillation condition with respect to
y,,, yo,, the determinant Ay, and the matrix element sum y,,
defined by
Aya

= 'ia

and Ysa =Y,,

Fig. 4 : Equivalent circuit ofthe oscillator

You

+Y,

-'rayfa

(3)

+Yf, +YO,

as shown in the last column of Table I

Table I :Equivalent admittances and oscillation condition (see Figs. 3 and 4 )

yi
(8)

yia

+ YQ

yr

yf

yo

Oscillation condition

Yra

Yfa

Yoa

A Y ~ + Y O Y~ Q. = O

3. CIRCUIT REDUCTION PRINCIPLE

The oscillation condition derivation presented in the previous
section assumes that the amplifier can be reduced to the form
represented in Fig. 2 and that the large signal admittance
parameters are known nonlinear functions of the signal
amplitude.
In fact, it is not convenient to measure the overall nonlinear
behaviour of the amplifier parameters. It is simpler to start from
the nonlinear admittance parameters of the active component
(e.g. a BJT) which can be obtained either by measurement or by
using an electrical simulator (e.g. SPICE) and to reduce the
circuit to the required form by using a limited number of simple
transformations represented in Fig. 5. At each step of the
reduction process a new circuit component is introduced in the
equivalent circuit and the parameters of the new equivalent
circuit are expressed in terms of the former ones and the new
component. Meantime, the input and output voltage of the new
circuit are expressed in terms of the former ones.
Table I1 summarizes the expressions of the new circuit matrix
elements and the expressions of the new input and output
voltages as a function of the former circuit characteristics for
each elementary transformation. It should be noted that the
admittance matrix elements as well as the additional
admittance Y represent equivalent circuit admittances. In the
general case, these admittances are fractional functions of the
circuit components so that the oscillation condition Eq. (2) takes
the form of a polynomial in the Laplace's variable s :

Fig. 5 : Elementary transformations for circuit reduction

Table I1 : Elementary transformation relations (see Fig.5)

Two components play a major role in the oscillator circuit : the
resonator and the active component. The resonator mainly
determines the oscillation frequency. It is modeled by the
classical equivalent circuit shown in Fig. 6.

Thus, at each encapsulation step, the relationship between new
and old equivalent circuit input and output voltages are
expressed and saved as shown in Table II. Eventually, the
circuit is reduced to one of the three forms shown in Fig. 3 where
each admittance parameter is expressed as a function of the
initial circuit admittances.

Fig. 6 :Equivalent circuit ofthe resonator

It should be remembered that the polynomial coefficients in
Eq. (4) depend either on the active component input or output
voltage or on the voltage across the resonator. By performing the
matrix product of the successive transformations, the voltage
across the resonator can be expressed as a function of the active
component input and output voltages which can then be used to
solve the oscillation condition Eq. (4).

4. AUTOMATIC CIRCUIT REDUCTION

The resonator behaviour is characterized by the series resonant
frequency fq, the inductance Lq,the series resistance Rq and the
parallel capacitance Cp. Because of the amplitude-frequency
effect the actual resonant frequency f,depends on the drive level
[51 according to the law :
f, = f (1 + a.P)
(5)
4

where P i s the active power in the crystal and a the isochronism
defect parameter, the capacitance Cqis calculated from fq and Lq.
As outlined in section 2, the four y.parameters of the amplifier
circuit are function of the input or output voltage amplitude.
They can be obtained by an independent set of simulations with
larger and larger amplitude performed in the same bias
conditions as in the oscillator circuit.
The symbolic calculation capability of commercially available
software like MAPLE [61 has made possible the development of a
topological analysis module. Starting from the oscillator circuit
described under the form of a SPICE netlist, this module
automatically performs the formal circuit reduction as
demonstrated in the previous sections, and derives the
oscillation condition. In fact, the analysis module gives the
polynomial coefficients ak in Eq. (4). They are edited in high
level language (FORTRAN Code), each coefficient being formally
expressed in terms of the circuit admittances including the
transistor large signal y-parameters.
By processing the circuit step by step as described in section 3, it
is possible to "encapsulate" the equivalent y-parameters at a
given step into symbolic expressions which are then used in the
subsequent steps thus avoiding explosion of terms as often met
with when handling symbolic expressions [7]. Furthermore, by
using the four variables Yi,
Yo,Y , and A Y as defined in Table 11,
the topological analysis module leads to a characteristic
polynomial of minimum degree. Another advantage of this
procedure is that it starts from the active element y-parameter
equivalent circuit whose nonlinear behaviour is known as a
function of the component input and output voltage amplitude.

5. TRANSIENT EQUATION

The steady state oscillation features can be obtained by
replacing the Laplace's variable s by the harmonic variable jw.
Equation (4) then splits into real and imaginary part equations.
Solving these equations amounts to find the pair (amplitude,
frequency) satisfying simultaneously both equations. A software
based on this method has already been developed and described
in the literature [2,3].
Although the steady state oscillation amplitude and frequency
and their sensitivity to the circuit component value or to
environmental condition variation are of the upmost interest for
the designer, it does not give him all the information on the
oscillator behaviour. In particular, it should be interesting to
describe the oscillation start up. To this end Eq. (4) can be used
to derive the nonlinear differential equation of the oscillation
signal by replacing the Laplace's variable s by the differential
operator dldt.
Although this operator can be applied to any one of the circuit
voltage or current variables, it appears to be more convenient to
use the active component input voltage as main variable.
Equation (4) then looks like a nonlinear ordinary differential
equation which can be solved by using usual numerical methods,
unfortunately these algorithms generally fail to converge in a
reasonable computing time because of the high quality factor of
the oscillator circuit. Nevertheless it should be observed that the
higher the quality factor the closer the output signal is to a
sinusoid whose frequency is determined by the resonator. This
remark induces to put Eq. (4) under the form :

where x is the chosen variable (e.g. transistor input voltage), x,x
are derivatives with respect to time : x = s.x = dxldt,
x, 8 are primitives with respect to time q = xis = $ x dt.
I is a so-called "small parameter" which determines the
closeness of the system to a linear conservative system.

So as to change from Eq. (4) to Eq. (6) it is necessary to isolate
the terms dealing with the resonator admittance. This is one of
the reasons for which the resonator has been kept outside the
reduction process (see Fig. 3 ) and the oscillation condition has
been expressed under the three basic forms listed in the last
column in Table I. In all cases the oscillation condition has the
general form :

where the admittance Yg of the resonator equivalent circuit
shown in Fig. 6 can be put under the form :

Thus, the left hand side of Eq. (6) is contained in the trinomial
T ( s ) defined in Eq. (8).By putting Eq. (8) into ( 7 ) the trinomial
T ( s )can be expressed as

is called total phase of the motion whose derivative with respect
to time is the instantaneous angular frequency :

In fact & represents the frequency perturbation with respect to
the natural frequency wq. It can be easily shown that the
variable change defined by Eq. (14)transforms the second order
differential equation ( 6 ) into a first order differential system in
the variables y and $ :

I

-A

y=-

w

$=-

fly,y)siny

4

-A

Xr, Y )cos Y

O4

Because y and $ are slowly varying quantities it can be shown
that, in the first order approximation in A these quantities keep
the same value for one period of the signal so that Eqs. (17) are
approximately equivalent to

-a

y = -F ( y , y )
0

4

+. = - -.a

(18)

G(Y,Y )

O4

So that the relevant differential operator takes the form :
T ( s ). D(s)

+ N(s)= 0

where
(10)

The polynomial D(s) can be expressed as

The steady state analysis previously performed permits to
obtain the steady state frequency and amplitude. These values
are used to calculate the modulus of each term of the sum (11).
By factorizing the monomial of maximum modulus : Dk sk, Eq.
(11)takes the form :

r

M- k

1

So that the differential operator (10)takes the form :

Under the form (13), the differential operator leads to the
integro-differential equation shown in Eq. (6).The factorization
of the maximum modulus term ensures that the right hand side
terms of the differential equation have a smaller modulus than
the left one so that a small parameter can be factorized.
6. SLOWLY VARYING AMPLITUDE AND PHASE METHOD

This method was developed several decades ago [8-101 so as to
get the amplitude and phase transients of Eq. (6)without having
to solve the equation itself. Because of the smallness of the right
hand side of Eq. (6),the solution of this equation should be close
of the solution of the linear equation obtained when A = 0. This
assumption leads to seek a solution under the form
(14)
x = y(t) cos [ w t $(t)l = y(t) cos y ( t )
4

+

If A were null, y(t) and $(t) would be constant with respect to
time, I being small, y(t) and $(t) are no longer constant but
slowly varying with respect to time so that their time
derivatives are small. The quantity
(15)
y ( t ) = w q t + $(t)

Usually, functions F and G are quite simple to calculate as they
only involve trigonometric functions whose average over one
period is either zero or a fractional number.
Amplitude and phase transients are then obtained by
numerically solving the associated system, Eqs. (18).

7. A SIMPLE EXAMPLE
So as to demonstrate how the slowly varying amplitude and
phase method can be used to obtain the oscillation transient of a
circuit, let us consider the circuit shown in Fig. 7 in which
components are reduced to their simplest equivalent form.

Fig. 7 : Simple oscillator, (ajcircuit, ( b ) transistor
equivalent circuit, (c) resonator equivalent circuit
The dynamical equivalent circuit is represented in Fig. 8.

Fig. 8 : Dynamical equivalent circuit
As outlined in section 2, gi and g are function of the voltage
amplitude y. By comparison with tLe general case, this circuit is
analogous to Fig. 3c so that Eq. (9) takes the form :

where

2n2857 Tranconductance g,(mAN)
P

35

Comparison between the terms in D(s) shows that the first one is
dominating, thus, putting D(s) under the form shown in Eq. (12)
leads to

The differential operator (13)then takes the form
T(s) =

-

(Cl + c 2 ) s 2 + ( g i + g f ) s

L C1 C2 s

2

4

T(s)gi
--

(23)

Fig. 9 : Input conductance and transconductance of a transistor
2n2857as a function of the base-emitter voltage amplitude

C1

By keeping in the left hand side only the conservative part of
T(s) and after arranging the right hand side, the obtained
differential operator applied to the transistor input voltage u
gives

Figure 10 represents the amplitude transient i.e. the envelope of
the signal transient while Fig. 11 represents the frequency
transient.
Base-emitter voltage amplitude (V)

02

-

-

-

Application of the slowly varying amplitude and phase method
leads to the associated system Eq. (18) which becomes here

I

-0.2

---

0

100

2 00

300

400

Time (ms)
Fig. 10 : Oscillator amplitude transient
Remember that in Eq. (251, gi(y) and gfi) are the large signal
transistor parameters which depend on the amplitude y of the
base-emitter voltage u (see Sect. 4), they are available under the
form of numerical functions (Fig. 9) which can be used to
numerically solve Eq. (25).
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2n2857 Input conductance g, (mS)
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Fig. 11:Oscillatorfrequency transient
It should be outlined that all steps in the analysis process can be
automated so that the derivation of the differential equation and
the associated system can be performed by using a symbolic
analysis program. Numerical integration of system (18) calls for
classical numerical algorithms like the 4th order Runge-Kutta
method used to obtain the curves shown in Figs. 10 and 11[Ill.

8. CONCLUSION
By exploiting with care a symbolic analysis program, i t is
possible to automatically derive and code t h e nonlinear
characteristic polynomial describing t h e oscillation condition of
a n oscillator circuit. This polynomial not only provides t h e
steady state amplitude and frequency but also gives t h e
nonlinear differential equation whose solution is t h e oscillation
transient. Then t h e slowly varying amplitude a n d phase method
is used t o overcome t h e problem of transient analysis i n high Qfactor circuits. The initial differential equation is transformed i n
a n associated system giving t h e amplitude and phase or
frequency transients within a short computing time by using
classical numerical algorithms. All steps of t h e oscillator
analysis process have been automated so a s to give t h e user a n
original and efficient simulation tool dedicated to t h e oscillator
circuits.
Although t h e oscillation transient analysis may give t h e
designer interesting features on t h e oscillator behaviour, i t leads
t h e way for t h e nonlinear analysis of t h e noise mechanism i n t h e
oscillation loop.
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2. DESIGN OF THE A.S.I.C.

ABSTRACT
2.1 A.S.I.C. technology
Nowadays, electronics needs more and more integration in
order to improve abilities as well as to minimize consumption
and dimensions. In this point of view, oscillator applications
can be developped with A.S.I.C. technologies. We have
designed an integrated circuit using a bipolar analog
technology. This oscillator can work with a SC or an AT cut
B.V.A. 10 MHz resonator.
This circuit has enabled us to make two prototypes : an
hybrid ovenized control crystal oscillator and a dual-mode
oscillator. Designs, realizations and main performances of
both prototypes are presented.
Keywords: O.C.X.O., Analog A.S.1.C., Hybrid technology,
Dual-mode, Internally heated resonator.
1. INTRODUCTION

In the field of quartz crystal oscillators, it is necessary to
make compromises between stability, power consumption,
sizes and cost. A large part of this market corresponds to
stabilities between 1 u 8 and lo-" , which is not covered by
T.C.X.0.s since their performances are not sufficient, and not
by high stability 0.C.X.O.s because of their price [I].
The growth of demand for portable applications, like
telecommunications for example, leads the design of small,
cheap and low power devices.
Thus, in this article, we will present two ways of
investigations in order to carry out these different goals.
First, we have designed an integrated oscillator using a
bipolar analog technology. This oscillator can work with a SC
or an AT cut B.V.A. 10 MHz resonator. A temperature sensor
, designed with the same technology, has enabled us to make
an hybrid O.C.X.O. prototype. An Aluminium Nitride
substrate is used for this application. This material is recently
used in hybrid technology and has a good thermal
conductivity. Chips are directly sticked on this substrate and
connected by wire bonding.
The second prototype is a dual-mode oscillator. This solution
has demonstrated its interest in the field of digital T.C.X.O.
(stability of +2.10-~over a temperature range of -30°C to
+80°C [I]). For an O.C.X.O., this method has an interest only
if the power elements are close on or on the resonator. In this
way it minimizes the thermal lag between the temperature
sensor and the heat source. So, we have made a B.V.A.
resonator with internally heated components sticked on the
condensers. This crystal is excited on both C mode third
overtone (10 Mhz) and B mode fundamental (3.7 Mhz).
This article will present designs, realizations and main
performances of both prototypes.

We have used a family (POLWSE THOMSON TMS) of
prediffused bipolar (( high frequency ,,analog arrays available
in both commercial and military temperature ranges [2].
The silicon process, I-IF2C is a bipolar technology which
provides high performance devices for high frequency and
low noise applications:
- NPN transistor features: Ft = 3GHz, 0 = 100 (Ic =
The first metal layer is predefined (cross-unders, power
supply distribution, bulk and tub polarisation) and only the
second layer is customized with the following advantages:
- cost and cycle time reduction
- layout flexibility of dual layer metal structure
- parasitic effects are minimized due to customizing
with second layer metal
2.2 Integrated oscillator
The oscillator has been designed to work with an AT or a SC
cut resonator. The integrated functions are shown on figure 1.

A.S.I.C.

.................................
: Fout

OUPUT
STAGE

Fig. 1: Integrated oscillator block diagram.
The capacitors available on the array are MOS type and their
values are 3 and 6 pF. Thus, it was necessary to make direct
link between stages by employing resistors polarised by
current mirrors.
A Butler type oscillator loop with two transistors has been
chosen (Fig.2). An oscillator loop with one transistor couldn't
be integrated due to the fact that it needs feedback capacitors
of several ten pF.

3. DESIGN OF AN HYBRID OVEN CONTROLLED
CRYSTAL OSCILLATOR.
The two developped integrated circuits are well suitable for
an O.C.X.O. application with low power features and
miniature sizes. We describe the design (fig.4) and
performances of such application.
Temperature sensor

Power elements

Fig.2: Oscillator loop.
If an AT cut fifth overtone is used,the external tuned network
is not required, so the link between the two transistors is
direct. In the case of a SC cut C mode third overtone is used,
the external tuned network is necessary to ensure right
frequency's oscillations and to reject the B mode, and thus,
capacitive link must be used between the two stages.
The motional resistor is about 9522 for AT fifth overtone and
SC third overtone cuts. By a brief calculus, we remark that
the resonator is guaranted to have a loaded Q-factor higher
than the unloaded Q-factor divided by two.
The insulation amplifier is a cascode type, which consists of a
common-emitter stage (Ql) followed by a common-base stage
(Q2). The load resistance seen by Q1 is simply the input
resistance of Q2. This low load resistor of Q1 considerably
reduces the Miller multiplier effect and thus extends the
upper cut off frequency.
The output stage is a common collector type which is not
suitable for low load impedances (below 25022). This
solution was decided in order to minimize consumption. It is
necessary to add an external output stage to make an output
impedance of 5022.
2.3 Temperature sensor
This network was designed by W. Simonneau in our
laboratory, with the same integrated technology. It is based
on the temperature effect on a transistor PN junction. It is
well known that a junction voltage is near proportional to the
Av
temperature by the relationship: -= -25 mVI0C. Using
AT
this property, a temperatutre sensor was developped (fig 3.)
and linked with a variable gain amplifier, this structure could
be adjust to have an important sensitivity in the range of
temperature : 70-90°C which is suitable for an O.C.X.O. The
operating point is set by an external resistor.
ORDER
A.S.I.C.
.........................................

-Ampllfler
output
Durd

/

Oscillator cbip

\

Resonator

enclosure

Fig.4 Hybrid 0 .C.X.0 .
3.1 Electrical configuration
The device is divided into four basic blocks: regulator,
oscillator, output stage and thermal control (fig.5).

THERMAL
CONTROL

qzq-jq-p
OSCILLATOR

STAGE

I

Fig.5: Electrical configuration of the H. 0.
C.X.0.
The above described integrated oscillator drives a SC cut, C
mode 10 MHz B.V.A. resonator. It drives an output
amplifier, a Push-Pull type which provides current gain and
impedance matching to 500.
The temperature of the resonator and oscillator components is
controlled by the integrated temperature sensor which drives
a current through the power transistor and resistor as the
ambient temperature changes.
3.2 Mechanical structure

Fig.3: Temperature sensor block diagram

The four blocks are materialized by four boards. Power
supplies and output buffer are made by S.M.D. components
soldered on Epoxy substrate. Oscillator and thermal
controller are made by Aluminium Nitride substrate on which
Silver Palladium conductive tracks are printed.
Aluminium Nitride is very interesting for its thermal
conductivity, which is about 150W/m°K at 100°C. For
example, alumina has a ten times less thermal conductivity
value. Using A1N in a thermal controlled application seems

very attractive, and could improve oven performance as well
as minimize time constants.
But, AlN is a relatively new material in hybrid technology, so
it requires an especially designed conductive paste. Adhesion
and solderability are not really effective. The drying and
firing temperature cycle are more accurate than a usal paste
for alumina substrate. These points must be taken into
account during the design of a prototype.
On these two boards, the chips are sticked with a silver paste
and are connected by wire bonding. This operation has been
made in the Laboratoire de Physique et Metrologie des
Oscillateurs (L.P.M.O.) by M. Marianneau.
Several S.M.D. components are soldered around the chips.
On the oscillator board, the resonator is also soldered. The
connections between the boards are provided by simple
soldered wires.
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Fig. 6

3.3 Thermal structure
The thermal structure is composed of an oven machined in
Dural. A power transistor and a power resistor are sticked on
one side, and are driven by the thermal controller board
which is just screwed above (FigA).
The resonator package is brought into contact with the oven.
The oscillator board and the resonator are held on by four
screws.
Power supplies and output buffer are simply sticked on two
another sides.
All these elements are insulated into foam.

Fig. 7

3.4Oscillator performances
The typical frequency-temperature curve for this oscillator,
without oven controlled, is shown on figure 6.The turnover
point is clearly 80°C.
The oven temperature must be set to 80°C so that the oven
would still be stable at an ambient of 70°C.This correction
must be made in order to set the turnover point of the
oscillator in the middle of the temperature range 1-30, +60
"C]figure 7.The stability, over this range, is about 7.1U9.
The dissipated power of this unit varies over temperature.
Figure 8 shows that at -20°C the oscillator consumes less
than 3 W, and less than 2 W at the ambient temperature. The
dissipated power of the electronics, without power
component's one and with the present thermal insulation, is
400 mW. This power limits the maximum external working
temperature range at 75°C.The oven wouldn't still be stable
at this temperature.
Another useful feature of such small oscillator is the warm-up
stabilization time. Figure 9 shows the typical warm-up
performance of this oscillator. The ty;pical warm-up
performances are stabilization times to 1.10'of 14 mn, and
stabilization times to 1.10'~of 18 mn. The warm-up
stabilization time depends on the volume and the density of
the materials used in the oscillator structure. So, this
parameter could be improved by the reduction of the sizes
and by the reduction of the heated volume. For example, it's
possible to make holes in the dural oven.
Figure 10 illustrates the short term stability. It is calculated
by the Allan variance method. The main results are 2.1~"for
a T of 1 s and 7.1~"for a T of 10 s.
Another characteristics are: 10 Mhz sine wave output, 50Q
output impedance, size: 100 cm3, level +5 dBm.
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This first prototype has demonstrated the interest of making
integrated circuit applications in the field of oven controlled
crystal oscillator.
In fact, this prototype is not definitive. With the present
architecture, the volume could be easily divided by two. The
oven volume could be minimized by an openwork design.
Thus, dissipated power and warm-up stabilization time will
be divided by more than two with the same thermal
insulation.
The integration could be more important. For example, this
A.S.I.C. technology has been used in a complete integrated
T.C.X.O. by SOREP [3]. It is possible to implement a chip
which contains the oscillator, the temperature sensor, the
output buffer and even a power element. Likewise,
mechanical dimensions and the thermal network could be
minimized and then temperature performances will be
optimized. This kind of oscillator seems very attractive for a
range of applications requiring low cost and performances
between T.C.X.O. and ultra stable O.C.X.O..

between the fundamental and the third or fifth overtone make
easier the separation of these frequencies, c) the
thermometric beat frequency has a linear dependance on the
temperature range. Its curve absolute slope is about -15HzI0C
(-330Hz/"C for the B mode).
In fact, we decided to use a solution combining the two
methods described above. This dual-mode oscillator works
with a SC cut resonator excited on the C mode third harmonic
(10MHz) for the metrologic frequency and on the B mode
first harmonic (3.7MHz) for the thermometric frequency.
With this method, ability for separating frequencies, good
linearity and good sensibility of the thermometric mode are
combined. Activity dips are not significant for an O.C.X.O.,
because the resonator temperature is always around a
working point.
4.1 Resonator structure
For this experiment, we have used a special B.V.A.type
resonator with S.M.D. resistors sticked on the condensers
(Fig. 11).
The goal of this design is to use a dual-mode solution for
making an O.C.X.O. application. So, a good thermal servocontrol is provided by putting in very closely the temperature
probe and the power elements. In our case, resonator,
temperature probe and power elements are on the same piece
of quartz.
S.M.D. RESISTOR

*UoN
T.oR

4. DESIGN OF A DUAL MODE OSCILLATOR.

CONDENSER

A dual mode oscillator consists of exciting a resonator
simultaneously on two frequencies: a metrologic one and a
thermometric one which provides for the resonator to
determine its own temperature. This method reduces the
thermal lag stemming from a difference in crystal and
thermistor effective thermal time constants, thermal gradients
and thermistor aging. As many properties which have
different effects in both T.C.X.O. and O.C.X.O. applications.
For this second kind of oscillator, the dual mode solution is
really interesting linked with a control element placed close
on or on the resonator plate. Thus, the dissipated power, the
warm-up stabilization time and the size can be reduced.
Two methods have been investigated yet. In 1978, Kusters,
proposed using the B mode of a SC cut for temperature
sensing in a dual B and C mode oscillator [4]. But, excessive
activity dips associated with the B mode, reported by Vig [ S ] ,
and the difficulty of separating the two frequencies have
compromised this method. However, in our laboratory, two
prototypes of T.C.X.O. and O.C.X.O. based on a dual mode
modulation type oscillator were developped in the late 80's
[6,7]. In Russia, studies on two mode quartz resonator and
automatically balanced modes dual frequency oscillators were
developped for D.T.C.X.O. applications [8,9,10].
In 1989, several works using a new method were published
[ l 1,12,13]. Schodowski proposed a resonator selftemperature sensing method using a pair of harmonically
related C modes in a dual C mode oscillator [ll]. This
solution combines three advantages: a) the C mode is
guaranteed to be free of activity dips, b) the difference

Fig.11: Dual-mode resonator structure
4.2 Oscillator structure (Fig. 12)
A common crystal is shared by two oscillators: one generating
the C mode third overtone and using the integrated oscillator
presented in the first part of this paper. For the other
oscillator, generating the B mode fundamental, we have
added an amplifier stage in the loop. This is due to the fact
that the B.V.A. resonator we have used is developped to
minimise the effects of both C mode and B mode
fundamental (Ro=400R, Q=42000). A LC tuned network
provides the right frequency oscillation in each oscillator
loop.
In each oscillator, it is important to decouple the adjacent
frequency to provide a very good spectral purity. This is made
by the insertion of two LC notch filters of the coupled
frequency in each loop.
We have illustrated this property by an A.C. SPICE
simulation. We have simulated both oscillator loop for a
frequency sweeping around 10 Mhz and a frequency
sweeping around 3.7 MHz. In the C mode 3rd overtone
oscillator, B mode fundamental is rejected about -100 dB. In
the B mode fundamental oscillator, C mode 3rd overtone is
rejected about -40 dB. So, the rejection is theoretically less
important in the B mode fundamental oscillator. But the
stability of this mode will not be changed because of the high
stability of the C mode 3rd overtone.

TUNED
NETWORK

B MODE

to be a digital one (Fig.15). This process requires to count the
frequency depending on the temperature, to make a
comparison with an order which corresponds to the turnover
point of the resonator. This variation is used to modulate the
power dissipated into the resistors enclosed in the resonator
package.
In term of power, we have already evaluated that only 250
mW will be necessary to hold our resonator at its turnover
point at an ambient of -30°C. So, the global power dissipated
for this application will be reduced in a ratio of 5 to 1,
compared to the first prototype. The warm-up tinie will be
reduced in the same ratio ( 3mn to lo-*).

B MODE
NOTCH
FILTER

CRYSTAL

NETWORK
COUNTER

Fig.12: Dual-mode oscillator structure

COMPARATOR

+
I

4.3 Experimental results
Figure 13 shows the frequency temperature curve for the B
mode oscillator, in the range 50°C 85°C. The B mode
oscillator provides a -100 HzI0C absolute slope, which
corresponds to a -27 ppmI0C relative slope. We can remark
that there isn't any significantly activity dips with this
resonator.
Figure 14 shows the C mode frequency vs the B mode
frequency.

TEMPERATURE

POWER
MODULATION

Fig.15: Digital thermal servo-control
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Yet, we have realized the resonator with its integrated power
elements. We have tested it in a dual-mode oscillator
structure. The main goal of the future work will be to design
the thermal servo-control. The more accurate solution seems
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1. Abstract
Thts paper reports on the test results d e t e t i n g the
ageing behaviour of quartz oscillators more precisely as it
was possible before. Different methods are presented for the
calculation and curve fitting of measured ageing data. It was
tried to minimize the time necessaxy for correct predictions
of the OCXO in the ageing system.
The OCXO ageing system of TQ allows a simultaneous
measurement of up to 1600 OCXOs for any period of time.
The measurement data of all OCXOs produced are put into
archives since the end of 1995. Thus as data basis one could
go back to extensive archives of ageing data in which there
is now the data of over 50000 OCXOs. OCXOs were
sometimes left in the measuring system for tests during new
developments; some of them longer than 250 days. Those
data were used for the tests.

2. Introduction
The prediction of long-term ageing behaviour of high
frequency OCXO is always connected with the factor of
uncertainty whether the measured ageing curves of the
oscillator are really kept. For the calculation of the
coefficients for aging prediction several functions can be
applied:
The exponential function [I]
(1)

TELE QUARZ is using the modified logarithmic function
(3) and the polynomial function (2) depending on whlch of
the two functions describes the measured frequency points
better.
The coefficients for the aging functions result from [3]
through the curve fitting of the measurement data of the
OCXOs collected over 30 days. After this relatively short
time related to the period of prediction the coefficients were
adapted to the measuring data with least square algorithms.
The ageing values for the prediction are now derived fiom
these coefficients.
3. Problem description

At present TELE QUARZ is adapting the coefficients of the
logarithm function to the measuring data through the
nonlinear least square fitting algorithm proposed by Filler
[5]. The measuring time is 10 ... 20 days depending on the
OCXO type. The coefficients obtained are directly used for
predicting the ageing behaviour. Long series of measurement
revealed that in almost 80% of all cases the combination of
modified log function and Filler algorithm provide too bad
results. That means that the real ageing rates of over 80% of
all measured OCXOs are better than the prediction. Figure 1
shows a typical measuring curve with the corresponding
fitted curve. The real ageing curve has a clearly flatter
course than the fitted function. Thus the predicted values are
higher than the actual expected ones.

~f/f~=a~+a,(l-ex~(-a,t))

The polynomial function [2]

The pure logarithmic function [I]
or

with

t21

and the modified logarithmic function [3],[4]

This function, proposed in MIL-0-55310 [3] is the most
recently used function for aging estimations. [4].

Figure 1 Bad fitting with Filler algorithm
This fact which is at fust positive for the customers is again
relativated because of higher oscillator prices caused by the
internal rejection of good pieces.
All OCXOs used for the tests have to be measured for the
period of predictions to be able to compare ageing curves
with the curves precalculated. The real ageing curves can
now be compared with the precalculated curve which is
obtained fiom the measuring data of the fust days

4. Curve discussion
Due to high oscillator frequencies in the MHz range and the
essential measuring and processing accuracy the function
proposed in MIL Standard MIL-0-55310B for calculating
the ageing behaviour
(6)

f (t) = bo + b, ln(b2t + 1)

produces high quantities of data. To keep the necessary
storage capacity of the measuring computer small it is
possible to use a modified formula which gives the ageing
values .....

b,
with a, = -

f (0)

o
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Figure 2 Measured ageing curve with fit over one year
The other 10% are very stable OCXOs with SC cut crystals,
where other eiTects which are stronger than aging (like
temperature stability, influence of adjacent oscillators,
supply voltage variations, injection locking etc.) influence
the ageing measurement. Thus the fitting algorithm can
often find no satisfactory solution which partly leads to
extreme results. (figure 3)

a, = b2

With this modified aging formula the ageing measuring data
can directly be given in parts per billion. Due to the small
numerical values the &ta volume also remains small as the
absolute frequency has to be stored only once. Due to the
OCXOs of the long-term measurement it can be shown that
the modified log function (5) is correlating well with reality
(figure 2).
Filler mentions in [5] that the ageing of quartz crystals and
oscillators is influenced from many different mechanisms.
Some Influence factors can be minimized. The temperature
dependence of oscillators for example in air-conditioned
rooms is only of minor importance. Nevertheless many
oscillators show a strange ageing behaviour. Above all in a
complex ageing system such as used at TELE QUARZ the
OCXOs seem to influence each other through injection
locking, thermical influence and mechanical vibration or
bumps.
Thus in some cases several OCXOs show frequency jumps
at the same time or change their current consumption
simultaneously. In these cases a precise estimation of ageing
is nearly impossible as the cause usually is not reproducable.
In case of OCXOs with continuous ageing behaviour the
prediction accuracy can be considerably improved by
suitable actions.
Figure 2 shows a typical aging behaviour of an AT OCXO
representative for all measured oscillators. The curve was
fitted ova the whole measuring time. With over 70% of the
measured ageing curves there is a similar good correlation.
About 20% of the OCXOs show frequency jumps. They
were not considered in this test.

1

-0,U25

Figure 3 Very stable SC OCXO with bad fitting
The time derivative of the ageing formula is as follows

for large values of t it is:

for small values of

t it is:

Therefore, for large t the annual ageing is nearly
independent from az. It can be described for large values oft
in limited time intervals by a straight line with the slope
a1 1 t. This is the case after 30 to 250 days dependmg on the
oscillator *.The
curve has the biggest slope of a, a2 at
small values oft. In this time interval usually the curve
fitting is done. So for the algorithm the long term coefficient
a1 has nearly the same influence on the least square result
than the short term coefficient a2. Because of this the choice
of algorithm to the coefficient extract has great influence on
the long tenn gradient a1 of the fimction. Some methods and
algorithm are described to increase the accuracy of
prediction.

5. Results

The correlation of the fitted measuring curves with the real
measured ones can be improved, if the term ao in equation
(5) is forced to zero. Through this restriction the adaptability
of the fit to the measuring values is hardly changing. Figure
4 shows a fitted curve with m=15. A second one with ao=O
was fitted to t h ~ curve
s
by least suare algorithm.

This effect occured at all tested OCXOs of this type. Thus it
was supposed that the strong initial drift is not correlated to
the long-term stability but other factors. As the long-term
behaviour seems to be independent from the initial drift it
was tried to give the measured aging data at the end of the
measurement interval a higher weight on the result. A
simple possiblity of realisation is the use of a weighted
fitting procedure where the measurement values are
evaluated with a variable significance. The significance of
the measurement values has to increase the closer a
measurement point is located to the end of the measuring
interval. For weighting the measured values the solution of a
differential equation of lrst order was used. In practice this
can be achieved relatively simply. The fault squares of the
individual diffences are muliplied with the weighting
equation before suming up the function. This gives the
following expression whose value has to be minimized.
(13)

Figure 4 Differences of the curves ao=O
The diffences are minimal and only important in the first
days of operation. The long-term behaviour does not change
through this measure as ao is only a mathematic offset for
the curve. For the fitting algorithm, however, Q. appears as
a series of square sums. Therefore several solutions are
possible for the fitting algorithm. So if is kept at zero
during the fitting the algorithm often can provide better
solutions (figure 5).

Through the variation of the coefficient b the influence of
the weighting function can be ,,tuned"continuously. At high
values for b the weighting reaches the asymptotic boundary
(=I) even at small time values. Thus the weighting fit has no
influence anymore and algorithm works as before. Small
values of b, however, are more interesting. Here each series
of measurement can be weighted which set priorities at the
end of the measurement interval.
The coefficient b, however, is different for each OCXO-type
and has to be evaluated separately for each type during the
evaluation process. This method provides better results as
the simple fit of the measurement data (figure 6). The
measured values, however, have to show monotonic
behaviour as frequency jumps and other factors are also
weighted.

Figure 5 Improvement of the fittings with ao=O
In the following tests only the offset free Mil Logarithm
function was used due to the positive results with m=O.

After the fust power on OCXOs o h show a strong initial
aging while the long term aging behaviour shows good
values after initial phase. This behaviour seems to depend
on the oscillator type as it usually can be observed at all
OCXOs of the same type to nearly the same extent.Curve
fitting over the whole measurement time of one year shows
that there is good correlation with the logarithm function
even in case of strong initial aging. Due to the strong initial
drift, the fitted curves show poor correlation when calculated
after the first 20 days.

Figure 6 weighted least square fit
A lot of physical processes are balancing procedures which
approach the state of equilibrium by an exponential function.
It was tried to consider this compensation function in the
ageing calculation. Figure 7 shows a measured curve (C)
with a fitted modified logarithm function (B) over 365 days.
Curve (A) is the conventional fit over 20 days. If the

measurement data (C) are subtracted from the fitted curve
(B) and the difference of both curves at the time t=O is
added as offset to each point of the result function, an error
curve (G) is achieved. Through the calculated points of the
error function a function (F) can be fitted which corresponds
to the solution formula of a differential equation of first
order.

The coefficients k und b are again determined through least
square algorithms. This equation now,includes the
influences of the oscillator and the initial quartz crystal drift.
If each point of this function is subtracted from the originally
measured series of data (C) a new measurement curve (E) is
achieved which is reduced by the initial influences. Ifthe
modified logarithmic function according to theMIL standard
with ao=O is now fitted through this modified series of data
(curve C) the calculated curve (D) shows a far more better
correlation to the real aging response.

The major disadvantage of the described methods is that
they do not eliminate the causes but only includes them in
the calculation. The long-term behaviour of OCXOs can be
determined earlier but the initial aging drift for the OCXO
with tight ageing specification must be well within the
measured interval.

In the following figure (9) the same OCXOs are shown as
above. The measurement values of the first 20 days were
ignored and the measurement value of the 2 lrst day was
taken as reference point for the relative frequency deviation.
Thus a 20 days' preaging of the oscillators can be
mathematically added before the actual ageing
measurement. Figure (9) shows a considerably better
correlation of the fits with reality. OCXOs with less initial
drift even have a better prediction accuracy.

Figure 9 Improvement of fits obtained through preageing

Figure 7 subtracted initial frequency drift

6. Summary

With all tested OCXOs of this type similar coefficients for k
and b could be found. With the coefficients once calculated
for the error function the prediction accuracy of all
oscillators of one type can be improved (figure 8).

It could be shown that least square algorithms being applied
for ageing measuring data provide better results if the tern1
ao of the logarithmic function is kept zero. The calculated
curves correlate better with the aging observed in reality.
The prediction accuracy of oscillator ageing'rates can be
considerably increased by mathematic methods which
consider the initial aging drift effects.
All mathematic procedures, however, cannot supply better
results than simple preageing processes. The longer the
oscillators are kept in operation, the better becomes the
prediction accuracy.

Figure 8 Improvement of fitting accuracy OCXO
Unfortunately this procedure is difficult to integrate in
production as the ageing data of each OCXO type is required
for the first year. All of the described methods allow an
improvement in prediction accuracy. In series production,
however, they can only be used with great expenditure. Due
to the enormous variety of TELE QUARZ products this
method can be used only in exceptions for high production
volumes.

Especially oscillators with SC cut crystals which show
excellent ageing behaviour are significantly influenced by
effects like operating voltage fluctuations, injection locking,
initial drift, TK etc so that an accurate aging statement is not
possible after only 20 days of operation. The aging
behaviour of such highly stable OCXOs can only be
determined after longer time periods of 30 days and more.
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I1 Introduction
BVA technology have proven to be, since its introduction by
R.Bessonl in the 70's, ever and ever the state of the art or crystal
oscillators.

fax : ++ 41 32 722 55 56

dBC/Hz @ 1 Hz and 3.7 10''' at 10s being measured for a special
design3.
In a paper entitled (( future trends on oscillators stability s30 given at
the Seminar on (( Etalons de frequence )) held in LPMO in 1981, the
projected figures were around -122 or -126 dBc @ 1 Hz and
between 5 or 2
vs. temperature, for so called commercial or
laboratory units. One can see the improvements since that time ....

Performances of resonators and oscillators have been enhanced
significantly during the last decade, through a better understanding
of physical behaviour, from quartz material to electronic
components, but the BVA concept, while getting advantages of the
general progresses, is still a step further.

31 Oscillators requirements

In the 70's, speaking, on an industrial basis, ageing of a few parts in
10'lt per day was just a nice dream. Nowadays, the question is (( Is
the yield better than 70% for a specification of IWgper year r . . . .

Oscillators requirements are listed below for the 3 main areas of very
high stab~lityoscillators, with emphasis on the key points for each
application.

The BVA concept itself has been intensively studied and improved
durina the last vears, from mechanical knowledae of its structure.
A with the
and tlhe improvements made in the last decade O ~ B V deal
parts assembly, the mounting structure, the mechanical behaviour
and involve various FEM analysis.
The tools which are considered now are :
material, design, process of crystal resonator
minimisation in electronic influences in the oscillator

3-a : Telecommunication applications
Main requirement are, at least for up to date networks, to keep the
local time of a node in (( loose synchronisation w conditions, usually
called (( hold over s mode.
Main topic of interest is stability versus temperature. The oscillator
being locked before drop out of the synchronisation signal, the time
error is :

A T = 'j ( A f ~ ( l ) ) . ~ ,

This paper presents mainly the results given by the use o f :
SC cut 5 MHz EVA resonators
high oven and oscillator intrinsic stability
Perhaps for the first time, we are in position to compare BVA
resonator at the same frequency (5 MHz) with AT or SC cut, with
basically the same equivalent network, in the same electronic
assembly.
Two different basic oscillators are studied, both using AT and SC
resonators. Environmental influence and protection will be
discussed.

21 State of the art in BVA technology
In his 95'AFCS paper, J Nortonz, from Applied Physics Laboratory,
shows the improvement of performances seen during the last four
decades of time, since the pioneering work of Warner in the 50's. He
pointed out that among a continuously step by step progresses,
following the initial design of 2.5 and 5 MHz AT cut fifth overtone
resonator, the main two events were the introduction of SC cut by E
EerNisse and J Kusters and the introduction of BVA design by R
Besson.

I,

f

Af, being the frequency drift between the local oscillator and the
reference one. This being rewrite as :

A t ( r ) = A r , , +40
-.(r-ro)+j

f

4(t)
(T).dt

where Sro and Afo are the initial error setting in time and frequency,
(( syntonisation and synchronisation offset ))
Sro and Sf, can be ignored in normal operation, since the oscillator is
locked before the cancellation of external synchronisation signal.
The only Afo influence can come through the DAC resolution within
the locking loop or 6flf due to DC variation (usually less than 10'lO).
The fact that the oscillator is already (( on )) before the beginning of
the (( hold over )) mode also cancel any real (( frequency retrace s
needs.

is the sum of perturbation effect on local frequency.
b is the linearised ageing slope of oscillator frequency and b.t is the
oscillator natural drift during the time of examination,
* P(t) is the perturbation as a function of time applied, between time

Phase noise of -110 dBc.Hz.' @ 1 Hz from carrier was the ultimate
performance in the 70's, and main steps of improvements since that
time were :

ro and T, on the oscillator which exhibit a sensitivity S(t) against this

perturbation.

SC in commercial field since the 80's

The following tables give the time error after 3 days in various
assumptions of temperature drift or oscillator sensitivity:

BVA, in Laboratory since late 70's, and the commercial
production in Oscilloquartz starts in 1982.

a 30 "C variation : abrupt or linear, i.e. P(t) = 30 (Cste) or P(t) = k t
with k = 10'C/day

Values of o,(r) below 1 10''' @ 10 or 100 s were measured in
laboratory since the mid 80's, with latest minimum value of -137

' applied on two oscillators :
a good classical :
3 10'' in -30, 7O8C, 5.10'111day

a high stability one :

1.8 10''O in 0, 60 "C 5.10'12/day

The four calculation are given for :
#I
: 3.10"'l 'C, slow T variation along the 3 days
#2 : 3.10"2/ "C, slow T variation along the 3 days
#3 :,3,10".'-per "C, abrupt T variation at to
#4 : 3.10"2 per 'C, abrupt T variation at to

Time Error @ 3 days
slow T variation
abrupt T variation

3.1D1'/ "C
116 p s
232 11s

3.10"'21"C
11.6 11s
23.2 11s

During the same 3 days of interest, the ageing contribution will be
I 5.10-'l/day I 5.10.121day
time error I
20 11s
21.1s

I

During these 3 days, an initial offset (DAC or any DC effect ...) of 1
10"'will introduce a 2.5 11s time error.
The weight of each contribution confirms that the main topic to
achieve in Telecom application is a very low frequency vs.
temperature characteristic.

3-c : Orbitoqraphy and localisation

In a high precision system such as DORIS", whose target is the sub
centimetre accuracy in orbitography, medium term frequency
stability, i.e, mean value of slope of a linear fit among 90 samples (r
= 10s) around 10"" minute, and a least square fit residue better
than I D l 3 are required.
The g o a l o f the work we h a v e started is then a n oscillator which
is able o f :
1 1U9peryear
aJr) < 1 l U f J A l l a d from 1 s to t > loo,, s
J(O < 130 dBc/Hz g 1 H z f r o m carrier(target -135
dBc/Hz).

-

41 Optimisation tools
One can act on three design parameters to try to achieve such a
target specification : the resonator, the oscillator and a protection
against environment.
4-a :Resonator

A crystal resonator is defined by its :
One can also argue, but we will not develop this point here, that a
stable loop require a frequency vs. voltage slope as monotonic as
possible, to maintain stability and margin during all the time life of
the oscillator.
The last, but not the least, of the requirements to define a good
telecom oscillator, is to provide a long life-time, i.e. 20 years, without
having to change the active device of the oscillator.

crystal cut : Three cuts can be used for this oscillator :AT, BT or SC
(or any other doubly rotated cut).
Because of thermal stability and difficulties which can be observed in
getting high loaded Q with B T cut, we restrict our scope to AT and
SC

design : One can find in the literaturez1~22~25~26
some interesting
The G-811 and G-812 norms require, among various types of
oscillators, the so-called (( transit node oscillator )) to be within a few
ps per day on hold-over mode.
Excellent timing accuracy is required in application such as CDMA
and attempts to get such an accuracy through temperature and
ageing compensation of GPS disciplined oscillators4 are in
competition with the direct accuracy of a (( good enough )) oscillator
3-b : Metrology and science applications
Lowest noise (below -130 dBc.Hz-' @ I Hz offset from carrier) and
the best short term stability ( below 1
in Allan variance between
1 and 100 s) is generally a (( m u s t s as a local oscillator in atomic,
cold ions, ... clocks to get advantage.

analysis to show how the design can interfere with the stability.
The acoustic wave distribution within the volume can be an origin of
frequency fluctuation because of :
* amplitude symmetry being perturbed by clamp, gives a
frequency sensitivity to any variation of the local geometry of
the mount
bevelled resonators show a significant acoustic sensitivity to
mounts
* activity dipslfrequency jumps, whose origin are, at least for
some of them, in the design (see annex A)
material : The rnaterial influence the frequency stability through
different waysz7:
dislocations content

A limitation in Maser stability which has been reported at 1 second
by HE Peters & aL5,
in its EFTF 94's paper devoted to Trapped ions standards, Lute
Maleki6, from JPL, reports an actual (( average performance )) of 7
10 'l'.r'l", on trapped ions or optical standards based on Hg, Ca, Yb,
Sr
In Cesium fountain, G.Santarelli 7gives in 94 a limitation o f 6 10 '13.7which has been improved in 95 by S Ghezalia as 2 10 ' 1 3 . r - I
limitation, instead of the 7 10"' expected law, the degradation being
due to the local oscillator
In optically pumped Cs , E de Clerq & a19. gives a short term law as
6 10.13,r.l/2
We have to go to cryogenic sapphire resonator^'^ to find stability
better than some IO'l4 below 1 second
These published results show that the local oscillator phase noise or
short term is a limitation for these applications. A target of 1 10") for
r = 1 s is a good goal for this field of application.

- chemical reaction on the surface creates etch channels or pits (o
dislocations), possibly responsible of noise
- concentration of electrical defects along dislocation lines
- dislocations influence mode shape (possible noise contributionz2)
and influence on mechanical stress sensitivity, i.e. in G sensitivity,
because the acoustic distribution defines by itself the (( coupling
volume s between stress and acoustic vibration (mathematical
contour of integration)?)
OH content 8 Q factor

- device 1/Q no longer proportional to alpha IR for alpha values lower
than 0.03 cml ", but rnaterial IR absorption below 0.02 cm" are
availableza.
- high Q resonators are key points for low noise oscillators
- a fundamental questionis still not answered yet: what is the
physical phenomenon limiting quartz device Q (intrinsic phonon
structure, other local absorbers, crystal geometry, crystal surfaces,
impurities and dislocations are some candidates)
one need to explore others crystal synthesis waysz9, at least for
comparison purpose and identification of contributions

-

inclusions
they are responsible for local variation of material stress which are,
in turn, responsible of local frequency discrepancy
chemical purity
The most conimonly identified impurities are aluminium ions on Si
sites (which generate perturbation of phonon spectrum ), with
interstitial monovalent ions Na', Li', K' coming along for charge
c~mpensation"~~'~'~.
These impurities, in conjunction with electroelastic effectt2, which
express a frequency variation of SC cut to DC electric field, and
because of their own mobility under electric field, can generate
frequency variation :
sflf = K,,* ( V, V,(t) )
with K,, the electroelastic coefficient of SC cut (# 1W81 V.mml), V,
being the depolarisation field due to impurities migration under DC
field.
These impurities are also involved in frequency variation under
photon s t r e s ~ ' ~ , ' ~ .

-

manufacturinq process
The manufacturing process is also of main importance, from
physical or chemical aspect :
i

blank geometry (i.e. acoustic symmetry) can be perturbed
by blank lapping and p o l i ~ h i n g l ~ ~ ' ~ ~ ~ ~

P
P

baking temperature
base and can definition

P
P

cleanliness, outgassing ...
stress relief in plate (mounts, plating ...)
frequency jumps prevention,

>

4-b I Oscillator

The analytical form of the frequency deviation under a mechanical
stress have been derivedt2as
--1-.f k !TI

J

C

where k, are the sensitivity coefficients, derived for SC cut assuming
low strain induced effects, in units of 1Vi2 m21N:

and.^, are the six principals stresses applied in the central part of the
crystal. These stresses have to be evaluated under the active area
of acoustic vibration by analytical or other mechanical tools. This
mechanism is involved in G or pressure sensitivityz4,or in magnetic
field s e n s i t i ~ i t y ~ ~ .
Any stress relief will be seen as a frequency variation
Among different origins of frequency instabilities which has been
pointed out in the last few years are the frequency jumps. Some of
then have been described and identified along with different criteria
to classify these jumps. Angle of cut mismatch or parallelism
between resonator and condensor can be some of the origin of
frequency jumps in BVA resonators (Annex A)
Parametric stress : At the oscillator level, external perturbation such
as AC spikes, temperature, humidity, pressure variation, acts as
frequency instabilities. Variation of sensitive components, such as
inductors, under ageing, temperature, magnetic field, humidity ...
induce large frequency sensitivities. Technique like B-mode
reduction" can help to reduce the degree of criticality of such
components.
51 Targets and Methodology

Crystal batches

It is more than well known that a circuit is easy to oscillate, but it is
far more difficult to design a good oscillator. The main aspect of
interest are :
network topology 1 circuit design, along with known criteria
technological design Iphysical realisation
loaded Q, crystal power, impedance loop...
Modern simulation tools can help to evaluate oscillator sensitivity to
components variations, either on frequency drift3' ", or to perform
noise p r e d i ~ t i o n ~ ~ .

Resonator batches were build (or are under process actually) with
the following designs :
Q

AT 8. SC resonators, in BVA technology

e Quartz materials
Std Q (0.03 cm.') and High Q (0.02 cm")
Std Q - Swept and high Q swept
high Q - low dislocation content
0 Blank preparation : classical or chemical polishing
0 Various thermal treatment-outgassing conditions

4-c I Reduction of external influence
Resonators and oscillators frequency is sensitive to external
perturbation in two ways :
Q

Environmental sensitivities of frequency measurements to
vibrations, mechanical stresses, pressure variation

e factors of influence on frequency instability in oscillator, such as
mechanical stresses : The general form of frequency variation due to
a mechanical stress applied to the resonator is given by :

Jf

-=

f

j,

K * T

where T is the stress and K the frequency sensitivity to this stress
The integral contour V is defined by the acoustic wave amplitude
distribution. The stress distribution have to be evaluated within this
volume. It explains sensitivities to lack of blank symmetry, non
symmetric mass loading effect, crystal dislocations influence ...
The modification of acoustic distribution (by electrical or local
additional mass loading) was also used to reduce G-sensitivity of
resonatorsll.

Oscillator definition

e a high performance oscillator (low noise such as OSA 8600)

Q

will be considered because of its special crystal loop design, to
be compared to a more simple oscillator
two different oven will be considered, to evaluate the thermal
contribution on noise : a Dewar and a standard oven

We will be in a position to compare :
classical vs. BVA resonators
AT vs. SC cut
2 electronic oscillator design (18.2)
2 different thermal structure (dewar & classical)
For better comprehension, these configurations are labelled the
following way :

Osc 1
Osc 2

AT
866516

SC
866213

Our targets can be expressed as

BVAAT
869516
8600

BVA SC
869213
8607

m evaluate the different origin and amplitude of frequency
instabilities, by comparison of different configuration
evaluate the ultimate performance obtained by the use of the
today's best oscillator in OSA and by the use of the best
promising resonator, BVA SC cut at 5 MHz
61 Experimental results

6-a) Ageing

The following tables gives typical values of the short term stability
(Allan variance) of pairs of oscillators of 8600 type or 869X type, with
EVA AT and SC resonators. The straightforward results are given
here without 3 dB reduction.

-i

crystal cut

I

osc type

rbi.

= o I sr

1
4 10.13

I

1
5 10.13

AT
SC
2
1
2
2 7 loi3 I 2 l o i 3

Results collected 30 days after turn on, on mean value and standard
deviation (absolute value of slope) for EVA SC for 80% of the batch

The worst cases are + 6.39 and -5.76 10.12 par day
Figure 1 gives typical ageing curve of BVA SC 5 MHz 8607
oscillator. One can see the stabilisation period of time, and the datas
are collected at the end of this time.
For comparison , the following figure 2 gives the behaviour of a BVA
AT batch of oscillators :
fiqure 2

The environmental contributions, mainly temperature, humidity are
observed for large tau values, in 8692 and 8695 oscillators, which
use a simpler oven than the 860X family. This environmental
contribution if larger for AT EVA than for SC BVA.
The next figure compare the short term stability results given in the
different configuration studied :
fiqure 5
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These results, even if there are more AT BVA than SC BVA
manufactured to day, show that the ageing is slightly better with
SC c u t EVA than w i t h AT EVA resonators (80% lower than +I6 e12 compared to 65% lower than +I-7.5 e-12 per day).
6-b) Phase noise
Figure 3 (a,b,c,d) gives typical phase noise measurements obtained,
with 860X and 869X oscillators, using A T or SC BVA resonators.
The following table gives the phase noise of 5 MHz BVA oscillators
equipped with BVA AT and BVA SC resonators. Please note that a 3
dB reduction has been taken into account because of similarity of
oscillators and because of the uniformity of results between pieces
within a batch.

Curves in r" and r1I2are plotted for slope comparison
see the different effects which have been discussed :

.

One can

environmental sensitivity (11i2) is observed for 8695 AT, the
most sensitive, either for crystal or for oven
lowest environmental sensitivity with SC than with AT in 869X
Dewar oven is more stable than classical
lowest intrinsic noise of SC
* r" is not really seen on these oscillators between 1 - 10s : this
can be due to the method of measurement (bench tau loop)
One can point out the 8607 results. The frequency stability and
phase noise measurement appear to be well correlated, either on the
flicker floor of frequency or on the white of phase (o,(r) 1 7 IU1' # 130 dBclHz g 1 Hz). A slight contribution of 1If of phase is observed
around 10 Hz. The loaded Q, cut off frequency is evaluated around
5Hz.
The following tables gives the short term stability of pairs of 8607
oscillators. The results are given here without 3 dB reduction.

A major difference is observed, which will find an explanation in the
oscillator design and topology.
For comparison purpose, Figure 4 gives phase noise measurements
performed on an ~ u r o ~ t e s t test
'
bench. Two 8607 oscillators are
used, one under test, the other one as the reference. -134 dBc1Hz
are measured

The measurements reported here are obtained by the analysis of the
dc voltage fluctuation in a frequency locking loop, converted through
the phase comparator and the frequency-Vc coefficients. The noise
of the bench have been evaluated as 1.510~"lr + 5 I0-I J.

6-c) Short term stability (Allan variance)
(3 dB (( equi-weight s) reduction, the intrinsic short
If we allow a
term stab~lityof?hese osc~llatorscan be evaluated as :

-

nlr=Ol~)

-! ~

1r

i

1

o
1410'13

Bo
~rC
1310.13

1
\

and the next one gives this comparison on d(f)

@

1 Hz

Because all of these measurements were not simultaneously
obtained, we will not derive the (( triangulation a results.
Some of these 8607 oscillators are currently under measurement
using different conditions :
against a H, maser
under special environment protection
From these results, the 8607 oscillators are evaluated in the range of
6 IPf4for r between 10 and 30s. Furthermore, it seems that the I
7U'' barrier for r = 1 s is already achieved .
These are probably the best result ever measured on an quartz
oscillator industrially produced
6-d) Frequency stability versus temperature
Typical results of frequency vs. Temperature drift (peak to peak) of
The 869X and 860X oscillators, equipped with 5 MHz SC or AT Cut
BVA resonators, are given in the following table :

f..L.::z

,..,;,.;

1

-

oven (Dewar IStd)

+

S
410"

/

D
11010

A phase noise and short term stability fit have been tried either on
8607 or 8692 oscillators, with a classical power law model of
frequency fluctuations :

restricted to i =2 (white of phase - external noise), i = 1 ( l l f of phase
electronic origin) and i = -1 ( l l f 'flicker floor' of frequency resonator origin), using the usual relationships between phase and
stability.

-

The next figures give a curve fit of the short term and of the noise
behaviour of 8607 and 8692 oscillators. The three coefficients are
adjusted to describe simultaneously the T", TO and the t 3 , tl, P
areas.
For 8607, the fit is given by :
fiqure 8 a : stability 8607 EVA SC

/

For comparison, the following figure gives the statistical behaviour of
frequency vs. Temperature of AT BVA 8600 Oscillators.
Figure 6
Histogramme 8600 AT cut EVA

figure 8 b :phase noise 8607 EVA SC
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The influence of the Dewar Oven and the use of SC vs. AT cut are
reflected in the oscillator characteristics, the most soohisticated
configuration (Dewar and SC) allows frequency stability
6 10.ll in
the temperature range.

1 WE-15

2

For 8692, the curve fit is :
fiqure 8 c : stability 8692 EVA SC
01

Figure 7-a,b give the 2G rotating test results for 2 samples of 8600
(AT) and 8607 (SC).
BVA SC confirms to be roughly 5 times better than BVA AT

71 Discussion on results
We can now compare AT and SC results, 5 MHz BVA, in both
kinds of oscillators :
The following table glves this comparison on o,(r)

@ T

= I 0 s:

1

10

1W

figure 8 d : phase noise 8692 EVA SC
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The behaviour of the
understandable through

oscillators

we

have

compare

are

- the intrinsic noise lower in BVA SC than in BVA AT

- lowest motional resistance in BVA SC
- the design differences between 8607 and 869X
. loaded Q higher in 8607
. injection locking loop impedance higher

. crystal drive level higher in 8607

. different AGC configuration
. the lowest AM noise in 8607
. lowest parametric noise in 8607, due to Dewar oven and
lower DC injected noise

The next table gives the fit coefficients for both oscillators

One can also point out that the very high load insulation in 8607 can
induce some additional external noise.
Further steps will act on the resonator (material, surface
irregularities, acoustic volume ...) and on the oscillator (noise
selection, loaded Q...) and on the intrinsic stability of the oven.
Better ageing seems to be accessible by further improvement on the
material and process involved
Conclusion

The h:,, (resonator related), reflects the crystal sorting, the h, value
(external), appears to give similar results, not build the same way in
both, but the large discrepancy in h, (oscillator loop) reveals the
difference between 8607 and 8692 oscillators.
Identification and reduction of noise level in such oscillators will take
into account different topics which has been described in the
literature.
At the resonator level, the contribution of surface irregularity
(scratch, chemical etch pits, ...) on drive level2', and possibly on
intrinsic noiseI7, along with investigation on residual surface stresses
and noisy contact 37 are all phenomenon involved in crystal noise.
Amplitude frequency effect, even if it has been said that it is not the
actual limitation of short term stability for well designed resonators
and oscillator^^^, can exhibit anomalies which contributes to
frequency instabilities. Further more, so called frequency jumps
cover various kind of anomalies (see annex and references therein)
which leads to frequency instabilities.
Overall design contribution to frequency stability has been
developed in different ways. The recent model introduced by F
Walls34.38
:
S,(f) = p V, I Q4
gives a relation between stability and the active acoustic vibrating
area. An important matching critical parameters is the loaded crystal
Q, in the oscillator (flicker floor given by 34.35 : OY(T)= (In2 A.,)"' I
Q,), where A., is the l l f coefficient of sustaining amplifier of the
oscillator. The thermal design contribution has also been evaluated
through the dynamic thermal coefficient of crystal resonators. Being
in the 10"' range require a thermal stability of 3nWs with AT
resonators, and only 30 nWs with SC34. High thermal gain, high
insulation and high mass has been described as key oven
parameters.
Internal amplifier contribution to frequency instabilities has also been
e~aluated",'~. By mixing simple relation between phase and
frequency of a resonator ( A t i v = - A(D / 2 Q,), assuming a simple
model of phase fluctuation of the sustaining amplifier S(D'"'~ (f) = 2
(A.,/f + A,) where A., is called u, and Ao=2kFGTlP in a Leeson
model, and assuming a crystal PM noise S ( D =~ uR/f + ZkTIP, the
phase fluctuation density of the oscillator has been calculated.
Figure 4 in reference 35 indicates the crystal loaded Q, and
amplifier flicker phase noise level L(f=IHz) relation to be obtained to
reach a flicker floor of frequency in the range of some lo'". The
given example is an amplifier phase noise L(f=lHz) = -148 dBdHz
for a QL=0.65 l o 6 to reach 5 I0'l4. This literature help us to identify
the stage we have reached and the direction we have to explore for
further improvements.

We have presented results of 5 MHz BVA resonators and oscillators.
Two main results are obtained :
First, a comparison is achieved between various configuration of
oscillators :
- 2 oscillator circuit types in two different oven structures
- BVA resonators AT and SC at the same frequency, 5 MHz
This work is far from its end, since the results in areas of
investigation such as :
high Q - low dislocation raw material
improved resonator process and resonator design
drive level effect
electronic components sensitivity (and optimisation),
were not yet obtained, while under progress.
Nevertheless, we are able identify the various contributions of noise
in these oscillators, determine their origins and then try to reduce
them
Among these configurations the results today show that the use of
BVA SC cut 5 MHz resonators in state of the art oscillators such as
the 8600 concept, allows performances which were, till now, from
the area of sophisticated laboratories or from the dream side ...
The results presented here are, from what I know, the best industrial
oscillator available on the open market. It probably confirms that the
choice we made to stay at 5 MHz, is the right one, as far as the
intrinsic resonator Q is concerned, as pointed out by J Norton1.
Short term stability lower than 1 1D13for T = I s , and around 6 to 8
parts in 10''' are available with reproducibility and consistency good
enough to speak of a (( commercial )) product. Phase noise @ 1 Hz
below -130 dBcIHz are also commercially available, even if some
further improvements seem to be achievable.
Further step or actual goal is an ageing rate below 1
per year, to
meet the 1.6 10.' 1 20 years target of telecom application,. The
actual definition of such an oscillator (i.e. 3
1 year, pulling range
linear slope of voltage control to get a stable PLL
of +I- 1.5
operation during the full life time, thermal stability below 2 10.12 1 "C)
allows to meet the hold over mode requirements and the long term
stability one, without any change of the active device during the 20
years of usab~lity.The only limit will come from the MTBF(ca1culated
# 20 years for 8600 for oven operation around 80 "C), which is much
more higher than in high temperature electronics (typ. 120 T),as
the one used in Rubidium clocks.

fiqure 3-a : Phase noise of 8607 BVA SC
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fiqure 36 : Phase noise of 8600 BVA AT
HlUH

Fro

bvlrapl

I2

COP

I n w t COuolinp

AUTO

Mlndo.

*Doe

IDurcl.

PO"?
I

.. .

2 OIC.:

?

. .

:

5000 OD0 *HI
- 3 #B
0

1

....

Gnolrlt

Gain

Angll..

80001103
6 0 . 0 18

figure 3-c : Phase noise of 8692 B VA SC
.

rro ~ l i u r c ~ .
C o r Dour 2 O I C
xo w I x c r

v~noo- * o w
* r u
Ivtrapc
12
inout c o u o l ~ n p r u m

.
'

50"" o m
10

o

0 57 Y/rae

GIIarlt
Galn l n o l l

.

969500H
'

60 0 69

-

-

"l"0O.

"00.

.

fiqure 3-d : Phase noise of 8695 BVA AT
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fiqure 4 : Phase noise of 8607 BVA SC on Europtesp bench
Figures not in text
fiqure 1 : ageinq characteristic of a BVA SC
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figure 7-a : G sensitivity on 8600 BVA AT
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This problem can be eliminated by introducing three additional
spots(tabs) on the condensers. These extra tabs can be
deposited easily during vacuum deposition of condenser
electrodes. The resulting condensers are shown in fig. A l .
Note also that this modification further ruggedised the BVA
assembly. Further more this newly introduced condensers also
makes vacuum baking process more efficient and preliminary
results have indicated a superior ageing behaviour relative to
the conventional resonators.
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Now consider a hypothetical fifth overtone mode BVA resonator
at 5.000 MHz having motional capacitance, C, of 0.2 fF &
static capacitance, Co of 5.0 pF . And assuming condenser
electrode diameter of 10 mm and nominal gap -width of 10
pm between the condensers and the resonator. Frequency
changes i.e, jumps due to changes in one of the gap widths in the range 9 pm to 9.9999 l m from nominal
value of 10 pm have been computed and given in fig. A2.
This clearly demonstrate that frequency jump of 1 E - 11 is
produced due to a relative change in gap - width by
0.008 pm (i.e. 10.000 pm to 9.992 pm). Note also that this
computation was done after the suggestion made by Dr. A.
Ballato ( ref. A6 ).

Fig. A2. COMPUTED FREQUENCY JUMPS FOR 5.000 MHz
BVA RESONATOR

FREQUENCY
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Annex
O N BVA

RESONATORS

Kanak K . l ' U L A I I I I / \ I I & Cierold JENNI
Frequency Jump phenomena have been recently introduced,
classified and described for a number of different types of
quartz crystal resonators (refs. A l , A2 ). One interesting type of
observed frequency jumps on BVA resonators has been
detailed in fig. 11 of ref. A3. These frequency jumps are in
the range up to 4 E - 10 and can be classified as discrete
frequency jumps ( ref. A1 ). They are mainly caused due to a
variation in gap width between the condensers (C,, andlor C,
; note that Cg of fig. 2, ref. A4, corresponds to the parallel
and resonator of the BVA
combination of C, and C,,)
assembly.
Conventional BVA sandwich assembly details are given in figs.
1 to 3 of ref. A5. One of the main problems encountered
during assembly is due to the condenser electrode tabs, these
in turn, firstly makes gap widths asymmetric on both sides of
the resonators and secondly, again due to these tabs,
resonator sandwich assembly produces undue stresses and
strain on the condensers and resonator. During stress relaxation
of these condensers, minute changes in gap widths take place
and hence a discrete frequency jump will be produced.

Fig. A l . BVA Resonator and new type of Condensers having
three extra spots for improved performance
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ACCURACY OF INTERNATIONAL ATOMIC TIME TAI

Claudine Thomas
Bureau International des Poids et Mesures
ABSTRACT

The accuracy of the International Atomic Time, TAI, is
estimated by the relative difference, together with its
uncertainty, between the duration of the TAI scale
interval and the SI second as produced on the rotating
geoid by primary frequency standards. The BlPM
regularly receives measurements from a number of
accurate primary frequency standards, among them: the
BNM-LPTF caesium fountain F01, the optically
pumped caesium standard NZST-7 and the classical
standards PTB CS2, PTB CS3 and SU MCsR 102.
Each individual measurement, corrected for all known
corrections, provides an estimation of the accuracy of
TAI with an uncertainty equal, in most cases, to the
frequency uncertainty of the standard. The individual
measurements can also be treated in a global way in
order to improve the knowledge of the accuracy of TAI.
The relative departure of the TAI scale unit from the SI
second was about 2,0x10-l4for the period 1994-1996
and was known with uncertainties ranging from
o , ~ x ~too1,o~io-14.
-~~
Keywords: Primary frequency standard, International
Atomic Time, Accuracy.
1. INTRODUCTION

From a declaration of the Comitk Consultatif pour la
Dkfinition de la Seconde, CCDS, in 1980 (Ref. 1)
International Atomic Time, TAI, is
a coordinate time scale defined in a geocentric
reference frame with the SI second as realized on
the rotating geoid as the scale unit.
Since 1 January 1988, the Bureau International des
Poids et Mesures, BlPM, has been responsible for the
generation and dissemination of TAI, which is a worldwide reference time scale and thus should be as
reliable, stable and accurate as possible.
TAI relies on measurements taken on a regular basis
from commercial atomic clocks and primary frequency
standards maintained in national timing centres spread
world-wide. Reliability and stability are optimized in
the first step of the procedure used for combining these
data. In this, a free atomic time scale, EAL (kchelle
atomique libre), is computed as a weighted average of a
large number of free running and independent atomic
clocks (Ref. 2). The weight attributed to a given
contributing clock increases with its stability which
makes it possible to improve the stability of the
resulting average. However, no attempt is made in this

first step to ensure the conformity of the EAL scale unit
with the SI second as realized on the rotating geoid.
In a second step, the duration of the scale unit of EAL
is evaluated by comparison with the data 'of primary
caesium standards which realize the SI second. TAI is
then derived from EAL by adding a linear function of
time with a convenient slope to bring the TAI scale unit
close to the SI second on the surface of the rotating
geoid. The frequency offset between TAI and EAL is
changed when necessary to maintain accuracy (Ref. 3),
the magnitude of the changes being of the same order
as the frequency fluctuations resulting from the
instability of EAL. This operation is referred to as the
'steering of TAI'.
During the three year period 1994-1996 the quality of
the timing data used for TAI computation has rapidly
evolved. One major change has been the extensive
replacement of older designs of commercial clocks by
the new HP 5071A clocks which show outstanding
stability. This naturally led to an improvement of the
stability of EAL estimated in 1996 at 2 parts in 1015,in
terms of Allan standard deviation, for averaging times
between 1 and 3 months (Ref. 2). Such a level of
stability limits the amplitude of the steering corrections
to values less than 2x10-15.
Another important point concerns the question of the
black-body frequency shift experienced by primary
frequency standards. Under the influence of the
radiation from the walls surrounding the atoms inside
the clock at temperature T, the clock transition
frequency is reduced with respect to its value at
T= 0 K. From the formula provided by Itano et al.
(Ref. 4), the amplitude of the effect is 1,7x10-l4for T =
300 K, with an uncertainty conservatively estimated at
1xl0-'~.At its 13th meeting, held in March 1996, the
CCDS recommended that a correction by which the
clock frequency is transferred at 0 K, i.e, compensating
for the black-body frequency shift, should be applied to
all primary standards measurements (Ref. 5). It follows
that the duration of the SI second on the rotating geoid,
as realized by primary frequency standards, abruptly
became larger than before by about 2x10-l4s.
The situation also changed with the appearance of new
primary frequency standards, such as the optically
pumped frequency standard NIST-7 (Ref. 6), developed
at the NIST, Boulder, Colorado, USA, and the caesium
fountain F01 (Ref. 7), in operation at the BNM-LPTF,
Paris, France. These novel standards show an

outstanding accuracy with Type B uncertainties
ranging in the low 1 0 - l ~ .
Altogether these different elements have led us to
question our knowledge of the accuracy of TAI and to
ask how to improve it. These are the topics addressed in
the following sections.
2. ESTIMATING TAI ACCURACY

From its definition, the duration of the TAI scale unit,
u, should be as close as possible to the duration of the
SI second, uo, on the rotating geoid. The accuracy of
TAI may thus be characterized by the relative
departure, d, defined as:

and its uncertainty o.
In (1) u is expressed in seconds and uo = 1 s is the
period of the & = 1 Hz signal provided by a primary
frequency standard, after all frequency corrections,
especially those compensating for the black-body shift
and the gravitational red shift, have been applied. In
the same way, u is the period of the frequency f (very
close to 1 Hz) of TAI so d can be written as:

and is close to the negative of the relative frequency
departure (designed as 'rate') of TAI relative to a
primary frequency standard.
The frequency& = 1 Hz is delivered by standard i with
a reIative uncertainty mi in the laboratory where it
operates (the so-called Type B uncertainty), but access
to the quantity f - & is not immediate. It goes through
two frequency comparisons:
* First, one compares the frequency of standard i with
the frequency of a local oscillator, often a hydrogen
maser, over a given time interval designed as the
calibration interval. The calibration interval, .Ici, is
defined by its length rci and its central date tCi.
This first step gives the rate of the local oscillator
relative to standard i over Ici. Its uncertainty includes
several components (see Table 1): the Type B
uncertainty of standard i, mi, the Type B uncertainty
, Type A uncertainties
of the local oscillator, ~ J Othe
of standard i and of the local oscillator, DA~(TC~)
and
C~LO(ZC~)
which are their Allan standard deviations
over rciyand the uncertainty of the local comparison,
-(rci) which is the frequency instability of the local
transfer method over rci.
* Second, the frequency of the local oscillator is
transferred to TAI over a given time interval
designated as the estimation interval IE, also defined

by its length TE and its central date tE. IE depends only
upon the dates of computation of TAI and thus does
not include the index i. The shortest possible duration
ZE was 10 days until December 1995 and 5 days in
1996.
This second step gives the rate of TAI relative to the
local oscillator over IE. Its uncertainty is made up
several components (see Table 1): the Type B
uncertainty of the local oscillator, &,LO,the Type A
uncertainty of the local oscillator, C & ~ ~ ( ~and
E )the
,
uncertainty OY-R of the transfer method, frequency
instability of the GPS common-view method over rE.
Table 1. Summarv of the uncertaintv commnents
arising in the transfer of the freauencv of a vrimarv
standard i to TAI.
LO, LC and TR stand for local oscillator, local comparison
and GPS transfer.
Type A and Type B uncertainties are defined in Guide to the
Expression of Uncertainty in Measurement, IS0 1993, item
2.3.1 page 3.

The sum of the rates obtained in these two steps gives
access to a measurement di, valid over I=, of d provided
by standard i evaluated over b.The total uncertainty a,
of d, includes all components given in Table 1. They
are not all independent. The systematic part of the
uncertainty coming from the local oscillator, ~ J O ,
disappears in the difference (this quantity does not
appear in what follows). A typical order of magnitude
of h ( r E )is IXIO-'~
for 73 = 1 day.
For most primary frequency standard measurements IE
= 1ci, so the Type A uncertainties of the local oscillator
disappear. It follows that only three components are
~ iOTR(~E).
)
However, it
actually important mir ~ ~ i ( rand
sometimes happens that rci is shorter than the
minimum 5 or 10 days of 7 ~It. is then necessary to take
into account the Type A uncertainty components
arising from the instability of the local oscillator over
rci and ZE.
Each pair of numbers (di, q) is an individual
estimation of TAT accuracy. Examples covering the
three year period 1994-1996 are given in Section 3.

The individual estimations can also be treated in a
global way in order to deliver a more precise value of d
for any interval IE. This global treatment operates with
preceding and following calibrations taking place over
intervals Ici included or not in IE, even partially
overlapping with IE, and for which t~ tci may be
positive or negative. It is thus necessary to transfer
temporally, over I tE tci 1 , the individual calibrations
(di, a;:). In the temporal transfer the values di are kept
constant but the values q are increased. In fact, the
temporal transfer is carried out by the time scale itself,
which, because it is continuous, can temporally link
calibration and estimation intervals. Its instability over
I ~ E- tc1Ithus creates a new component of uncertainty.

-

-

After temporal transfer to the chosen interval IE,
calibrations are combined to obtain d and ovalid over a
given IE. In practice, this global treatment is not an
easy task because the time scale is affected by different
types of noise according to the length of time involved,
and because the system is not stationary since the time
scale stability improves with the passing of time. In
addition, the combination of transferred calibrations
should be optimized in order to obtain the best global
estimate (with the smallest possible uncertainty). This
problem was solved in 1977 by Azoubib, Granveaud
and Guinot (Ref. 8) [The question of temporal transfer
is also treated in Ref. 91. Post-processing allows d to be
estimated over a given IEthrough a weighted average of
all individual measurements which have occurred
before or after t ~ The
. error made in the estimation
process is given in Ref. 8 @age 89). It involves the
weights and a number of other parameters:
* the uncertainty a;: of each measurement d,,
* a model for the stability of the time scale,
* the length of individual calibration intervals 7~1,
* the length of the estimation interval z ~ ,
* the length of the time interval ( t -~tcil separating
the calibration intervals and the estimation interval.
Minimizing this error makes it possible to determine
the weights (the sum of which is equal to 1) and to get
o which has the value corresponding to the computed
minimum.
The method described in Ref. 8 is applied at the BIPM
and provides the regular estimations of d and o which
are published in successive issues of Circular T and of
the Annual Report ofthe BIPM Time Section. We give
results of this treatment for the years 1994-1996 in
Section 4 of this paper.
3. INDIVIDUAL ESTIMATIONS OF TAI

provided by these six primary frequency standards are
corrected uniformly for all known corrections,
especially the gravitational frequency shift and the
black-body radiation frequency shift, so they are fully
coherent and can be compared over the complete three
year period of this study.
Table 2. Characteristics of the vrimarv freauencv
standards which vrovided measurements to the BIPM
over the three years 1994-1996.
*uncertaintyof 0,5x10.'~starting April 1996.
**
PTB CSI ceased activity at mid-1995.
Laboratory

Standard i

Type B
uncertainty

mi
BNM-LPTF F01
NIST
NIST-7
PTB
PTB
PTB
SU

CS~**
CS2
CS3
MCsR 102

0,3x10"~
1,0,10-14*
3,0x10-l4
1,5x10-l4
1,4x10-l4
5,0~10-l4

Standard
type
Fountain
Optical
Pumping
Classical
Classical
Classical
Classical

-

For the classical standards PTB CSl, CS2, CS3 and SU
MCsR 102, the intervals of calibration Ici are equal to
the intervals of estimation IE. They are the usual
consecutive two-month intervals defined for TAX
computation, January-February, March-April, ...etc,
(Ref. 2) included in the period 1994-1996. The
uncertainty om of GPS transfer is smaller than 1 part
in 10" over 7~ = two months and thus negligible
compared to mi and alfor the four standards (see
Table 3).
For PTB CS2, there is no local oscillator since it
directly provides the input of the GPS receiver in
operation at the PTB and ~ . c s z ( ~ c , c=s 2~ .months) is
' ~ the three years under study (see
less than 7 x 1 ~ for
Table 3). It follows that PTB CS2 measurements
provide direct estimations dcS2 with uncertainties
~csz*m.csz.
For PTB CSl and CS3, the local oscillator is PTB CS2
to which they are internally compared with an
uncertainty which is completely negligible. For
averaging times of two-months the Allan standard
deviations of PTB CS1 and PTE3 CS3 are respectively
estimated at 1x 1owl4and 5x 10-14(conservative value for
PTB CS3 due the observation of frequency steps). It
follows that ~ C S , * ~ , Cbut
S IC,T C S))~ ~ , c s , c s ~ .

ACCURACY
Over the period 1994-1996, the BIPM received
measurements from six very accurate primary
frequency standards, several of them being of different
types. They are listed in Table 2 (meaning of acronyms
given at the end of the text). The measurements

For averaging times of two-months the Allan standard
deviation of SU MCsR 102 is estimated to be 1x10-l4
and the local oscillator is a hydrogen maser to which
the standard is compared with an uncertainty which is
completely negligible. It follows that OMC~R*Q,MC~R.

The NIST provides measurements of the rate of NIST-7
relative to their local hydrogen maser over calibration
intervals of a few days. The dates of occurrence of the
calibration intervals are carefully chosen at the NIST so
that they nearly match the standard dates of TAI
computations (each 5 days in 1996 and 10 days in 1994
and 1995). The instability of their local hydrogen maser
thus has very little influence on the transfer to TAI.
The uncertainty of GPS transfer can be estimated at
4x10-" for averaging times of 5 days and 1x10-'~for
averaging times of 10 days, and cannot always be
considered as negligible when compared with the Type
B uncertainty of NIST-7. The stability of the standard
itself is less than 2x10-l5over 5 and 10 days (see Table
3). Measurements from NIST-7 have been sent
regularly (each one or two months) to the BIPM
starting mid-1994. Unfortunately, some of these
calibrations were withdrawn: the six first points,
covering the first nine months of operation of the
standards, were declared wrong (Ref. 10) and there is
some suspicion that the last three points for 1996 may
be subject to a systematic error of 1,5x10-14.These nine
evaluations have been withdrawn from the BIPM
records and are not included in the calculations.
The calibrations provided by LPTF-FO1 are different
from those from other primaty standards because the
length of the calibration intervals is generally 10 hours,
the averaging time over which the fountain becomes
more stable than the local hydrogen maser. The
comparison between the fountain and the hydrogen
maser is carried out with a very small uncertainty (see
Table 3); however, the link to TAI is made with an
additional step corresponding to the time comparison of
the hydrogen maser to their local representation of
UTC which serves as input to the GPS receiver. This
artificially increases the uncertainty o m ( r ~= 10 or 5 d)
to 1x10-'~(Ref. 11). In addition, since ~ C , F O I(( ZE = 10
or 5 d, the instability of the local hydrogen maser has
an impact on the overall uncertainty q,which, at the
end, is much larger that the Type B uncertainty of the
fountain.
The BIPM has received two sets of measurements from
LPTF-FO1. The first covers the period SeptemberDecember 1995 and the second, May 1996. During the
first period the local hydrogen maser was globally
much noisier than during the second (in fact it
experienced a failure, which necessitated a repair,
between them). We thus had little confidence in the
stability of the local hydrogen maser. The transfer of
the fountain measurements to TAI over that period was
therefore carried out using another oscillator, the
hydrogen maser used as master clock at the NPL,
Teddington, United Kingdom. It was possible to
compare the frequencies of the hydrogen masers, at the
BNM-LPTF and the NPL, over durations of 1 d via
GPS. In this case the BNM-LPTF hydrogen maser
served only to ensure the transfer from 10 h to 1 day
and the NPL hydrogen maser, which was less noisy,

from 1 day to 10 days (minimum z~ in SeptemberDecember 1995).
Figure 1 shows the values of di obtained from the
individual measurements provided over the period
1994-1996. All points are consistent taking account of
their respective uncertainties as given in Table 3. Some
remarks, however, are of interest:
* A systematic discrepancy is observable between
PTB CS 1 and PTB CS2 calibrations over their period
of common operation.
* Points from PTB CS3 are higher than others and
are coherent with them only if the stability of PTB
CS3 is conservatively estimated at 5x10-14.
* Points from NIST-7 cover nearly half the period
under study and are in good agreement with
calibrationsfrom PTB CS2.
* The first set of points from LPTF-FO1 shows a
dispersion and gives values dFol which are smaller
than those given by NIST-7, PTB CS2 and PTB CS3
while the second set of points is in good agreement
with the other calibrations.
The simple average of these measurements over the
period 1994-1996 gives a value of about 2x10-l4which
means that the duration of the TAI scale unit is rather
far from the SI second. This is easy to interpret. In the
past, the only calibrations of the TAI frequency were
provided by PTB CS1 and PTB CS2, 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,
which is smaller by about 5x10-l5 than the SI second
produced by PTB CS2. When the black-body correction
was taken into account, all available measurements
were shifted by another 1,7x10-'~giving a total
difference close to that which appears here.
4. GLOBAL ESTIMATION OF TAI ACCURACY

Post-processing of the individual measurements shown
in Section 3 was carried out according to the method
described in Section 2.
The intervals of estimation IE chosen for applying the
global treatment described in Section 2, are the usual
consecutive two-month intervals defined for TAI
computation, January-February, March-April, ...etc,
(Ref. 2) in the period 1994-1996. The value
73 = 2 months was chosen because it corresponds to the
averaging time for which TAI presents the best
stability, and thus the duration on which the accuracy
of TAI can be determined most precisely.
The time scale chosen to carry out the temporal transfer
is EAL and its stability model includes three noise
types: white frequency modulation (WFM), flicker
frequency modulation 0and random waJk

frequency modulation (RWFM). For 1995 and 1996,
the chosen noise levels are:
* qWFM(r=Id) = 1,4x10.I4,
* qm = 4,5x10-Is,
* ~ R ~ F(1.M= Id) = 0 , 4 ~ 1 0 ' ~ ~ .
For 1994, slightly higher values were chosen to take
account of the natural improvement in the stability of
TAI.
In the global treatment presented in this paper, all
individual measurements are regarded as independent
even if they are provided by the same continuously
operating standard.
The estimations of d and o over the period 1994-1996
are added in Fig. 1 (continuous line). They are always
very close to 2x10"~ with a reduced uncertainty of
0,5x10.14 over time intervals when several points from
NIST-7 or LPTF-FOl are available. Compensation for
the discrepancy induced by the uniform application of
the black-body correction was initiated in March 1995:
it takes the form of cumulative frequency steering
corrections, applied on dates separated by two months
intervals. Their individual relative amplitude was
increased from 1x10"~to 1,5x10-'~in August 1996.
This procedure, however, has not succeeded in
decreasing the offset between the duration of the TAI
scale unit and the SI second on the rotating geoid. It
has merely cancelled the natural drift of EAL, so it may
become necessary to increase the relative amplitude of
the frequency steering corrections at some time in the
future.
An interesting point of this study concerns the weights
of individual measurements in the global estimate.
They are listed in Table 4 for each standard and for
three different IE intervals corresponding to MarchApril 1995, November-December 1995 (also shown in
Fig. 2) and September-October 1996.
Table 4. Relative weight of each primary standard
whose individual measurements have been used for the
global estimate of d over three two month intervals.
Standard
LPTF-FO 1
NIST-7
PTB CS1
PTB CS2
PTB CS3
SU McsR

Interval of estimation IE
Mar-Apr 95 Nov-Dec 95 Sep-Oct 96
3,1%

68,2%

65,l%

19,8%
0,2%
10,3%
0,7%
0,8%

6,0%
25,1%
0%
0,7%

22%
7,4%
0%
5,6%
0,3r/o

Theoretically, each time the BIPM receives a new
measurement from a primary frequency standard, the
estimations should be reprocessed for any time interval.
Fig. 2, however, shows that the weights of those
calibrations which occur about 9 months before or after

tE are smaller than 0,5% and thus have very little
influence. It follows that there is no need to reprocess
the data after 2 years (except when data are withdrawn
after the event). Instead of including all calibrations in
our global treatment it is thus sufficient to consider
only measurements covering the 1% year interval
centred on the central date of IE.
Another point is that measurements from very accurate
primary frequency standards do not sweep along the
estimations over years: the first set of LPTF-FO1 points
(September-December 1995) has a total weight of only
3,1% on the estimate for March-April 1995 and 4,1%
on the estimate for September-October 1996 (the other
17,9% quoted in Table 4 correspond to the 2nd set of
LPTF-FOl points in May 1996). The intrinsic stability
of the time scale used for the temporal transfer does
have a strong influence on the values q which rapidly
increase with time.
Fig. 2 also shows that those measurements taken at
dates close to t~ and provided by the most accurate
frequency standards have the largest weights in the
estimation over IE. For example LPTF-FOl has a total
weight of 68,2% for the estimate over NovemberDecember 1995. However, the average weight of the
five LPTF-FO1 measurements actually included in this
particular IE is 11%, while the closest NIST-7
measurement has a weight of 10,5%. Although LPTFF01 is the most accurate primary frequency standard in
the world, the uncertainty of its measurements is
degraded by its transfer to TAI (local oscillator, local
comparison, GPS transfer) with the effect that one 10
day calibration from LPTF-FOl has no more weight
than one simultaneous 10 day calibration from NIST-7.
At the end of 1996, the accuracy of TAI relied almost
entirely on one single standard, PTB CS2 (total weight
close to 65%). This situation is the worst we have
experienced since years: even in 1993, we had two
standards, PTB CS1 and PTB CS2. In addition this is
inconsistent with Recommendation S1 (1996) of the
Comite Consultatif pour la Definition de la Seconde
(Ref. 12).
The consequence of all these different comments is that
even if novel and very accurate primary frequency
standards are operated and evaluated throughout the
world, the accuracy of TAI can be established safely
only if the measurements are sent regularly to the
BIPM and if great caution is taken when making the
transfer to TAI. Caution is required especially in the
choice of the local oscillator and the choice of the
calibration interval.
5. CONCLUSIONS

The accuracy of TAI is efficiently represented by a
graph showing the individual measurements of its
relative scale unit to the SI second as produced by

primary frequency standards, operated in various
laboratories, after conversion to the rotating geoid,
together with corresponding individual uncebhties.
The global treatment of these individual measurements
makes it possible to add to the graph a curve of the
mean estimate together with its uncertainty. Such a
graph demonstrates international equivalence between
the primary frequency standards reported to the BIPM
in the sense discussed at the meeting of directors of
national metrology institutes, organized by the Cornit6
International des Poids et Mesures on 17 and 18
February 1997.
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1. ABSTRACT

This paper describes experimental techniques for
performing new tests of relativistic gravitation. These tsts
involve earth orbiting clock tests, a close approach solar
probe, detection of pulsed gravitational radiation, and Very
Long Baseline Interferometry with spaceborne radio
telescopes.
Keywords: General Relativity, atomic clocks, Doppler
cancelling, Sagnac effect
2. INTRODUCTION

The uparalleled precision of scientific measurement
made possible by atomic clocks has revolutionized
metrology. The meter, the SI unit of length, is now defined
in terms of the velocity of light, a pivotal quantity in our
present concepts of space and time.
This discussion is intended to provide a picture of
some available techniques for space experiments with
clocks, and of new, technically feasible, space
experiments.

frame. The first term in Equation 1 is the gravitational
redshift resulting from the difference in the Newtonian
gravitational potential between the two clocks, the second
term is the second-order Doppler effect of special
relativity, and the third term is the result of the acceleration
of the earth station during the light time, rlc, owing to the
earth's rotation. During the two-hour near-vertical flight,
the first-order Doppler shifts were as large as L2 x 1 0 ' ~
and the noise from i o n o ~ ~ h e rand
i c tropospheric
a* 7 -1 00 sec.
propagation effects was k u t 1 x
After the frequency variations predicted in Equation 1
were fitted to the data, the error in the fit of the data was
of Einstein's prediction.3 The
within (+2.5 f 70) x
proposed orbital test is expected to give an improvement
from 70 parts per million to about 1 part per million, partly
from improved clocks, but mostly from the longer
averaging intervals and from reduction of systematic bias
errors by having time to adjust and tune the space maser
before taking data.

3. TESTS OF RELATIVISTICGRAVITATION

WITH CLOCKS

..

,

3.1 Com~arison
. ,
. of a Promsed Test of Relg&u&
Gravltatton with a Clock in a 74-Hour Fccentric Farth Orb$
the 1976 SAOINASA GP-A ReIn the late 1960s the original concept for testing the
Gravitational Redshift called for operating a spaceborne
clock in a spacecraft placed in a highly eccentric 24-hour
earth orbit1
While the original idea of an orbital test has yet to be
implemented, a rocket borne test with an H-Maser was
conducted in 1976. Figure 1 describes the 1976
SAOMASA Gravitational redshift test (GP-A) and the
phasecoherent system used to remove first-order
Doppler and other propagation- related frequency shifts.
With this system, the fractional output frequency
variations obtained by subtracting one-half of the two-way
Doppler cycles from the one-way cycles received by the
earth station is given in the expression:
l2

By providing a transponded signal back to the
spacecraft, as shown in Figure 2, we can record one-way,
two-way, and Dopplercancelled data at both stations of
the system in terms of the proper time scale kept by the
station's clock. When the light-time between stations is
long compared to the intervals required for
measurements, a dominant, spatially localized noise
process can be cancelled systematically by time
correlating the data obtained from the two stations. Figure
3 shows the space-time paths of the four signals in Figure
2. Here the dots signify the clocks, and the arrows, E l (t)
and E2(t), signify signal outputs representing earth-based
one-and two-way data. S l (t) and S2(t) represent oneand two-way data recorded in space. By time-correlating
the Doppler responses we can systematically cancel a
strong localized noise source such as from the earth's
troposphere and

.

3.3 ? Relgivistic I&ooler Shifts and Redshifts with the
Four-1 ink System

Here the total frequency shift is fs-fe, and fo is the
clock downlink frequency. The term (@s$e) is the
Newtonian potential difference between the spacecraft

-.

-4

and earth station, Ve and VS are the velocities of the
-L

earth station and the spacecraft, rSe
is the vector
distance between the spacecraft and earth station, and
-.
ae is the acceleration of the earth station in an inertial

The Dopplercancelled signal outputs Eo(t) and So(')
in Figure 3 contain relativistic and gravitational information
that can be time correlated. Equation 6 is repeated below
as A&), along with its counterpart expression at the
spacecraft, So(t):

By adding these two time-ordered data sets we cancel
the first term and double the magnitude of the second
term representing the second-order shift. Conversely, if
we subtract the data sets, we double the first-term
representing the gravitational red (blue) shift and cancel
the second term. In both instances we must aaxunt for
the components of acceleration of the earth and space
stations along the line of sight in a suitable inertial frame.
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est G e n e r a l a Solar Probg

Studies of tests of relativistic gravitation have been
conducted for a dock in a space probe approaching within 4
solar radii of the sun's center in a polar orbit .6 This test is
intended to measure directly the secondorder behavior of
the redshift, [A@IC~]~.
Figure 4 shows data during
- the 10 hours before and
after perihelion. The value of Q/c 2varies from 5.3 x lom7
at perihelion to 2.0 x
at times f10 hours from
varies from
perihelion. The second-order redshift lQ/c2?
.

.

2.81 x 10-13 to 4 x 10-14 over the same interval. The
Allan standard deviation of today's H-masers for 10 hours
averaging time is 6 x 10-16, so the inaccuracy of
measurement imposed by the maser instability for the
first-order measurement is 1.8 x
the corresponding
inaccuracy for the secondorder measurement is
2.5 x 1o'~.
The sun's gravitational potential is complicated by
having a number of multipole components. The largest of
these is the solar quadruple moment, J2, which must be
accounted for in the measurement of the second-order
term in the redshift. Estimates of J p have been made
from solar os~illations,~
and we can estimate the effect of
the uncertainty in these measurements from the behavior
of the J 2 signature in the data. At order credshift has the following behavior:

where P = GMSun/c
J2 = 1.7 x 1o

2

the first-order

. Assuming

- f~0.1 7 x 1d7,then at perihelion,

the redshifi over this interval is about 3.5 x 10-16,
comparable to the instability of the clock. The error
contribution will have a distinctive (3cos2+l)lr 3 signature
in contrast to the very smooth l l r dependence of the first2
order redshift and the l / r dependence of the semndorder redshift.
A crucial feature is the ability to take Dopplercancelled data at the probe. In Figure 4, we have shown
how the localized noise near earth can be cancelled by
correlation. While the spacecraft Doppler cancellation
system can sy&m&& remove the effect of the tropoiono noise when it produces the So(ti+2Wc) data, this is
the case for the earth station Doppler-cancelled output
Eo. In the earth station cancelled Doppler there would be
about 1000 sec of time delay between the uplink
transmission and reception from the transponder. During
this interval the combined atmospheric and ionospheric
delay could have varied considerably.
The feasibility of this experiment has been studied
jointly by SAO and NASA's Jet Propulsion ~ a b o r a t o r y . ~
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Pulsed Grav-

. .

. .

ler TechThe long travel time to the sun provides an opportunity to
search for gravitational radiation using Doppler
techniques.9*10 In Einstein's General Theory of Relativity
(GRT), gravitational radiation results whenever a massive
body is accelerated. Rotating binary stars radiate energy
and will eventually collapse together. While evidence for
such radiation has not been observed directly, the orbital
decay of a binary pulsar has been observed since 1975 and
its rate continues to follow closely the predicted behavior for
loss of energy by gravitational radiati0n.l l
According to GRT, gravitational radiation is a wavelike
distortion of space-time travelling at the speed of light.
When a gravitational wave intercepts bodies connected by
electromagnetic signals, at the receiver the transmitted
frequency is changed by h = AfA. At some level,
gravitational waves should be observable in Doppler shifts of
a signals from a highly stable microwave (or laser)
transmitter detected by a receiver located at a distance
greater than about one-half the wavelength of the
gravitational
wave.
Figure 5 shows an example of Doppler detection12 of a
pulsed gravitational wave using the four-link Doppler
measurement system. Here the wavefront of the
gravitational pulse is assumed to intercept the earth-probe
line at an angle, 8 = 60 degrees. The effect of the pulse
would be observed three times in the Earth 2-way Doppler
trace as follows:

r = 4RSUn, B = nR, and q / c 2 = -2.8 x 1 0 - l ~ .
At about f7 hours from perihelion,

M , r = 8RSUn, and %/c2 = +7.0 x 10.' 6.
The frequency variation caused by the Jp contribution,
has an estimated peak-to-peak magnitude of 3.5 x 10-l5
and is also shown in Figure 4. If we have an error of 10%
in the estimate of J2, the uncertainty in its contribution to

by a Doppler shift of the gravitational wave disturbing
the earth station at t=tl , while it is receiving a signal
transmitted earlier by the spacecraft.
by its "echo" when the earth station receives a
transponded signal at t = t1 + 2RIc.
-when the gravitational wave arrives at the spacecraft at
time 12 and is reported at earth at t = t2+R/c.

The spacing of the pulses, their time signature
designated by the parameter y(t), and the relative magnitude
and sign of the signature are described by a single
parameter, p = C O S ~13914. Here t~ signifies arrival time at
the first station.
The one-way transmission from the spacecraft would
show the pulses at t l and at t 2 + Rlc.
A similar set of five observations of the same
gravitational pulse is available at the spacecraft. In this
case p = cos (me)and five manifestations of the pulse
appear in the spacecraft data. While only four of the ten
pulses, i.e.,those from the two one-way Doppler signals,
are unique, the other six are follow other paths through the
electronics system and provide redundancy to distinguish
noise as gravitational wave signals. If one of the stations is
on earth, noise from the earth's troposphere and
ionosphere would be the main limitation to the sensitivity of
detection. Tropospheric noise will substantially degrade
the stability of a signal. Studies show that the Allan
deviation of the tropospheric noise for signals passing
vertically has a 7 -2'5 behavior for intervals between 20
and 200 sec, with oy (100 sec) = 8 x 10"
. While it is
possible to model the tropospheric frequency shifts using
other data, such as the columnar water vapor content and
the local barometric pressure, tropospheric propagation
variations will nevertheless severely limit the detection of
gravitational radiation with transponded two-way Doppler
signals. Estimates have been made that the sensitivity with
ideal tropospheric conditions at night
- in the desert will be at

made with VLBl techniques18 shown in Figure 6. Here,
two radio telescopes, separated by a distance, L, each
detect the arrival of radio noise signals from a distant radio
star. After heterodyning to a lower frequency the noise
signals are recorded as a function of time and the two sets
of noise data are subsequently time-correlated. The
observable quantities from the correlation process are the
correlated amplitude and the relative phase of the signals
detected at the widely separated points on the wavefront.
VLBl measurements have been used in light deflection
tests of relativistic gravitation.
The stability limit on the successive measurements of
angle imposed by the oscillator instability on successive
measurements of angle taken 7 seconds apart is

where q is the angle between the propagation vector and
the baseline. The resutt of correlating the noise data
obtained from a common source by the two stations is the
production of fringes analogous to those observed from
two-slit optical diffraction. The spacing between the
fringes is K sine), where I is the average wavelength of
the signals arriving at the antennas. The visibility of the
fringes depends on the extent to which the signals arriving
at the antennas are correlated.
The angular resolution of the interferometer is given by
the change of fringe phase, 4, with 0

-

a level of h = Afd 3 x 10'15 for gravitational waves in the
millihertz region, which is one to two orders of magnitude
above the levels estimated by a ~ t r o p h ~ s i c i s t s . l ~ 1 ~ ~
Tropospheric noise can be removed systematically by
simultaneously recording Doppler data from a clock in a
spacecraft and at the earth station- and combining these
data. Simulations of this process5 show nearly complete
rejection of such spatially localized sources as near-earth
tropospheric and ionospheric variations and earth station
antenna motion noises. With both clock svstems o~eratina
in space and at frequencies where the noke from the sol&
corona ionization is not significant, the principal
nongravitational noise sources will likely be from the
buffeting of the space vehicles by nongravitationalforces
such as light pressure, particle collisions, and sporadic
outgassing of the spacecraft. Here, again, since these
disturbances are localized at the ends of the system, the
time signatures of the noises are separated by Wc, and
can be distinguished from the patterns expected from
pulsed gravitational waves, which have signatures that
depend only on the parameter p of equation 3.

-

4. HIGH RESOLUTlONVERY LONG BASELINE
INTERFEROMETRY (VLBI) ASTRONOMY
IN SPACE

4.1 The

..

High precision measurement of the angle between the
propagation vector of a signal and the direction of a
baseline, defined as the line between the phase centers of
two widely separated radio telescope antennas, can be

The error in successive angular measurements owing
to the instability of the clocks in a terrestrial system with

L = 6000 km. assuming oy (103 sec) = 1 x 10-15. and
0 = W2, is given by

o ~ (1e03 sec) = 5 x 10-I rad or 2 p arcsec.
This is far smaller than the present actual limit of 100 p
arcsec level from terrestrial stations with an 8000-km
baseline operating at 7 mm wavelength.20 The effects of
tropospheric and ionospheric fluctuations impose limits
that are far more serious than clock instability.
By operating VLBl stations in space, limits in angular
resolution owing to tropospheric and ionospheric
propagation and baseline distance, imposed by the size of
the earth, can be overcome . A successful demonstration
of a spaceborne radio telescope operating as a VLBl
terminal was made in 198621 using NASA's orbital
Tracking and Data Relay Satellite System (TDRSS)
system as a spaceborne radio telescope in conjunction
with a number of radio telescopes on earth.
As an example of the limits that a spaceborne two station
system could achieve, let us consider a spaceborne
system where L = 5 x i 06 km, oy (104 sec) = 4 x 10-16,
4
and 0 W2, In this case. o ~ (1e0 ) = 2 x 10-13 rad or
0.05 parcsec .

-

For h = 1 mm we have AJL = 2 x 10-l3 rad and we see
that the limit imposed by clock stability with 1 o4 sec
integration time is capable of resolving fringes at 1-mm
wavelengths in a spaceborne system with baseline

6

distances of 5 x 10 km.
Terrestrial VLBl systems are now used to record polar
motion and rotation of the earth and to monitor the
movements of the earth's tectonic plates. While relative
positions of radio stars, and features of their brightness
distribution, can be made with a precision of a few tenths
of a milliarcsecond, the absolute directions in space of the
baselines between VLBl stations depend on the choice of
a frame of reference. This reference is usually taken from
the position of very distant radio sources.
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Let us assume an array of four stations, separated by
about 5 x 1 o6 kilometers and in the form of a tetrahedron
defining a three-dimensional figure in space. Figure 7
shows such an array. Each station contains a clock and is
connected to its three neighbors by the four link system
shown in Figure 2. 22 The six baseline distances can be
precisely measured, using one-way and two-way Doppler
techniques discussed earlier, and thus precisely define the
configuration of the array as a function of time.
Defining the orientation of the array of six baselines
poses an interesting problem. Distant radio stars define
the conventionally used inertial frame. By invoking the
Sagnac effect,23 we can define the orientation of this
array in a local inertial frame based on the velocity of light.
It should thus be possible to compare the inertial frame
from the Sagnac effect with the frame defined by distant
radio stars.
The Sagnac process involves measuring arrival times
of light signals sent in opposite senses about a closed
path on a surface rotating at radlsecond, If the
projected area, perpendicular to the rotation axis, on that
surface is A, then the difference in the arrival times of light
signals going around the path in opposite senses is
AT = WC.'
By measuring the difference in arrival times
of signals going in opposite senses about a triangle
defining one face of the tetrahedron, we can obtain the
component of rotation normal to that face. From the four
triangles that define the tetrahedron we have an
overdetermination of the rotation and can make an
estimate of the accuracy of its measurement.
For the array shown in Figure 8, the sensitivity of
angular rotation measurement, AQ is on the order of, is

-

1.2 x 10.' radlsec. if the array were located at 1 AU
from the sun, such a rotation measurement should include
the EinsteindeSitter recession of
radlsec owing to the bending of space-time by
3 x 10
the sun's gravity.
This array could compare, with very high precision, the
frame of reference defined by the most distant radio
sources with an inertial frame defined by the local velocity
of light. Perhaps this system might provide a way to
observe some aspect of the behavior of the missing
matter in the universe.

5. CONCLUSION

The atomic frequency standards now serve as clocks
and meter sticks and this basis of modern metrology is
consistent with present concepts of relativistic gravitation.
We challenge our imaginations with measurements of
astronomical and astrophysical objects near the edge of
our universe that depend on clocks governed by quantum
processes involving staggeringly smaller scales of
dimensions1 As the performance of atomic clocks
improves and their uses are extended in astrophysical
measurements, perhaps we will see some surprises about
the nature of our universe.
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ABSTRACT

A novel test of the second postulate of special relativity
(the universality of the speed of light) has been carried
out using data of clock comparisons between hydrogen
maser clocks on the ground and caesium and rubidium
clocks on board 25 GPS satellites. The clocks were
compared via carrier phase measurements of the GPS
signal using AOA Rogue and Turbo-Rogue geodetic
receivers at a number of stations of the IGS
(International GPS Service for Geodynamics) spread
world-wide. A violation of the second postulate can be
modelled by an anisotropy of c along a particular
spatial axis with experiments setting a limit on the
value of 6c/c along this axis. Within this model our
experiment is sensitive to a possible anisotropy in any
spatial direction, and on a non-laboratory scale
(baselines 2 20000 km). The results presented here set
an upper limit on the anisotropy of c of 6c/c < 5x10*'
when considering all spatial directions and 6c/c <
2xl0-' for the component in the equatorial plane. These
are the most stringent limits for this parameter reported
up to date.

anisotropy that lies in the equatorial plane. The GP-A
rocket experiment [3] can be interpreted as testing the
isotropy of the first order Doppler shift of the link
between the ground and on-board masers, giving a
limit of &/c < 3,2x10-' in one particular spatial
direction. The only experiment sensitive to anisotropy
in any spatial direction was carried out by Turner and
Hill [4] who tested the isotropy of the first order
Doppler shift in a Mdssbauer rotor, obtaining a limit of
6c/c < 3x10-'. We present here the results of a test of
Einstein's second postulate sensitive to an anisotropy of
c in any spatial direction. Using the clocks on-board the
Global Positioning System (GPS) satellites (providing
baselines 2 20000 km) we obtain a limit of 6c/c <
5 x 1 ~ 'when considering all spatial directions and 6c/c
< 2xl0-' for the component of the anisotropy that lies in
the equatorial plane. These results, together with those
obtained by previous experiments are summarised in
Tab. 1. In Sec. 2 the principle of the experiment is
explained, Sec. 3 provides details about the
experimental procedure and data treatment, and Sec. 4
shows the results. We consider possible systematic
effects in Sec. 5 with a final discussion and conclusion
in Sec. 6.

1. INTRODUCTION
2. PRINCIPLE OF THE EXPERIMENT

Einstein's second postulate, affirming the
universality of the speed of light for inertial frames, is
fundamental to the theories of special and general
relativity. It can be tested directly by comparing the
one-way propagation times of light signals along
known paths, but in different spatial directions (often
referred to as a test of the isotropy of the one-way speed
of light). The only such test was carried out by Krisher
et al. [I], who compared the phases of two hydrogen
masers separated by a distance of 21 km and linked via
an ultrastable fibre optics link of the NASA deep space
network. The sensitivity of this experiment, expressed
as a limit on the anisotropy of the speed of light, was
6c/c < 3,5x10-', where c is the velocity of light in
vacuum. Riis et al. [2] tested the isotropy of the first
order Doppler shift of light emitted by an atomic beam
(and indirectly thereby the second postulate) using fastbeam laser spectroscopy obtaining what is currently the
smallest limit for the anisotropy, 6c/c < 3x10-'. Both of
these experiments relied on the rotation of the Earth to
change the direction of signal transmission and were
therefore only sensitive to a component of the

Satellites of the GPS constellation are
distributed in six orbital planes, at an inclination of 55'
in near circular orbits with a period corresponding to
0,5 sidereal days (718 min) [5]. Each satellite is
equipped with an on-board atomic clock and a dualfrequency signal transmission system.
The emission time of a signal as measured by
the on-board clock 7, and its reception time as
measured by the ground-clock 7, are recorded. The
difference T = z, - z, represents the transmission time of
the signal plus some initial phase difference between
the clocks. Note that no synchronisation convention or
procedure is assumed. Defining D as the distance along
a straight line from the satellite (at the moment of
emission) to the ground station (at the moment of
reception) in a geocentric, inertial (non-rotating)
coordinate system one can write

where do is a constant characterising the initial phase
difference of the two clocks. Einstein's second postulate
requires that, for a series of measurements in different
directions (e.g. during a complete passage of the
satellite), T-Dlc should remain constant, after
correction for the relative rate of the two clocks due to
the gravitational redshift, second order Doppler shift
and the intrinsic (proper) frequency difference of the
clocks.
In the theoretical framework generally used for
the interpretation of experiments that test the second
postulate of special relativity, the speed of light is
anisotropic along a particular spatial direction (in an
inertial frame) i.e. its component along this preferred
axis is c+6c in one direction and c 4 c in the opposite
direction. The experiments then determine whether the
special relativistic postulate 6c = 0 is confirmed within
the uncertainty of the experiment and set an upper limit
on the anisotropy of the speed of light, that is, on the
parameter 6cIc. A more sophisticated theoretical
approach to all tests of special relativity (including
those testing the second postulate) was developed by
Mansouri and Sex1 [6]. A detailed interpretation of our
experiment in this framework is presented elsewhere
[7]; only the results are given here (see Sec. 6).
The effect of a possible anisotropy of
magnitude 6c/c on an individual link would be
(6c/c)(D/c)cosa, where a is the angle between the
direction of the anisotropy and of the transmitted
signal, resulting in a measurable variation of T as a
function of direction. However, such an anisotropy
might also affect the determination of the satellite
ephemerides, and therefore the value of D, leaving the
difference T-D/c unchanged. A meaningful test of
special relativity using the above principle therefore
requires a method of satellite orbit determination which
is insensitive to a non-zero value of (6cIc).

This is the case for the GPS ephemerides
obtained by the IGS-CODE processing centre [8]. The
method used adjusts a post-Keplerian, non-relativistic
orbit model to doubly differenced GPS timing data (see
Fig. 1). The effects of anisotropy on the individual links
cancel (to first order) when the double differences are
formed (see Fig. 1). The IGS-CODE method is used to
simultaneously adjust a number of parameters.
including the satellite ephemerides and the ground
station coordinates, thereby providing valuts of D
which are unaffected by anisotropy of c.
Additionally one has to ensure that corrections
applied to the raw timing data used for orbit
determination and the measurement of T do not
presuppose the second postulate. In fact two corrections
are routinely applied to GPS timing data which are of
relativistic origin and therefore do imply the isotropy of
c [5]: the correction for the gravitational redshift and
the second order Doppler shift of the rate of the satellite
clock with respect to coordinate time. and the
correction for the so called Sagnac effect which is due
to the rotation of the Earth during signal transmission.
Both of these are small corrections of order c" hence
the effect of an error in these corrections due to an
anisotropy would be negligible with respect to the first
order effect on T (for a more detailed theoretical
analysis see e.g. [12]).
Observation of GPS satellites in vaqing
spatial directions thus provides a meaningful test of the
second postulate of special relativity via relation (1)
with D obtained using IGS-CODE ephemerides and
station coordinates
3. EXPERIMENTAL PROCEDURE

The IGS is a global network of ground stations
that continuously observe the GPS satellites for civil,
geodetic purposes [8]. From the raw data the IGS
processing centres calculate (among other parameters)
precise satellite ephemerides and ground station
coordinates. These, together with the raw observations,
are freely available through the internet via anonymous
ftp [8]. We use data from eight ground stations for our
experiment: Brussels (Belgium). Algonquin (Canada),
Yellowknife (Canada), Fairbanks (Alaska. USA).
Kokee Park (Hawaii, USA), Fortaleza (Brazil),
Santiago (Chile) and Hobart (Australia). The
motivation for this choice of ground stations is to
ensure global coverage whilst providing maximum
ground clock stability (for averaging times z 6 h (one
passage)) by using only stations which are equipped
with hydrogen-maser clocks. The GPS recei\,ers used
are all AOA Rogue or Turbo-Rogue geodetic receivers
Fig. 1: Double difference (Y) for pairs of stations (A
providing
raw phase measurements of the two GPS
and B) and satellites (1 and 2), I ' = F , A - T ~ ~ - ( T ~ ~ - T ~ ~ .
carrier
frequencies
at a sample interval of 30 seconds.
The effect of an anisotropy on I' given by [(DIAcosnlAThe data sets cover six days (1994 September 18 to 23)
Dl BCOSU~B)-(D~AcoS~~AD ~ B C O S C I ~ B ) ]where
~ C / C ~a, 1s
and contain observations of all 25 GPS satellites
the angle between the directions of the anisotropy and
available at the time. During this period (coinciding
of the transmitted signal, vanishes.
with the military intervention in Haiti) all GPS signals

were free of the intentional degradation (Selective
Availability, SA) which is imposed by the US military.
In general, this affects all but two satellites, making
them unusable for the experiment described here. Of
the 25 satellites used 19 are equipped with caesium
clocks, and 6 with rubidium clocks.
From the raw data the differences T-Dlc are
formed, taking into account corrections for the variable
part of the gravitational redshift and second order
Doppler shift, the Sagnac effect, the ionospheric delay
(using an ionosphere-free combination of the two
frequencies), and the tropospheric delay (using the
STANAG tropospheric model [5]). The amount of data
is reduced by averaging over nine 30 s points, in order
to save computer space and to make the data more
manageable. Fig. 2 shows a typical example of a
resulting data set for a station-satellite pair

by shifting them individually by an integer number of
sidereal days. Figure 3 shows the residuals of a typical
data set after filtering and adjustment of an offset per
passage, and with all passages shifted onto the same
day. The standard deviation of these residuals for the
complete data set (all stations and satellites) is 2,2 ns.
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Fig. 3: Residuals of (T-Dlc) after filtering and
adjustment of an offset per passage. The graph shows 6
passages of PRN22 over Brussels(B) shifted onto the
same day.
4.

Fig. 2: Measurements of (T-Dlc) for 6 passages of
PRN04 over Algonquin(CAN).
For a test of the isotropy of c, one is interested
in the variation of the difference T-D/c during
individual passages of the satellite over the ground
station i.e. variations over time scales of roughly 6
hours. Therefore we first filter the data, excluding all
long-term variations (greater z: 5 days) effectively
subtracting the relative rate of the two clocks. Then an
arbitrary offset per passage is adjusted as only the
\v.viation of T-Dlc during the passage is of interest.
As is well known, measurements of the GPS
carrier phase are subiect to an unknown phase
ambiguity error of an integer number of cycles.-This
does not present a problem for our purposes as long as
the induced error remains constant during each
passage, which is the case if the receiver stays locked
onto the satellite over the complete passage. Therefore
all passages that are incomplete (data gaps indicating a
possible loss of the satellite) were excluded.
The 0,5 sidereal day period of the GPS
satellites implies that a station sees each passage of a
particular GPS satellite at the same time of day (in
sidereal days) and in the same directions (in a
geocentric non-rotating frame). So, to see the data more
clearly, all passages can be projected onto the same day,

RESULTS

Figure 4 shows the spatial directions of signal
transmission for the individual links in a non-rotating
geocentric frame. There are no links at colatitudes
below =20° and above ~ 1 6 3 'which is due to the 55'
inclination of the satellite orbits and implies that the
experiment was least sensitive in the N-S direction.

longitude /rod

Fig. 4: Directions of signal transmission, in a
geocentric non-rotating frame, for all satellite-station
links.
The effect of an anisotropy of c on the
transmission time T for a particular link is given by
(D/c) (6c/c) cosa where a is the angle between the
direction of signal transmission and the direction of the
anisotropy. This model was fitted to the data using the
least squares method, adjusting the magnitude of the

anisotropy (6c/c) and an offset per satellite-station pair.
The adjustment was performed for a range of
anisotropy directions, spanning colatitudes and
longitudes from 0 to n in a grid of 0,l rad x 0,l rad. It
is ~ ~ c i e nto t cover half of all possible spatial
directions, as opposing directions correspond to the
same anisotropy with the opposite sign. Directions are
given in the non-rotating geocentric frame that is
coincident with the ITRF Earth fixed frame at MJD
49755 (March 7, 1995) Oh 00 (UTC).
Figure 5 shows the adjusted magnitudes of the
anisotropies as a function of their direction. The
extremum value of (6c/c) is 4,9x1oS9at a colatitude of
2,9 rad and a longitude of 0,5 rad. In the equatorial
plane (colatitude of 1,6 rad) the extremum value of
(6c/c) is 1,6x10-~at a longitude of 0,6 rad. The formal
statistical standard uncertainties of these values are
below 3x10"~.

Fig. 5: Magnitude (Fc/c) of the adjusted anisotropy as a
function of its direction in a geocentric non-rotating
frame.

5. SYSTEMATIC EFFECTS
The three main systematic effects that could
affect the data are the satellite clock instability,
ephemerides errors and uncertainties in the modelled
tropospheric delays.
Pre-launch measurements of tk, relative
frequency stability of the GPS caesium clock showed an
(standard Allan
instability of q,,(r) = 1,5 x
deviation) for integration times of = 6 h 191. On-orbit
measurements showed satellite clock instabilities of
order 10-l3for integration times of 1 day [lo], which
corresponds to q,(6 h) = 2 x 10'13 when extrapolated
assuming a r " I 2 dependence. This translates into an
accumulated time error over one passage of the satellite
of b r = ro,(r) = 4,3 ns.
Beutler et al. [ i l l estimate the uncertainty of
the IGS-CODE satellite ephemerides to be 15 cm to 20
cm corresponding to a timing error of 67 = 0,7 ns.
The tropospheric delays were estimated using
the standard STANAG model [5]. More accurate values

for these delays can be obtained through estinlations in
a regional or global network (as done for example by
the IGS). We have studied such estimates (four values
per day and station) for a period of five days in
September 1995 and for six of the eight stations used
(no IGS estimates were available for the remaining two
stations). The differences between the zenithal
tropospheric delay obtained from the STANAG model
and the 5 day averages of the IGS estimates do not
exceed 200 ps for any station with the, standard
deviation of the averages < 110 ps. For low elevations
these differences can increase to maximum 1,l ns (at
elevations of 10"). We conclude that, for our purposes.
the STANAG model is ~ ~ c i e as
n t the dominant
limitation of the sensitivity of our experiment is more
likely to arise from satellite clock instabilities.
6. DISCUSSION AND CONCLUSION

Timing errors due to the systematic enects
discussed in the previous section could give rise to
values of 6c/c of order 1 0 ' ~(6c/c = 6r/(D/c)) assuming
that no cancellation takes place between the systematic
effects of different satellite-station pairs. This is an
order of magnitude larger than the maximum value
observed. The experiment therefore cannot suggest a
violation of the second postulate of special relativity.
It is unlikely that. in a global treatment. the
systematic errors are correlated with the signature of an
anisotropy, as they are expected, in general, to correlate
differently with the effect of an anisotropy for each
satellite-station pair and, to some extent, for each
passage. So the results from a number of randomly
chosen subsets of the data can provide an estimate of
the reliability of the results presented in section 4. The
least squares adjustment was repeated for five different
subsets of the complete data, removing observations
from 3 to 6 satellites (i.e. 12% to 24% of the total data).
The mean of the five adjusted extremum values of bc/c
is 4,6x10-' when considering all spatial directions and
2,2x10'~for the component in the equatorial plane.
with a standard deviation about the mean of 1,3s10-~
in
both cases. These values should be compared to 6c/c of
4,9x10-~and 1,6x10'~obtained from the con~pletedata
set (c.f. section 4).
So. assuming no correlation (and resulting
cancellation) between the systematic effects in a global
treatment and the effect of a possible anisotropy (for the
reasons mentioned above), we can set a limit of 6c/c <
5x10'~on the spatial variation of c when considering all
spatial directions and bc/c < 2x10" for the component
of the anisotropy that lies in the equatorial plane.
Interpretation of the experiment, using the test
theory developed bjkansouri and Sex1 [6], shows that
the value of 6c/c obtained here is related to the
parameter a of the test theory (in special relativity a =
-112) by the well known relationship (see [7] for details)

(2)
where v is the velocity of the Earth with respect to the
"universal frame" defined in the theory. Additionally
one obtains an explicit expression for the double
difference Y (c.f. Fig. 1) that is independent of a to first
order in v/c [7], which confirms the validity of the
experimental principle in this test theory. Taking v as
the velocity of the Earth with respect to the "mean rest
frame of the universe" (v 300 kmts) in the direction
of the dipole anisotropy of the cosmic microwave
background (declination = -6,l O, right ascension = 11,2
h) [13, 141 we obtain a limit of la+1/21 < 1x1U6(&/c <
2x10-' in this direction). This, to our knowledge, is the
smallest limit for the parameter a published up to date.
In principle, any space mission flying a highly
stable atomic clock that is equipped with a time transfer
system could be used for a similar test of special
relativity. An example is the ESAIRSA EXTRAS
mission [15] that is currently "on hold". This mission is
of interest as the spaceclock will be a hydrogen maser
expected to be significantly more stable in the short
term than the GPS clocks, and because the optical twoway time transfer system planned should diminish the
effects of the time transfer (in particular tropospheric)
and ephemerides uncertainties [ 151.
Finally we would like to emphasise that an
experiment like the one described in this article can be
carried out at minimal cost by virtually anyone as all
the IGS data is freely available on the internet via
anonymous fip. This is of particular interest in view of
a recent US presidential decision [16] to switch off SA
completely on all GPS satellites within the next ten
years.

ACKNOWLEDGEMENTS

Thomas for helpful discussions, and D.A. Blackburn
for revision of the manuscript.

REFERENCES
[l] Krisher T.P. et al., Phys. Rev. D (rapid
communication) 42, 73 1, (1990).
[2] Riis E. et al., Phys. Rev. Lett. 60, 81, (1988).
[3] Vessot R.F.C. and Levine M.W., General Relativity
& Gravitation 10, 181, (1979).
[4] Turner K.C. and Hill H.A., Phys. Rev. 134, lB,
B252, (1964).
[5] NATO Standardization Agreement (STANAG)
4294, Arinc Research Corporation, 2551 Riva Rd,
Annapolis, MD, USA, Publ. 3659-01-01-4296, (1990).
[6] Mansouri R. and Sex1 R.U., General Relativity and
Gravitation 8, 7, 497, (1977); General Relativity and
Gravitation 8, 7, 515, (1977); General Relativity and
Gravitation 8, 10, 809, (1977).
[7] P. Wolf, Ph.D. thesis, Queen Mary and Westfield
College, London, (in press).
[8] Zumberge J.F., Liu R., Neilan R.E. ed., IGS Annual
report 1994, JPL publication 95-18 9/95, Jet Propulsion
Laboratory, Pasadena, CA, USA, (1995).
[9] Wisnia J.A., in Proceedings 24th PTTI, 199, NASA
conference publication 32 18, (1992).
[lo] McCaskill T.B. et al., in Proceedings 23rd PTTI,
307, NASA conference publication 3159, (1991).
[ l l ] Beutler et al., Manuscripta Geodetica 19, 367,
(1994).
1121 Tourenc P., Melliti T., Bosredon J., General
Relativity and Gravitation 28, 9, 1071, (1996).
[13] Fixsen D.J., Cheng E.S., Wilkinson D.T., Phys.
Rev. Lett. 50,620, (1983).
[14] Lubin P.M., Epstein G.L., Smoot G.F., Phys. Rev.
Lett. 50,616, (1983).
[15] Wolf P., Phys. Rev. A 51,5016, (1995).
[16] GPS world, May 1996, 50, (1996).

We thank the IGS stations and centres for making their
data and their products freely available, Claudine

Limits on the anisotropy of c
Direct measurements:
Krisher T.P. et al. (1990)

&/c < 3,5

GPS Test (this experiment)
GPS Test (this experiment)

&/c < 5 lug
&/c < 2 lo-'

Indirect measurements:
Riis E. et al. (1987)
Vessot R.F.C. et al. (1979)
Turner K.C. & Hill H.A. (1964)

component in
equatorial plane
all spatial directions
component in
equatorial plane
component in
equatorial plane
component in one
particular direction
all spatial directions

Tab. 1: Tests of the second postulate of special relativity showing the limits they set on anisotropy of c and their
respective spatial sensitivities.

where do is a constant characterising the initial phase
difference of the two clocks. Einstein's second postulate
requires that, for a series of measurements in different
directions (e.g. during a complete passage of the
satellite), T-Dlc should remain constant, after
correction for the relative rate of the two clocks due to
the gravitational redshift, second order Doppler shift
and the intrinsic (proper) frequency difference of the
clocks.
In the theoretical framework generally used for
the interpretation of experiments that test the second
postulate of special relativity, the speed of light is
anisotropic along a particular spatial direction (in an
inertial frame) i.e, its component along this preferred
axis is c+6c in one direction and c-6c in the opposite
direction. The experiments then determine whether the
special relativistic postulate 6c = 0 is confirmed within
the uncertainty of the experiment and set an upper limit
on the anisotropy of the speed of light, that is, on the
parameter 6cIc. A more sophisticated theoretical
approach to all tests of special relativity (including
those testing the second postulate) was developed by
Mansouri and Sex1 [6]. A detailed interpretation of our
experiment in this framework is presented elsewhere
[7]; only the results are given here (see Sec. 6).
The effect of a possible anisotropy of
magnitude 6c/c on an individual link would be
(6c/c)(D/c)cosa, where a is the angle between the
direction of the anisotropy and of the transmitted
signal, resulting in a measurable variation of T as a
function of direction. However, such an anisotropy
might also affect the determination of the satellite
ephemerides, and therefore the value of D, leaving the
difference T-D/c unchanged. A meaningful test of
special relativity using the above principle therefore
requires a method of satellite orbit determination which
is insensitive to a non-zero value of (6c/c).

This is the case for the GPS ephemerides
obtained by the IGS-CODE processing centre [8]. The
method used adjusts a post-Keplerian, non-relativistic
orbit model to doubly differenced GPS timing data (see
Fig. I). The effects of anisotropy on the individual links
cancel (to first order) when the double differences are
formed (see Fig. 1). The IGS-CODE method is used to
simultaneously adjust a number of parameters,
including the satellite ephemerides and the ground
station coordinates, thereby providing values of D
which are unaffected by anisotropy of c.
Additionally one has to ensure that corrections
applied to the raw timing data used for orbit
determination and the measurement of T do not
presuppose the second postulate. In fact two corrections
are routinely applied to GPS timing data which are of
relativistic origin and therefore do imply the isotropy of
c [5]: the correction for the gravitational redshift and
the second order Doppler shift of the rate of the satellite
clock with respect to coordinate time, and the
correction for the so called Sagnac effect which is due
to the rotation of the Earth during signal transmission.
Both of these are small corrections of order c-' hence
the effect of an error in these corrections due to an
anisotropy would be negligible with respect to the first
order effect on T (for a more detailed theoretical
analysis see e.g. [12]).
Observation of GPS satellites in varying
spatial directions thus provides a meaningful test of the
second postulate of special relativity via relation (1)
with D obtained using IGS-CODE ephemerides and
station coordinates.
3. EXPERIMENTAL PROCEDURE

The IGS is a global network of ground stations
that continuously observe the GPS satellites for civil,
geodetic purposes [8]. From the raw data the IGS
processing centres calculate (among other parameters)
precise satellite ephemerides and ground station
coordinates. These, together with the raw observations,
are freely available through the internet via anonymous
ftp [S]. We use data from eight ground stations for our
experiment: Brussels (Belgium), Algonquin (Canada),
Yellowknife (Canada), Fairbanks (Alaska, USA),
Kokee Park (Hawaii, USA), Fortaleza (Brazil),
Santiago (Chile) and Hobart (Australia). The
motivation for this choice of ground stations is to
ensure global coverage whilst providing maximum
ground
clock stability (for averaging times = 6 h (one
a291
passage)) by using only stations which are equipped
with hydrogen-maser clocks. The GPS receivers used
are all AOA Rogue or Turbo-Rogue geodetic receivers
Fig. 1: Double difference (Y) for pairs of stations (A
providing
raw phase measurements of the two GPS
and B) and satellites (1 and 2), Y = ( T ~ A - T ~ ~ - ( T ~ A - T ~ ~ .
carrier
frequencies
at a sample interval of 30 seconds.
The effect of an anisotropy on Y given by [(D~AcosQ~AThe data sets cover six days (1994 September 18 to 23)
D~BCOSU~B)-(D~ACOSU~AD~BCOW~B)]~C/C~,
where a is
and contain observations of all 25 GPS satellites
the angle between the directions of the anisotropy and
available at the time. During this period (coinciding
of the transmitted signal, vanishes.
with the military intervention in Haiti) all GPS signals

were free of the intentional degradation (Selective
Availability, SA) which is imposed by the US military.
In general, this affects all but two satellites, making
them unusable for the experiment described here. Of
the 25 satellites used 19 are equipped with caesium
clocks, and 6 with rubidium clocks.
From the raw data the differences T-Dlc are
formed, taking into account corrections for the variable
part of the gravitational redshift and second order
Doppler shift, the Sagnac effect, the ionospheric delay
(using an ionosphere-free combination of the two
frequencies), and the tropospheric delay (using the
STANAG tropospheric model [5]). The amount of data
is reduced by averaging over nine 30 s points, in order
to save computer space and to make the data more
manageable. Fig. 2 shows a typical example of a
resulting data set for a station-satellite pair.

by shifting them individually by an integer number of
sidereal days. Figure 3 shows the residuals of a typical
data set after filtering and adjustment of an offset per
passage, and with all passages shifted onto the same
day. The standard deviation of these residuals for the
complete data set (all stations and satellites) is 2,2 ns.
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Fig. 3: Residuals of (T-Dlc) after filtering and
adjustment of an offset per passage. The graph shows 6
passages of PRN22 over Brussels(B) shifted onto the
same day.
4. RESULTS
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Fig. 2: Measurements of (T-Dlc) for 6 passages of
PRN04 over Algonquin(CAN).
For a test of the isotropy of c, one is interested
in the variation of the difference T-D/c during
individual passages of the satellite over the ground
station i.e, variations over time scales of roughly 6
hours. Therefore we first filter the data, excluding all
long-term variations (greater *: 5 days) effectively
subtracting the relative rate of the two clocks. Then an
arbitrary offset per passage is adjusted as only the
variation of T-Dlc during the passage is of interest.
As is well known, measurements of the GPS
carrier phase are subject to an unknown phase
ambiguity error of an integer number of cycles. This
does not present a problem for our purposes as long as
the induced error remains constant during each
passage, which is the case if the receiver stays locked
onto the satellite over the complete passage. Therefore
all passages that are incomplete (data gaps indicating a
possible loss of the satellite) were excluded.
The 0,5 sidereal day period of the GPS
satellites implies that a station sees each passage of a
particular GPS satellite at the same time of day (in
sidereal days) and in the same directions (in a
geocentric non-rotating frame). So, to see the data more
clearly, all passages can be projected onto the same day,

Figure 4 shows the spatial directions of signal
transmission for the individual links in a non-rotating
geocentric frame. There are no links at colatitudes
below *20° and above *163O which is due to the 55'
inclination of the satellite orbits and implies that the
experiment was least sensitive in the N-S direction.

longitude /rad

Fig. 4: Directions of signal transmission, in a
geocentric non-rotating frame, for all satellite-station
links.
The effect of an anisotropy of c on the
transmission time T for a particular link is given by
(D/c) (6c/c) cosa where a is the angle between the
direction of signal transmission and the direction of the
anisotropy. This model was fitted to the data using the
least squares method, adjusting the magnitude of the

anisotropy (6c/c) and an offset per satellite-station pair.
The adjustment was performed for a range of
anisotropy directions, spanning colatitudes and
longitudes from 0 to n in a grid of 0,l rad x 0,l rad. It
is sufficient to cover half of all possible spatial
directions, as opposing directions correspond to the
same anisotropy with the opposite sign. Directions are
given in the non-rotating geocentric frame that is
coincident with the ITRF Earth fixed frame at MJD
49755 (March 7,1995) Oh 00 (UTC).
Figure 5 shows the adjusted magnitudes of the
anisotropies as a function of their direction. The
extremum value of (&/c) is 4,9x10" at a colatitude of
2,9 rad and a longitude of 0,5 rad. In the equatorial
plane (colatitude of 1,6 rad) the extremum value of
(6c/c) is 1,6x10-' at a longitude of 0,6 rad. The formal
statistical standard uncertainties of these values are
below 3x10-lo.

Fig. 5: Magnitude (&/c) of the adjusted anisotropy as a
function of its direction in a geocentric non-rotating
frame.
5. SYSTEMATIC EFFECTS

The three main systematic effects that could
affect the data are the satellite clock instability,
ephemerides errors and uncertainties in the modelled
tropospheric delays.
Pre-launch measurements of the relative
frequency stability of the GPS caesium clock showed an
instability of ay(r) *: 1,5 x lVi3 (standard Allan
deviation) for integration times of *: 6 h [9]. On-orbit
measurements showed satellite clock instabilities of
order lo-" for integration times of 1 day [lo], which
corresponds to 0,(6 h) *: 2 x 10'13 when extrapolated
assuming a 7 -'I2 dependence. This translates into an
accumulated time error over one passage of the satellite
of 67 *: rcr,(r) *: 4,3 ns.
Beutler et al. [ l l ] estimate the uncertainty of
the IGS-CODE satellite ephemerides to be 15 cm to 20
cm corresponding to a timing error of 67 *: 0,7 ns.
The tropospheric delays were estimated using
the standard STANAG model [5]. More accurate values

for these delays can be obtained through estimations in
a regional or global network (as done for example by
the IGS). We have studied such estimates (four values
per day and station) for a period of five days in
September 1995 and for six of the eight stations used
(no IGS estimates were available for the remaining two
stations). The differences between the zenithal
tropospheric delay obtained from the STANAG model
and the 5 day averages of the IGS estimates do not
exceed 200 ps for any station with the standard
deviation of the averages < 110 ps. For low elevations
these differences can increase to maximum 1,l ns (at
elevations of 10'). We conclude that, for our purposes,
the STANAG model is sufficient as the dominant
limitation of the sensitivity of our experiment is more
likely to arise from satellite clock instabilities.
6. DISCUSSION AND CONCLUSION

Timing errors due to the systematic effects
discussed in the previous section could give rise to
values of &/c of order lo-* (6c/c 6r/(D/c)) assuming
that no cancellation takes place between the systematic
effects of different satellite-station pairs. This is an
order of magnitude larger than the maximum value
observed. The experiment therefore cannot suggest a
violation of the second postulate of special relativity.
It is unlikely that, in a global treatment, the
systematic errors are correlated with the signature of an
anisotropy, as they are expected, in general, to correlate
differently with the effect of an anisotropy for each
satellite-station pair and, to some extent, for each
passage. So the results from a number of randomly
chosen subsets of the data can provide an estimate of
the reliability of the results presented in section 4. The
least squares adjustment was repeated for five different
subsets of the complete data, removing observations
from 3 to 6 satellites (i.e. 12% to 24% of the total data).
The mean of the five adjusted extremum values of 6c/c
is 4,6x10-' when considering all spatial directions and
2,2xlw9 for the component in the equatorial plane,
with a standard deviation about the mean of 1,3x10-' in
both cases. These values should be compared to 6c/c of
4,9x10-' and 1,6x10-' obtained from the complete data
set (c.f. section 4).
So, assuming no correlation (and resulting
cancellation) between the systematic effects in a global
treatment and the effect of a possible anisotropy (for the
reasons mentioned above), we can set a limit of 6c/c <
5x1V9 on the spatial variation of c when considering all
spatial directions and 6c/c < 2x10-' for the component
of the anisotropy that lies in the equatorial plane.
Interpretation of the experiment, using the test
theory developed by Mansouri and Sex1 [6], shows that
the value of 6c/c obtained here is related to the
parameter a of the test theory (in special relativity a =
-112) by the well known relationship (see [7] for details)
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ABSTRACT

1996 marked the 25th anniversary of a round the world flying
clock experiment performed by Hafele and Keating of USNO,
to test Einstein's theory of relativity. To mark this anniversary
NPL in collaboration with BBC Horizon undertook a new flying
clock experiment, between NPL and USNO using a portable
HPS071A caesium standard. Flying caesium clock experiments
are now rare, and hence this new experiment was an ideal
opportunity to test the suitability of the HP5071A Cs clock as a
flying standard. A detailed description is given of the predicted
relativistic changes, and of the recorded clock changes, both on
the trip to USNO and after the return to NPL and the resulting
closure. The time scales of NPL and USNO are routinely
compared using both GPS common-view time transfer and TwoWay Time Transfer. The flying clock experiment however
provided a third independent method of comparing the two time
scales. The results of these intercomparisons are presented.
Keywords: Time transfer, Relativity, Caesium clock
1. INTRODUCTION

In the first two weeks of October 1971 Hafele and Keating
conducted their celebrated experiment (Refs. 1, 2, 3) in which
four Hewlett-Packard Model 5061A caesium clocks were taken
first East to West and then West to East round the world, making
use of commercial airline flights. The objective was to provide
convincing experimental evidence which would confirm the
predictions of the General Theory of Relativity (GTR) in
relation to time transfer in the vicinity of the (rotating) Earth and
set to rest the controversies which had arisen on the subject. In
this they were successful, the predictions being in good accord
with experiment, as the results for mean of the four clocks,
shown in Table 1, confirm.
Table 1
Results of Hafele Keating experiment

-

devoted to the wider and more speculative aspects of time travel.
This programme would be broadcast close to the 25th
anniversary of the Hafele-Keating experiment and would feature
both of the original participants. A preliminary analysis was
conducted based on a flight along a great circle path between the
airports of Heathrow in the UK and Dulles in the USA. It
indicated that a time transfer across the north Atlantic with a
single clock fkom the latest generation of high-stability caesium
standards (H-P Model 5071A with a high-performance option)
should enable meaningful results to be achieved. In addition to
being a demonstration of the principles involved in relativistic
time transfer for the purposes of the Horizon programme it could
also have scientific advantages in relating the time scales of the
NPL and the US Naval Observatory (USNO), Washington DC.
These are already connected on a routine basis by satellite time
transfer using both GPS in 'common-view' and also by TwoWay Satellite Time and Frequency Transfer (TWSTFT) via the
Intelsat communications satellite at 307'E. Both of these
techniques have some limitations in accuracy at the level of a
few nanoseconds and the possibility of an additional ad hoc time
transfer between the two establishments could be useful in
resolving any residual biases in the existing ,radio-based, time
transfers.
2. INITIAL ASSESSMENT OF THE EXPERIMENT
2.1 Relativistic corrections

The relations arising fkom the application of the General Theory
of Relativity (GTR) to time transfer on the rotating Earth are
well known and are codified in Recommendation ITU-R 1010
of the International Telecommunications Union on 'Relativistic
Effects in a Coordinate Time System in the Vicinity of the Earth'
for the exchange of a time reference by means of both portable
clocks and electromagnetic signals (Ref. 4). With some very
minor changes in nomenclature as compared to the ITU text the
basic equation giving the coordinate time accumulated during a
clock transport in a rotating reference frame, which is the
appropriate choice for this experiment, can be written as,

Relativistic clock gain (ns)

Experimental results
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In early 1996 the British Broadcasting Corporation (BBC)
approached NPL with a proposal for a flying clock experiment,
albeit on a markedly reduced scale as compared to a round-theworld exercise, which would figure in a 'Horizon' programme

where dt is the elapsed coordinate time , f ds is the elapsed
@roper) time on the portable clock, AU( r ) is the gravitational
potential difference (including the centrihgal potential) between
the location of the clock at the terminus of the vector r , with
origin at the centre of the earth, and the geoid as viewed from an
earth-centred and earth-fixed (ECEF) coordinate system, the
convention being that AU is negative when the clock is above
the geoid. V is the ground speed of the clock (aircraft), c is the
speed of light, o the angular velocity of rotation of the earth
while A, represents the equatorial projection of the area swept
out during the transport of the clock along its path, A, being

taken positive for motion in an easterly direction
Portable clock

2.2

The first term in ( I ) is the general gravitational frequency shift:
for the potential differences arising in aircraft transfers AU can
be approximated by g (0) where the surface gravity, g , is
slightly dependent on the latitude, 0 , ie

For a mean latitude on the flight path between Heathrow and
Dulles of 45 degrees and an assumed height of 10 km the
gravitational shift becomes,

The Hewlett-Packard 507 1A caesium beam standard represents
a very considerable advance both in stability and in the reduced
effect of environmental changes as compared to the earlier
5061A clocks available to Hafele and Keating, a number of
microprocessor-controlled servo loops being employed to ensure
a large degree of independence of the frequency for changes in
temperature, humidity and ambient magnetic field. The
anticipated short-term stability of a 5071A clock under
laboratory conditions is shown in the form of the Allan
deviation in Figure 1 (Ref 6).
SPECIFIED STABILITY OF A HP507 1A CS CLOCK
Plot of Log 10 Sigma Y against Log 10 Tau

The second term in (1) is the second-order Doppler shift. For an
assumed aircraft speed of 250 m/s it amounts to ,

-9

-10 The third term is the Sagnac effect (Ref. 5) required to ensure
consistent and transitive synchronization of clocks on the
rotating Earth. It is independent of the speed of the transfer and
depends only on the form and direction of the flight path. In the
absence of prior detailed knowledge of the flight plan a great
circle path was assumed for the purposes of assessment. The
magnitude of this correction is,

Before assembling the several corrections it will be convenient
to rewrite Equation 1 in a form where the results will be directly
comparable with those .in Table 1, representing the relativistic
gain of the flying clock with respect to coordinate time, ie

-

=

ds dt = clock gain
v2/2c2 ] - 20AE/c3'

I,,, [g ( 8 ) h/c2

-

Speed

Sagnac

-

3

-
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Figlare 1 Allan deviation of 5071A-laboratory specification

Table 2
Computed relativistic clock gain (ns).
Height

-

L
d

(6)

Substituting the appropriate values we obtain the results shown
in Table 2

Journey

* -11
g5 -12
3 -13

Total

The table entries are based on an estimated flight time of 6.5
hours at an altitude of 10 km and speed of 250 m/s on a great
circle path from Heathrow Airport ( 51028' N, 0027' W) to
Dulles Airport (38055' N, 770 30' W )
These results demonstrate, of course, the expected East-West
asymmetry with the reversal of the Sagnac effect in the two
directions of travel. The magnitude of the resulting time shift is
appreciable in terms of existing standards of time-keeping and
given corresponding stability in the flying clock provides the
basis for a viable experiment.

The proposed experiment envisaged a stay of the flying clock at
the USNO for a period of about 24 hours for robust comparison
with the Observatory time scale followed by a return to NPL
within a total time fiame of 48 hours. Over most of this interval
the specified clock performance in Figure 1 shows white noise
frequency modulation with consequent random walk of phase
(time). M e r an interval of 24 hours this amounts to 2.5 ns while
closure with the NPL time scale after 48 hours should be
achieved within about 3.5 ns. These figures served to reinforce
the opinion that a viable time transfer operation could be
mounted, enabling GTR predictions of clock behaviour to be
verified at the 10 per cent level.
There remains the question of residual environmental effects.
The portable clock will be exposed to fluctuating temperatures
and humidity for brief periods during ground transport at each
end of the path. In addition, for most of the duration of the flight
the cabin pressure will be in the region of 700 mb. The relevant
listed coefficients for the effects on frequency and on time are
given in Table 3.

The clock was carried on scheduled services of British Airways
and located together with the power and battery supply on a seat
in the upper deck a Boeing 747, being connected to the aircraft
power supply for the duration of the flights. The sequence of
arrival and departures at various points in the itinerary is shown
in Table 4.

Table 3
Effects of temperature , humidity and pressure on the
performance of a HP5071A Caesium clock.

Parameter

Frequency
change parts in
10')

Time excursion
in (hours), ns

Temp. 0-55 C

3.0

1.1 (1 hour)

Humidity, 0-80%

3.0

1.1 (1 hour)

Pressure to 186
mb

<1

Table 4
Timetable for the 1996 clock trip

<2 (6 hours)

The ranges of parameter in the table are extreme and it would
seem that perturbations in time of greater than 1 ns were not
likely to arise from the combined effects of these variables.
Some confirmation of this view is provided by measurements at
the Tokyo Astronomical Observatory on the earlier 5061A
caesium standard. These included a pressure coeEcient of
fkequency of +1.92.1Wi4I100 mb and on the basis of this result
the total effect due to pressure alone would amount to a loss in
time of 1.2 ns over the flight duration.

-

NPL
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June
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BA217
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June
16117th
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+

1235
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arr
+

2010

USNO
arr
+ 2200

UTC

arr

BA216

0700

4-

0551

dep
+

2300

dep
4-

1900
UTC

The actual flight times amounted to 7 h 35m westerly and 6h
51m easterly. There were undesirably long delays of several
hours between leaving the respective establishments and seeing
the clock finally installed in the aircraft, during which time it
was operating on batteries and in a substantially unregulated
environment. It was also subject to considerable manhandling,
especially at Heathrow, where airport steps had be negotiated in
the absence of the normal passenger entry port.

The results obtained in the preliminary simulation appeared to
justify the intended experiment and at NPL. A 5071A caesium
clock with the high-stability option was selected and adjusted to
approximately zero rate relative to UTC (NPL) some days prior
to the experiment. A plot of the performance of this clock,
Serial No 784, in terms of a scale controlled by a hydrogen
maser is shown in Figure 2 for an interval of 7 days.
UTC(NPL) CS784

Flight

arr

2 Experiment of 15-17 June 1996

VARIATIONSOF THE CAESIUM CLOCK OVER SEVEN DAYS

Dates
(1996)

,

In the course of each flight data was provided, usually at
intervals of 20-30 minutes, from the flight deck instrumentation
on aircraft altitude, speed and position as obtained from the
inertial navigator. During the outward journey the flight path
was appreciably south of a great circle heading as a consequence
of airways congestion at more northerly latitudes. By contrast,
on the return journey, a significantly more northerly heading
was followed.
On the basis of the navigational information the calculated
relativistic time gains (and losses) for the portable clock for each
of the contributing effects discussed earlier were calculated in
near real time as the aircraft progressed. These values are
plotted in Figures 3 and 4 while the overall results are
summarized in Table 5. The short ground extensions
substantially at sea level from airport to establishment in each
country make a negligible contribution to the relativistic budget
(< 0.2 ns for the Sagnac corrections).

I

5411
50219

50221
50220

50223
50222

MJD

50225
50224

50227
50226

-

Figure 2 UTCWPL) Clock 784

Shortly before departure on 15 June the time indication of the
portable clock (PC) was adjusted and set behind UTC(NPL) by
139 ns, ie, at 0800 UTC on 15 June 1996 [ UTC(NPL) PC] =
139 ns.

-

in both directions was greater than the estimated value of 6.5
hours, exceeding it by about an hour in the westward direction
where also the operational height was 10.7 km for most of the
flight, both factors combining to increase the gravitational shift.
The more southerly route on the outward flight tended to
increase the Sagnac contribution slightly while the northern
track on the return journey had the opposite effect, reducing it
by about 10 per cent.

PREDICTED RELATIVISTIC CLOCK CHANGES
FLIGHT LONDON (HEATHROW)TO WASHINGTON (DULLES)

50

-

3 NPL USNO TIME TRANSFER

-10
11 12 13 14 15 16 17 18 19 20 21 22
TIME (UTC) MJD=50249
,
Gravitational Effect ,Velocity Effect
Sagnac Correction +Total

On arrival at the USNO the portable clock was compared
directly with the one Pulse Per Second (IPPS) output from the
Master Clock. The results with the GTR corrections applied are
given in Table 6 both for the intercomparisons at Washington
and Teddington. The exceedingly small closure error of the
portable clock on return to NPL of less than 1 ns may be
fortuitous but is nevertheless gratifying.

Table 6
Summary of time differences

Figure 3 Calculated relativistic clock changes, East to West
Date

NPL-PC
atNPL

NPL-PC
+GTR

USNOPC

NPLUSNO

June 15
MJD 50249

+139.0

+98.6

+87.5

t11.0

+85.6*

+13.0

PREDICTED RELATIVISTIC CLOCK CHANGES
FXIGHT WASHINGTON (DULLES)TO LONDON (HEATHROW)

30 1

I

I

June 16
MJD 50250
June 17
MJD 50251

+100.0**

+99.2**

*The portable clock was found to have gained 2ns relative to
USNO (MC) during its stay.
**On return to NPL the difference between actual and predicted
PC times was thus 0.8 ns.
- 2 - 1 0 1
2
3
4
5
TIME (UTC) MJD = 5025 1
Velocity Effect
,Gravitational Effect ,
,
Sagnac Correction +Total

6

7

Figure 4 Calculated relativistic clock changes, West to East
Table 5
Computed clock gain
Path

Computed clock gain (ns) due to

Total
(ns)

Height

Speed

Sagnac

E-W

+28.4

-8.0

+19.8

+40.4

W-E

+24.6

-8.1

-17.1

-0.6

It is not surprising that there are small differences between these
results and the predictions appearing in Table 2. The flight time

The connection between UTCWPL) and UTC(USNO), as has
been mentioned, is also established by other means. Both
institutions contribute to the formation of TAI (International
Atomic Time) by the Bueau International des Poids et Mesures
(BIPM) and the BIPM monthly Circular T gives, with some
delay, the time settings of the contributing clocks relative to
UTC. A somewhat more direct and immediate comparison is
provided by GPS common-view observations and the table
contains these results, derived &om the almost 'raw' observations
at NPL and USNO but filtered to some extent by a rolling mean
of adjacent readings embracing
3 days. Finally, NPL and
USNO are connected by two-way time transfer which enables a
precision of about 1 ns to be obtained three times per week.
However, due to a lack of reciprocity in the satellite transponder
this can not yet be translated into a corresponding accuracy.
These results and those given by the other methods are included
in Table 7

*

DeYoung and Bill Klepczynski both for their support and
assistance with the project and for their hospitality during our
visit to USNO.

Table 7
Time transfers NPL USNO (ns)

-

Dates
1996

BIPM
Circ T

June 14th
MJD 50248
June 15th
MJD 50249

TWSTFT

8.5

28.5

PC

11.0

June 16th
MJD 50250

6.5

13.0

June 17th
MJD 50251

6.0
-26
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The filtered GPS time transfers and portable clock transfers
agreed within experimental error. The TWSTFT results show a
discrepancy of 15 ns when compared with the portable clock trip
time transfer. This is in part due to an unknown transponder
delay asymmetry occurring within the Intelsat satellite.
However, this link was calibrated in 1994 using a portable Xband TWSTFT station operating from a satellite free from
transponder delay asymmetries. This calibration has been
incorporated into the present results.
The differences between the NPL-USNO time transfers
determined for circular T and determined via the other methods
is surprisingly large. It is proposed to resolve this discrepancy
in the near future using the BIPM calibrating GPS receiver.
4) CONCLUSIONS

The flying of a HP5071A caesium clock from NPL to USNO
and back provided a useful test of general relativity at the 10%
uncertainty level. The use of the HP5071A caesium as a portable
transfer standard has been shown to be useful in the
synchronization of atomic time scales at primary timing
laboratories.
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DORIS PRECISE ORBIT DETERMINATION and LOCALIZATION
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M. Brunet, A. Auriol, J.P. Berthias, M. Codes, J.L. Issler, P. Sengenes
CNES - Centre National d'Etudes Spatiales
18, avenue Edouard Belin, Toulouse France

-

ABSTRACT

The French Space Agency C.N.E.S. (Centre National
d'Etudes Spatiales), G.R.G.S. (Groupe de Recherche en
Geodesie Spatiale), I.G.N. (Institut Geographique National)
have designed and developed DORIS (Doppler Orbitographic
and Radiopositioning Integrated by Satellite) able to
determine within few centimeters, the position of satellites
and ground beacons.
DORIS payload has been integrated on French SPOT
satellites, on TOPEX NASA satellite, and will be embarked
on ENVISAT ESA and JASON satellites.
Based on one way doppler very accurate measurements from
a network of 50 ground beacons, localization performances
depends strongly on the stability of on-board and ground
USOs.
The paper describes elements of the DORIS system, and
gives last performances in orbit computation, localization of
ground beacons, and USOs performances.
Preliminary relexions of an DORIS-New Generation (DORISNG) are also given.
1. THE DORIS SYSTEM

1.1. The Doris svstem comuonents (ficrure 1)
The Doris system comprises a "flight segment" composed of a
receiver, an US0 and a dual frequency omnidirectionnal
antenna, a "ground segment" including the control, command
and data processing center, and a network of Orbitography
Determination Beacons (ODBs) and Ground Location
Beacons (GLBs). GLBs are functionally identical to ODBs,
but field packaged.
1.2. The flight segment

The on-board DORIS instrument comprises :
- A fixed omnidirectional dual frequency antenna ;
- A receiver performing the Doppler measurements every ten
seconds. Current receivers perfonn measurements over one
beacon at a time. The nominal functioning mode is a
programmed mode in which it tracks the beacons signals
according to a preplanned work table which is uploaded
daily ;
- An Ultra Stable Oscillator (U.S.O.) delivering a very stable
frequency reference.
DORIS instrument has been integrated on SPOT2 and SPOT3
French satellite in orbit since february 1990 and october
1993, on TOPEX POSEIDON NASA satellite in orbit since

september 1992, and on SPOT4 French satellite which will
be launched in february 1998. DORIS instrument will be also
integrated on Envisat ESA satellite which will launch in
1999-2000. SPOT, ENVISAT and TOPEX satellites are on
circular orbits at an altitude of 830 kms and 1300 kms
respectively.
1.3. The mound sevment

The raw data are received from satellite ground segment by
the DORIS control and processing center located in Toulouse,
France and operated by C.L.S. company, a CNES subsidiary.
The DORIS control and processing center performs :
- Acquisition of telemetry raw data
- Ground beacons and on-board instrument monitoring
- On board instrument programmation
- Measurements time-tagging and pre-processing
- Operational orbit determination
- Beacon precise posltionning
- Data monitoring and archiving
The CNES Service d'orbitography DORIS (S.O.D.) performs
the precise orbit determination and evaluation.The ground
segment includes also a network of 50 Orbitography
Determination Beacons (ODBs) (see figure 2) installed in
very accurate known place (geodetic points). They are used to
calculate continuously the orbit parameters and are the
reference system for the location determination. Installation
and maintenance of the network is realized by I.G.N.
The location of each beacon is precisely linked to the
International Reference Frame (IERS) to get absolute
positionning. The frequency and time reference for the
DORIS system is provided by two master beacons located in
Toulouse and Kourou french Guyana, which are drived by an
US0 slaved to an atomic frequency standard. The time scale
reference is TAI to avoid leap seconds.
ODBs have 4 units :

- A main unit including an US0 whose performances are

simular to the on-board USO, driving 2 transmitters at
2.03625 GHz and 401.25 MHz with power of 5 watts ;
An omnidirectional dual frequency antenna ;
- A battery back up unit to provide autonomy while main AC
supply is off;
- A meteorological package providing pressure, temperature
and humidity measurements which are transmitted to the up
link to allow tropospheric correction to the measurements.

-

Ground Location Beacons (GLBs) are also installed according
the different users needs.
GLBs have same units as ODBs, but are packaged and
equiped with autonomus power supply (solar array, ...).

shared parts (with others DORIS missions)

I

1

dedicated parts

Precise Orbfi
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>?&%,
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Figure 1 : DORIS system components
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W s e a u DORIS Visibilitesdu Satellite TOPWPOSODON
(Altitude 1336 km, Ste Minimum 15 d e g , 1 Minute b t r e Chaque Point
dlOrbite)

Austin.
2. DORIS PERFORMANCES
2.1. Instrument performances
The main characteristics and performances of the on-board
instrument are summarised as follow :
- Total mass of the units composing the instrument (antenna,
.receiver, USO) : 15 kg.
- Power consumption : 20 W.
- On-board tirne-tagging accuracy : 2 ps.
Doppler frequency measurement precision : standard
deviation 0.5 mm/s or 1.6.10.'~.This figure includes effects
of ground and on-board instruments (USOs, ground
transmitter, on-board receiver, antennas) multipaths and
atmospheric propagation effects. This standard deviation is
composed
of:

-

As a result there is now a general conscensus on the fact that
the radial component of the T/P orbit is known with an
accuracy of about 3 cm rms. This figure is established using
various validation techniques of which the use of external
data is the most powefi. Satellite laser tracking residuals
(fig 3) are at the 3 cm level ms. Jn addition the comparison of
the US and French precise orbits shows that the surface force
model is the 1.5 cm level (fig 4) [The US and French orbits
use the same gravity field, and this gravity erfors do not
show up in orbit comparison plots]. Additional comparisons
with GPS orbits also show an agreement at the 1 to 2 cm
level Reference [7, 81.

1) Short terme noise (rms of 10 seconds measurements)
coming from on-board and ground oscillators, thermal
noise, quantization and other instrumental errors. This
noise is easily shown in the orbit residuals, since it has
only high frequencies, and may be isolated by filtering
using GUIER. Some very quiet pass show a 0.20 mmls
runs (6.6.10-13).
2) The medium term instrument errors are due mainly, to
the natural noise of oscillators (Allan variance of Doris
USOs vary from 5.10-l3 over 10 s to 1.10-l2 over 10
minutes), and the tropospheric propagation mismodelling
during the satellite pass. Vertical tropospheric effects are
about 2.4 meters, estimated with an accuracy of 2-3 cm
from the three meteorological ground sensors.

Figure 3 : TP laser residuals versus time
(1 cycle = 10 days)

2.2. Coverape and availability
DORIS-SPOT2 is in use since February 1990. DORISTOPEX since September 1992, and DORIS-SPOT3 since
October 1993.
The actual coverage (percentage of time during which the
instrument is doing measurements) is 65% for SPOT altitude
(830 km) with a minimum elevation of 12" and 80% for
TOPEX altitude (1300 krn) with a minimum elevation of 15".
The relability of the system is about 90% in term of Doppler
measurement production. Data losses are mainly due to
Single Event Upsets which necessitate re-initialization of the
on-board instrument programming. Nevertheless, thanks to
short data outages, TOPEX precise orbit has been produced
100% on the time since the beginning of the mission.
Furthrnore, new receivers will use a SEU less sensitive
processor.
2.3. Precise orbit determination ~erformances

DORIS data is used routinely to produce high precision orbits
for SPOT and TOPEX. To achieve this goal, software
developments have been conducted by CNES over the last 15
years. This involved large scale improvement in the quality of
models. Such progress were made possible by a collaborative
effort with the Space Geodesy Branch of the GSFC and the
Center for Space Research of the University of Texas at

Figure 4 : TP precise orbit radial differences CNESNASA using DORIS data
Recent progress has been made on the delay at which precise
ephemeris products can be obtained. If the high precision
processing still takes up to 5 weeks to compute agd validate
the orbit, faster orbit determination chains now deliver
ephemerides with better than 5 cm ms radial error in less
than 48 hours. These orbit products receive only minimal
validation, but their hlgh speed of delivery makes them of
interest for scientists involved in operational processes.

2.4. Real time on-board orbit determination
A real time on-board orbit determination s o h a r e (DIODE)
has been developped by CNES to process the DORIS
measurements on-board and complete the spacecraft position
with a 10 sec. time step.

This software will fly on SPOT4 and on all the new DORIS
instruments (ENVISAT, JASON, ...). The accuracy achieved
with the latest version of the software is better than 1 meter
3D (1 sigma). This real time product completes the set of
DORIS orbits as shown in figure 5. This DORIS products
span all possibilities from real-time to 5 weeks delayed, with
according levels of accuracy.
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Figure 6 : Interplate velocities of the stations on the
African plate relative to the stations on the Eurasian,
Pacific, North American, South American, Indian and
Australian plates, computed with DORIS and compared
to NWEG1. L. Soudarin and A. Cazenave from GRGS
have estimated the relative rates in millimeters per year
of several tectonics plates.
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2.6. Polar motion determination with DORIS data

Figure 5 : DORIS orbit accuracy in cm versus delay
2.5. Precise position in^ Ground Beacons performances

The DORIS system has been used also for polar motion
determination by I.E.R.S. on regular basis. Figure 7 shows
the polar motion from 1990 to 1996, clusters of points
representing the DORIS data.

DORIS is particulary well suited for global kinematic studies
of large scale tectonic motions. 19 DORIS beacons collocated
with reference from other tracking systems (laser, GPS,
VLBI) are installed on 9 major tectonic plates. Each beacons
is located using DORIS data since 1990.

Figure 6 from [4] shows the interplate velocities of the
DORIS stations on the African plate relatively to the others
plates. 40 to 50 mm per year are observed for these stations.

Figure 7 : Polar motion from 1990 to 1996
by IERS using DORIS data

3. DORIS USOs SPECIFICATIONS AND PERFORMANCES
3.1. DORIS U S 0 S~ecifications

The main characteristicsrequired for the on-board (OB) and ground USOs are defined in the following Table 1.
Parameters

OB.

ODB.

GLB.

10 MHz

5MHz

5MHz

* 5.10-l1(1%)
* 2.10-l1(10%)

* I.1O-8/bar

* 5.10-l1(1%)
* 2.10-l1(10%)
* 1.10-12/mb

l.10-9/g

1O-g/g

1O-9/g

2.10-lo
(air, vacuum 0 to 40°c)
5.10-l3

2.10-lo
(0 to 60%)
5.10-l3

l.lO-10
(-20 to 60°c)
5.10-l3

0 to 40°C

0 to 60°C

-20 to 60°C

R.M.S. SLOPE

* 4. 10-13/m

* 4.10-13/mm

* 4.10-13/mm

Residual (1o)

1.10-l2

1.10-l2

1.10-12

k l.lO-10

* 3.10-l1
* 5.10-lo

* 3.10-l1
* 5.10-lo

us0

Frequency
DC. Supply variation

zk

Load variation

It l.lO-'O (10%)

Pressure variation

1.10-l1(1%)

Acceleration variation
Vibrations (sine, random)
Magnetic variation
Temperature variation
Short term stability r = 10 s
(Picinbono variance)

zk

us0

us0

* 1.10-l2/rnb

5.10*9

rt 5. 10-ll/gauss

*

*

*

Doris mid term stability

with 8 = 0.1"C/mn

Lone. term aging afler 1 month
1 day
1 month

I.IO-~

Phase Noise dBc/Hz
10 Hz
lKHi

- 120
- 140

- 130
- 145

- 130
- 145

DC. Power
air, O°C
Vacuum, 0°C

6W
3,5W

6W

6W

Power supply

20 VDC

24 VDC

24 VDC

Random vibration

18 grms

Sine vibration
Radiations

2 0 g - 10to 100Hz

2m5-25%

TOPEX
Table 1 : DORIS US0 SPECIFICATIONS

2m5-25H~

The very important characteristics of one way Doppler
technique are :
1) The short term stability, expressed in Allan variance : the
initial specification is ay < 5.10-l3 7 = 10 s, and
ay< 3.10-I for the ODBs 2e generation.

2) The medium term stability over the duration of the pass
(15 minutes), which is defined for DORIS by slopes S
(min-l) and residuals R at 1 sigma, of 90 samples of US0
frequency measurements made over 10 seconds every 10
seconds. S and R are calculated by the least square method,
and must be :
USOs specifications

Slopes S

OB and ODG
1e generation

ODB
2e generation

k4.10-13rmin

&1,5.10-13/min

I

in air
in vacuum

6.5 W
2.0 W

2.4 W
NA

I

Table 2 : Typical DORIS U S 0 performances

Residuals R

1.10-'~

3.10-l3

Each on board and ground USOs must be compliant to theses
specifications, and need very low short term stability and very
low sensitivity to all environmental conditions : temperature,
magnetic field, radiation in orbit ; temperature pressure,
humidity on the ground.
3.2. DORIS U S 0 ~rocurement

On board flight model USOs were procured from FEI (USA)
for DORIS-SPOT2, then from THOMSON-CEPE (France)
for DORIS-SPOT3, SPOT4, Topex, Envisat. CEPE use one
precise thermal control gigogne structure, and BVA-4 (also
called QAS) space qualified swept SC cut crystal resonator.
ODB and GLB USOs (100 units including spare models)
were provided from Oscilloquartz (Switzerland). Models
used are 8600.03 type, using BVA AT 5 M H i crystals, and 2
ovens and Dewar techniques.

3.4. DORIS U S 0 ~erformancesvia orbit determination

CNES-SOD processes on-board data using the "ZOOM"
software ref [4]. Several parameters are ajusted :
- orbital elements
- dynamic parameters
- frequency differences between OB and ODBs, for each pass.
The absolute frequency differences are detennined when each
satellite passes are over Master beacons of Toulouse and
Kourou, because the frequency of these master beacon is
given by a cesium atomic clock and known within 1.lo-l3 or
less.
SOD calculates absolute frequency of OB and each ODB and
GLB USOs. The accuracy of this determination is estimated
to 4. 10-l2(1 sigma).
The following table 3 give the drift in orbit of DORIS
SPOT2, Topex and SPOT3 USOs.

The 50 ODBs network must be replaced by new packaging
and will be equiped by better performances USOs (from
CEPE and Oscilloquartz).
after 1year

3.3. DORIS USOs ~erformances

after 2 years

All OB and ODB-GLB USOs are tested in detail, fxst at the
suppliers, then at the CNES Time and Frequency lab. and
during all equipment and satellite test in near real life
conditions.

after 3 years

Table 2 gives typical performances of OB and ODB USOs

after 4 years

Table 3 : In orbit DORIS U S 0 drift

4 . FROM DORIS FIRST GENERATION TO DORIS NEW
GENERATION

Since the first flight on the SPOT2 satellite in February 1990
of a DORIS on-board equipment, several improvements have
been implemented on the later instruments. The DORIS
second generation on-board instrument which will be
accoinrnodated on SPOT4 and ENVISAT satellites, will
present as main improvements the hereafter capabilities :
- A new software, called DIODE, is integrated to the DORIS
instrument software to allow the on-board processing of
Doppler measurements and achieves a real time estimation
of the satellite trajectory. This s o h e , developed in ADA
by CNES, will perform orbit determination with an
accuracy better than 1 m rms along each direction of the
orbital reference h e .
- The second generation DORIS instrument which will be onboard the ENVISAT satellite, will be able to provide
simultaneous Doppler measurements for two ground
beacons : improvements in orbit determination and/or
ground beacon localization are expected.
4.1 cc Limits n of the current DORlS svstem

In spite of its great performances and the improvements made
on the second generation instruments, November 1994
DORIS workshop pointed out some drawbacks or limitations
of the current DORIS system :
- Limitation on the maximum number of ground beacons that
can be tracked at the same time (one for the first generation
equipment, two for the second generation), which is a
handicap in the relative positioning of colocated beacons.
- Conflicts between the functions of orbit determination (that
requires to track the Orbitography Determination Beacons
of the permanent DORIS network) and localization of
Ground Location Beacons ((( customer )) beacons).
- Necessity to schedule the emitting periods of each beacon in
order to be sure that the on-board DORIS equipment will
track the wanted beacon.
- Narrow bandwidth signals sensitivity to radioelectric
interferences (inter mobiles radio links).
- On-board equipment time reference scale synchronisation
with international time reference scales (TAI, for instance)
offers an accuracy of a few microseconds when new space
applications require an on-board time synchronisation with
an accuracy of a few nanoseconds.
- Navigation of geostationary satellites : beacons transmitting
a narow band signal at the same frequency cannot been
separed by the Doppler division multiple acces (D.D.M.A.),
as it can be in LEO.
In order to allow DORIS to be competitive with some other
systems which can be used to achieve the same functions onboard a satellite (GPS, for instance), it was noted that a
strong reduction of mass, size, power consumption and cost of
the on-board equipment was required, without increasing the
cost of ground beacons or the cost of system operation.
4.2 DORlS New Generation

In order to bring some significant improvements to the
current DORIS system on the points discussed in the previous

paragraph, CNES decided to start the study of a new system
called (( DORIS New Generation )). One of the main changes
from the current system comes from the use of spread
spectrum techniques in the DORIS NG beacons signals which
offers a better protection against jamming. The two DORIS
NG carrier frequencies - band L and band S instead of 400
MHz / 2 GHz for the current system - are modulated (two
states phase modulation) by the sum of a pseudo-random
noise code bits and of the beacon message chips. ,4s each
ground beacon transmits its own PRN code, several beacons
can be tracked at the same time for each type of orbit (LEO,
GEO, GTO) DORIS NG on-board receiver are currently
specified to be able to get measurements simultaneously on
fourteen beacons -,so the beacons emission scheduling is no
longer required.
The use of PRN codes provides the DORIS NG on-board
equipment the ability to realize pseudo-range measurements
with an expected precision of a few meters : this opens the
way to the synchronisation of on-board time reference with an
accuracy of a few nanoseconds. As it is possible to get
pseudo-range measurements on several beacons which are in
view of the satellite, DORIS NG can be used to perform the
orbit determinationof geostationnary satellites.
The development of the on-board equipment is based on the
use of digital signal processing techniques in order to reduce
the mass, the power consumption and the cost of the on-board
receiver and to protect the DORIS system against the risk that
the technologies it uses become obsolete.
A brief description of the DORIS NG system is given on the
hereafter figure. Two main sets of ground beacons are
considered :

-

- On one hand, the beacons which form the Orbitography and
Time permanent network. This network includes the
Orbitography Beacons (BO), the Time and Orbitography
Beacons (BOT) and the Master Beacons (BM). The
positions of all these beacons are known with a very high
accuracy, all these beacons use a quartz ultra stable
oscillator to allow the realization of Doppler measurement
with a very high accuracy : the short term error on Doppler
measurement is expected to be of 0,l mmlsec (lo
Picinbono). Doppler measurements performed on the
permanent network beacons are used for the orbit
determination of Low Earth Orbit satellites. The DORIS
NG system time reference is broadcasted by the Master
Beacon in Toulouse ; the shift between this time reference
and the TAI is monitored by the DORIS NG Control Center
and the value of this shift is transmitted to the DORIS NG
on-board equipment via the Master Beacon message. The
frequency of BOT USOs are controlled by the frequency
delivered by an atomic clock in order to obtain a good long
term stability of the BOT time reference. The shifl between
each BOT time reference and the DORIS NG system time
reference is determined by the DORIS NG Control Center
from the pseudo range measurements performed on these
beacons, then broadcasted via the Master Beacon message.

- On the other hand, the

(( customer )) beacon which are to be
located or synchronized with respect to the DORIS NG time
reference by the system.

The development of the DORIS NG system is currently under
study and the first in-flight evaluation should be performed in
early 2000.

DORIS NG SYSTEM

B.M.1Master
(B.o.T. + system
messages
transmission)

1

Satellite
Control
Center

1

SATELLITE(S)
GROUND
SEGMENT

fo>qecise Localizatio
Ohitography
Beacons
(Quartz ultra stable Oscillator
(B.O.+ atomic
Precise Positioning)
clock)

DORIS NO GROUND SEGMENT

Customer Beacon
for Synchronisation

CUSTOMER

Description of DORIS NG system
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Abstract
The FAA will soon begin testing the Wide Area Augmentation System (WAAS). The WAAS
will improve the US air traffic control (ATC) system by supplementing the GPS navigation
signals with transmissions from a geostationary satellite to make it a more reliable and robust
system for civil aviation. In order for the system to satistjr its navigation requirements, the
signals transmitted by the WAAS will be synchronized to GPS system time. In addition, they
will also be traceable to Coordinated Universal Time (UTC) as determined at the U. S. Naval
Observatory. The paper will discuss the architecture of WAAS Network Time and its role and
relation to the navigation problem.

Introduction
The purpose of the WAAS is to provide a satellite-based navigation capability for all phases of flight within the
National Airspace System (NAS) from en route through precision approach. GPS, alone, does not satisfy all the
requirements for civil air navigation. In order to meet these requirements, the Wide Area Augmentation System
(WAAS) improves the integrity, accuracy, availability and continuity of GPS service by augmenting GPS
transmissions with a GPS-like signal from a geostationary communications satellite (GEO) and by using WAAS
Reference Stations (WRS) to continually monitor GPS transmissions.
The data obtained by the WRSs are passed on to a WAAS Master Station (WMS) which prepares WAAS navigation
messages which are transmitted to the civilian user by the GEO where they are combined with GPS data in a WAAS
user navigation receiver to provide improved GPS positions.
The WAAS navigation messages improve the integrity of GPS by providing timely warnings to the users when the
system should not be used for navigation due to the inability of the system to provide adequate service. The WAAS
navigation messages also contain information on the current accuracy that the system is providing to the user as well
as system availability. Because of the redundancy and robustness of the WAAS, it will be able to provide continuous
service throughout flight operations.
The use of a GEO to transmit the WAAS navigation messages is one of the main design features of the WAAS. The
transmitted signals can be used in several ways. First, if only three GPS satellites are available, the GEO signals
could be combined with the GPS signals to determine a position. The GEO signal could be used in a GPS receiver
which utilizes some sort of Receiver Autonomous Integrity Monitoring (RAIM) algorithm to isolate a bad GPS
satellite. The differential correction data contained within the WAAS navigation message could be used to improve
the position determined by a WAAS receiver which is also looking at GPS satellites effected by Selective
Availability (SA). However, it must be cautioned that the WAAS signal, which is often described as a GPS-like
signal, is only GPS-like because it is on the same L1 frequency as the GPS Standard Positioning Service. The bit
rate is not the same and therefore a special receiver has to be used to decode the WAAS navigation message before it
can be combined with other GPS signals.

WAAS Overview
The WAAS will be developed in three phases. However, only the initial phase is presently funded. Also, the
performance of the WAAS, as it develops, will determine the scope,of the final two stages. The objectives of Phase 1
are to provide a signal-in-space for en route through non-precision approach as the primary means for aircraft
navigation and to provide a precision approach capability by the end of 1998. The Phase 1 WAAS will use the
International Maritime Satellite (INMARSAT) I11 Program satellite for its GEO satellite capability.
The initial phase will consist of a Functional Verification System (FVS) whose design will be identical to that of the
WAAS, only with fewer subsystems. The FVS will be used for early Development Test and Evaluation (DT&E),
refinement of contractor site installation procedures, system-level testing, WAAS operational testing, WAAS
upgrade impact analysis, and long-term support for the WAAS. There will be 24 WRSs distributed throughout the
United States including Alaska and Hawaii. Each WRSs will contain 3 sets of WAAS Reference Equipment (WRE).
Each WRE will contain a cesium beam frequency standard, a 12 channel, dual frequency WAAS-GPS receiver, a
wide band GPS receiver and a narrow band GPS receiver which will continually track all GPS and GEOs available
to them. The data obtained at these 24 WRSs will be transmitted to 2 WAAS Master Stations where the WAAS
navigation message will be formed. The message will contain information on satellite orbits, the current state of the
ionosphere, timing information and system health. Initially, the WMS will pass the navigation message to two of the
4 planned Geostationary Uplink Stations (GUS) where it will be uploaded to the 2 Phase 1 geostationary
communications satellites which will re-transmit it to the user.
The next 2 phases of WAAS development will add or cut additional WRSs, WMSs, GUSs and GEOs as
circumstances dictate. The objectives of Phase 2 are to provide a signal-in-space for precision approach as a primary
means and a complete functional operations and maintenance capability by mid 2000, including predictions to
support the Notice to Airmen System (NOTAMS).
The objectives of Phase 3 are to meet all of the requirements of the WAAS specification by the end of 2000. A
System Design Improvement Program will be sustained during Phases 1 and 2 in order to define and implement
Phase 2 and 3 contractual options.
The final contract for Phase 1 was awarded to Hughes on 28 October 1996. Since then, progress has been made in
several areas. Major systems reviews have been conducted: Architecture Design Review (ADR) in August; 1966,
System Design Review (SDR) in October; 1966, and Software Specification Review (SSR) in December, 1966.

The WAAS Process
Each WRS performs the functions of data collection, reasonability checking, data processing, data recording, and
data transferring. Each WRS consists of three Wide-area Reference Station Equipment (WREs) collecting
independent sets of data including GPS satellite data, GEO satellite data, and local tropospheric data and transmits
the data to each WMS in the System. Independence of data sets is ensured by gathering the observable parameters
through independent sets of hardware and is necessary to support the verification function performed by the WMS.
The data is collected at a rate consistent with its expected level of variation; e.g., slowly changing weather conditions
allow this data to be collected less frequently than data from the GPS satellites. Prior to transmitting data to the
WMSs, each WRE verifies the reasonability of its collected data. Failed data is marked as having failed the
reasonability test and is forwarded to the WMSs. To ensure the availability of the data at each WMS, each WRS
transmits data to each WMS through two independent backbone nodes of the Terrestrial Communications System
(TCS).
Each WMS perfoms the functions of correction processing, satellite orbit determination, integrity determination,
verification, validation, and WAAS message generation. Once per second, the WMS collects the data received from
all WRSs and processes it to support the functions listed above. This processing is performed on all available WRS
data and results in the transmission of a formatted 250-bit WAAS message once per second. These WAAS messages
are sent to all GUSs. The timing of WMS processing is scheduled to allow broadcast of the resulting WAAS
message from the GEO satellite coincident with the desired GPS 1-second Coarse/Acquisition (CIA) code epoch.
The WAAS validates the Signal-in-Space by checking the downlinked messages to ensure that they are identical to
those transmitted to the GEO satellites and by comparing navigation position solutions from WAASIGPS with the
surveyed WRS locations. Each WMS includes an Operation and Maintenance (O&M) console from which control

over the WAAS can be exercised via a computer human interface. To avoid conflicts, only one WMS within WAAS
can be designated as the controlling WMS (active O&M console) at any one time.
Each Geostationary Communications System (GCS) performs the k c t i o n s of broadcast and ranging. Each WAAS
GCS consists of two Signal Generation Subsystems (SGS), two RF Uplink (RFU) subsystems and one Geostationary
Earth Orbiting (GEO) satellite. The combination of a SGS and a RFU is a Ground Uplink Station (GUS). The GCS
broadcast function starts with the GCS receiving the 250-bit formatted WAAS messages once each second from each
WMS in the System. To improve the availability of WAAS messages, each GUS is connected to two WAAS
backbone nodes on the TCS. The GUS selects one WMS as its message source and encodes the received message
using a 112 rate forward error correcting convolution code. The resulting 500-bit message is modulated on a GPStype signal and uplinked to the GEO satellite. Each GEO satellite is served by two GUSs: one operating as, the
primary uplink and the other operating as a hot standby. The two GUSs serving a GEO satellite are operationally
independent and located at geographically diverse Ground Earth Stations (GES) separated by a minimum of 300
miles. A GES is a facility consisting of one or more GUSs, and provides shelter, power, and operations and
maintenance services for the GUS. The GEO satellite "bent-pipe" transponder shifts the frequency of the signal and
broadcasts it to the WAAS users. Transition between primary and backup GUS is initiated, when necessary, to
maintain the availability of the WAAS signal-in-space.
The GCS ranging function is accomplished by transmitting a signal to the users in the GPS L1 frequency with the
following information: (1) a precisely timed Pseudo-Random Noise (PRN) code which is assigned to each GEO
satellite, and (2) a precise ephemeris which is contained in the GEO Satellite Navigation Message sent periodically
in the broadcast function. This signal structure is achieved in a similar manner to that of GPS, except that the precise
timing of the PRN code is carried out on the ground rather than on the GEO satellites. This function will allow the
users to apply the GEO satellites as another GPS satellite, thereby increasing overall system availability.

The Role of Time in WAAS
In order for the -WAAS signal to supplement the GPS navigation signals, the WAAS transmissions must be
synchronized to them, i.e., GPS Time. This is done by establishing WAAS Network Time (WNT) as the reference
time for the WAAS. WNT will be steered to GPS Time. Because the accuracy of synchronization will be at the
several nanosecond level, a secondary mission for the WAAS has evolved. This is to distribute precise time in a
similar fashion to GPS.
There is a third area where time is of concern. This is in the area of recording the time of observation of all data. In
the WAAS, this will be GPS Time. It is important to document this since the time of observation will not be UTC.

WAAS Network Time
One of the functions of the WAAS Master Station is to compute real time orbits for each of the GPS satellites which
are in view and observed at the WAAS Reference Stations. In addition to computing the orbits, the WMS also
computes the offset of WAAS Network time from GPS Time based on the observations of all GPS satellites in view.
The WAAS Master Station will compute WAAS Network Time by an averaging algorithm. Initially, WNT will be
based on 24 cesium clocks which are associated with the primary WRE system at each WRS.
The cesium clock at the primary GUS will be slaved to WNT. Once per day, the WMS will issue commands to steer
the GUS clock in order to reduce any offset from GPS Time. The GUS clock controls the synchronization of the
WAAS navigation message from the GEO. It is estimated that the once per day steering may not be sufficient to
keep WNT close to GPS Time. Therefore, the hardware steering will be supplemented by correction messages
within the WAAS navigation messages. There will be a slow correction message (Message 9) and a fast correction
message (Message 2). The slow correction will be updated once an hour. The fast correction will be issued once per
second and will compensate for the effects of Selective Availability.

WAAS Time Distribution System
Time distribution is accomplished as a secondary mission of the WAAS. Time distribution is accomplished by
providing users with a time offset between WAAS Network Time' (WNT) and Universal Coordinated Time (UTC).
This time offset is determined by the United States Naval Observatory (USNO) and passed to the WAAS in order to
provide time users with a more accurate source of time referenced to UTC.
The core of the Time Distribution System (TDS) will be a unit which is similar to a GPS Time Transfer Unit.
However, the TDS will only look at GEOs which are transmitting the WAAS navigation messages. A TDS will be
located at the US Naval Observatory. Input to the TDS will come from the USNO Master Clock. The TDS will then
determine the difference between the USNO Master Clock and WNT. These differences will be stored and later
processed by standard, operational USNO programs. The results of the calculations will be made available to the
WMS which will prepare a WAAS message which will denote the difference between WNT and UTC. This
message is designated as Message 12.

Concluding Comments
Besides being a navigation system, the WAAS promises to be an excellent Time Distribution System. It will
supplement GPS. It will provide timing signals from a geostationary satellite, fixed in the sky. This will allow the
design of higher gain antennas and provide a signal which may not be affected by multi-path reflections. The signal
will also not be effected y Selective Availability. This may prove to be one of its most attractive features. For it will
allow the more rapid determination of the time offset of a local reference clock from UTC than GPS. With GPS, as
affected by Selective Availability, one has to average over many satellites and over long periods of time in order to
get reasonably accurate time offsets of a local reference clock from GPS.
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1. ABSTRACT
The current capabilities of GPS and GLONASS
constellations, although very adequate for some user
communities, present some shortfalls mainly concerning
availability or integrity of the positioning service. These
performances can be improved by augmenting the
existing systems by means of signals broadcast with
geostationary satellites.
In Europe, EGNOS is being developed to provide GPS
and GLONASS regional augmentation to aviation,
maritime and land users. EGNOS is a major element of
the European Satellite Navigation Programme which is
jointly being implemented by the Commission of the
European Union, the European Space Agency and
Eurocontrol. EGNOS will disseminate accurate time to
all users, synchronized to UTC.
EURIDIS is one constituting element of EGNOS
sponsored jointly by CNES-DGAC, with the objective to
provide a GPS-like ranging signal through INMARSAT 3
AORE. EURIDIS developed by Thomson-CSF, Sextant
Avionics and Syseca will implement the generation and
the control of a GNSS signal broadcast by the AORE
navigation payload. Benefits of a such system can be
considered for the timelfrequency community in using
this R-GEO signal, mainly for applications requesting a
precise time transfer. For this purpose, EURIDIS shall
use a synchronization process between its three wide
spread stations, with an accuracy of 10 to 20 nanoseconds
(1 sigma).
The paper describes the time aspects in EURIDIS
(architecture, technical solutions, performances budget)
and the benefits of such techniques for the time and
frequency community.

2. INTRODUCTION
The purpose of EGNOS (European GEO Navigation
Overlay Service) is to implement a range of user services
complementing the GPS and GLONASS constellations.
Based on the concept of the augmentation of these
constellations, it consists in providing geostationary
overlays broadcasting GPS-like navigation signals
containing integrity and differential correction data on
GPS and GLONASS satellites, and data on its own GEO
service. The association of GPS, GLONASS and the

GEO overlays shall constitute the GNSSl constellation
(Global Navigation Satellite System of the first
generation).
The data can be received by any users having a receiver
with a GEO channel and located within the GEO
Broadcast Area (GBA). They address the needs cf
different categories of users such as Civil Aviation,
maritime applications, land applications.
EGNOS will provide three main functions, namely the
GEO Ranging signal (R-GEO), the GNSS Integrity
Channel (GIC), and the Wide Area Differential (WAD).
This paper gives an overview of their respective goals
and implementation. EGNOS will make use of the
INMARSAT-111 AORE (Atlantic Ocean Region East)
and IOR (Indian Ocean Region) navigation payloads
which are covering the greatest parts of Europe, Africa
and the Atlantic Ocean.
The R-GEO function will be first set up using the
INMARSAT-111 AORE navigation payload and will be
based on the EURIDIS system.
EURIDIS will generate and control a R-GEO signal
which conforms the requirements proposed by the RTCA
and EUROCAE organisations [I]. It is basically a L1
band GPS signal modulated with CIA codes specifically
allocated to the GEO satellites. With reference to the
GPS message, the data bandwidth is extended to 250 bit
per second, so that the whole GNSS integrity and
differential data can be broadcast in the near future.
The EURIDIS architecture is presented and particularly
the functions which finely control the time and frequency
of the R-GEO signal such as the synchronization with the
GPS Time and the relative synchronization of the
EURIDIS stations. Uncertainty budgets are developed.
Considering that the EURIDIS signal will not be affected
by the Selective Availability (SA) - the intentional noise
perturbing the GPS CIA signals for protecting the
military applications -, synchronization with UTC
(USNO) and continuous time transfer between two sites
in common view of the GEO satellite can be envisaged
with an accuracy of some tenth of nanoseconds. Finally,
examples of users applications with a time oriented
GNSS receiver are described and the performances
assessed.

3. EGNOS AND EURIDIS PROGRAM
OVERVIEW
3.1 Missions
EGNOS

and

European

Programmatic of

Since 1993, discussion were held between several
European organisations to establish a strategic plan for
the development of a regional satellite augmentation of
GPS and GLONASS which is the first step of
implementing the world-wide GNSSl (see figure 1). As
part of the result, the general outlines of EGNOS were
adopted. EGNOS [2] is the regional equivalent to the
American Wide Area Augmentation System (WAAS) or
the Japanese MTSAT Satellite Augmentation System
(MSAS). It is part of the European Satellite Navigation
Program (ESNP) initiated by the European Tripartite
Group consisting of the Commission of the European
Union (CEU), EUROCONTROL and the European
Space Agency (ESA).
I

I

I

I

figure 1: the GNSSl concept
The missions of EGNOS are to offer on a wide zone a
navigation service to three main communities of users:
the Civil Aviation, where EGNOS will be used from
en-route navigation of the aircraft till precision
approach landing phase (CAT1). The requirements of
this application are the more demanding at least in
term of coverage, availability and integrity [3], and
nearly set up the general design of the system,
the maritime applications for sea coastal and harbour
navigation where need for differential corrections are
expressed,
the land mobile applications where various systems
also require the use of differential corrections.

The EGNOS AOC will be developed in three incremental
steps.
Step 1, called ranging or R-GEO, will provide GPSlike signals through the geostationary satellites, that
will augment the number of pseudo range
measurements available for the GNSS users. It is
planned to be operational in fall 1998.
Step 2, called Integrity, will use the data channel of
the Ranging signal to broadcast integrity information
on the GPS and GLONASS satellites.
Step 3, called Wide Area Differential, will provide
the users with correction data on GPS pseudo-ranges
and ionosphere delays to improve their positioning
accuracy.
The industrial team performing these tasks is led by
Thomson-CSF (Fr) with the participation of European
companies from Spain, UK, Germany, Switzerland and
Norway.

3.2 Components
Architectures

of

EGNOS

or

EURIDIS

The EGNOS architecture is illustrated in figure 3. It
consists of the ground segment, the INMARSAT
navigation payloads space segment and the user segment
(the users' receivers). The basic components of the
EURIDIS ground segment are the same but in limited
number. The ground segment is composed o f :
the Ranging and Integrity Monitoring Stations
(RIMS), forming a wide area tracking network
collecting the data from the GNSSl constellation,
the Master Control Centres (MCC) receiving the data
from the RIMS in order to produce the high level
information to be included in the navigation message
to be broadcast (e.g GEO ephemeris, slow or fast
corrections on the GPSIGLONASS pseudoranges,
time parameters, ionospheric correction model...),
the Navigation Land Earth Stations (NLES) which
are the GEO access stations in charge of generating
and controlling the GPS-like signals by maintaining a
close loop with the GEO. The signal is synchronized
in real time at the output of the GEO L1 band antenna
with the GPS Time or the EGNOS time,
and the Wide Area Network for the transuort of data
between the different sites.
3.3 Time Transfer Applications

--

figure 2: AORE and IOR GBAs
For the EGNOS AOC (Advance Operation Capability),
above users' zones are covered by the grouping of both
INMARSAT 111 AORE and IOR payloads (see figure 2).

Beside the EGNOS services already described above,
applications can also be considered with some benefits by
the timelfrequency community, providing that time
oriented GPSIGEO receivers are used. The broadcast of
the signal over a wide area gives the capability to
synchronize the local user time to the GPS Time in
making use of the GEO ephemeris contained in the
message, and to relatively synchronize two distant sites
which are within the same GBA and even within the
association of the two GBAs. In addition, the difference
between the UTC USNO and the GPS Times is included
in the GEO message, allowing the user to also connect its
local time to the UTC USNO time.

figure 3: components of EGNOS 1 EURIDIS

4. EURIDIS AND THE R-GEO
The development of the R-GEO EURIDIS has been
initiated in the frame of EGNOS by the French space
agency (CNES) and by the French Civil Aviation
(DGAC) [4]. The project has been running since July 95,
and EURIDIS will constitute an In Kind Delivery to the
step 1 (R-GEO) of EGNOS. One of the objectives is to
operate the AOR-E payload which has been delivered in
orbit by INMARSAT in November 96.
The figure 4 shows the implementation of EURIDIS. It is
based on three RIMS stations implementing a wide
triangular observation basis for easing the trajectography
determination of the GEO satellite, on an MCC in Madrid

(Sp), and on the use of the existing INMARSAT
Aussaguel NLES station (Fr) operated by France
Telecom.

5. FREQUENCYITIME ASPECTS IN EURIDIS
5.1 Synchronization of the R-GEO Signal with the
GPS Time
The ability of a user to fix an accurate position with at
least four GPS signals is based on the fact that all GPS
signals are transmitted in synchronization at the same
epoch time (the GPS TOW), or, if not exactly, that data
are given in the GPS messages to resynchronize the
transmit time of the signals.

B
Figure 4: implementation of EURIDIS

As a part of the constellation, EURIDIS shall thus be
synchronized with the GPS epoch time, the requirement
being that the EURIDIS transmit epoch time at the output
of the L1 band antenna of the GEO satellite shall be
known by the user with a 28 ns (lo) accuracy with
reference to the GPS epoch time.
EURIDIS performs this synchronization process in
actually separating it in two functions:
(a) achieve the restitution of the GPS Time in the
ground segment,
(b) set up the GEO Time with respect to this GPS
restored time.

5.1.1

51.2

The objective is then to transfer the time to the GEO. The
requirement is that the additional error due to the transfer
shall be less than 20 ns (lo). Two strategies are possible:
let the GEO Time be enslaved (equal to) TGNSS and
communicate the drift TGPSOITGNSS in the data of
the GEO message,
or apply this drift to the on board GEO Time and
control it in real time so that the GEO Time be the
closest possible to TGPSO, in using the close loop of
the NLES. In these conditions, no clock correction is
needed at user level.
For various reasons, the second solution was chosen for
EURIDIS. The MCC sends the drift model to the NLES
during the 2 following hours of the model computation,
and the GEO Time is monitored by the Aussaguel RIMS,
using the pseudorange residuals on the GEO satellite. An
additional smoothing process ensures the continuity of
the GEO Time transfer. The main sources of error is the
calibration errors of the delays in the payload and in the
transmitireceive chains at the NLES station.

(a) GPS Time Restitution

Unfortunately, the knowledge of the GPS Time is
disturbed by the Selective Availability. Experience
[5,6,7] has shown that, with the current SA
characteristics, the GPS Time can be restored with an
accuracy better than 20 ns (lo) providing that a sufficient
tracking time over a sufficient number of GPS satellites is
ensured with sufficient instantaneous accurate
measurement.
This function is implemented in EURIDIS by using an
all-in-view 15 channels GPSIGEO receiver in a precise
known location at the Aussaguel RIMS. This receiver is
made by Sextant Avionics (Fr); it has been adapted to
receive a caesium frequency reference representing the
EURIDIS Central Time (TGNSS) and to deliver each
second the pseudoranges of the GPS in view with
reference to this Caesium calibration signal (see figure 5).
After 2 hours data collection, the MCC computes the
difference between this observed "composite" GPS Time
(TGPSO) and TGNSS, in using the GPS pseudorange
residuals with appropriate corrections (antennalcables
calibrated delays, ionopherics and troposheric
corrections, Sagnac effect...). Actually, the MCC gives a
linear model of the drift between TGPSO and TGNSS.

(b) GEO On-Board Time Transfer

5.1.3 GEOIGPS Time SynchronizationBudget
The total GEOIGPS Time uncertainty budget is presented
in table 1. It takes into account all the effects along the
sequence described above.

I

Table 1: Uncertainty budget of the synchronization of the
GEO Time versus the GPS Time in EURIDIS.
BUDGET COMPONENTS
I uncertainty ]
GPS Time
restitution
Pa*

I

1

GEO onboard
transfer
Dart

I

1
I

SA dither residual (1)
GPS position error (2)
Tropospheric delay error
Ionospheric delay error (3)
antenna coordinates error
Receiver noise (2h filtered)
GPS multipath (filtered) (4)
Earth station calibration
(antenna, cables, LNA ...)
GEO close loop error (5)
prediction error (MCC model)
NLES transmitlreceive delays
errors (6)
payload delay error (6)

TOTAL RSS

I

1

5.2

21 ns (lo)

notes:

Figure 5: Synchronization process of the on-board GEO
Time with the GPS Time

(1) take as an assumption the SA dither described in
refIl], noise filtered on 2 hours,
(2) no SA ephemeris taken into account,
(3) LllL2 dual frequency Ashtech receiver also used,
(4) the Sextant receiver has a GPS multipath rejection
system,
(5) include electronic noise, ionospheric error and loop
lag effect; weighted by the round trip with the
satellite,
(6) weighted by the round trip with the satellite.

5.2 Relative Synchronization of the EURIDIS RIMS
The accuracy of the orbitography ordinary necessary to
control a GEO satellite is about several 100 m and is not

sufficient to cover a GPS type navigation application. For
an accurate positioning or GPS Time synchronization, the
GEO radial position shall be known with an accuracy
better than 8 m (lo). This position shall then be delivered
in the GEO message under an ephemeris form. As a
consequence, the EURIDIS ground segment shall also
finely restore the GEO position.
The method consist in doing a "one way ranging" on the
three RIMS with the collected GEO pseudoranges. But it
is also necessary to synchronize the RIMS within a 10 ns
(lo) accuracy. This synchronization process is called the
relative synchronization of the ground segment.
To perform this function, the chosen solution is to
maintain the time stability in each RIMS on the medium
term (drift < 5 ns over 12 hours), using an ultra precise
HP caesium clock, and to measure that drift with respect
to TGNSS, the Aussaguel RIMS time, by the GPS
common view technique. For system initialisation
reasons, the common view with its own GEO payload is
not desirable. As a consequence, the relative
synchronization is only based on the GPS constellation,
even if one drawback is the unknown but limited effect of
the SA ephemeris over the common view technique
applied to overseas stations [5].
The MCC computes each 12 hours a linear drift model
between the RIMS clocks. The raw pseudoranges are
collected over 48 heures gliding panels, corrected (same
corrections than in the GPS restitution time process) and
translated in pseudorange residuals using the known
position of the stations and the GPS broadcast ephemeris.
The uncertainty budget described in table 2 gives an
estimate of 8 ns ( l a ) .

table 2: Uncertaintv budget
a - - of the
---- relative
synchronization between two RIMS of EURIDIS.
BUDGET COMPONENTS (note 1) I uncertainty
2

I

GPS position error (2)
trooos~heric
. error
ionospheric error (3)
antennas coordinates error
receivers noise (48h filtered)
delay error in the receiver
~ a r t hstation calibration (4)

The architecture of a future time oriented GNSS receiver
is given in figure.6 The signals from GPS, GLONASS
and the GEO can be received separately or
simultaneously, and processed by multichannel ASICs,
which are already currently available. Moreover, a
specific GPS-like signal synchronized to the local 1 pps
of the external clock UTC(k) of the earth station k, called
"pps-CIA-Ll", will be sent to the input of the receiver
through what is called a "calibration generator". That
calibration signal will allow to measure the external 1 pps
reference signal towards the time base inside the receiver.
At the output of the receiver, one will get UTC(k) - GPS
Time via the GEO or via any GPS SV, and UTC(k) GLONASS Time via any GLONASS SV. The total delay
of the calibration generator and of the receiver will also
be measured through each channel of the receiver. The
process of UTC(k) - GPS Time is performed in the
associated PC, with the appropriate correction and
filtering software.

Figure 6 Architecture of a time oriented GNSS
eceiver
,,-.\
I
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GFY
GLONqsS
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I

1Qzzql.. 1
Calibration signal

(10)
4.3
1.4

.

TOTAL RSS
notes:
-

6.1 Time Oriented GNSS receiver

1

2.8

7.7 ns (10)

fi

(1) all components are multiplied by
to account for
both sites to be synchronized,
(2) no SA ephemeris, filtered over 48 h,
(3) dual frequency L1L2 corrections,
(4) account for antenna, LNA and cables calibration
errors.
6. USE OF THE R-GEO SIGNAL FOR TIME
METROLOGY PURPOSES
For receiving the R-GEO signal, the Time and Frequency
community will have to use a time oriented GNSS
receiver. The access to GPS Time or UTC (USNO) will
be made possible in real time. The well known commonView technique will be applied to the R-GEO signal for
continuous time transfer purposes.

1

Desktop System

I

I

note: L2 optional reception if ionospheric corrections are
needed (dotted lines)
6.2 Provisional Accuracy of GPS Time Restitution
and of Common-View Time Transfer when using the
R-GEO Signal
6.2.1

GPS Time Restitution via the GEO

The table 3 gives the provisional uncertainty budget of
the GPS Time restitution when using the R-GEO signal
and a time oriented GNSS receiver. It characterises the
mean evaluation of the time difference UTC(k) - GPS
Time over sessions of duration 15 minutes, with a basic
sampling of one second. With the data included in the
navigation message of any GPS satellite, that
measurement gives access to the time difference UTC(k) UTC(USN0) every 15 minutes.

I

Table 3: Provisional uncertainty budget for the mean
evaluation over 15 min of the GPS Time restitution when
using the R-GEO signal, in ns (1 o).
BUDGET COMPONENTS 1 uncertainty 1 note
GEO ephemeris
GEO Time
Ionosphere (Bent)
Troposphere
Antenna coordinates
Antenna and receiver delay
Multipaths
Receiver noise
Link to the local clock 1 pps
TOTAL RSS

b:

I
I

1

40 ns (lo)

fi

I

I
1

(1) from the specifications of the system design,
(2) that value could be as low as 3 ns with on site
measurements on the two Inmarsat carriers L1 and
C2. Another option is to use all the GNSS observable
to map the ionosphere in the direction of the Inmarsat
satellite. In the near future (EGNOS level 3), a
ionospheric error model will be broadcast in the GEO
message,
(3) the coordinates of the antenna have to be determined
in a global geodetic reference frame as ITRF or
WGS,
(4) expected or anticipated values (1Smin filtered noise),
(5) choke-ring antenna.
6.2.2

Common-View Time Transfer via the GEO

The table 4 gives a provisional uncertainty budget of
Common-View Time Transfer between two clocks, both
connected to a time oriented GNSS receiver, when using
the R-GEO signal. The main interest is that the R-GEO
signal is continuously available over the area covered by
the Inmarsat satellite, with no selective availability or
anti-spoofing on the signal. Again, the sessions duration
should be of the order of 15 min, or 13/16 min by
analogy with the international schedule of GPS CommonViews. It could be foreseen that this would achieve a
major change in the Time Transfer in the future, even if
one of the drawbacks lies in the potential bias created by
the stationary position of the satellite (e.g. multipath).

Table 4: Provisional uncertainty budget of CommonView Time transfer when using the R-GEO signal in ns
(10)
note
BUDGET COMPONENTS uncertainty
(10)
(note 1)
typical (2)
15
GEO ephemeris
21
Ionosphere (Bent)
(3)
Troposphere
1,4
<1
Antenna coordinates
(4)
Antenna and receivers delays
2,8
(5)
<1
Multipaths
(6)
<1
Receiver noise
(5)
1
Link to the local clock 1 pps
TOTAL RSS
26 ns (lo)
Notes
:
-

to account for
(1) all components multiplied by
both receive chains,
(2) depends on the geometry between the stations and the
satellite,
(3) that value could be as low as 3 ns with on site
measurements on the two Inmarsat carriers L1 and
C2. Another option is to use all the GNSS observable
to map the ionosphere in the direction of the Inmarsat
satellite. In the near future (EGNOS level 3), a
ionospheric error model will be broadcast in the GEO
message,
(4) the coordinates of the antenna have to be determined
in a global geodetic reference frame as ITRF or
WGS,
(5) expected or anticipated values (15min filtered noise),
(6) choke-ring antennas.

7. CONCLUSION
This paper has presented the plans for EGNOS
development, and within EGNOS, the characteristics of
EURIDIS under a TimeIFrequency point of view.
EURIDIS will be technically qualified in the second
quarter of 98 and it is foreseen that EGNOS level 1
(AOR-E+IOR) be implemented at the end of 98. Due to
its stationary position, the R-GEO service should bring a
noticeable contribution to the time frequency
applications.
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1 ABSTRACT
The paper describes a fully automatic GPS
controlled standard frequency and time pulse
generator, which uses high resolution phase
measurement of the 1.6 GHz GPS carrier as well
as the CIA code correlation to determine and
tightly ,,discipline" the frequency of a crystal
oscillator. The influence of the so-called ,,Selective
Availability" (SA) mechanism on the frequency
precision better than lo-" for all averaging times
even without the use of DGPS methods.
Keywords: GPS, frequency standard, carrier phase

2 INTRODUCTION

Like the signals of other navigation systems (e.g.
LORAN, OMEGA), the transmissions of the GPS
satellites are particularly well suited for time &
frequency applications. GPS timing receivers have
long been developed and their application is now
well established for the comparison of atomic
clocks and the synchronisation of national time
scales. Common view schedules and centralised
data collection and evaluation at the BIPM have
made possible the utmost precision.

satellite, provide the necessary data, but it still
means that a GPS standard frequencv receiver
must be a full navigation or surveying receiver
with special features added for extracting the time
and frequency information from the signals.
There now exists a fully automatic timing
receiverlstandard frequency source, which is
based on the hard- and software originally
developed for a sail boat navigator. Its main
feature is the high resolution carrier phase
measurement, which is now being used for
frequency measurement instead of Doppler boat
speed determination.
The channel characteristics of the GPS carrier are
excellent. With coherent detection of the carrier
frequency at 1575.42 MHz, receiver noise
contributes a mere picosecond in an averaging
time of one second (as compared to 10 ns for the
CIA code). This means that frequency
can be
determination at a precision level of 1
carried out in about 100 ms.
These frequency determinations are then
combined in an optimised way with the timing
information derived from CIA code correlation
and message decoding.
3 CARRIER PHASE MEASUREMENT

On the other hand there exists a wide demand for
frequency calibrations with only high to medium,
but still reliable and traceable, precision. A set of
atomic clocks continually monitored and compared
to national or international standards would
constitute the best possible reference for that.
Because of the high cost of caesium atomic clocks
this cannot be the solution, and in most cases high
stability crystal oscillators monitored by means of
such LF transmissions as DCF77 or equivalent
standard frequency and time stations have to
suffice .

Because of its spread spectrum characteristics,
the evaluation of the whole GPS signal is best
described in terms of a cross-correlation process.
The complete format of the GPS transmissions is
specified in public documents (Ref.3). If a person
knows his position and the time, he can calculate,
what signal to expect from the satellites.
Determining the deviations from these estimates
may be called a measurement, where the
correlation delay is the interesting quantity.

Use of satellite signals for the purpose is made
difficult by the fact that the signal sources are in
motion with respect to the receiver, giving rise to a
Doppler shift (up to ~ . 7 . 1 0 - 6 for the GPS
satellites), which must be accounted for with high
precision for any serious application. The
navigation messages, broadcast by each GPS

Generally speaking, the expected antenna signal
is somehow formed (synthesised) in the receiver,
the incoming signal is multiplied with this expected
signal, the time average of the product is the
correlation amplitude. The whole correlation
process, - of synthesis, multiplication, averaging,
and evaluation is implemented in the receiver by

-

employing a combination of analogue, digital, and
micro computer functions, which I am not going to
line out now. If all functions are designed correctly,
the performance is not limited by the hardware,
but by the properties of the GPS signal itself.

The typical SIN ratio of a GPS receiver with a non
directional antenna is 100 to 200 in one second
averaging time. Considering the signal slope with
respect to the delay time, this means that the
corresponding timing noise o,(z=ls) is 10 ns for
the code evaluation and 1 ps for the carrier phase.
In our receiver the carrier phase measurement is
used for frequency determination only. Fig.2
shows the standard deviation of a rate
determination o,(z)
as a function of the
measurement time. For a coherent measurement
it varies as l ~ z ' . ~If we limit the dwell time for
each satellite track to 100 ms, we lose the
coherency for times longer than 100 ms and gain
only with the square root of time by incoherent
averaging.
4 SMOOTHING

Correlation Delay [ps]

Fig.1 Correlation pulse with carrier
The first figure shows the general shape of the
central peak of the cross correlation function. The
triangular envelope represents the correlation peak
associated with the decoding of the CIA code
pseudo random sequence, whose so-called chip
length is w l p, whereas the fast oscillation
represents the carrier, of which a number of 1540
periods would fit in one 'chip' length. In order not
to completely blot the picture only a fraction of this
number was actually drawn. It can be estimated
from the numbers though that the sensitivity to
delay changes is 10000 (1540-2.x) times higher for
the carrier decoding than for the CIA code.

As no attempt is made to resolve the carrier cycle
ambiguity (as opposed to what is done in P-code
geodetic receivers), frequency and time
information are combined in a process that we call
smoothing. Integration of the quasi noise free rate
gives the time with an offset, which can then be
determined from the CIA code correlation. In the
navigator, where a 4-dimensional navigation
solution is required, this corresponds to a deadreckoning integration of a 3-dimensional velocity
as well. The high definition 4-dimensional (position
+ clock) track can then be slowly corrected for an
initial offset and possible small systematic offsets
which might develop in the course of the
integration process. The system works like a
mathematical filter(diplexer), which reduces the
noise fluctuations like a low pass filter and still
preserves the quasi immediate response.

total measurement time 7 [s]

Fig.2 Carrier signal frequency stability
This factor if so immense - it corresponds to a
factor of 10 in observation time for the same
timing noise - that the differences between a
multiplexed channel and multi channel system
become negligible in this context.

Fig.3 Time response to a clock rate excursion
This property is demonstrated in fig. 3, where we
have used the output of a synthesiser as the
reference clock of the receiver. The receiver was
programmed so as to read out (and output as a
data stream) the clock rate y as well as the clock
error x as determined from the satellite signal. The

figure shows the response that occurred, when the
synthesiser was manually switched to a fractional
frequency offset of y = 1.2 lo-* for a duration of
20 s. The dots represent a pure CIA code
evaluation with the scatter associated with the
typical signal noise in a Is averaging time. The
dashed line shows the output of a 10 s recursive
low low-pass filter, which gives a delayed but still
noisy response, whereas the solid line, the result
of the carrier smoothing, looks almost like a
synthetic, theoretical curve. The time constant for
the smoothing filter is normally set to a few
hundred seconds, reducing the contribution of the
noise to well below a nanosecond rms.
5 SA DEGRADATION

5.1 "SatMix" averaaing

For a stand-alone receiver the only way of
improving the frequency precision is by averaging.
Quite useful precision is already achieved, when
receiving and evaluating the signals of all satellites
in view. With a number of eight satellites normally
in view, this reduces the fluctuations already by a
factor of three. Fig.6 gives the measured short
term frequency oy(z) and the Allan 'standard
deviation oy(2,z) of the Ipps output of the
receiver, whose (very simple) crystal oscillator is
closely locked to what we call the SatMix. 'Closely'
refers to a PID servo of less than 10 s time
constant, which forces the receiver clock to follow
the synthetic, calculated SatMix time scale to
within one nanosecond.

As we have seen, carrier phase smoothing gives
us the possibility of measuring the satellite signals
very precisely and almost without noise.
Unfortunately, the precision of these signals is
deliberately degraded for use by the general public
by what is called the Selective Availability
mechanism. This mechanism mainly shifts the
signal clock in a quasi random manner. The SA
shifts affect the carrier and the code in the same
way. (The phase relation between carrier and CIA
code remains stable.) So, if we solve for the
receiver clock, this is what we get for a stable
reference clock:

-
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Time variations of 100 ns rms are the normal. The
time error is well specified statistically and limits
are guaranteed for the system. The so-called
URE, the User Range Error is contained in the
ephemeris data message, the clock and orbit
representation of each satellite. (The value is
32 m, when the SA is switched on).
The spectrum of the SA perturbations, on the other
hand, is not specified. So a maximum rate error
cannot be guaranteed; we observe peak variations
of the clock rate of 2 .lo-'.

The SatMix time scale is the best estimate of the
GPS (or UTC) time scale, using the carrier phase
smoothing and a combination of all satellite
signals available. The smoothing process ensures
that the SatMix time scale does not jump, that no
step occurs, when a satellite drops out of view or a
new satellite comes into play (each one with its
particular SA timing error of that time). A small
step occurs in the rate of the Mix only.
Ideally the SatMix should be the weighted average
of all observations available. Setting the weight
factors is not trivial, straightforward task, though,
but a matter of design goal (taste) and can always
be a compromise only. In the past we have used
the inverse of the URE (not squared !) as the
weight. The main effect now being the greater

emphasis it gives to observations from satellites,
on which the SA is temporarily switched off. At
present this is one Space Vehicle (SV15), visible
for about 5 hours a day. So we think a system
should not rely on these observations and should
rather consider the fact that the influence of a
number of systematic errors (e.g. position error,
multipath reception) is minimised or at least kept
stable, if observations from all directions are
contributing equally.

5.2 Time Averaainq

For averaging times up to a few thousand
seconds, the intrinsic frequency stability of a good
OCXO is better than that of our SatMix and can
therefore be used to time average over the SA
fluctuations. This is being done by using the
OCXO as the master oscillator of the GPS
receiver and slowly (but continuously) phaselocking it to the SatMix by means of a DIA
converter and a computer servo.

temperature were the main perturbations.
Particularly the rather sharp temperature rise in
the morning was too abrupt for the long time
constant. This sharp rise only occurs, when the
economy/ecology program of our heating system
brings the temperature back into comfort range
after having lowered it for the night.
In the figure we show o(z ), the standard deviation
of a frequency measurement of duration z. As the
mean frequency error is zero, this standard
deviation is also the rms error to be expected of
such a measurement. (The Allan variance would
be
misleading,
suggesting
that
short
measurements were better than long ones.)
Another problem with measuring and specifying
o(z ) exist for the long averaging times. (It would
be the same for the Allan variance.) Here the
fluctuations have the character of 'white phase
noise', and taking only two phase readings, at the
beginning and at the end of an interval, does not
give the best estimate of the frequency, as was
mentioned already when talking about the carrier
phase evaluation. Again, this is not the place or
time for going into the details about statistics and
estimators.

Fig.7 Long term stability (arbitrary time offset)
5.3 Com~arinnatomic clocks

Fig.6 Frequency stability of disciplined Xtal
oscillator
The computer servo employs two integrators to
bring the average time error to zero even in the
presence of a drift of the intrinsic frequency of the
oscillator. Its time constants can be easily adapted
to the needs.
Fig.6 shows the resulting frequency stability for
various settings of the time constant. In a stable
environment, 3000 s and more give the best result
with this OCXO, which has only simple
temperature stabilisation. When the receiver was
set up in my office, the variations of ambient

In the preceding paragraphs I have emphasised
the usefulness of the GPS receiver for disciplining
a Quartz or Rubidium controlled oscillator, which
can then be used as a frequency reference for
quickly calibrating the time base of a counter
(frequency meter) for example.
If on the other hand you have a stable atomic
clock and want to verify its correct rate and time, it
is sufficient to continuously record the time
difference of the 1 pps outputs of the receiver and
the atomic clock. The most simple oscillator in the
receiver will do, because the averaging can be
carried out in the data. A good OCXO, servo
controlled with a long time constant, reduces the

data rate, but is not necessary for the precision of
the comparison.
The figure (fig.7) shows data taken and recorded
by Dr. Bauch in the PTB time laboratory. It
represents the time difference between UTC(PTB)
and the SatMix GPS time as received by the new
automatic receiver1 generator. With the time
constant set to 1000 s most of the time, one
measurement per hour is slightly undersampling
and results in a standard deviation of these time
measurements of 15 ns. The one day averages,
which should be particularly stable systematically,
will then have a noise contribution of only
3 nanoseconds.

The rates of atomic clocks can be compared at
least to a level of 1.10''~ by long term averaging
the fluctuations introduced by the SA mechanism.
The final limitations of the SatMix as a universal
common reference will need further evaluation.
Clear advantages are its general availability and
simple (for the user) application.
6.1. References

There exists a great amount of literature about
GPS subjects. Not all of it is of equal importance.
The two most elucidative articles are found in a
special issue of NAVIGATION VOL25 No.2
(Summer 1978)
Ref.1 J. J. Spilker: "Signal Structure and
Performance Characteristics" p.121
Ref.2 A. J . Van Dierendonck et al. "The GPS
Navigation Message", p.145
Ref.3 The official specification document is the
STANAG 4292, MAS, NATO unclassified
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Fig 8 Daily SatMix averages (arbitrary offset)
Fig. 8 shows these daily values recorded for the
last month. Only during a week or two has the
receiver been really undisturbed, and a linear
regression fit to those data confirms the expected
small standard deviation of r 3 ns for the GPS
daily averages. Considering the last month, we
find a rate of

6 CONCLUSION

We have presented the principal features of a fully
automatic GPS time receiver and some measured
performance data. We see three fields of
application:
In its simplest form the receiver provides full time
information with a precision better that 50 ns.
For quick calibrations on a precision level of better
than 10-'I (of e.g. the time base of a frequency
measuring instrument), the 'disciplined' OCXO can
serve as a stable reference with traceable
accuracy .
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FREQUENCY COMPARISON USING GPS CARRIER PHASE: SOME EXPERIMENTAL RESULTS

GCrard Petit
Bureau International des Poids et Mesures
Pavillon de Breteuil, 923 12 Skvres CEDEX, France

ABSTRACT
When carried out with CIA code measurements, the
capability of GPS for frequency comparison is limited
to the level of a few parts in 1014 for an integration
duration of one day. This performance does not allow to
compare, in a sufficently short interval, recentlydeveloped frequency standards for which the stated
accuracy is less than 1x10"4. In contrast, carrier phase
measurements from multichannel geodetic GPS
receivers have great potential for this purpose because
their measurement noise is lower than that of the code
measurements by two or three orders of magnitude.
Phase and code measurements from TTR-4P receivers
in time laboratories and from a geodetic GPS data base
maintained by the International GPS Service for
Geodynamics (IGS) have been analysed to compare the
frequencies of H-masers and other clocks. Preliminary
results indicate that, while a fractional frequency
stability of several parts in 10" is achieved for
averaging durations of several hours, the uncertainty in
the frequency comparison is probably dominated by
environmental variations in the hardware delays.
Keywords: Frequency comparison, GPS, Carrier phase

1. INTRODUCTION

Quality in time metrology depends on the performance
of atomic clocks and on the means used for time and
frequency comparison. For the last five years, widespread use of the GPS common-view technique has led
to major improvements in precision and accuracy,
making it possible to compare the best standards in the
world at their N1 level of performance: for integration
times of 1 to 3 days, the frequency differences between
atomic clocks are consistently measured to about one
part in 10'~.Recent developments in atomic frequency
standards suggest, however, that this performance may
The new caesium fountain F01,
no longer be -cient.
built at the BNM-LPTF, Paris, France, shows a shortterm white frequency noise characterized by an Allan
deviation q ( r =l s) = 2 x 1 0 ~and
' ~ a type B uncertainty

of 3x10-" (1 oj [I]. In addition, it is evaluated over
averaging durations of order 10 hours. Frequency
standards based on linear ion traps also show excellent
short-term stability: their white frequency noise is
detected at a level of q ( r = 1 s) = 7x10-l4 [2]. To
compare the frequencies of such high-performance
standards would call for GPS common-view results to
be averaged over 10 days of continuous operation
whereas the optimal performance of the standards is
reached over much shorter intervals.
Previous studies have shown the potential of carrierphase and code measurements from geodetic GPS
receivers for clock comparisons [3, 4, 51, and have
drawn up tentative uncertainty budgets for clock
frequency comparisons using phase and code
measurements from commercial dual-frequency and
multichannel GPS receivers [6]. This paper describes a
test experiment, in which GPS carrier phase
measurements are used for frequency comparisons.
Examples are given of frequency comparison between
clocks located at the BIPM, the NPL, Teddington,
United Kingdom, the ORB, Brussels, Belgium, and
other stations of the International GPS Service for
Geodynamics (IGS). The GPS data are taken from
Allen Osborne Associates (AOA) TTR-4P GPS
receivers at the BIPM and the NPL, and from AOA
Turbo Rogue receivers at the IGS sites. This
experimental set-up will be upgraded by incorporating
additional GPS receivers from different makers, that
will be compared to provide an estimate of hardware
instabilities.
2. EXPECTED UNCERTAINTY IN FREQUENCY

COMPARISON
A theoretical study has been carried out [6] to estimate
the expected uncertainty of the frequency comparison
using GPS carrier phase measurements. Figure 1
summarizes the results by showing curves of Modified
Allan deviations for averaging durations ranging from
30 s to 1 d using dual-frequency code or carrier-phase
measurements.

3. TEST EXPERIMENT

An experiment has been set-up to explore the use of
GPS carrier phase for frequency comparisons in time
laboratories. Currently it involves only a few
laboratories and a single type of GPS receiver (AOA
TTR4P), but it will be expanded in the future.

3.1 Experimental set-up
IY

10'

1o2

1o3

1o4

1o5

rl s

Figure 1: Tentative curves for the Modified Allan
deviation characterizing frequency transfer through
ionosphere-free code and carrier-phase measurements
of all satellites in common view for baselines of up to
several thousand kilometres.
The curve shown for code measurements is derived by
assuming that white measurement noise averages down
according to the f3" law, thus neglecting possible
hardware variations. In this case, an uncertainty of
lx10-'~is achieved for a frequency transfer over one
day. The curve for carrier-phase measurements has
three separate parts. For short averaging durations it
follows the f3" variation caused by white phase noise
(measurement, short term troposphere). For the middle
term (100 s < r < 2000 s) the predominant error
sources (troposphere, multipath) integrate in a flickerphase noise represented by a f 1 curve. For longer
averaging durations it is necessary to merge data from
different satellite paths so the main sources of
uncertainty (propagation, station and satellite
coordinates) may cause ambiguities in phase restitution.
Again neglecting hardware variations due to the
environment, phase ambiguities may be the
predominant source of uncertainty, giving rise to white
frequency noise represented by a f'" curve reaching a
level of 1 part in 10" at one day.
Based on the results of previous studies [7, 81, it is
expected that environmental effects on the nondigital
part of the hardware may be the dominant source of
uncertainty for averaging durations exceeding a few
hours. In some cases, the effect of external temperature
on the antennas has been evaluated: Expressed as a
coefficient linking delays to temperatures, values are
found which range from tens to hundreds of
picoseconds per degree Celcius. This corresponds to
uncertainties in a frequency comparison ranging from 2
to 20 parts in 10" for averaging durations of half a day.

Figure 2 shows the set-up for the present configuration
of the experiment. This makes it possible to obtain
comparisons between pairs of clocks using both a dual
frequency GPS phase technique and the classical single
frequency UA code common view method based on
data from GPS receivers of the NBS design. As the
uncertainty of the GPS phase technique is likely to be
the smaller, the comparison between the two techniques
will be meaningful only if it is carried out over many
continuous days.
The laboratories involved are the BIPM in Skvres,
France, the NPL in Teddington, United Kingdom, and
the ORB in Brussels, Belgium. Some of the equipment
involved is in continuous operation and the
corresponding data are already being recorded for other
purposes, greatly simpllfylng data collection. This is
the case for the NBS type receivers at NPL and ORB,
which transmit data to the BIPM for the TAI
computation, and for the Turbo-Rogue receiver at ORB,
which is part of the IGS network. In addition, GPS data
from all other stations of the IGS network may be used
as they are freely available on the Internet [9].

NPL, UK

/@

Figure 2: Experimental set-up at the three time
laboratories involved. Baselines range from 200 km to
300 km.

3.2 Processing stratew

3.3 Preliminarv results

Given that the network considered in this study has
only a few stations, and that the baselines are short (a
few hundred kilometres in general), the approach used
has been to write a simple software that takes
advantage of the results of IGS computations (for
station positions and satellite ephemerides) and adjusts
parameters only for troposphere and phase ambiguities.
IGS results have been taken from the CODE processing
centre at the University of Bern. The processing is a
multi-step procedure for which the main lines are
described below.

Two days of continuous data (MJD 50481 and 50482,
February 2 and 3, 1997) were used for the preliminary
analysis. The GPS phase receivers at BIPM and ORB
operated continuously without reset. The TTR-4P
receiver at NPL had a phase reset and so does not
directly provide a continuous link over the two day
interval. Figure 3 shows results for the link ORB-BIPM
and figure 4 shows results for the link between ORB
and another IGS station, in Matera (Italy), both of
which are equipped with an hydrogen maser.

The raw dual-frequency phase and pseudo-range
measurements are combined to give ionosphere-free
carrier-smoothed pseudo-range values for each satellite
pass (uninterrupted observation by a station). These
values are measurements of RejSV,, the difference
between the reference clocks of the station and satellite
i. These measurements are combined to form single
differences for stations A and B,
S,(AB) = [RelSY,(A)-RefSK(B)l [T,(A)-T1(B)I
(1)
where T represents values of the time of propagation
derived from the best a priori model, computed with
IGS station coordinates, IGS satellite ephemerides and
a tropospheric model.

-

t
"

"

"

481 2

"

"

481 4

'

~

"

481 6

"

"

481 8

'

4820

4822

4824

4826

4828

483C

MJD - 50000
'

" " " "

'

" " " "

'

" " " "

'

" " " '

Double differences D,(AB) are formed for all
simultaneous quantities Sl(AB) and S,(AB) and used to
solve for the zenith tropospheric delay correction (one
value per station, valid for about 6 hours) and phase
ambiguities. The computed tropospheric delay
corrections and phase ambiguities are then used in (1)
to refine the single difference data Sl(AB) for the
stations of interest, from which we obtain an estimate
of the clock comparison Ref(A)-Ref@). In this
procedure, no attempt is made to ensure the
synchronization of the clocks, but the time evolution of
Ref(A)-Ref@) provides the frequency comparison.
In the analysis conducted on this data set, the station
coordinates and the antenna offsets for the IGS stations
were taken from the ITRF94 reference frame. For the
BIPM station, they were obtained from a GPS survey,
conducted by the French geographic institute IGN. For
the NPL, the coordinates of the phase centre of the
antenna have been estimated from the data themselves.
A correction for solid Earth tides was applied. Satellite
ephemerides were obtained from the IGS CODE
processing centre. Overall, it is estimated that the
geometric model used provides an uncertainty in the
computation of single differences S and double
differences D which is below 100 ps. This value, of
course, relates only to the rather small regional network
considered in this study.

Figure 3: Comparison of a hydrogen maser in operation
at the ORB with a HP5071A clock at the BIPM by
ionosphere-free carrier-phase measurements of all
satellites in common view:
Time differences (constant rate removed)
3-a
3-b
Modified Allan deviation
The stability implied by Figure 3-b is consistent with
the specifications of the BIPM clock and so does not
represent the limit of what can be obtained using the
GPS phase technique. It is probable, however, that at
least part of the change in the time differences data
(Figure 3-a) around date 50481,5 is due to some
sensitivity to the environment as it is strongly
correlated with a simultaneous change in the external
temperature at the BIPM. No large temperature change
was observed on day 50482 where the time differences
are smoother.

range of durations seems to be optimal for this
technique: It is convenient for experimenters who wish
to compare clocks in a given experimental
codguration and require that the uncertainty in the
frequency comparison is comparable with the stabilities
of the clocks. The technique can also be used for longer
averaging durations (days) but then provides
uncertainties similar to those based on using GPS code
measurements only.
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As previous studies also indicate, the main source of
uncertainty, possibly preventing uncertainties from
reaching the levels quoted above, is the sensitivity of
the hardware to environmental variations. The main
part of this sensitivity arises in the antenna when it is
subject to large external environmental variations.

Preliminary results from a 2-day subset of the data
obtained during a test experiment confirm both initial
conclusions: An uncertainty of several parts in 10" for
an averaging duration of 10 hours in the frequency
comparison of two hydrogen masers with Turbo-Rogue
receivers is achieved, but is probably limited by
hardware variations. Data from TTR-4P receivers have
also be incorporated in the data processing and produce
valid results. It seems, however, that the sensitivity of
this receiver to the environmental variations is larger,
but this needs to be studied in more detail.

F i m e 4: Comparison of two hydrogen masers in
operation at the ORB and Matera by ionosphere-free
carrier-phase measurements of all satellites in common
view:
4-a
Time differences (constant rate removed)
4-b
Modified Allan deviation
The stability implied by Figure 4-b reaches 5x10-lSfor
an averaging duration of less than 10 hours. As the
residual noise cannot be attributed to the masers, it
must represent the effect of the environment on this
particular type of equipment. The short term behavior
of the data in Figure 4-a has its origin in the fact that
no filtering was applied and no attempt was made to
take care of some small parts of the data set where
multipath effects are important. The values obtained
could be improved by processing, but that would not
change the limit for longer averaging durations.

Future studies will include systematic comparisons of
different GPS phaselcode receivers, each optimized for
time and frequency applications. In addition to the
TTR-4P from AOA, the 212-T receiver from Ashtech
and the R100130 receiver from 3s-Navigation will be
introduced.
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Summary

The Space Hydrogen Maser (SHM) has been identified as a possible future GPS clock
for improving the GPS system performances.

Actually, SHM's of the active type and of quite different designs have been already
developed or are presently in the course of development, in the frame of non-GPS
related NASA and ESA programmes.

Drift removed SHM frequency stability appears capable of challenging the
performances also of other space clocks which could became available in future as ion
trap, cold Cs atom or improved conventional Cs beam clocks.
The availability of 153 kg of excess payload space on the GPS I! F satellites, coupled
with the present availability of SHM technology offers the interesting possibility af
assessing this technology for GPS applications directly an a GPS satellite. This is the
scope of the proposed experiment.
Several configuration of the experiment are presented involving the use of intersatellite
links, standard GPS signaIs and laser time transfer system for evaluating the masers
frequency stability and the improved navigation performances. Possible impact of the
experiment an other fields of science as time synchronisation and earth observation is
also illustrated.

MEASUREMENT TECHNIQUES
Chairman: E. Graf
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(613) 993-5186, Fax (613) 952-1394, rob.douglasQnrc.ca

A simple method (at the hand calculator level) is
presented for using the Allan variance a ; ( ~ ) t o
estimate the standard uncertainty of average frequency due t o the transfer process from one genera1 time interval t o another. The method i s applicable when the measured a y ( r ) reveals that the
stability can be modelled by a sum of phase noise
(white and flicker phase noise), white frequency
noise, fEicker frequency noise and random walk frequency noise.

Uncertainty, standard uncertainty, average frequenc,y, frequenc.~metro log.^, traceability.

1. INTRODUCTION
The recommendations of the Guide to the Expression
of Uncertainty in Measurement [I]have increased demand for the standard uncertainty of all measurands
- including SI time interval, or average frequency.
Clients delighted by the ease of making excellent frequency comparisons are usually discouraged by the
intricacies of non-white noise characterization, which
compound as they try obtain a standard uncertainty.
A means is needed for time and frequency metrologists to translate their understanding of stability into
the standard uncertainty wanted by their clients.
In general the measurand is a (proper) time interval
[t,, t,] between two events, or equivalently the average frequency of a frequency standard over this interval. The underlying mathematical abstraction is the
instantaneous normalized frequency departure, y(t):
the frequency departure from nominal, normalized
to the nominal frequency. The average frequency of
a frequency standard over It,, t,] can be expressed as
t
5[tl,tz~
=
y(t)dt. Frequency calibration involves a
comparison with a reference frequency standard, and
in many practical cases is done by scaling e[t,, t,] to
be zero for the whole calibration interval [t,, t,], although other calibrating fits are also used. It is convenient to define the indefinite integral over y (t), usually referred to as the "phase" of the frequency standard relative to an ideal standard: z(t) = y(tl)dtl.
Frequency standard stability is characterized by
comparing the average frequency over adjoining,
equal time intervals. Considering the average fre-

quency over intervals of duration T as a time series, the Allan or two-sample variance is a ; ( ~ ) =

(4

(er,t+,l - elt+,.t+2,1)2). Many frequency standards are free from periodic variations, and the residual noise is found to be random and normal but not
necessarily white. The Guide considers the case of
white noise processes which are uncorrelated in time.
In addition to white frequency noise, four other nonwhite power-law spectral distributions are commonly
identified, and will be discussed below.
2. TRACEABLE A to B CALIBRATION

A frequency standard is calibrated for average frequency over one time interval A, and used as a transfer standard to establish an average frequency for a
different time interval B (either shorter or longer) a t
some later time, as illustrated in Figure 1. Occasionally the end-use time interval B is earlier than
the calibration, or partially overlaps with the calibration, or is entirely within the calibration interval.
Frequency or phase comparisons are made across A
between the transfer oscillator and a SI frequency
standard, fitted and used to predict the SI frequency
across the interval B.The fit may include frequency
drift terms or periodic variations. The fitting process may be any linear combination of the frequency
differences measured across subintervals of A, and be
analysed in much the same way that the Allan variance has been analysed, in terms of autocorrelation
of the phase x(t) or may include any linear combination of the phase comparisons across the subintervals
of A by using methods discussed in [2].

St12

Sot

Figure 1: General Frequency Calibration over A for
use over interval B. At B, the predicted (solid line)
and actual average frequency (dotted line) have an
rms deviation which is the standard uncertainty of
the frequency transfer process.

3. STANDARD UNCERTAINTY at

B

The standard uncertainty needed for quantitatively
documenting traceability in frequency transport
from interval A to B is to be thought of as an ensemble average of the entire process: with each member of the ensemble having a separate embodiment
of both the SI frequency reference and the transfer
standard. The ensemble average of the frequency references a t B is the appropriate reference frequency
that should be used to judge the quality of the calibrated frequency derived from the transfer standard
a t B. This choice of reference allows correct analysis of cases where the transfer standard is more stable than the reference frequency standard, where the
overall standard uncertainty of the transfer oscillator a t B can be less than the standard uncertainty
of the frequency reference a t B, although not less
than the standard uncertainty of the frequency reference across A. Where the reference standard is wellbehaved, one can separate the standard uncertainty
due to the reference standard across A, and the standard uncertainty due to the instability of the transfer standard relative to an ideal transfer standard.
This is a significant simplification, since procedures
for characterizing transfer oscillators relative to an
ideal reference are well established, using the Allan
variance or the modified Allan variance [?, 41.

The average frequency over the calibrating interval,
illustrated in Figure 2, is the simplest and often is
also the most accurate frequency estimator of the reference standard relative to an ideal standard : [t,, t,],
is (x(t,) - x(t,)) /(t2 -t,). This is the frequency estimate which will be used over the second time interval
[t3,t4],although the average frequency over this interval, in terms of x(t), is (x(t,) - x(t3))/(t, - t,).
The variance in the average-frequency transfer process is just the mean-square difference between these
two frequencies, or

The variance can also be expressed in terms of the autocorrelation function of x(t), R ( T ) = (x(t)x(t - 7)).
As shown in Figure 2, it is convenient to denote the
duration of the calibration interval as 7, = (t, - t,),
the duration of the end-use interval as 7, = (t, - t,)
and the duration of the "dead time" between the intervals as t = (t, - t,). Intervals rAand 7, which
have any overlap would have negative "dead time"
t. Collecting the product terms in x(t) within the
average and changing to autocorrelation function notation gives the variance as

4. GENERAL A-B STRUCTURE FACTORS

Most calibration processes will use an analytic function with parameters which are linear combinations
of the phase measurements made over the calibration
interval. Its standard uncertainty will depend on the
stability of the transfer oscillator through the autocorrelation function of x(t), R(T) =< x(t)x(t - T) >.
If the phase measurements are made at times {ti)
scattered across intervals A and B, then the square
of the standard uncertainty will depend on a sum
over R(ti - tj), with a weight determined from the
details of the fitting process used. We refer to this
sum over differences between the lattice of sampling
times as the A-B structure factor for the calibration
process. For a pure type of power law noise, it is often convenient to normalize it to the Allan variance
for some specific time.
5. END-POINT CALIBRATION

Figure 2: End-Point Frequency Calibration over A
for use over interval B.

We want a strategy which will allow us to estimate
R ( t ) , or more simply differences of the form R ( t ) R(tf). R ( t ) can be calculated by integrating over
the spectral distribution of noise, where experience
shows that spectral smoothing of broadband noise is
very helpful. Five power law noises (self-similar or
fractal-like) are usually used to describe the broadband noise of a frequency standard.
We consider a transfer oscillator with a normalized
y(t), which fluctuates with a power spectral distribution S,(f) = '&-2 +2 ha f a. We will assume an upper
cutoff frequency w/2r which models the noise equivalent bandwidth of the measurement systems, and a
lower frequency cutoff € 1 2 which
~
models the finite
time over which the power law noise model has been
verified. The assumptions also establish stationarity and ergodicity for the autocorrelation functions
that we will combine to form uncertainty estimates
which will themselves be stationary in the limits as
w + oo and 6 -, 0. We will show that for many practical purposes the details of the band limits may be
ignored, provided that they are the same for the stability characterizing measurements, the calibratiori
measurements and the final-use measurements.

For extrapolation, where t > 0, the expression reduces to [ ~ ~ + T A + T B ] / T O . In other words the standard
uncertainty is the sum in quadrature of the Allan
deviation random walk frequency modulation (FM)
line a t the first interval TA with that at the second
interval rB with three times that a t the dead time
t. For extrapolations much larger than TA or 7, the
standard uncertainty is d times the Allan deviation
at t.

The transfer oscillator's x(t) has an autocorrelation function which can be calculated as an integral
r)df =
linear in S,(f): R(T) = JOoo~,(f)cos(2~f
( 1 1 2 ~Jom[S,(f
)
)/(27r f ) 2 ] c o s ( 2f ~r)df. For all purposes involving only differences of the form [R(t,) R(tb)], a less divergent function may be used instead of R(T): T(T) = J 0 M [ ~ y ( f ) / ( 2 ~ f ) 2 ]-[ 1
c o s ( 2 ~ f r ) l d f . For our noise model, 2(7) =
1 ~ 1 ~ - " ( 2 n ) - ( ~JClTl
+"I"~ ) hffua-2{1 - cosu)du
+2
- Ca=-2 I,(T). Complete analytic forms exist [2, 51.

cL~-~

For t = 0 and rA = T,, we find the expected ratio: the standard uncertainty is f i times the Allan
deviation random walk FM line at TA.

6.
A-B STRUCTURE FACTORS SEPARATED BY POWER-LAW NOISE TYPE

For centred interpolation, with TB centred on the interval T A , i.e. t = -(rA rB)/2, the standard uncertainty becomes (1 - TB/rA)/2times the Allan deviation random-walk FM line at T,. For TB < < TA, the
standard uncertainty is one-half the Allan deviation
at rA.As T, approaches T,, the standard uncertainty
in the average frequency transfer approaches zero,
reflecting the increasing correlation between the two
intervals.

+

By separately considering each a , we can obtain an
easier-to-use form of Eq. 2 by switching to the I,(T)
form and normalizing it to the Allan variance at some
time r0 for each type of noise:

)
The sum of these factors, multiplied by the observed
Allan variance, will give the square of the standard
uncertainty in the frequency transport from A to B.
We take the noise band limits to be the same in the
processes for determining the Allan deviation, for interval A, and for interval B, and then take the limits
E --+ 0 and w - t o o .
For each of four classes of noise (one class combining white phase noise ( a = 2) with flicker phase
noise (a = 1))we calculate the limiting ratio of the
square of the standard uncertainty in the average frequency u i (rA,t , 7,) to t he Allan variance a; (TO)for
that noise class alone, denoted as stInl.
7. RANDOM WALK FREQUENCY NOISE:
a = -2

This is the most divergent type of random noise commonly associated with frequency standards, It is the
noise type that limits the performance of quartz oscillators, of rubidium vapour frequency standards,
and of hydrogen masers at the longest range of time
intervals before their deterministic frequency drift
becomes evident. Frequency noise of this type would
be called "pink" noise, referring to the excess of fluctuations with long periods compared to white frequency noise. The Allan deviation for this type of
noise is s,[,=-,~(TIT,)' I 2 .

Thus, in considering the general use of a calibration
interval over a time TA where the noise is dominated
by random walk FM, the Allan deviation at T, is
revealed as a poor generic estimator of the standard uncertainty: overestimating the standard uncertainty by up to two-fold or more for short intervals
within the calibration interval, and underestimating
the standard uncertainty by a factor of 6if the
calibration interval is n, calibration intervals old.
8. FLICKER FREQUENCY NOISE: a = -1

This type of noise is commonly seen as the flat Allan
deviation (the "flicker floor") for most types of frequency standards. Like the random walk FM, this
type of frequency noise could also be called "pink"
noise, referring to the excess of fluctuations with long
periods compared to white frequency noise. The Allan deviation for this type of noise is s,[,=-~].

For extrapolation of the frequency, as t + m , the
ratio of standard uncertainty to Allan deviation approaches J l n [ t 2 / ( T ~ T ~ ) ] / ( 2 1 n [ 2 ] ) .
For t = 0 and rA = T,, we find the expected ratio: the standard uncertainty is f i times the Allan
deviation (flicker FM) line a t 7,.

9. WHITE FREQUENCY NOISE: a = 0

Usually, this type of spectral distribution has been
the only one considered when standard uncertainties are being estimated. The time separation of the
averages does not matter, and the only correlation
between two averaging intervals occurs when the intervals overlap a t least in part. The Allan deviation
is sll[,=~]
(r/~~)-~/~.

For non-overlapping intervals, where t > 0 or t <
- [rA rB], this becomes [ r i l r;l]/r;l, the sum of
the fractional variances of the calibration and enduse intervals, normalized to the fractional variance
at the Allan variance time.

+

+

10. PHASE NOISE: a = 1 and a = 2

These types of noise are common in all measuring
systems and phase-lock loops. White voltage noise
in time comparators and phase lock loops often results in white phase noise, and flicker (or l/f) voltage
noise in time comparators or phase lock loops will
give flicker phase noise. By analogy with white and
pink frequency noise described above, they might
both loosely be described as "violet noise" in frequency: having more fluctuations for the shorter periods than for longer periods. The Allan deviation
curve does not distinguish these two types of noise,
and for some purposes it can be very important to
do so: for these applications the "modified" Allan
deviation is used. The modified Allan deviation is
somewhat more demanding than the Allan deviation
in that it uses a continuous data stream which is
not always easy to ensure in real-world applications
where long-term measurements are occasionally interrupted or corrupted. If possible, we would choose
not to require its use in estimating standard uncertainties.
The Allan deviation's insensitivity to the type of
phase noise led us to investigate the extent to which
the distinction was required for estimating standard
uncertainties. Where these two noise types do not
need to be treated separately, one might hope that
the details of the true shape of the noise bandwidth
might be ignored for many systems, provided only
that they are then same when characterized by the
Allan variance, when used in the calibration interval and when employed for final use. For many uses
in metrology, where it suffices to estimate the uncertainty with an uncertainty-in-the-uncertainty of 10%
to 20%, we were pleased to find that this is the case,

provided that no end-point of either interval A or B
is any closer than 10 times the period of the highfrequency cutoff (which models the noise equivalent
bandwidth for white noise). The Allan deviation for
this type of noise is ~ ~ [ , = ~ , ~ ~ ( r ~ / r ) .
Considering each type of noise separately, the limit
0 presents no difficulty for either noise type, and
their formal limits as w + oo are the same, namely

E -+

The form is chosen to emphasize that this is the sum
of the fractional variances of the calibration and enduse intervals, normalized to the fractional variance
a t the Allan variance time. The w + oo limit means
that the expression applies only where each of the
four end points of the intervals are "many" times
l / w away from any of the other three end points, and
that W T ~> > 1 as well. When the intervals rAand r,
share an end point, there is a full correlation of the
~ = ~ , ~ ~
phase noise at that point, and 3 ~ ~ [is increased
or decreased by ~ T ~ T , / ( ~ T O ' The
) . variance is increased by this amount when the common point is
= 2rO/rB
inside the other two points (e.g. 3AB[a=1,2]
for rA= rB,and t = 0) and decreased by this amount
when the common point is an outermost point.
11.
STANDARD UNCERTAINTY
MIXED NOISE

for

For establishing the standard uncertainty of an unknown transfer oscillator for a particular end-point
calibration process, it would first be measured with
respect to an ideal oscillator (perhaps with the aid of
three-cornered hat variance analysis if a single sufficiently good reference oscillator is not available).
The noise bandwidth of these measurements must
be the same as the noise bandwidth to be used for
calibration across interval A and across the end-use
interval B, or else an extremely careful characterization of the effective phase noise must be done using the modified Allan deviation to characterize the
amounts of white phase and flicker phase noise, and
hence the Allan deviation expected in the noise bandwidth to be used in the intervals A and B. If the
measurements show a that there are no significant
deterministic frequency changes over the anticipated
period of a calibration cycle, and the Allan deviation graph appears to be adequately described by a
power-law decomposition; then the standard uncertainty of the average frequency over 7, determined
by the end-point calibration over rAmay be calculated as follows: (1) At some convenient value of
r0 on the Allan deviation graph, the four intercepts
, ~ 7 - I (comof the decomposition are found s ~ [ , = for
for T - I / ~ , sy[a=-llfor r 0
bined a = 1 and 2), sy[a=ol
and s ~ [ , = - , ~for r1/2.(2) The four A-B structure

factors FABlalare computed according to Equations
4-7, using the appropriate values of T,,, T,, t and 7,.
(3) The standard deviation of all four noise classes
are added in quadrature to give the final standard
deviation expected for the process:

ing to address the confidence in the quoted uncertainty, the degrees of freedom does not address the
issues of conformance to the noise model and frequency calibration model (no frequency drift and no
deterministic periodic terms). If the procedures outlined above were applied thoughtlessly to a standard
with a large drift or diurnal term, the uncertainty estimate could be hopelessly wrong. If sufficient data
is available, a reduced xa approach would probably
be better.

12. D E G R E E S O F F R E E D O M

13. C O N C L U S I O N S

The degrees of freedom ui is the means recommended
by the Guide [I] to report the uncertainty-in-u, for
the transfer of average frequency from interval T, to
7,.
As with the degrees of freedom for the Allan
deviation, the degrees of freedom will depend on the
time intervals: TA, t and rB.If the frequency-transfer
process dominates the overall uncertainty the most
important range of degrees of freedom is from 1 to
15. If other sources dominate the final uncertainty,
the upper limit will be even lower. Beyond 15 degrees of freedom, the uncertainty in u, is less than
20% and although greater precision may be beautiful
it will rarely benefit a metrological client. A statement like "The degrees of freedom associated with
the determination of u, exceeds 15..." should therefore suffice.

We have presented a simple method for estimating
standard uncertainty in frequency transfer which is
widely applicable in traceability documentation discussed above. The method would also simplify for
analysis of time scale work [2], pulsed frequency standards [8], intermittent cesium fountain operation [5],
and on-site calibration of GPS disciplined oscillators
191.

References
[I] Guide to the Expression of Uncertainty in Measurement, First Edition, International Organization for Standardization, Technical Advisory
Group on Metrology, Working Group 3 (1992),
pub. in final form in 1993 in the name of BIPM,
IEC, IFCC, ISO, IUPAC, IUPAP and OIML.

If the Allan deviation used for the S,'S in Equation
8 is measured in the usual way (continuous phase
comparisons) over an interval which is N times [T, +
t r,], then the degrees of freedom should exceed
N , since N independent tests of the calibration cycle
would fit in the interval.

[2] R.J. Douglas, J.-S. Boulanger and C. Jacques:
Proc. 25th Precise Time and Time Interval
Meeting, pp 249-266 (1993).

+

One simple guide to the degrees of freedom is available [6, 71 from the degrees of freedom for experimental determination of the Allan deviation u,(T) using
overlapping samples. This estimate depends on the
noise type, on the time interval T and on the total
time N T devoted to measuring u,(T). The degrees
of freedom for u, will be less than or equal to the
t TB]/2) used
degrees of freedom for the u,([T,
in Equation 8, and might be expected to be greater
t T,]).
than the degrees of freedom for u,([T,
Within the confines of the noise model, procedures
could be developed using established methods [7] to
evaluate more rigorously the degrees of freedom.
For frequency transfer, there are also significant disadvantages in relying on the degrees of freedom to
express the uncertainty in u,. This proper use of
the degrees of freedom must be distinguished from
uncritical use of the degrees of freedom for the refinement of the standard deviation of the mean for
frequency transfer: in some cases this will apply, and
in others the correlations between repetitions may be
important and need to be estimated [5]. In attempt-

[3] J.A. Barnes, A.R. Chi, L.S. Cutler, D.J. Healey,
D.B. Leeson, T.E. McGunigal, J.A. Mullen Jr.,
W.L. Smith, R.L. Sydnor, R.C. Vessot and
G.M.R. Winkler: IEEE Trans. Instrum. Meas.
IM-20 pp 105-120 (1971).
[4] D.W. Allan and J.A. Barnes: Proc. 35th Ann.
F'req. Control Symp., pp 470-474 (1981).

+ +

+ +

'

[5] D. Morris, R.J. Douglas and J.-S. Boulanger:
Jpn. J . App. Phys. 33, pp 1659-1668 (1994).
[6] D.A. Howe, D.W. Allan and J.A. Barnes: Proc.
35th Ann. Freq. Control Symp., pp A1-A47
(1981).
[7] T. Walter: IEEE Trans. Instrum. Meas. IM-43,
pp 69-79 (1994).
[8] R.J. Douglas and J.-S. Boulanger: Proc. 1992
IEEE Frequency Control Symp. pp 6-26 (1992).
[9] R.J. Douglas and J.-S. Boulanger: Proc.
28th Precise Time and Time Interval Meeting,
(1996).

11 TH EUROPEAN FREQUENCY AND TIME FORUM

NEUCHATEL

-4-5-6

MARCH 1997
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Abstract - In this paper we report on the
sensitivities of phase modulation (PM) noise and
amplitude modulation (AM) noise to baseband
emitter current noise and collector-base voltage noise
of different bipolar junction transistor (BJT)
amplifier configurations. Experimental results and
predicted sensitivities are compared for a common
emitter (CE) amplher, a common base (CB)
amplifier and a common collector (CC) amplifier.
Results show that the sensitivities vary with
transistor, amplifier configuration and circuit
parameters.

kelvins, G is the gain of the amplifier, F is the noise
figure and Po is the output power. The first term of
Eq. (1) is the flicker AM noise added by the amplifier
(when operating in the linear region); the second
term is the thermal AM noise. The resulting PM
noise is given by
1
1
1
- ~ + ( f )z-Atj2-+-.
2
2
BW

kTFG
2P0

(2)

2. AM AND PM NOISE SENSITIVITIES TO
CURRENT AND VOLTAGE NOISE IN CE
AMPLIFIER

Keywords: amplifier noise, AM noise, PM noise.
1. INTRODUCTION
Amplifiers add llf phase modulation (PM) noise
and amplitude modulation (AM) noise about the
amplified carrier signal. This llf noise is the result
of low frequency (baseband) llf noise in the dc
currents, dc voltages and amplifier impedances which
are up-converted to noise about the carrier signal [I].
In tlus paper we present experimental results of the
PM and AM noise sensitivities to baseband current
and voltage noise in Merent bipolar junction
transistor (BJT) amplifier configurations. The
experimental results are compared to the sensitivities
predicted from theory. Detailed description of the
theory and derivations of the equations used are given
in [1,2], and will not be repeated here.
The AM and PM noise equations for different
BJT amplifier configurations can be derived by
applying the definitions of AM and PM noise to the
linear gain of the amplifier [l]. When the phase shift
of the amplifier is << 1, the resulting AM noise is
given by
1
-&(f
2
1z T { [ F ]

+ ~ ' ~ 6 ' ] ] - 1 kTFG
BW +- 2P0 , (1)

where Go is the midband gain of the amplifier, 6 is
the phase angle, BW is the measurement bandwidth,
k is Boltzmann's constant, T is the temperature in
*
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The AM and PM noise due to baseband current
noise in a linear common emitter (CE) amplifier with
a resistive load are given by

where r, is the small signal emitter resistance, RE is
the unbypassed emitter resistance, r, is the equivalent
ac input resistance, RL is the load resistance, o =
2nv,, vo is the carrier frequency, Cb, is the collectorbase junction capacitance, p is the current gain of the
transistor, and AIE represents the fluctuations in the
dc emitter current.
Measurements of the AM and PM noise
sensitivities to baseband current noise in this
configuration were made at a carrier frequency of 5
MHz for two different transistors and for two
different values of RE. For the CE amplifier used IE z
25 rnA, RL z 94 R, and r, z 45 R. To make the
measurements, current noise was injected at the
emitter leg of the CE amplifier. Figure 1 shows a
block diagram of the measurement system used. We
measured the baseband emitter current noise and the
resulting AM and PM noise, and from these
measurements
obtained
the
experimental
sensitivities. ?'able 1 shows the experimental results

along with the predictions according to Eqs. (3) and
(4). Column A in Table 1 shows the measured AM
noise sensitivities to current noise (y = AI&) when
using a 2N2222A transistor and a microwave
transistor for RE = 0. Column C shows results from
similar measurements when using RE = 10 n . As
expected, the AM sensitivity to current noise is
independent of Fourier frequency and of the
transistor used and decreases as RE increases. The
theoretical values computed according to Eq. (3) are
shown in columns B and D. There is good agreement
between theoretical and experimental values.
injection of
baseband noise

columns F and H. An extra factor was included in
the computation of the PM sensitivity for RE = 0
since the total phase shift for this configuration was
close to 1. pquation (4) was derived assuming the
total phase shift was less than 0.2 rad.] For the
2N2222A, the theoretical values are within 1-2
decibels of the experimental values.
Voltage noise was injected at the collector
terminal of the amplifier in order to measure the AM
and PM noise sensitivities to collector-base voltage
noise (AVm). Table 2 shows the predicted and
measured values of the sensitivities to AVm in a CE
amplifier for RE = 0 and RE = 10 l2 when using a
2N2222A and a microwave transistor.
The
theoretical sensitivities were computed using

AMPM noise
measurement
system
signal
of baseband
noise
Figure 1. Block diagram of measurement system
used.
Columns E and G show the PM noise
sensitivities to baseband current noise for RE = 0
and RE = 10 S2 when using a 2N2222A transistor
and a microwave
As expected the PM
noise sensitivities are smaller when using the
microwave transistor (due to the sXdler Cbs), and
decrease as RE is increased. The theoretical
predictions according to Eq. (4) are shown in

where n is a parameter related to the doping profile
of the base-collector junction (n = 0.74 for the
2N2222A and n = 0.55 for the microwave transistor),
Vb, = 0.7 is the built-in potential of the base-collector
junction, Vm is the dc collector-base voltage, and Go
is the midband gain given by
Go =

RL
r , + ~ ~ + r ~ / ~ '

(7)

Columns A and C show the measured PM
sensitivities to collector-base voltage noise for RE = 0
and R~ = 10 51when using two different transistors: a
2N2222A and a microwave transistor, As expected,

Table 1. Theoretical and experimental sensitivities of AM and PM noise to baseband current noise in a linear CE
amplifier at a carrier frequency of 5 MHz for y = AIE/IEz 1.9 x
IE E 25 mA, and VCBE 9 V. The output
power was approximately 6 dB relative to 1 mW (dBm). The unit dBc/Hz refers to dB below the carrier in a 1 Hz
bandwidth.
2N2222A
A
D
B
I C
E
I F 1 G I H
AM sensitivities (dBc/Hz re1 to y = 1)
PM sensitivities (dBc/Hz re1 to y = 1)
Fourier
RE=O
RE = 0
RE= 1 0 n
RE=1 0 n
frequency Measured Predicted Measured Predicted Measured Predicted Measured Predicted
100 Hz
-8.5
-26.5
-22.7
-9.3
-16.3
-16.8
-45.6
-46.9
50 Hz
-8.6
-22.6
-9.3
-26.5
-16.2
-45.2
-16.8
-46.9
20 Hz
-8.6
-22.2
-9.3
-26.5
-15.6
-16.8
-45.8
-46.9
10 Hz
-8.6
-22.0
-9.3
-26.5
-16.3
-45.4
-16.8
-46.9
microwave transistor
100 Hz
-8.5
-22.4
-9.3
-43.2
-26.5
-34.4
-68.8
<-48.6
50 Hz
-8.5
-22.7
-9.3
-42.6
-26.5
-34.4 limited by
-68.8
20 Hz
-8.5
-22.6
-9.3
-26.5
-34.4
-42.1
-68.8
system
10 Hz
-8.5
-22.2
-9.3
-42.4
-26.5
-34.4
floor
-68.8

Table 2. Theoretical and experimental sensitivities of AM and PM noise to baseband collector-base voltage noise
IE E 25 mA, and VCBz
in a linear CE am~lifierat a carrier frequency
- of 5 MHz for AVm = 2.8 x 1u4v&&,
8 V. The output power was ap?roximately 6 dBm.
H
D
C
2N2222A
I F I G
E
I B
A
AM sensitivities (dBc/Hz re1 to AVCB= 1
PM sensitivities (dBc/Hz re1 to AVm = 1
vdd~z)
vdd~z)
RE
=
0
RE=lOR
R
E
=
l
O
R
Fourier
RE=O
frequency Measured Predicted Measured Predicted Measured Predicted Measured Predicted
-68.6
-64
-44.1
-52.9
-52.3
-42.4
-40
-40.7
100 Hz
-68.6
-63.8
-44.1
-52.9
-52.4
-42.6
-40
-40.7
50 Hz
-68.6
-44.1 limited by
-52.9
-52.4
-42.8
-40
-40.6
20 Hz
-68.6
-44.1 noise floor
-52.9
-52.4
-43.1
-40
-40.6
10 Hz
microwave transistor
-1 16.8
-78
<-77
<-63
<-69
-86.2
-73.6
100 Hz
-60.8
-78
-86.2 limited by -1 16.8
-74.3
50 Hz
-60.8 limited by
limited by
-116.8
-78
-73.2
20 Hz
-86.2
-60.8
system
system
system
-78
-86.2 noise floor -1 16.8
10 Hz
limited by
-60.8
noise
noise floor
floor
noise floor
the sensitivities are smaller when the microwave
transistor is used, and the sensitivities decrease with
increasing RE. The theoretical predictions are given
in columns B and D. For the case of the 2N2222A
when RE = 0 an extra factor was added to Eq. (5)
since in this case 6 (total phase shift) was close to 1
[2]. For the 2N2222A the agreement between
predicted and experimental values is very good, while
the agreement when using the microwave transistor
is not as good. Nevertheless, the sensitivity when
using the microwave transistor was smaller than the
sensitivity when using the 2N2222A, as expected
from theory.
Experimental AM sensitivities to voltage noise
are given in columns E and G of Table 2. Except for
the case of the 2N2222A and RE = 0, the results were
limited by the noise in the measurement system.
Nevertheless, a lower sensitivity was observed when
using the microwave transistor (when compared to
the 2N2222A for RE = 0), as expected from theory.

noise at 5 MHz carrier frequency, while column D
shows the measured sensitivities at 10 MHz. As
expected, the sensitivities do not change with
frequency. The predicted values, computed using

are shown in columns B (5 MHz) and E (10 MHz).
The measured and predicted values are within 3 dB.
The measured PM noise sensitivities to current noise
are shown in columns C (5 MHz) and F (10 MHz).
These values do not change with frequency as
expected from theory and are probably the result of
AM to PM conversion in the mixer of the PM noise
measurement system (which is usually between -15
and -25 dB) [3].
PM and AM noise due to AVm in a CB amplifier
are given by

3. AM AND PM NOISE SENSITIVITIES TO
CURRENT AND VOLTAGE NOISE IN CB
AMPLIFIER
We also measured AM and PM noise
sensitivities to baseband current and voltage noise on
a linear common base (CB) amplifier. The CB
amplifier used had the following parameters:
2N2222A transistor, IE E 25 mA, RE z 200 Q, &
(equivalent source impedance) E 22.2 Q, and RL E
387 Q.
The experimental and predicted sensitivities to
current noise for carrier frequencies of 5 MHz and 10
MHz are shown in Table 3. Column A of Table 3
shows the measured AM noise sensitivities to current

The predicted and measured AM and PM noise
sensitivities to voltage noise in the CB amplifier
tested for carrier frequencies of 5 and 10 MHz are
given in Table 4. Columns A (v, = 5 MHz) and E
(v, = 10 MHz) show the measured PM sensitivities,
and columns B (v, = 5 MHz) and F (v, = 10 MHz)
show the predicted values. The measurements show
an increase of 5 dB in the sensitivity when the carrier
frequency was doubled. This is expected from theory
which predicts that the PM noise (due to AVm) is
proportional to v?, and thus it should increase 6 dB

Table 3. Sensitivities of AM and PM noise to baseband current noise in a linear CB amplifier for IE z 26 mA and
Vm E 7 V. For these measurements the output power was adjusted to 9 dBm and y E 2.6 x
F
2N2222A
D
I E
A
I B I
C
10 MHz
5MHz
AM sensitivities
I PM sensitivities AM sensitivities I PM sensitivities
(dBc/Hz re1 to y = 1)
Fourier
(dBc/Hz re1 to y = 1)
1
Predicted 1
Measured
Measured
Predicted
Measured
frequency Measured
-49.8
100 Hz
-32.5
-28.9
-32.5
-49.8
50 Hz
-29.0
-32.5
-49.9
-29.0
20 Hz
-32.5
-29.1
10 Hz
-50.0
Table 4. Sensitivities of AM and PM noise to AVCBin a linear CB amplifier for IE z 26 mA and Vm E 5.5 V. For
these measurements the output power was adjusted to approximat~ly4 dBm and AVm E 5 x
v,.JdHz.
( 2N2222A ( A I B
C
I D
E
I F
G
H
MHz
10
PM sensitivities I AM sensitivities
PM sensitivities I AM sensitivities
Fourier
(dBc/Hz re1 to AVm = l v , , ~ d ~ z )
(dBc/Hz re1 to AVCB= ~v,J&)
frequency I Measured I predicted 1 ~ e a s G dI Predicted Measured Predicted Measured Predicted
-41.2
-50.0
-45.6
-53.5
-41.2
-50.0
-45.6
-53.5
-41.2
-45.7
-53.5
-50.0
-45.8
-41.2
-50.1
-53.5
-

when the frequency is doubled. The predicted PM
sensitivities, computed using Eq. (9) are within 4 dB
of the measured values. The AM noise sensitivities
to AVm are shown in columns C (v, = 5 MHz) and G
(v, = 10 MHz). The sensitivity increased by 10 dB
when the carrier frequency doubled. This agrees with
theory which predicts an increase of 12 dB since S,(f)
a .v:
The predicted sensitivities (column D for v, =
5 MHz; column H for v, = 10 MHz), computed using
Eq. (10) are within 4-6 dB of the measured values. At
high output powers, the measured AM sensitivities
showed some dependence on output power (with the
sensitivity increasing as the output power increased).
4. AM AND PM NOISE SENSITIVITIES TO
CURRENT AND VOLTAGE NOISE IN CC
AMPLIFIER
Measurements of AM and PM noise sensitivities
were also made on a linear common collector (CC)
amplifier. In the CC amplifier tested the transistor
used was a 2N2222A, RE E 69 Q, rg z 4 1 Q, re z 1.2
Q, and IE z 23 mA. The sensitivities of AM and PM
noise to current noise are shown in Table 5.
Columns A and D in Table 5 show the measured AM
sensitivities to current noise at carrier frequencies of
5 MHz and 10 MHz, respectively. As expected, the
measured sensitivities are independent of carrier
frequency. The predicted values (columns B ahd E),
computed using

-

are within 5 dB of the measured sensitivities. This
difference is probably due to errors in the values of re
and RE used for the computation (small errors in
these parameters will cause sigmficant errors in the
predicted AM sensitivity). We noticed that at larger
output powers [> 2 dB re1 to 1 mW ( a m ) ] the AM
sensitivity to current noise increased. This might be
due the effect of the ac current i, in the small signal
emitter resistance re which was not taken into
consideration in the calculations. The measured
values of the PM noise sensitivities to current noise
are shown in columns C (v, = 5 MHz) and F (v, = 10
MHz). These values do not show the expected
dependence on carrier frequency (S+(f) avo2),and are
probably the result of AM to PM conversion in the
mixer of the PM noise measurement system.
Table 6 shows the measured and predicted
sensitivities of AM and PM noise to AVm. The
predicted values were computed using the equations

The measured PM noise sensitivities to AVCBare
shown in column A (v, = 5 MHz) and column E

(v, = 10 MHz). The predicted values, computed
using Eq. (12), are shown in columns B and F. Even
though there is a difference of 6 dB between the
predicted and measured values, the measured
sensitivities scale as wZ, as predicted from theory.
The AM sensitivities in this configuration are so
small that the measurements were limited by the
noise of the measurement system. Columns B and E
show the measured AM sensitivities at carrier
frequencies of 5 and 10 MHz respectively. The
predicted values, shown in column D (v, = 5 MHz)
and column H (v, = 10 MHz), are smaller than the
measured sensitivities.
5. DISCUSSION AND CONCLUSION
We have presented results on measurements of
AM and PM noise sensitivities to baseband current
and voltage noise in three linear BJT amplifier
configurations (CE, CB, and CC). As expected, the
sensitivities are larger in configurations with larger
gains and phase shifts (high gain CE amplifier). The
measured sensitivities are generally in good
agreement with the values predicted from theory. We
showed experimentally that the AM sensitivity to
current noise is independent of carrier frequency and
independent of transistor used, while the AM
sensitivity to voltage noise is a function of the carrier
frequency (S,(f) oc v):.
The PM sensitivity to AVm
increased with carrier frequency, approximately as

v:. In addition, both the PM and AM sensitivities to
AVm were smaller for transistors with smaller Cbc.
Nevertheless the use of a transistor with small Cbc is
not necessarily the optimum choice, since the
intrinsic flicker noise of the transistor needs to be
considered and it might be large for high frequency
transistors. Also, the equations discussed here
represent the magnitude of the up-conversion from
low frequency llf noise to noise about the carrier.
While these equations can be used to minimize the
up-conversion factor, they do not provide insight on
the magnitude of the low frequency llf noise of the
amplifier. Some of the dc parameters of the amplifier
and the type of transistor used play a role in the
magnitude of the low frequency llf noise and should
also be taken into consideration [2].
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Table 5. Sensitivities of AM and PM noise to baseband current noise in a linear CC amplifier for I* z 23 mA and
VCBE 9 V. For these measurements the output power was adjusted to approximately1dBm and y z 4 x 1(
1 2N2222A I A
B
C
D
E
F
5MHz
10 MHz
AM sensitivities
I PM sensitivities
AM sensitivities
I PM sensitivities
Fourier
(dBc/Hz re1 to y = 1)
(dBc/Hz re1 to y = 1)
frequency Measured I Predicted I Measured
Measured I Predicted I Measured
lOOHz
-69.9
-36.3 1 -41.4 1
-53.5
-36.4 1 -41.4 1

Table 6. Sensitivities of AM and PM noise to AVm in a linear CC amplifier for IEz 23 mA and Vm E 6.8 V. For
Fese measurements the output power was adjusted to approximately 7 dBm and AVm E 7.7 x lov4v,JdHz.
A
2N2222A
B
E
C
D
F
G
H
5MHz
10 MHz
PM sensitivities I
AM sensitivities
PM sensitivities I AM sensitivities
Fourier
(dBc/Hz re1 to AVm = ~V,J&IZ)
(dBc/Hz re1 to AVCB= lv,JdHz)
frequency Measured Predicted Measured Predicted Measured Predicted Measured Predicted
100 Hz
-69.9
<-90.4
-75
-108.5
-63.9
<-88.6
-69.3
-96.5
50 Hz
-69.9
-74.8
limited by
-108.5
-69.4
-96.5
-63.9
limited by
20 Hz
-69.9
-74.9
noise floor
-108.5
-69.5
-96.5
-63.9
noise floor
10 Hz
-69.9
-74.8
-108.5
-69.5
-96.5
-63.9
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HIGH TIME RESOLUTION PULSAR DATA ACQUISITION SYSTEM

I. Morison, C.A. Jordan,
University of Manchester, N.R.A.L., Jodrell Bank.
1. ABSTRACT

The paper describes a new data acquisition
system for use in pulsar timing measurements
made by the Lovell 76m Radio Telescope. It is
capable of sampling the data in up to 256
channels and synchronously integrating the signal
from each into a maximum of 1024 bins across the
pulse period. With 256 channels the minimum bin
width is 25.6 psec reducing to 12.8 psec for 128
channels. The start time of each integration and
hence the pulse arrival time measured is directly
related to the time frame provided by a hydrogen
maser clock. The time from this clock is
continuously referenced to the lpps outputs from
three GPS receivers to ultimately refer the
measured pulse arrival times to TT(BIPM92).
Data from the new system is presented for the
pulsars B0531+21, J1911-1114 and J1643-1224.

Keywords:

dispersion across the band and then averaged
together.
3. SYSTEM REALISATION

A block diagram of the system is shown in Figure
1. It is designed for use with a multi-channel
filter bank in which the output of each narrow
band filter has been square law detected and
low pass filtered to give a smoothed output
appropriate to the sampling rate of the data
acquisition system. These outputs are then
sequentially selected and digitised and the
resulting samples synchronously integrated into a
number of bins covering the pulse period. The
system can accept up to 256 sub band inputs and
integrate the noise within each into a maximum of
1024 bins.

pulsar tjmjng
time transfer
256 Channel
2. INTRODUCTION

Over time scales of months to years the
millisecond pulsars appear to be more stable than
current atomic clocks, and it is thus of great
interest to make long term, high precision
measurements of their pulse arrival times. This
requires a system capable of subdividing the pulse
period into sufficient bins to allow the pulse
shape to be resolved. One major observational
problem is that caused by dispersion in the
interstellar medium which causes the lower
frequency components to be delayed relative to
the higher frequency ones. Its effect is to broaden
the observed pulse width as the bandwidth is
increased to improve the signal to noise ratio so
reducing the accuracy of the measurement. It is
possible to digitise the full bandwidth and then
carry out a coherent dedispersion process
computationally but at present, even using
powerful vector processing systems, the time to
analyse the data exceeds the observing time by
around an order of magnitude. An alternative
approach which allows continuous observations is
to split the overall bandwidth of the observing
system into a large number of narrow sub-bands
in which the dispersion is negligible. The signal in
each must then be individually sampled and
integrated. Following a suitable integration
period the signals relating to each sub-band are
time shifted in the computer to allow for the

D a t a Acquisition

Station Clock
Hydrogen
Maser

GPS Clock

Figure 1: System Block Diagram
A high degree of parallelism is used to achieve
the desired time resolution. There are 4
independent banks of 24
bit
integrating
memories. They provide 1024 bin locations per
channel and integrate each sample into the

appropriate channel and bin location in 400nsec.
The allowed integration time is dependent on
the number of channels and bins in use and is
typically of order 10 minutes. Associated with
each integration memory bank is a data
acquisition board, shown in Figure 2, which
samples the data from the 64 channels serviced
by it. A single analogue multiplexer and analogue
to digital converter would be unable to provide
sampled data at an appropriate rate so the data
acquisition board uses four 16 channel
multiplexers each with its own buffer amplifier and
6 bit 'flash' analogue to digital converter. Thus, on
each of the four data acquisition boards, 4
channels are being sampled and digitised

commensurate with their output smoothing time
constant otherwise the optimum signal to noise
ratio will not be achieved. Thus for all except the
very fastest pulsars the output of the detectors
must be sampled many times during each bin
period. The control circuitry thus allows for the
system to 'dwell' on each bin, integrating a
specified number of samples before moving
onto the next. Each 400 nsec sample and
integration period is initiated on the rising edge of
the control clock which is generated by a 48
bit
Numerically
Controlled Oscillator
as
described below. At the end of each integration,
the integrated data is transferred into the control
computer; an operation which automatically
clears each memory location ready for the next
integration.

&bit Flash Converter

n
16 Charnels

5. THE NUMERICALLY CONTROLLED
OSCILLATOR

= HM16

Multiplexer
1

16 ChOnWk

2

16 c=hcmWk

3

16 channelc

Convert

EnaMe

Data

Figure 2: Data Acquisition Board
simultaneously. The system is 'pipelined' so that
the acquisition circuitry is operating 4 channels
ahead of the associated digital hardware. The
four digitised samples are then read out
sequentially from each data acquisition board
and added into the appropriate locations within
the associated block of integrating memory.
4. CONTROL UNIT

This is linked to the VAX control computer
through a 16 bit bi-directional parallel interface.
It contains the counters which advance the
multiplexers and integration memories through
the channel and bin locations. Circuitry is
included to allow the multiplexers to 'look ahead'
as described above. It is important to sample the
output of the filter bank detectors at a rate

The system timing is controlled by the use of
a Stanford Telecommunications 48 bit Numerically
Controlled Oscillator (NCO). This operates from a
40 MHz clock derived from the 5 MHz output of
the station Hydrogen Maser frequency standard.
The NCO maintains a record of the phase of the
output waveform accurate to 48 bits. At each
clock cycle the
number which has been
downloaded into a 48 bit A-Phase register is
added to the
previous phase.
The most
significant 13 bits of the phase register control
the address of a Sin/Cos lookup table. In this
application only the top bit of this table is used to
provide a square wave of the desired frequency
whose positive edges initiate the integration of
each set of four samples into memory. The
period of its output frequency is set to be an
integral sub multiple of the apparent pulsar period
dependent on the the number of channels
(NCHAN) and bins (NBIN) and the chosen
number, NDWELL, of samples per bin. NDWELL
is a free parameter which is chosen to run the
system as close to its maximum operating speed
as possible and is thus the NCO is set so that its
output frequency has a period less than, but close
to 400 nsec. If the data collected in successive
real-time integrations is to be further integrated,
then the pulse must remain in identical bins.
This requires that each integration is begun at the
same phase of the pulsar rotation with a
precision significantly higher than that of the
minimum bin period. The NCO control circuitry
uses the 1pps pulse from the station clock to
control the integration start times. When a RUN
command is sent to initiate an integration, a
counter system is used to enable the NCO output
at a precise time following the next 1 pps pulse. A
precision of 200 nsec is achieved by the use of a
24 bit counter clocked at 5 MHz. The NCO
frequency is then updated each second precisely
on each 1 pps pulse to allow for changes in the
apparent pulse period during the integration.

fl

6 MHZ

48 Bit
Numerically controlled
Oscillator

b

Data

424 Btt Delav Counter 1

a rolling 3 hour period for each GPS clock to
provide measurements of the time offset with a
precision close to 10 nsec RMS. This is better
than the nominal 50 nsec accuracy of each
measurement as the selective availability jitter is
effectively providing dither, so by oversampling, a
higher precision comparison may be achieved. If
it is desired to work to this precision then the
published corrections between GPS Time and TT
may be incorporated. A graph is presented
showing the drift of the Sigma r Maser with
respect to the GPS lpps waveforms from TRAK
8820 and TAC receivers over a period of 20 days
showing both the raw and smoothed data. The
raw data presents 1 hr samples of the direct
comparison and shows the 50 nsec quantisation of
the measurements. The smoothed data are the
hourly values of the 3 hr rolling average. The
vertical divisions are 100 nsec.

Figure 3: The Numerically Controlled Oscillator
6. THE STATION CLOCK

The lpps time base used to control the timing of
the system is provided by the Station Clock and is
normally derived from the 5 MHz output of a
Sigma r Hydrogen Maser, but there is automatic
fall back within 100 nsec onto a Rubidium
frequency standard should its output fail. This 1
pps waveform defines Jodrell Atomic Time (JAT).
The clock continuously monitors the time offset
between JAT and the 1 pps waveforms from three
GPS clocks which define GPS time (GPST). Two
are TRAK SYSTEMS Model 8820 GPS Station
Clocks with the third being a Totally Accurate
Clock, TAC. All three are operated in the fixed
position mode having first used them to find the
precise locations of their antennas by long term
averaging. This significantly improves the rms
jitter on their output lpps waveforms. Rather than
have the difference between JAT and GPST vary
both negatively and positively around zero, the
Jodrell Clock is initially set so that JAT is 2 psec
fast of GPST. Following accurate adjustment of
the maser output the current drift rate between
JAT and GPST is very slow. The offset is reset
when the difference has changed by 1 psec. The
Station clock continuously monitors the offset
between JAT and the lpps waveforms from the
three GPS clocks GPST with a precision of 50
nsec. These difference are transmitted each
minute to the VAX 4105 computer system. The
header of each pulsar data set includes this
information thus enabling the pulse arrival times
to be related to GPST. Due to jitter in the GPS
lpps pulses, in part brought about by the use of
selective availability, together with the 50 nsec
measurement accuracy, the precision of the
direct comparison is of order 100 nsec.
Measurements of the RMS of the instantaneous
measurements for each clock give a value
between 45 and 50 nsec. The Jodrell station clock
averages these instantaneous measurements over

Figure 4: TRAK and TAC clocks referenced
against the Sigma r Hydrogen Maser
7. DATA

All observations presented were made using the
76m Lovell radio-telescope at Jodrell Bank with
a bandwidth of 4 MHz centered on 606 MHz in
conjunction with a filter-bank which splits the the
band into 64 sub-bands each of 128 KHz. Figures
5 and 6 show an observation of the CRAB pulsar,
B0531+21 in both hands of circular polarization.
512 bins were specified to cover the pulse period.
The first graph plots the integrated data from each
of the sub-bands showing the effect of dispersion
on the pulse arrival times. The second shows
the result of adding the data from each subband after having corrected for dispersion. The
plot clearly shows the precursor to the main
pulse. Figure 7 shows the de-dispersed data for
the two hands of polarisation of the 3.626
millisecond pulsar J1911-1114 for which the pulse
period was split into 128 bins. Figure 8 shows the
de-dispersed data for the 4.621 millisecond pulsar
J1643-1224 using the earlier Jodrell Bank Pulsar
Synchronous integrator where only 16 bins could

be put across the pulse period. The design of the
new PSI which allows 128 bins to be placed
across the pulse period, as shown in Figure 9, has
thus improved the time resolution by a factor of 16.
This is, of course, largely a result of the 16 way
parallelism employed in the new device. In further
analysis the pulse profile for each pulsar is cross
correlated with a template of the average pulse
profile to find the bin corresponding to the nominal
pulse arrival time. From a knowledge of the start
time of the first bin, specified to 200 nsec, and the
width per bin the pulse arrival times at the Lovell
telescope can then be derived. From this the
arrival times at the solar system barycentre are
obtained using the JPL DE200 ephemeris. The
data
basiscollected
for further
over a period
analysis
of timesuch
then forms
as the

0

0

measurement of the pulsar spin down rates.
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Figure 7 : De-disperseddata for J1911-1114
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Figure 5: Individual Channel Data for B0531+21
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Figure
8: De-dispersed Data for J1643-1224
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Figure 6: De-dispersed Data for 80531+21
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Figure 9: De-dispersed Data for J1643-1224
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1. ABSTRACT
A new numerical model of a phase modulation (PM) noise
measurement system of high stability quartz crystal
resonator is presented. The measurement device allows to
measure the inherent phase stability of quartz crystal
resonators in a passive circuit without the noise usually
associated with an active oscillator. It is based on the phase
bridge method using a resonator pair driven by a low noise
source.
The output signal, obtained with a phase detector, is
proportional to the phase difference introduced by
resonators. The numerical transfer function of each bridge
path is given by the model. The output spectral density of
phase fluctuations is calculated with these transfer functions
and a low-noise source numerical approximation.
The model was applied to 10 MHz BVA quartz resonator. It
enables to quantify the source noise rejection versus
resonance frequency and unloaded quality factor of quartz
crystal resonators.

temperature and were used to study a large number of
crystals.
To obtain identical resonators is hard and then the noise of
the source can't be efficiently rejected. In order to extend the
study, a numerical model of a measurement system which is
close to the F. L. Walls device has been developed. This
simulation shows the measurement system limits and
evaluates the acceptable resonators differences so that it is
possible to measure their phase noise.
We give a complete transfer function of the measurement
system. Different input sources with more or less phase
noise can be used. The model was applied to 10 MHz BVA
resonators. The source noise rejection is quantified versus
resonance frequency and versus unloaded quality factor of
quartz crystal resonators. The results are presented in
frequency or time domain using the spectral density of phase
fluctuations So(f) or the Allan variance dy(2).

3. MEASUREMENT DEVICE
The simulated measurement device is presented on figure 1.

Keywords: Allan variance, phase noise, phase bridge
method, I0 MHz BVA quartz crystal resonator,
numerical simulation, power spectral density of
phase fluctuations.

Source

Phase Detector

2. INTRODUCTION
Quartz crystal controlled oscillators are very important in
frequency metrology. They are used in nearly all precision
frequency generation and measurement device.
With an oscillating- loop- it is difficult to distinguish in the
output signal the respective contribution of the electronic
amplifier and of the quartz crystal resonator to phase
fluctuations. So, new techniques are developed to measure
the inherent phase noise of quartz resonators.
In the middle of the 1970's, F.L. Walls and a1 (Refs. 1-2),
then J.J. Gagnepain (Ref. 3) have presented new methods,
which allow to measure the inherent frequency fluctuations
of quartz crystal resonator in a passive circuit without the
noise usually associated with an active oscillator. Two
crystals which are as identical as possible are driven in .rc
transmission network by a low noise source.
By careful adjustment of crystal tuning and the balancing of
the relative Q's, the output signal can be made first order
insensitive to both residual amplitude and frequency
modulation in the source. These techniques are appropriated
to measurements at room temperature and at very low

Fig. 1 :Passive measurement device of phase noise of
quartz crystal.
A low-noise source of frequency fodrives two blocks

and

X,.The blocks XIhave each one a quartz crystal placed in an
impedance adaptation network. The inherent quality factor of
the resonators are Q,, the resonance frequency fo,. The
resonance frequency of the block can be tuned with <tuning
capacitor.
A power spectral density of phase fluctuations S$ou,(f)is
obtained from a spectrum analyzer located after the phase
detector. S$ou,(f)is proportional to ($,-$,)' where $, and $2 are
the phase introduced respectively by each path X, and &. By
careful adjustment of crystal tuning and the balancing of the
relative Q's, the output from the phase detector can be made
first order insensitive to the residual amplitude modulation
of the source.

4. PROCESS OF MODELING
Model equations of measurement system are presented in the
following part.
4.1 Theoretical source e q u a h
The phase noise of the source is given by power spectral
density of phase fluctuations Soin(f).This noise is computed
with an asymptotic curve (Ref. 4).

Rqi, Lqi, Cqi, are motional parameters. The quartz crystal
frequency is given by this parameters. Electrodes of the
resonator are represented by the static capacitor C,,. Serial
tuning capacitor CWgiallows an adjustment of Zq,& to fi
frequency. Frequency adjustment is necessary to have quartz
crystal frequencies at the same value than the source
frequency.
The impedance of the equivalent circuit shown in the
figure 4 has the following expression:

Figure 2 shows an example of a low-noise source spectral
density S& which is used in the computation.

4.3 Impedance adaptation
To preserve its resonance quality, quartz crystal is placed in
an impedance adaptation network which is composed of Rli
and Rzi resistors. Resistors are evaluated versus quartz
crystal impedance. Figure 5 shows the adaptation network.

R..

Lqusrtzi

Fig. 2 : Power spectral density of phase jluctuations of the
source Sein(f)in dBc/Hz.
The function is given versus relative frequency or Fourier
frequency, it is normalized with source frequency f,. To take
into account the spectrum in each side of f,, calculus used
single sideband power spectral densities L*oi,(f) et L'+,,(f).
Figure 3 gives an example of these single sideband power
spectral densities.

Fig. 5 :Impedance adaptation of quartz resonator.
Transfer function of the figure 5 circuit is:

with

Zi =

f (Hz)
Fig. 3 :Single sideband spectral densities of the source.
fo

4.2 Eauivalent circuit of a quartz crvstal
Figure 4 presents the usual equivalent circuit of a quartz
crystal used in this model.

,

P$kFi

,

1
1

Elements of Xi blocks measurement system are shown in
figure 5. Global Xi blocks transfer functions are given for
each side off, in relative frequency. The two single sideband
transfer functions are expressed in dBc/Hz and normalized
versus the transfer function of quartz crystal resonator nO1.

X
: (f) = 20. Log Hi(f +fo)

I-

<=>

z

Fa*

i

--I,o~

Co,

Fig. 4 :Resonator equivalent circuit with a serial tuning
capacitor.

xi(f) = 20 Log

~ p e c t r adensities
l
expressions
Power spectral density of phase fluctuations of the source
S*"(f) applied in each path of the device gives the following
expressions.

The range of the tuning capacitor is fixed by the extreme
frequency values.
le-06

In output of each path, spectral density S+,(f) is computed
from the two previous single sideband power spectral
densities.
In dBcMz:

1e-12
9.99995 9 . 9 9 9 9 6 9.99997 9 . 9 9 9 9 8 9 . 9 9 9 9 9
f q (MHz)

Finally, the output spectral density of phase fluctuations
Sc,(f) after the phase detector is given by the phase
difference between spectral densities of each path S+,(f)and
S$,(f). This phase difference is a linear operation and results
are expressed in dBcMz.

4.5 Time domain : Allan variance

Short-term stability is usually given in time domain with an
Allan variance. Allan variance depends on the relative
frequency and the power spectral density of phase
fluctuations S$ou,(f)as follow.

10

Fig. 6 :Tuning capacitor versus quartz crystal resonance
frequency fp,
Maximum and minimum values of the tuning capacitor Cmgi
which bring quartz crystal frequency fqi back to Z,,
frequency fi are:

The simulation of different quartz crystal is possible with
this method. Several cases are studied.
5.1 Identical Q,fld 02.fi = f2= f,,
Q-factors Q, and Q, are equal to 1.36.106.Tuning capacitors
allow f, = f, = f,,. Figure 7 shows S$ou,(f).
Sphi in f q l - f q 2 = le-1OHz ------- f q l - fq2 = le-5Hz ........
f q l - f g 2 = 1HZ -

5. NUMERICAL RESULTS
The model was applied to 10 MHz BVA resonators, SC-cut,
third overtone (Ref. 5).
For both resonators, motional resistor Rqiis set at 100 Q.
Static capacitor Chi is 2.4 pF. Q,-factors, inherent resonator
frequencies fqi and fi of ZqYd are variable parameters.
Motional inductor Lqiof quartz crystal is computed with the
following approximate equation:

Motional capacitor Cqiis computed by a dichotomy method
with a 10"' accuracy to obtain the quartz crystal
frequency fqi.
Tuning capacitor Crsgiof the ZqYhblock is also computed to
obtain the global resonance frequency f,. It is drawn versus
inherent quartz crystal resonance frequency fqi on the
figure 6. The source frequency and the resonance frequency
of Z,,, block are equal to 10 MHz. Qi-factoris 1.36.10~.
The 10 MHz BVA resonators used in time base, are made to
have their resonance frequency equal to 9999983 rt 10 Hz.

".-.................... :
'"---
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Fourier f r e g u e n c y
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Fig. 7 :Power spectral density S+ou,(f)for different frequency
gap of quartz crystal resonators.
The fqifrequency has been chosen very close to 10 MHz to
obtain a tuning capacitor equal to 1 Farad. Under these
conditions, the resonator no 1 is almost without frequency
correction.
We can note that the source noise is less rejected when the
frequency gap of quartz crystals is great. The output's
spectral density goes back to the spectral density of the
source. The curves show that the resonators must be as
identical as possible to obtain a good rejection of the source
noise.

Figure 8 shows the case where fql and fq2are to the extreme
values of the bandwidth:
fql= fqmar
= 9999993 HZ.
fq2= fqmin
= 9999973 HZ.
-20

Sphi in Sphi out ------- -

N

?

-40

*.

P;

for frequency fl=f2 below and above the source frequency
because the calculus uses each side of the source spectrum.
All curves are 5 dBc/Hz below Sein(f)before 1 Hz. The curve
of Som,(f)where f,=f,=fo + 20 Hz differs more from the curve
f,=f2=fo.It is about 15 dBc/Hz above the curve fl=f2=foafter
10 Hertz.

.*..-..

-------.
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Fig. 8 :Power spectral density
C,, = 81 pF et C,, = I9 pF.

Figure 9 shows the output power spectral density of phase
fluctuations of the measurement system at 1 Hz versus the
resonance frequency gap of quartz crystals. The value of
Soin(f)is -120 dBc/Hz. The points on the figure are drawn for
two cases: the frequency fql is chosen such as C,,,= 1 Farad,
then fq,= 9999983 Hz, accordingly the tuning capacitor
is 32 pF.

le-06
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Fig. I0 :S+o,,(fl versus Fourier frequency f for f, =A+&.
5.3 Identical Q, et 0; ( 1 . 3 6 . 1 0 6 ~ 1 & f 2 2 &
Figure 11 presents an example of the output spectral density
for f, = fo - 6 Hz, and f, = fo + 10 Hz. The quartz crystal
frequencies are fq,=fqmmand fq2=fqmin,
The output spectral
density obtained constitutes an unfavorable rejection of the
source noise. The values of the output spectral density of
phase fluctuations are even above the source noise
around 5 Hz.

$4

-180

Fig. 9 :Power spectral density S+,,,,(f)versus Af = 8,-8,.
The resolution at 1 Hz of the measurement system is given
by these points. In the frequency bandwidth, the frequency
gap of quartz crystals is therefore an important parameter
seeing that the points of each case are superposed. The
values of fqland fq2have a negligible effect on the resolution.

5.2 Identical 0, et 0. (1.36.1Q6). freauencv fl = f2# fo
Figure 10 shows the variations of Se,,,(f) versus fl and f2.
Resonance frequencies of quartz crystals are chosen equal to
fqmmand fqml,,in view to obtain the worse source noise
rejection. The values f, and f, are necessarily greater than
fqm, because the tuning capacitor can't decrease the
resonance frequency of quartz crystal.
The curves have resonance peaks due to the frequency offset
between f,=f2 and the source frequency fo. The peaks appear

!&
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5.4 Variation of 0-factors of a

m

Figure 12 shows the output spectral densities for identical Qfactors in each path. Curves are obtained for fql=fqmar,
fq2=fqmin,
fl=f,=fo. The curves which are obtained for Q,=Q,=0.5~10~
and ~ , = ~ , = 1 . 4 . 1are
0 ~ separated by around 5 dBc/Hz. We
can note that when the Qi-factors increase, the So,,,(f) is
higher, except in the range from 5 Hz to 500 Hz.
We have taken Q, equal to 1.4.106, then we have observed
the variation of the output spectral density of phase
fluctuations versus Q , The quartz crystal frequencies remain
equal to fqmar
and fqmin.

Sphi in -

.

Q l = Q 2 = 0 5 e 6 .......Q l = Q 2 = l e 6 ........
Q l = Q 2 = 1. 4 e 6 -......

- Q, =Q, = 1.36.106,fq1=9999983HZ and fq,=99999982Hz.
- Q, =Q, = 1.36.106, fq1=9999983HZ and fql= 9999978 HZ.
oy(z)is under 2.lO.l4if the frequency gap of quartz crystals is
less than 1 Hz
Spectral densities are evaluated for Fourier frequency
ranging from 0.001 to 10000.
Integral calculus of the oY(z)is obtained with integral limits
equal to 0.001 and 10000. z ranges from 0.01 to 100. This
restriction on the z value allows a numerical simulation with
a good precision.
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6. CONCLUSION
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Fig 12 :Output power spectral density of phase fluctuations
versus inherent quartz: crystal Q-factors.

The proposed model allows us to evaluate the output phase
noise. The calculation assumes that in order to have a better
rejection of source phase noise the quartz crystal resonators
must be as identical as possible. The model will be improved
if we take into account the noise generated by the phase
detector in the computation. In this way, the result will be
very closed to the practical case. Nevertheless, the phase
detector noise could be eliminated by cross-correlation
method (Ref 6).
This paper shows that the measurement system phase noise
can be quantified according to the quartz crystal parameters.
Thus, we can predict the limits of quartz crystal phase noise
measurement.
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Figure 14 shows the standard deviation oy(z) of the source
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- Q, =Q, = 1.36.lo6,fql=fqmax
and fq2=fqmin.

11 TH EUROPEAN FREQUENCY AND TIME FORUM NEUCHATEL

-4-5-6

MARCH 1997

PERFORMANCE ASSESSMENT OF A DELAY COMPENSATION PHASE
NOISE AND TIME JITTER REDUCTION METHOD
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ABSTRACT

A new phase noise and time jitter reduction
circuit was announced at the 1996 EFTF (Ref.1).
This paper derives a theoretical model of the
processes occurring in this jitter reduction circuit
and identifies the dominant source of additional
phase noise and time jitter.
The relationship between the lowest sideband
frequency that can be suppressed and the time
constant of the dc removal circuit is derived.
Also the theoretical limit on sideband noise and
jitter performance for a given input and output
frequency is estimated.
Some practical
suppression results are given.

Key Words: Phase noise, Time Jitter,
Direct Digital Synthesis, Phase Locked
Loops, Noise Cancellation
1.

INTRODUCTION

The first announcement of a new proprietary
technique of removing the time jitter and hence
also the phase noise from any frequency source
was made at the 1996 EFTF (Refs.1 and 2).
The technique is particularly suitable for
removing wideband (> 1 - 10kHz) phase noise
and jitter sidebands, such as occur in DDS (Direct
Digital Synthesis) or mixer type frequency
synthesisers. Its unique feature is that unlike
the PLL (Phase Locked Loop) it can remove
sideband noise up to the carrier frequency spaced
from the carrier without significant compromise
of speed of switching from one frequency to
another.
The main purpose of this paper is to provide a
theoretical estimate of the limits to which noise
can be suppressed for typical circuit
implementations of the new method. The term
"jitter suppression circuit" is used in this paper

to cover the "Self Adjusting Delay Compensator
- SADC" used in Refs. 2 and 3 and also for
"Delay Compensated Phase Noise and Time
Jitter Reduction Circuit".
2*

MODEL OF THE DELAY
COMPENSATOR

Fig. 1 shows the basic delay compensation
circuit. The first monostable creates a pulse of
fixed duration from the frequency source. Being
of fixed duration, the pulse length can be
designed to be very stable which is needed if no
additional noise or jitter is to be introduced.
The DC removal circuit is shown being
implemented as a feedback arrangement. DC
has to be removed so that the output of the
following integrator circuit does not ramp into
positive or negative saturation. However, in so
doing suppression of sideband noise down to DC
is precluded.
The resulting lower cut-off
frequency for sideband noise suppression also
determines how rapidly noise suppression is
recovered after switching from one frequency to
another.
The integrator acts on the pulse waveform
shown in Fig. 2a to produce the sawtooth
waveform as shown in Fig. 2b. The important
point shown in this figure is that the timing
instants tl and ts when the integrator output
waveform crosses the switching (comparator)
threshold level of the second monostable do not
vary even for large time jitter displacements of
the integrator input pulses. It is this fact that
accounts for the ability of the circuit to suppress
the time jitter of any frequency source.
The pulse length of the output monostable is
chosen to give approximately equal mark-space
ratio over the frequency band covered by the
input source.

3.

FUNCTIONAL MODEL OF JITTER
SUPPRESSION

A representative functional model for the circuit
of Fig. 1 is shown in Fig. 3. The two signal
paths represent the two separate processes
occurring simultaneously in the actual circuit.
The upper path represents the time jitter
information contained in the relevant up or
down transitions of the waveforms.
The lower path represents three separate stages
of signal processing.
The first stage is the
conversion of input frequency to a voltage.
The mean level of the output from the first
monostable is directly proportional to (pulse)
frequency provided the pulse length is kept
constant. The integrator next operates on this
mean voltage t o correct it to a voltage
corresponding to phase fluctuations of the input
signal. A mean level shift in the integrator
output waveform inversely causes a time shift
proportional to the slope of the integrator
waveform because the input switching level of
the second compensator/monostable is fixed.
Thus the combination of the integrator output
sawtooth waveform and the fixed comparator
level acts as a "delay modulator" for the
relevant waveform transitions appearing at the
output of the comparator/monostable.
The time shift fluctuations are then subtracted
from the original signal time fluctuations in the
summing junction. A major advantage of the
circuit is that the integrator slope is
automatically the correct value so the
fluctuations in the upper path are almost exactly
cancelled (in the summing junction) by those in
the lower path. The degree of cancellation is
only degraded at sideband frequencies at which
the integrator does not behave as a perfect
integrator.
4.

ESTIMATION
OF
CANCELLATION RATIO

THE

The cancellation ratio or suppression is the
phase modulation or time jitter at a given
sideband (angular) frequency Om= 2n: f, on the
input in ratio to that on the output at the same
sideband frequency.
From Fig. 3 the
cancellation or suppression ratio can be derived
as a Laplace Transform as:

where zo(s), zi (s) and z, (s) are respectively the
Laplace Transforms of the output, input and
cancellation time jitter signals. Time jitter can
always be converted to and from phase jitter $(s)
by the equations:$(s) = 2nfoz(s)= 2 7 4 s ) lTo .................(2)
where fo = T,-' is the carrier frequency.
In equation 1 Gc(s) is the closed loop transfer
function of the lower path:G,(s) = G,(s)G, (s)k, / ( I + G, (s)G,(s)) .............(3)
where
Input Mean Level : G, (s) = k, s ............(4)
Integrator : G, (s) = 1/ RICls= k, / s ...........( 5 )
D C Removal feedback :

G2(s)= (R,IR,)I(~+ R 2 c 2 s )= k,(s

+ b) ......(6)

Delay Modulator Gain : k, =
(integrator down slope)-'

.................(7)

The self adjusting action of the circuit
corresponds to

which matches the gains of the upper and lower
paths. Equations 3 to 8 then give
G,(s) = s(s + b)/(s2 + bs + k,) .................(9)
The two zeros in the numerator confirm that
DC removal action is present and the path gain
drops rapidly to zero below the frequency

It is convenient to adjust the feedback gain k2 to
give coincident closed loop poles at s = bl2 by
setting k2 = 114b. This occurs if we make R2 =
4R2C2/C 1. Then the suppression ratio given by
equation 1 becomes

Putting s = j o = 2nf then gives for the
magnitude of the suppression ratio

IS,/

This shows that below the DC removal cut off
frequency
2nf = o = b/2 there is no suppression
because

IS,^ := 1

Further more detailed analysis shows that the
ultimate suppression ratio is limited
approximately to the inverse of the loop gain of
the integrator at the carrier frequency of
operation. In turn it can be shown that the
practical maximum loop gain of an integrator is
the ratio of the unity gain transition frequency
of the dominant lowest frequency transistor in
the integrator circuit to be operating carrier
frequency. For example if ft is 250 MHz the
maximum suppression for a 10 MHz carrier
frequency will be 250110 = 25 equivalent to
28dB sideband suppression. Thus if more than
28dB suppression is required two or more jitter
suppression circuits should be used in cascade.

5.

q, = 1.6 x 10-19 coulomb ................(13)
The equivalent RMS noise voltage vn,(fm)= Vn
at the integrator output for sideband modulation
frequency om= 2n fm is given by :
Vn = in/o,C, = in/2nfmC,................(14)
But the current I, into the capacitor CI
determines the integrator down slope kd-1 so
that
k, =C, /I,

................(15)

The conversion of V,, to time jitter 7,(fm)
can then be determined by the slope value
k,-I and is 7, = k,Vn .....................(16a)
= C,Vn/ I ,................(16b)

But from equations 2 and 16c we have
c$, = 2nfozn= 2x7, /To................(17a)
= (in/I,) (f, / fm)................(17b)

DOMINANT SOURCES OF NOISE

Also shown in Fig. 3 are two equivalent current
sources in, and inR. Both sources are shown
coupled through directional couplers so that the
real impedance values existing at the points of
equivalent noise insertion do not short out or
attenuate the noise currents.

The phase noise power spectral density ~ ( f ~ )
relative to carrier power P at sideband frequency

fm is then given by

The noise source ins represents the "shot" noise
which will exist on the current charging the
integrator capacitor C I .
This current is always equal to the current
supplied from the output stage of the first
monostable.
No additional current noise
suppression feedback is assumed to be present so
that the power spectral density of the (white)
shot noise in one Hz bandwidth at modulation
frequency fm is given by the standard formula.

where I, is the integrator capacitor charging
current during the down slope part of the
integrator output waveform and qe is the charge
on the electron where

For a representative case of integrator charging
current I, = lOmA and output frequency
f, = lOMHz we have for sideband
frequency fm= 10kHz

This is more than good enough for many
applications but the performance of an oscillator
good enough for use in high performance
communications systems should reach the figure

merit of -120dB at IOkHz, a difference of 9dB.
This indicates that a technique such as feedback
for current noise reduction should be applied
when better phase noise performance is required.
But then the noise from the second equivalent
(resistor) noise source inR can become dominant.
This noise contribution is assumed to derive
from an equivalent resistor Re which in Fig. 3
can be taken to be RI.
We have

But li,)

2

can replace 2qe10in equations

to give

Examination of the design equations show that
an increased integrator charging current
decreases the phase noise at a rate of 3dB per
octave of current I. increase.
The resistor
noise contribution is correspondingly decreased
at a rate of 6dB per octave of I. increase. An
increase of I, to 30mA thus would give
respectively 9.5dB and 19dB improvements.
Power consumption is kept low by decreasing the
supply voltage which is facilitated by using a
large integrator capacitor to decrease the
integrator output voltage swing. Interestingly
the noise performance is to a first
approximation independent of the integrator
capacitor value.
In conclusion the analysis given in this paper has
established some of the fundamental limits of the
novel phase noise and time jitter reduction
technique.
The results so far confirm that
analysis and further measurements are planned.
From this it can be seen that the new technique
promises to have wide application to phase noise
and time jitter in many electronic systems.

Equation 22c is also for
I, = lOmA and with R, = Re = 400ohms
This gives good performance at 10MHz
although about lOdB less noise is required if the
carrier frequency is moved up to 100MHz.
The conclusion from these two examples is that
additional current and resistor noise reduction
are desirable but only for the most demanding of
applications. There are standard methods for
achieving better noise but even for these the
noise analysis methods given here remain valid.
6.

cancellation of about 28dB should be achievable
at 300MHz by using the BFP193 with an f~ o f
8GHz in place of the 2N2222.

RESULTS AND CONCLUSIONS

Figs. 4 and 5 illustrate 25dB jitter sideband
suppression being achieved at 10 MHz in a
particular implementation of the jitter reduction
circuit (Ref.2). In this case 2N2222 transistors
with f~= 250 MHz were used in the integrator.
The 24dB can be compared with a predicted
cancellation of 2.50110 = 25 n 28dB.
On this basis it can be predicted that a
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FREQUENCY STABILITY IN A
SUPERCONDUCTING TRANSMISSION LINE WITH
BUFFER LAYERS
Farhat Abbas, John Gallop and Clifford Hodge
National Physical Laboratory, Teddington, Middlesex, UK T W l l OLW

Abstract

filters, resonators and delay lines require high-quality
HTS thin-films and substrate materials.

The resonant frequency of a superconducting planar
resonator is dependent on the material properties
and thicknesses of the superconductors, the dielectric
(substrate) and the buffer layers. In this paper, we
compute the first and second derivatives with respect
t o temperature of a wave velocity ratio (with respect
to free space) for various combinations of material
properties. The dependence of resonant frequency on
the dielectric constant and thicknesses of the buffer
layers is discussed.
Keywords: Frequency Standards; Superconducting
Resonators; Buffer Layers.

Workers attempting t o grow HTS films directly onto
high-quality substrate materials have encountered
some serious problems, due t o large mismatches of
both lattice constants and thermal expansion coefficients of the HTS films and some substrate materials. Also, the interdiffusion between the HTS films
and substrate materials has been found t o severely
degrade the superconducting properties (Refs. 1-3).
To reduce such problems, it is necessary to investigate suitable buffer layers. The buffer layers should
satisfy the minimum five requirements for cryogenic
microwave microelectronics applications:
a) prevention of interdiffusion;

1

Introduction

b) better thermal expansion coefficient matching;
c) better lattice matching;

The use of superconducting films in transmission

d) confinement of the field into the substrate;

lines has many advantages for signal processing ap-

e) provide a resonator with a temperature indepen-

plications such as low dispersion, low loss, and wide

dent frequency.

bandwidth.

In fact, a study of the behaviour of

these transmission lines is of interest not only to

In this study, an analysis has been completed t o ex-

measure the penetration depth and low-frequency re-

plore the possibility of realising a resonator with a

sistance of superconducting thin films, but also to

temperature independent frequency. Tile design de-

determine the characteristics of thin-film supercon-

pends on the material properties and thicknesses of

ducting devices. Passive microwave devices such as

the superconductors, the dielectric (substrate), and

the buffer layers. The first and second derivatives of

layers (dielectrics, region 1) bridged by a central sub-

propagation phase velocity with respect t o tempera-

strate (dielectric, region 2) and sandwiched by a pair

ture for a sample in vacuo are computed for various

of superconducting thin films. Thicknesses of the

combinations of material properties and geometric

thin films, buffer layers and substrate are 1, dl and

factors. The resonator with a temperature indepen-

d 2 , respectively. The dielectrics, in region 3, are con-

dent frequency, as shown in Fig. 1, also depends on

sidered t o be very thick so that the fields in these

the product of dielectric constant of the substrate

regions can be assumed t o exponentially dkcay away

and the thicknesses of buffer layers, and vice versa.

from the interfaces.
The procedure used t o obtain a field solution is the
same as in (Ref. I ) , and it is summarised below.
Consider the propagation of an electromagnetic wave
in the z-direction of the transmission line shown in
Fig.

1. It is assumed that the dielectric thick-

nesses (dl and d2) and the penetration depth X of
the high temperature superconductors are very small
compared t o the width of the line, which in turn is
very small compared t o the length of the line. From
Fig. 1, and the above assumptions, it is clear that
the edge effects can be neglected, and there is no
y-dependence of the fields and currents.
The two-fluid model is used for the superconductors,
in which the total current is the sum of the supercurrent and the normal current. Classical skin effect and
London theory are assumed for the normal current
and the supercurrent, respectively.
The formulations made in (Ref. 1) can be used, i.e.,

Dielectric

y,

E,

t3

we are considering a T M wave:

Figure 1: Cross-section of a superconducting transmission line with buffer layers.

2

d2&
dx2

--

Field solution

Fig. 1 shows the geometry of the superconducting

n2Ex= 0

where, for the dielectrics:

transmission line with buffer layers which we have
considered. The structure consists of a pair of buffer

n2

K , . ~= a2- w2eTpO,

T

= 1,2,3

(2)

propagation constant a, which must be satisfied in

while for the superconductors:

order for a solution t o exist.
The condition is a transcendental equation for which
Here, a is the propagation constant along the z direction (taking e-lmZ), w is the angular frequency
(assuming elwt),eo and po are the permittivity and
the permeability of vacuum respectively,

E,

is the di-

electric constant of the dielectrics, X and a are the
penetration depth and the conductivity of the superconductors, respectively.

an exact solution cannot be readily obtained. As discussed in (Ref. 4), the approximations are Kldl

<< 1

and K2d2 << 1, and physically these approximations
mean that higher order modes are ignored. With
small dl and dl, higher order modes will not be excited. With these assumptions, the transcendental
equation yields:

Equation (1) is a second-order differential equation
which has two independent solutions of the form eKx
and e-"", where n is taken to be the root of n2 with

a2

+

1

= ( 2w2p060~1~2
4 €2 d2~1)[acoth(I)

+ 2 d l C dl]

(4)

positive real part. In the positive x-direction of the

If we make either dl or d2 equal t o zero (i.e, remov-

dielectric, region 3, we take only the solution eCK3",

ing the buffer layer), equation 4 is exactly the same

and in the negative x-direction we take only the so-

as that produced in (Ref. 5), and identical results

lution eK3", discarding eK3" for positive x-direction,

are obtained in (Ref. 1). Also, note the factor of

and e-K3x for negative x-direction. In the supercon-

two in equation 4, which indicates that there are two

ductors, the buffer layers (dielectrics, region 1) and

buffer layers and two superconductor layers. This

in the substrate (dielectric, region 2), both solutions

is because we have considered a symmetric case, i.e.,

are retained in order to satisfy the boundary condi-

the same HTS thin films on each side of the substrate

tions. In the superconductors, and in regions 1 and

separated by the same buffer layers, as shown in Fig.

2 of the dielectrics, we need both solutions in order

I . The wave velocity relative to that in a vacuum

t o satisfy the boundary conditions.

can be written as follows from equation 4:

With these solutions in the various media, we have
twelve arbitrary constants for the amplitudes of the
fields (one each in the dielectrics, region 3, two each
in the superconductors, the buffer layers (dielectrics,

According t o equation 5, the wave is dispersionless

region 1) and the substrate (dielectric, region 2)).

even though there is a component of the electric field

There are twelve boundary conditions that must be

in the direction of propagation, i.e., the group veloc-

satisfied, namely the continuity of the tangential

ity and phase velocity are equal and independent of

fields

and

& at

the six boundaries shown in

Fig. 1. If we ignore any non-linearity in the sys-

frequency. The dispersion relation of the wave has
been discussed in ( ~ ~4).f .

tem, the characteristics of the line are independent
of the amplitude of the wave, and eleven of the constants can be determined in terms of the twelfth by

3

Results

using eleven of the twelve boundary conditions. The

The superconducting transmission line with buffer

twelfth boundary condition gives an equation for the

layers shown in Fig. 1 can be described by the pene-

tration depth X of the superconductors, the dielectric
constants E, of the rth dielectrics, and the thicknesses

d, and 1 of the rth dielectrics and the superconductors.

where the partial derivatives are evaluated a t To,and

The temperature dependence of the penetration

where ST=(T-To). If a certain temperature stability

depth X of a superconductor can be described by any

6T can be achieved, then the minimum variation in

one of several models outlined in (Ref. 5). Any of

V,(T) is attained if as many of the 1ower.order par-

those models can be used in our analysis. However,

tial derivatives as possible can be made zero, or close

we will concentrate on the following approximate re-

to zero. The first order approximation is t o produce

sult:

a turning point in V,(T) by ensuring dV,/dT = 0 a t
T o But, by judicious choice of geometry factors for

=

d-

XO

(6)

a particular combination of dielectrics and superconductors, it is also possible t o make d 2 ~ , / d ~zero,
2

In equation (6), if the Gorter and Casimir model is

and even possibly higher order terms.

assumed, then p = 4. However, recently (Ref. 6), the
spin-polaron theory of high-T, superconductivity has

;

Differentthicknesses of buffer layers (40, 80, 120, 160 and 200) m m

2X

been explored, in which the charge carriers in a high-

T, superconductor are considered as biholes obeying

01
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the Bose-Einstein statistics and localized within a
unit cell of the crystal lattice. If the charge carrier
system in a high-T, superconductor is considered as
an ideal Bose-Einstein gas, then p = 1.5. In this
paper, we will assume p = 4. Also, the temperature
dependence of the E, can be approximated (Ref. 7)
as

€1

= 9.2

+ 2.5 x

10-11T4 (sapphire) and

113.446f0.043~-0.002~~f7.724x

€2

=

- 1.072x

\
90

(rutile).
To provide a resonator with a temperature indepen-

Figure 2: Second and first derivatives of propaga-

dent frequency, or a transmission line with temper-

tion phase velocity as a function of temperature for

ature independent propagation constant (and there-

a variety of buffer layer thicknesses, 40 mm t o 200

fore phase shift) along the line, it is necessary to

mm.

choose a buffer layer/main dielectric configuration
which will cause the propagation velocity (or equivalently the transmission line wavelength) to be as
independent of temperature variations as possible a t
the selected operating temperature.
Expanding expression (5) in a Taylor series about
the operating temperature To leads to:

Fig. 2 shows the first and second derivatives of prop-

[2] X D Wu, A Inam, M S Hegde, B Wilkens, C

agation phase velocity as a function of temperature

C Chang, D M Hwang, L Nazar, T Venkater-

for a variety of buffer layer thicknesses, assuming

san, S Miura, S Matsubara, Y Miyasaka and

sapphire as the buffer layer and rutile as the main

Shohata, "High critical currents in epitaxial

dielectric material. Turning points in V,.(T) can be

YBa2C~307-zthin films on silicon with buffer

produced close t o any chosen operating temperature

layers"

in this way.

, Appl. Phys. Lett. 54, 754 (1989).

[3] S Y Lee and H H Park, "Effect of PrBa2Cus07-,
Buffer Layer Thickness on the Properties of

4

Conclusions

YBa2Cu307-, Thin Films Grown on Sapphire
by Laser Ablation", J. Superconductivity, Vol. 9,

A field solution has been found for a superconducting

No. 5, 1996, pp 545-549.

transmission line with buffer layers, and an expression for the relative velocity of the dominant TM
mode has been developed. The derived expression
is used to investigate the resonator with a temperature independent frequency which is dependent on
the material properties of the superconductors, the
dielectric (substrate) and the buffer layers.

[4] Farhat Abbas, L E Davis and J C Gallop, "Ultrahigh-Q resonators for low-noise, microwave signal
generation using sapphire buffer layers and superconducting thin films", Supercond. Sci. Technol.
7 (1994) 495-501.
[5] Farhat Abbas, L E Davis and J C Gallop, "Field

Using the Gorter and Casimir model, the variations

Solution for a

of the first and second derivatives of V,. (dV,/dT and

Parallel-Plate Transmission Line", Physica, C,

d2v,/dT2) with respect t o temperature and varying

215, 132-144, 1993.

dielectric thicknesses are shown.
An example of YBCO thin films on rutile with sapphire buffer layers has been computed. From this

Thin-Film

Superconducting

[6] N F Mott,"The spin-polaron theory of high-Tc
superconductivity", Advances Phys. Vol. 39, No.

1, 1990, pp 55-81.

example, it may be concluded that if a turning point
can be realized a t T = 60 K, and the temperature

[7] J C Gallop, C D Langham, L Hao and Farhat

controlled to better than 0.1 mK, then frequency

Abbas,"Dielectric loaded HTS resonators as fre-

standards with stabilities of parts in 1015 should be

quency standards and low phase noise oscilla-

attainable.
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ALUMINUM AND ALKALI-RELATED HYDROXYL DEFECTS IN
QUARTZ CRYSTALS AND THEIR RADIATION EFFECTS

Harish Bahadur
National Physical Laboratory
Hillside Road, New Delhi-110012. INDIA

Hydrogen is an ubiquitous impurity in quartz and affects nearly every application
of it as a device.Hydrogen occurs in the form of hydroxyl defects trapped at numerous
unidentified sites in quartz 1attice.Most of the OH-related defects in crystalline quartz
have the overtone frequencies of their stretching vibrations in the near infrared region.
It is now realized that these hydroxyl defects act as a source of hydrogen to compensate
the electron excess defects of tetravalent aluminum, substituted for trivalent silicon in
quartz lattice, during irradiation of quartz.
This paper presents our investigations on infrared absorption measurements of
quartz crystals to characterize the aluminum- and alkali-related hydroxyl defects in
natural and cultured quartz crystals. Irradiation was done by using high energy electrons
from a Van de Graaff electrostatic accelerator. Quartz samples were irradiated with
electron beam of 1.75 MeV and dose of 2 Mrad at 77 K and 300 K. Irradiation at these
different temperatures separates the movements of two types of charge compensators at
aluminum sites, alkalis and protons in quartz lattice. While the alkalis in quartz move
under the radiation field only if the sample temperature is about or above 200 K, the
protons move at all temperatures down to 10 K. Using these effects, it has been shown
that the technique of near infrared absorption can be utilized to measure the
concentration of various impurity-related point defects such as Al-Li and Al-Na* in
natural quartz, Al-Li', Al-OH, total aluminum and Al-hole centers in the frequency
offsets of quartz resonators in a radiation environment. These studies are primarily
important in aerospace frequency control applications such as in satellite-borne
frequency standards and in possibly developing better growth procedures in the
hydrothermal synthesis of cultured quartz.
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PURE MODES IN LITHIUM NIOBATE AND LITHIUM TANTALATE
THAT PERMIT ACCURATE DETERMINATION OF FIRST-ORDER MATERIAL PROPERTIES
Carl K. Hruska, Arthur Ballato*) and Peggy Ng
Piezoelectricity Research Laboratory
York University, North York, Ontario M3B 3C7 Canada
*I US Army Research Laboratory, AMSRL-SE, Fort Monmouth, NJ 07703, USA
1. ABSTRACT

This
paper
lists
the
first-order
(linear) material constants of lithium
t a n t a l a t e and lithium niobate t h a t can
be determined using t h e pure thickness
modes of plates generally defined by
Kosinski, Lu and Ballato in IEEE Trans.
UFFC 1993, pp. 258-264. Nine experimental
samples of each material of relatively
modest orientation accuracy (standard
e r r o r of 10') can be used t o determine
f o u r isolated linear material constants
with standard e r r o r s of t h e order of
0.01% and two combinations of these
constants with errors. bf about 0.5%.
Keywords:
lithium
tantalate,
lithium
niobate,
f irst-order
material
properties, linear material constants.
2. INTRODUCTION

The propagation of small amplitude plane
waves through a piezoelectric medium i s
governed by t h e well known equation

I

r21

r22-

r31

r32

J

m

a

b

E

ab'

and where c
E

ab

are,

This paper aims a t complementing t h e
past e f f o r t by determining a n optimum
selection of
eigenvalues r not t o
produce a s e t t h a t contains their fewest
number,
but
rather
a
statistically
robust, overdetermined s e t t h a t will
permit
the
determination
of
the
requisite constants with a compromise
between the number of cuts required and
the quality of t h e results, Of necessity
this places an emphasis on a clearly
defined reliability and accuracy and on
the principal f a c t o r s affecting them.

1 ( C 1 jkl

+ a
& = a a

Experimentally determined eigenvalues r
have been frequently used t o determine
t h e above material constants. Typically,
the emphasis has been on finding t h e
minimum
number
of
eigenvalues
r
necessary t o determine the maximum
number constants. Less attention has
been paid t o a formal description of
their reliability and accuracy.

The selection of eigenvalues r (and the
concomitant recommendation concerning
experimental specimens t o be used) i s
made from among the pure modes defined
by Kosinski, Lu and Ballato in Ref.2.

where

rlk=a a

t h e crystal according t o t h e IEEE 1978
Standart (Ref. 1). The Einstein index
summation i s in e f f e c t in Eqs.2 and 3.

a e
n

ml J

e

nkl

/

E

1, ( 2 )
(3)

,

e

mlj

respectively,

(and e
the

nk 1

1, and

first-order,

i.e., linear elastic, piezoelectric, and
dielectric
constants
of
the
piezoelectric
material
under
considerat ion;
a
a
... a r e the
J'

1

direction cosines of t h e plane wave
defined in t h e basic reference f r a m e of

Numerical results a r e stated f o r lithium
niobate and lithium tantalate. The aim
i s t o show the, extent t o which t h e pure
modes can be used t o replace the
existing
values
of
the
material
constants
by
new
ones
possessing
known reliability and accuracy.
The values of all constants mentioned in
this paper a r e stated in the f r a m e of
reference according t o Ref. 1. Wherever
the current v a l u e s of these constants
a r e needed, they a r e taken from Smith
and Welsh (Ref.3).

3. THE PURE MODES
AND THEIR POTENTIAL

.

The eigenvalue problem (Eq.1) *has Bthree
s$utions frequentli denoted r
r and
r , where rA > r r r . In turn they
correspond
to
the
quasi-longitudinal
wavehibration mode A, and the f a s t and
slow quasi-transverse modes B and C. The
eigenvalues FA, rB and rC can be
determined experimentally and used to
calculate the linear material constants.
The relationship between FA, rB and rC
and the material constants is generally
inconveniently complicated. An important
exception occurs if one or more of them
a r e equal to any of the diagonal
elements r
or r
in Eq.1. Such
11'

r22

33

eigenvalues a r e said t o
with pure modes (Ref.2).

be

In transition from Eq.2 t o Eqs.4a-c the
tensor index notation of the material
constants has been replaced by the more
usual matrix index notation.
Eqs.4a-c include five elastic constants,
c11'
.
c12'
c14'
c33'
c44 and eight
products of
e22(e15+

piezoelectric constants e2

15'

ell),

e15(e15+ 2e31), e

e
2
31'

(2e15+

e31)'

e .e

e

31

15 33'

2

33

.

2
e 22'

This

defines the upper limit of the potential
of the pure modes f o r determining the
linear material constants of any crystal
of class 3m. The number of these
constants actually
calculable f o r a
given
crystal
will
depend
on
the
availability of suitable pure modes.

associated

In application t o lithium niobate and
lithium tantalate and t o crystals of
class 3m in general the eigenvalues of
the pure modes a r e given by

The above constants will be calculated
from a linear system consisting of
Eqs.4a-c using linear regression. The
the dielectric constants appearing in
Eqs.4a-c in the denominator of the
stiffening terms cannot be obtained in
this manner and need to be known
beforehand.
4. AVAILABLE PURE MODES

The direction cosines a

1'

a

2'

and a

3'

in

Eqs.2 and 3 may be viewed a s the
direction cosines of the thickness of a
piezoelectric
plate
of
orientation
(xzlwII,!J/$, where I,!J and $ a r e two
independent rotational angles defined in
Ref.1. A s a result the matrix elements
r can be recorded a s functions of the
1i

material
constants
and
rotational angles i,b and $.

the

two

= Tll,

r =

Using the sufficient conditions

resulting, respectively, in

r22, and r

r

= TJ3, the search f o r the

pure modes was made f o r both lithium
niobate and l i t l l i u r n tantalate in the
entire domain of the rotational angles J,
and 4.

In general t h e definition of the pure
modes depends on t h e material constants
used
for
their
calculation
(Ref .3).
However, in some cases i t i s possible t o
satisfy some of Eqs. 5a-c independently
of their values; t h e corresponding pure
modes
are
called
here
'material-independent'.
The
remaining
pure
modes
are
referred
to
as
'material-dependent'.

independent
sought-after
listed .

information
about
material
constants

the
are

5. LINEAR SYSTEM TO COMPUTE
THE MATERIAL CONSTANTS
Each pure mode in Table I is associated
with an equation

The results a r e shown in Table I. Only
those pure modes which can provide

where r i s determined experimentally and
i s given by one of Eqs.5a-c chosen

Table I.

according t o Table I. From among these
linear equations a linear system can be
selected and used t o compute t h e linear
material constants.

material-independent

#

4

0'

0O

90'

4

material-dependent

'l

rl 1

[0',180')

material-dependent

'l

r

4

1

-

mode
A

c

o r B*'

lithium niobate
i-

mode

lithium tantalate

r

mode

List
of
potentially
useful
pure
modes. Some of t h e pure modes form a
continuous locus in t h e ( $ 1 domain,
others a r e just isolated points. They
a r e described by t h e two rotational
j and 4; fractions of degrees,
angles t
stated
in
the
decimal
form,
are
determined with a maximum absolute e r r o r
of 9 angular seconds. The eigenvalue r
indicates which of t h e conditions 5a-c
i s satisfied; The l e t t e r s A, B, o r C
indicate the type of wavehibration
mode.
*) The mode (B o r C) depend on 4 and on
t h e material.

rl,

Three types of e r r o r s degrading t h e
quality of t h e numerical formulation of
t h e equations forming t h e system have
been considered:
(1) random experimental e r r o r s in the
eigenvalue r , also including random
e r r o r s in t h e critical dimension of the
specimens used;
(2) random orientation e r r o r s by which
t h e orientation angles
and 4 of
experimental specimens differ from t h e
calculated, nominal orientations of t h e
pure modes;

(3) systematic e r r o r s in the equations
constructed f o r the material-dependent
pure modes, whose orientation angles
and 4 may be inaccurate because they
have been calculated using material
constants
of
insufficient
reliability;
such
errors
generate
an
unknown
perturbation A changing Eq.6 into

+

The matrix of t h e linear system has been
analyzed and the effect, of the above,
e r r o r s assessed by extensive simulations
f o r a large spectrum of linear systems
varying in number and composition. It
has resulted in the following general
conclusions and recommendations:
(1) The
material-independent
pure
modes t o be used shoulod include tbe pure
mode defined by I// = 0 and @ = 0 and a
selection of 6 t o 8 modes ofrom among t t e
locudj defined by $I = 0 and ' @ E [O ,
180 ); insofar a s possible, t h e choice

of
t h e locus angles $ should be
un~formoly distributed along t h e interval
[O ;I80 1; pure modes whose eigenvalue r
i s too close t o another eigenvalue
should
be
avoided;
in
case
that
resonators be used f o r experimentation,
pure modes too difficult t o excite
should be avoided a s well;

The available material-dependent modes
do not provide access t o any isolated
material constants. They can be used t o
determine only
their
combinations
defined Table 111.
k1515 and k 2 2 2 2
Table I11

(2) all

t h e material-dependent pure
modes should be used with t h e exception
of the mode of lithium t a n t a p e defined
by thz angles $ = -7.750
and $ =
36.585 ; t h i s mode should be avoided as
a potential source of intolerably large
e r r o r s in t h e material constants t o be
calculated;

lithium niobate

(3) t o reduce t h e e r r o r s in the
material
constants,
their
calculation
should be done in t w o steps; f i r s t
solving t h e
system
based
on
the
material-independent
modes,
then
by
solving
the
system
based
on
the
material-dependent
,
modes;
the
determination of the material-dependent
modes f o r t h e second system should be
made using t h e reliable values of t h e
material
constants obtained by t h e
solution of t h e f i r s t system.

lithium tantalate

6. RESULTS

In general,
t h e available
independent modes can be
determine elastic constants c

c

14'

c

44'

materialused t o
11'

c

12'

The recommended selection of

Combinations of material constants t h a t
can
be
obtained
from
the
material-dependent modes in Table IV.

the modes f o r this purpose i s listed in
Table 11.

-

The combinations k
Table I1
lithium niobate
*/$
mode

lithium tantalate
$/$
mode

.

5. and

k2222 can be

calculated using t h e linear equations
obtained from the material-dependent
modes in Table IV.
Table IV
lithium niobate lithium tantalate
*/$
mode
$I@
mode
90°/4.8800
90°/4.8800

Recommended material-independent pure
modes
to
determine elastic moduli
c
c
c
and c
11'

12'

14:

44'

A

R

90°/6.5500
90°/6.5500

A
B

Material-dependent modes t o determine
combinations k
and k
1515

2222'

The standard e r r o r s of
both the
elastic constants and the combinations
of material constants depend on the size
of the experimental and orientation
errors. These a r e assumed t o be normally
distributed with a standard deviation of
c and c
respectively. The standard
E

0'

errors of the combinations a r e further
dependent on the quality of the material
constants which had t o be taken from an
external
source
to
determine
the
material-dependent pure modes.
The maximum absolute standard errors of
the elastic constants and combinations
of
constants
obtained
for
several
combinations of c and cr a r e stated in
E

Under the same conditions the accuracy
of
the
combinations
of
material
constants
obtained
using
the
material-dependent pure modes is about
0.5%. This is mainly due t o the need t o
rely on the material constants obtained
from external sources. Their increased
accuracy would be the most effective way
to reduce the errors here.

Table V
combinations

c

0

cr

E

The maximum standard e r r o r s of the
elastic constants c
c
c
and c
11'

in 10"

~

/

0

Ijr

14

44

The f a c t that the described application
of pure modes is not suitable f o r the
determination
of
the
dielectric
constants is no substantial disadvantage
a s they can be obtained by other
methods. More disappointing is the f a c t
that pure modes, in principle, provide
no access t o the elastic constant c
13'

of orientation angles

and 9 and crE of

values of

12'

m
and~ of the combinations
in c2/m4. Obtained for

and k 2 2 2 2
standard errors c

k1515

Considering the size of the elastic
constants, the material-independent pure
modes produce results with an absolute
accuracy of 0.01% while the demands on
the accuracy of the orientation of the
experimental samples (standard error 5
10') a s well a s experimental accuracy
(standard error
0.01 %I a r e very
modest. Better accuracy can be attained
most effectively by further reducing the
experimental errors.

0

Table V.

elastic
constants

determine
reliable
values
of
four
elastic constants and two combinations
of
the
elastic
and
piezoelectric
constants of lithium niobate and lithium
tantalate.
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The maximum standard errors Table V have
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that
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material
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7. CONCLUSION

The method of pure modes can be used to
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MEASUREMENTS OF ELASTIC AND PIEZOELECTRIC CONSTANTS
OF Li,B,O, CRYSTAL

Waldemar Soluch
lnstitute of Electronic Materials Technology
Wolczynska 133, 01-919 Warsaw, Poland

ABSTRACT

acoustic
From the expressions for bulk
wave (BAW) velocities propagating in different

Elastic and piezoelectric constants of Li2B,0,
crystal were measured by the pulse echo overlap
and resonance methods. The following elastic
constants cEij[GPa] and piezoelectric constants eij
[C/m2]were obtained: cEll = 136.3, cE,, = 2, cE13=
31-6, cE3, = 53.2, cE, = 56.8, cE, = 47.8, e, =
0.40, e, = 0.23 and e
,, = 0.90. The cE,, constant
was additionally corrected by comparing the
calculated and measured surface acoustic wave
velocities for the 45O rotated X cut, Z propagating
orientation.

Key words: piezoelectric crystals, elastic
constants, piezoelectric
constants.
1, INTRODUCTION
Lithium tetrabotate (Li2B,0,)
belongs to the
4mm class of the tetragonal crystallographic
system. It has six elastic, three piezoelectric and
two dielectric constants. It was found, that there
are large differences between some of the elastic
and piezoelectric constans measured by different
authors [ l - 31. The crystal is a very interesting
substrate material for small size surface acoustic
wave (SAW) resonators and filters [4 - 51,and its
parameters should be known with high accuracy.
Therefore it was decided to remeasure the above
constants using crystals grown at the lnstitute of
Electronic Materials Technology.
2. PROCEDURE
In accordance with the IEEE recommendation,
the XI Y and Z axes of the rectangular coordinate
system are chosen in such a way, that X and Y
axes are parallel to the crystallographic a, and a,
axes, respectively (in the 4mm clas these exes are
equivalent), and the Z axis is parallel to c axis
(Fig.l)[G].

Fig.1. Rectangular coordinate systems.
orientations, it was found, that three types of
cuboids and one type of plate are needed for
determination all of the elastic and piezoelectric
constants. The three types of cuboids are as
follows: 1 nonrotated orientation, 2- orientation
rotated around the Z axis, 3 orientation rotated
around the X (or Y) axis. The angle of rotation was
equal to 45O for both above cases. For each
direction of propagation we have three types of
BAWs: ,one longitudinal (or quasilongitudinal), and
two shear (or quasishear). Therefore for each type
of the cuboid we obtain 9 velocities, and together
27 velocities (Tables 1, 2 and 3). However not all
of the velocities are different.
From an analysis of the analytical expressions for
the velocities, it was found, that c ~ , ~cEI3,
,
e,l and
e
,, constants are present only in three idependent
equations. Therefore e
,,
should be determined
from the Z-cut plate by the resonance method [6].

-

-

3. METHOD OF MEASUREMENT
To measure the BAW velocities, a pulse echo
overlap (PEO) method was used [6-71.
The crystal sample was attached to the
piezoelectric transducer (through a delay line) by

Table 1. Bulk acoustic wave velocities for the nonrotated case.
Type of wave

Direction of wave propagation
and polarisation

Effective
elastic constant

Velocity

Table 2. Bulk acoustic waves for the 45O rotation around the Z axis.
Type of wave

Direction of wave propagation
and polarisation

Effective
elastic constant

Velocity

Table 3. Bulk acoustic waves for the 45O rotation around the X (or Y) axis.
Type of wave

-

Direction of wave propagation
and polarisation

-

-

Effective
elastic constant

Velocity

-

where: L longitudinal, S shear, QL quasilongitudinal, QS quasishear,

means of a coupling liquid. From the measured
pulse repetition frequency f,, the time delay
between echos is determined as t,=l/f,,
and
velocity v=l, It, where I, is the sample length in the
direction of wave propagation. The accuracy of this
method is better then 0.1 %.
The piezoelectric constant ,e was evaluated
from the measured resonance and antiresonance
frequencies of the 2-cut plate [6].
4. RESULTS OF MEASUREMENT

Several samples of cuboids for each orientation,
and 2-cut plates were prepared from the crystal

grown by Czochralski method. The dimentions of
the cuboids were equal to about 10 mm, and the
thickness of the 2-cut plates, was about 0.5 mm.
The results of measurements are presented in
Table 4.
It was found, that the calculated SAW velocity
for the 450 rotated X cut, Z direction of
propagation, is much more sensitive to the cE12
variation than the X cut. The free surface wave
velocity of the first cut was also measured [8].
Therefore the cEI2 constant was additionally
corrected to obtain an agreement between the
calculated and measured SAW velocities.

Table 4. Measured elastic and piezoelectric constants of Li2B40, crystal.

C ~I
I

~€12

~€13

~

~

3

3~

~

4

4

Mass density: p = 2432 kg/m3, dielectric constants: t?,,

5. CONCLUSION
If we compare the values of the elastic and
piezoelectric constants presented in Table 1,
we see, that very large differences exist in the
case of cE,, constant. It is the result of an
indirect calculation of the constant from the
other ones. The value of the el, constant,
obtained in this work is in good agreement with
the values obtained in [A], [3] and [9], while the
value presented in [2] seems to high.
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CONVEX AND CONCAVE CORNER UNDERCUTTINGS IN THE MICROMACHINING OF QUARTZ
AND SILICON MECHANICAL STRUCTURES
C.R. TELLIER, T. MESSAOUDI, T.G. LEBLOIS and S. DURAND*
ECOLE NATIONALE SUPERIEURE DE MECANIQUE ET DES MICROTECHNIQUES
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ABSTRACT

This paper is devoted to the convex and
concave undercuttings encountered in the
micromachining of crystals by a wet etching process.
SEM micrographs of membrane and mesa
micromachined on differently oriented silicon and quartz
crystals are reported and analysed. 3D numerical and
graphical simulations of etched structures are derived
starting from the dissolution slowness surface of
crystals. Emphasis is placed on theoretical etching
shapes at square corners. The agreement between
predicted and experimental shapes is rather good. In
particular the 3D simulation gives realistic
representations of bunchings at comers.
keywords :rnicromachining, chemical etching, silicon

and quartz crystals, 3 0 simulation
1

-

INTRODUCTION

In the past few years interest in the
micromachining of crystals using an anisotropic wet
etching process was revived [I-41. This process is
generally applied to quartz [I, 41 and silicon [2, 31
crystals in order to fabricate quartz micro-resonators 11,
51 or mechanical devices for quartz [I, 5, 61 and
silicon [7, 81 sensors. In the case of silicon crystal
most of applications concern (100) and (1 10) wafers.
However for silicon sensors based on the piezoresistive
effect (hhl) plates may be of interest [7] to improve the
sensitivity of gauges or to design four-terminal sensors
[7, 81. Moreover it is also possible for quartz to define
non-conventional singly or doubly rotated cuts which
seem convenient for bulk waves resonators acting as
thermal sensors.
In sensors applications a micro-fabrication
process is generally required which passes through an
anisotropic chemical etching. Such chemical etchings
induce various technological problems [2, 41 such as a
large convex undercutting (specially for silicon (hhl)
plates [4]) or a significant lateral underetch (specially
for some singly rotated quartz plates [2]). Development
of sharp edges as well as formation of blocking facets
were also observed for structures micromachined on
quartz and silicon plates. Since these technological
problems depend on the cut and on the direction of
alignment for the inert mask it remains of prime
importance to develop models which allow us to predict
final etching shapes for any orientations of quartz or

silicon plates and for any starting shapes of masks. The
tensorial model for the anisotropic dissolution of
crystals developped by C. Tellier [9] seems particularly
suitable [4, 101 for the graphical and numerical
simulation of 3D etching shapes encountered in
micromachining. But up to now 3D simulations have
been limited to structures obtained with starting circular
masks. The present work deals essentially with the
concave and convex undercutting at the comer of square
masks.
2

-

THEORETICAL CONSIDERATIONS

The 3D simulation [4, 111 is based on a
kinematic model [12] for the anisotropic chemical
etching. In the first stage of the simulation we calculate
the displacement p of all surface elements potentially
present under the mask from the analytical expression
for the dissolution slowness surface as derived from a
tensorial analysis.The degree of divergence for the
displacements P of surface elements close together
detellnine the final etching shape. It is at this point
essential to remark that for initially convex and concave
2D profiles the displacements of successive elements are
of converse nature. Consequently if for a concave profile
displacements PI and p2 (Figure 1) converge they,
according to Irving's criteria [13] necessarily diverge for
the convex profile involving similarly oriented profile
elements

-

Now let us consider the case of a mesa
structure and let us apply the Irving's criteria on the one
hand to the top contour of the inert mask and on the
other hand, to cross-sectional dissolution profiles under
the mask. We readily notice that we work with convex
and concave 2D shapes respectively. Hence it becomes
difficult to predict the final etching shape by using
simply the Irving's criteria which govern the
displacements p of elements and which firstly,
emphasize the role of extrema for the dissolution

-

c,

slowness
in the divergence of successive P and
secondly state that for a convex (concave) shape minima
determine the final etching shape.
(maxima) in
However when we start with circular mask of finite
radius it is usual [4, 101 to assume that maxima in the
dissolution slowness play the most important role that
is to say that concave intersections predominate. But

t

this assumption seems to be more questionable as soon
as we are concerned with a square corner because all
surface elements propagate from the same comer point
0.

characteristic surface texture [2] composed of grooves
]
aligned along the [ l i ~ direction.

Figure 1 : Trajectories for concave and
convex intersections

In this paper an attempt is made to present
preliminary results on the concave and convex
undercuttings at square comers in order to verify the
adequation of the previous assumption on which
numerical tests are based in the 3D simulation. Since
the adjustment of the dissolution constants from data
affects the agreement between theoretical and
experimental shapes, investigations on two crystals
namely silicon and quartz are reported. Effectively we
have recently shown that the adequation of the proposed
dissolution slowness surface for the silicon crystal
(etchant : KOH 35%) is rather good [lo].
3

-

EXPERIMENTAL RESULTS

3.1

-

Experimental details

Figure 2 : A mesa etched on a (110) Si plate

For singly (hkO) and doubly (hhl) rotated
silicon plates we observe that in general marked convex
undercuttings develop at mesa comers even if for some
doubly rotated plates undercuttings seem less
pronounced than for (100) and (110) mesa. Far from
comers slightly curved or flat facets denoted "f'bound
mesa and membranes. In particular along <110>
directions flat facets are without ambiguity associated
with limiting (111) planes which etch very slowly.
Frequently at membrane comers facets intersect along
straight lines (see for example comers 1 and 4 on Figure
3).

(loo), (hkO) and (hhl) silicon plates were cut in
a silicon ingot and then mechanically polished. SiO2Si3N4 inert masks for membranes and mesa were
patterned on these plates using conventional
photolithographic techniques. Plates were imnersed in a
35% KOH solution maintened at a constant temperature
(65OC). A similar photolithograpl~icprocedure was
applied to singly and doubly rotated quartz plates except
that a Cr-Au thin film (= 0,3 ym) served as an inert
mask. To prevent etch pitting Cr-Au evaporated films
suffered a specific thermal recovery process. A
concentrated NH4F.HF solution was used for the
micromachining of structures on quartz plates.
3.2

-

Micromachining of silicon structures

Figures 2 and 3 give SEM micrographs of
some typical structures micromachined on a (110) and a
(441) silicon plates. On these micrographs the [lie]
direction lies respectively along the horizontal and along
a direction which makes an angle of 15" with the
vertical axis as indicated by the arrow. In particular that
for the (1 10) plate un-masked regions are covered by a

Figure 3 : A hole-mesa structure on a (441)
Si plate
3.3

-

Micromachining of quartz structures

Figures 4 and 5 illustrate some etching shapes
obtained on a singly (cp = 0°, 0 = 65') and a doubly (9=
90°, 0 = 70") quartz plate called for convenience AT+65

and Y+70 cuts respectively. On the SEM micrographs
we mention a moderate pitting of the Cr - Au mask
together with an unsticking of the mask edge in some
regions. Nevertheless some of the observations made for
silicon structures remain valids such as fonnation of
somewhat flat facets at membrane comers. Most of
these facets intersect along successive straight line
segments (see for example comer 2 on Figure 4).
It is important to remark that for quartz mesa,
comers are less affected by the convex undercutting than
for silicon mesa. This behavior which is typical of
quartz micromachining and which is characterized by a
moderate bunching of kinematic dissolutio~l"waves"
will be discussed in the following section.
4

-

3D SIMULATIONS O F CONCAVE AND
CONVEX UNDERCUTTINGS
4.1

-

undercutting. Now the agreement between theory and
experiments appears to be very good. The agreement
covers the following points :
(i) the bunching at corners with in particular the
presence of curved discontinuities between { 111) facets
and regions which cut comers (see for example comers 1
and 2)..
(ii) the geometrical arrangement of bunched facets at
corners. We can easily depict dlis accord 011 the SEM
image (Figure 2) in the case of comers 1 and 2.
(iii) the undercutting generating a sharp edge with an
acute angle at comer 4.
Turning now our attention to some concave
undercuttings (Figure 8) here again we observe no
departure. Inclinations and extents of facets which bound
the four sides of the membrane are similar. General
shape of concave corners as well as directions of
intersecting straight lines associated with limiting facets
are in close agreement.

Silicon structures

Theoretical undercuttings at corners of (100)
and (110) mesa, as derived from tlle 3D simulation, are
given in Figures 6 and 7 respectively. In the case of
(100) mesa we recognize the well-known undercutting
resulting from the micromachining of a "square" mesa
aligned along <110> directions by a 35% KOH solution
[14]. Such a micromachining results in the formation
of two {hll} facets which intersect the upper surface of
the mesa along two segments which make an
intersection angle 6. A value of about 127" was
measured for 6 in most of the experimental works [14].
This value is not far from the predicted value (about
131°, Figure 6).
Figures 7 indicates that for a (1 10) tnesa the
simulation leads to a convex corner undercutting
characterized by two upper intersecting segments with
an angle 6 of about 134' in good agreement with the
experimental angle. In theory one of the facet which
develops under the mask at the square comer joints the
{ 111) limiting plane (facet f l , Figure 7) by forming a
curved intersecting line in close accord witll the SEM
observations. But for the facet f2 which bounds the
other square side some slight departures can be depicted.
Effectively in practice corner bunchings intersect this
facet f;! along two straight line segments which are
more accentuated than predicted segments. Moreover the
predicted cross-sectional dissolution profile (Figure 7)
under the mask is composed of two lines with different
slopes. This feature is conveniently illustrated by the
SEM micrograph of Figure 2 where we distinguish
easily two regions with different inclinaisons. Thus for
the (1 10) mesa the impression of rather good agreement
between data and predictions predominates.
Figure 8 gives theoretical convex and concave
undercuttings at mesa and membrane conlers on a (441)
plate. Let us firstly consider the convex corner

4.2

-

Quartz structures

Some results related to an AT+65 and an Y+70
quartz plates are reported in Figures 9 and 10.
Theoretical shapes for tlle AT+65 mesa do not deviate
markedly from experimental shapes. Effectively on
Figure 9 a facet is present at comer 1 whereas sharp
edges are formed under corners 2 and 3. Comparison of
Figures 4 and 9 reveals only a small deviation between
theoretical and experimented extents of the curved region
CR. The agreement for concave undercuttings seems
also rather good and the reader can easily detect the two
straight line segments which compose the intersection
of limiting facets at comer 2.
In addition some theoretical diagrams related to
an Y+70 mesa-membrane structure are drawn in Figure
10. Here again we only observe very small departures.
The most important features which characterize
experimental convex undercuttings such as formation of
facets at conlers 1 and 4 and the presence of sharp edges
at coiners 2 and 3 can be distinguished on theoretical
undercuttings. It should be pointed out that simulations
of concave undercuttings (Figure 10) appear to be also
satisfactory.
5

-

CONCLUSION

In conclusion the 3D simulation allows us to
propose theoretical diagrams of concave and convex
undercuttings at square conlers which give satisfactory
representations of experimental shapes. In particular
bunchings at convex conlers can be conveniently derived
from the 3D simulation. Since theoretical undercuttings
of converse nature have been obtained by assuming that
maxima in L deter~riincpreferentially all final etching
shapes. This assumption on which are based numerical
tests seems reasonable even for trajectories of surface
elements at convex intersections.

-
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Figure 5: Mesa-hole structure on a
Y+70 quartz plate
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Figure 6: Predicted (100) convex
undercutting

* Actually with the University du Maine (Le
Mans, France)

Figure 4: Hole-mesa structure on an
AT+65 quartz plate

Figure 7: Theoretical (110) convex
undercutting and cross-sectional
profiles as indicated on diagram.

(441) hole
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Figure 8:Theoretical undercuttings for (441) mesa and membrane
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Figure 9: Theoretical undercuttings
for AT+65 mesa and membrane

Figure 10: Theoretical undercuttings
for Y+70 mesa and membrane
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HIGH STABILITY RESONATOR-THERMOSTAT PACKAGED IN TO-8 VACUUM HOLDER
Igor Abramzon, Consultant, Roman Boroditsky, Valpey-Fisher Co., MA, USA
ABSTRACT

This work presents technology and test results of
the. Directly Heated Resonator (DHR) design,
packaged in TO-8 vacuum holder. The DHR is
comprised of a 10 MHz 31d overtone SC-cut crystal
plate with film heaters and thermistor, as well as a
thermocontroller circuit assembled on a ceramic
substrate inside the package. Very small size is
accompanied by the following performance: stability vs, temperature better than k5 x 10-8 over -30
to +70°C range; warm-up time - 15 s for 1 x 10-7
accuracy; aging rate is about 5 x 10-1Ofday after 15
days of operation. OCXOs based on this resonator
can be an attractive option for various applications
including mobile communications, portable GPS
receivers, rescue systems, etc..

-

INTRODUCTION

Current requirements for mobile communication and navigation devices demand oscillators
with high frequency stability, which maintain low
power consumption, small size, and fast warm-up
time. Since TCXO performance is no longer satisfactory for a number of applications, designers
concentrate on the creation of OCXOs, which are
compatible in size, power consumption and warmup time with TCXO. One of the promising technologies is the Directly Heated Resonator (DHR).
It provides the unique combination of high performance in frequency stability, power, size, and
warm-up time [I-51. The goal of present work was
to accommodate DHR technique in a small resonator package. We chose a TO-8 cold-weld vacuum holder for this purpose. It provides suitable
housing for a 31d overtone SC-cut crystal, sufficient
number of isolated leads, and room for thermocontroller circuit.
It was shown in previous works, that utilization
of power dissipated in heating transistor considerably improves steady state power consumption and
frequency stability of the OCXO [3-51. Further
progress in DHR parameters can be accomplished
by incorporating all of the thermocontroller circuitry into resonator package. The target of the
work was to create an optimal resonator design in
small volume providing lowest thermal losses and
sound mechanical structure.
Another problem we faced was to attain sufficiently high vacuum level as a prerequisite of supe-

rior DHR performance. To achieve this goal we
significantly modified the process of evacuating
the TO-8 package.
RT DESIGN AND PROCESSES

A DHR design is outlined in fig. I. It contains a
ceramic substrate, supporting an SC-cut crystal
blank with deposited thin film electrodes and
heaters. A miniature thermistor is also attached
to the crystal surface to sense its temperature.
Thermocontroller circuitry is assembled on the
substrate using thick film hybrid technology. The
entire assembly is placed on the TO-8 header and
sealed with 0.32" high cover.

Cover

/ Cry stkermistor

&

Substrate

Fig. 1.
The resonator has a pair of leads for input
voltage, and another pair to connect the crystal
to the external oscillator network. As soon as
input voltage is applied to the device the thermocontroller raises the crystal temperature to
the turnover point and maintains it with accuracy of kO.5"C over the entire ambient temperature range. The higher the supply voltage the
better the accuracy of temperature control.
Since there is no additional means to control the
resonator temperature outside the unit, the DHR
is essentially a Resonator-Thermostat (RT).
This combination of directly heating the
crystal plate with utilization of the power dissipated in the thermocontroller yields an excellent set of RT parameters. Very short warm-up
times (<10s) can be achieved by varying combinations input voltage and heater resistance
(during the design process). To minimize transient overshoot in the fast warm-up process,

we used SC-cut crystal with optimized blank geometry and heater configuration . In steady state
operation most of the power dissipates in the
thermocontroller circuitry. This leads to insignificant temperature gradients in the crystal plate and
results in good temperature stability of the RT.
The advantages of the RT design can be attained only by properly minimizing its thermal
losses. This was accomplished by optimizing the
substrate configuration and achieving a high vacuum level inside the TO-8 housing. A modified
cold-weld process resulted in achieving a vacuum
level of less than 0.05 Pa. That resulted in higher
than 600 K/W thermal resistance of the design.
RT PROTOTYPES TEST RESULTS
Some essential parameters of the developed RT
are shown in Fig. 2 - 5.

Power consumption, as shown on Fig.2. ranges
from 30 mW to 240 mW in the temperature range
of -30°C to 70°C. The values vary insignificantly
within the batch of units, as a proof of process
reliability. Power consumption can be lowered
somewhat by increasing the resistance of the
heaters. It would lead however to the degradation
of the frequency stability vs, temperature performance.
As one can see from Fig.3, the frequency stability versus temperature is about
3E-8 over
-30°C to 70°C range with 12 V supply, and
slightly worse with 5 V supply. This parameter
depends on heater resistance and can be further
improved at the expense of power consumption of
the RT.

*

Warm-up time of the RT was measured with different start-up power by varying heater resistance
and supply voltage (Fig.4.). In spite of extremely
fast heating process (5 to 10 "C per second) we did
not observe any significant dynamic overshoots of
frequency. Optimal crystal plate configuration
allows for 10 s (12 V operation) to 30 s (5 V
operation) frequency settling time, which is comparable to most TCXOs.

15

30

45

60

Time, s

Fig.4.
Only preliminary results of the RT aging are
available now. Fig.5, shows that aging slope of
5E-10 per day is reached after 15 -20 days of
operation at normal conditions. Aging is expected
to be 1 to 1.5E-7 for the first year. Achieving the
best possible long term frequency stability will

require carehl processing and design optimization.

AFIF, E-8

bility requirements. At the same time conventional
OCXOs are not suitable due to large size, power
consumption and long warm-up time.
The technology developed in this work yielded
miniature Resonator-Thermostat, possessing an excellent combination of high frequency stability,
low power consumption, and extra short warm-up
time.
REFERENCES.

10

20

30

40
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Fig.5. Typical aging curves.
We built miniature oscillators based on the
developed RT. Their performance in comparison
with typical modem OCXO and TCXO is shown
below

This data shows that oscillators built with the
RT are similar in performance to small OCXO, but
its size, power consumption and warm-up time is
comparable to high stability TCXO.
CONCLUSIONS

Incorporating temperature control and stabilization circuitry inside the RT package is a good
base for building a high stability oscillator whose
size is compatible with TCXOs. Such an oscillator
is the most attractive option for high quality mobile
communications, GPS and rescue systems where
TCXO performance does not satisfy frequency sta-
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INCREASING THE LOADED Q OF GHz RANGE SURFACE TRANSVERSE WAVE RESONATORS
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1784 Sofia, Bulgaria
e-mail: iavramov@phys.acad.bg
1. ABSTRACT
This paper presents data from a systematic study on
increasing the loaded Q of 1.244 GHz two-port surface
transverse wave (STW) resonators, featuring an insertion loss
in the 4-5 dB range, by altering the capacitive coupling of the
acoustic device to the load. It is shown that, if this well
known method is applied to STW devices, the loaded group
delay can be doubled while the insertion loss increases only
by 5 to 6 dB. A substantial increase of the device Q was
achieved when the same devices were used as single-port
resonators. They demonstrate typical values for the dynamic
resistance in the 10-15 R range and the capacitance ratio
exceeds 2000. Most of the devices were found to have a Q in
the 15000-18000 range at 1.244 GHz. Such devices were
found to be well suited for the design of miniature Pierce-type
fixed frequency oscillators operating at 1.244 and 2.1 GHz
and featuring a short term stability and voltage pushing
sensitivity by a factor of 2-4 better than feedback oscillators
using the same devices as 2-port resonators.
Keywords: STW resonators, loaded Q, Pierce-type oscillator.

2. INTRODUCTION
Recent advances in STW resonator technology in the 1 to
3 GHz range have allowed engineers to implement the unique
features of STW in state-of-the-art oscillators with extremely
low l/f noise, high output power and superior RF1d.c.
efficiency (Ref. 1-3).
Recently, it was shown with
experimental devices that the material Q for STW exceeds the
material limit for surface acoustic waves (SAW) by at least
37% (Ref. 4). This has made it possible to design and build
high-performance STW resonators in the 2.0-2.5 GHz range
featuring a loaded Q in the 4000-6500 range and an insertion
loss in the 8-17 dB range (Ref. 5). Thus the STW resonator
becomes a serious competitor of the dielectric resonator and
makes it possible to design miniature, low-cost fixed
frequency and voltage controlled oscillators with excellent
phase noise performance, high temperature stability and low
vibration sensitivity in the lower GHz range.
In most oscillator applications close-to-carrier phase noise
is an important design parameter. Since, at frequencies above
1 GHz, STW resonators have generally a lower llf noise than
the active circuit in the oscillator loop (Ref. 2), the only way
to improve the close-to-carrier phase noise is to increase the
loaded Q (QJ of the acoustic device. In this case the close-tocarrier oscillator phase noise decreases by the factor ( ~ / Q , T J ~
(Ref. 6). Unfortunately, it is difficult to design a SAW or
STW two-port resonator with a desired loaded Q in a 50 R
environment as typically necessary for feedback oscillator
applications. However, a substantial increase in the loaded Q
can be achieved by reducing the coupling of the resonator

ports to the load, a technique widely used in .dielectric
resonator oscillators. A further improvement of the STW
resonator Q can be achieved by implementing the acoustic
device in a single-port resonator configuration. This paper
illustrates both methods applied to 1.244 GHz STW
resonators and presents experimental data on the device Q,
insertion loss, change in resonant frequency and device input
and output impedance as well as sidelobe suppression with
coupling to the 2-port device. Furthermore, the increase in Q
is illustrated by comparing the performance of Pierce type
oscillators, using single-port devices, with feedback oscillators
using the same devices as two-port resonators.

3. INCREASING THE LOADED Q OF 2-PORT STW
RESONATORS BY REDUCING THE
COUPLING TO THE LOAD
The experiments were performed with a 1.244 GHz twoport STW resonator similar to the one described in Ref. 7.
This design has demonstrated a power handling ability in
excess of 2W and an extremely low residual phase noise level
in the -142 to -144 dBc/Hz range at 1 GHz (Ref. 2). The
frequency and group delay responses of the 1.244 GHz
device, used in this experimental study and measured in a 50
R system without coupling, are shown in Fig. 1.
D~reclloading
MKR(250).
MAGTW
DLY A

1.243922GHz
-4 39dB
724ns

CF: 1.243922GHz
OUT(B):O.OOdBm
IRG(R):OdBm
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IRG(T)OdBm

-

5dBI
500nsI

-29.63dB
1910ns

SPAN: 15MHz
EL:O.OOcm
DRG:4us
RBW:lOkHz
VBW:lOkHz
50n

Fig. 1. Frequency response (upper curve) and group delay
response (lower curve) of the device used in the experiments.
Using the relations:

where .r, is the device loaded group delay, fo is its resonant
frequency, IL is its insertion loss and Quis its unloaded Q, the
QLand Quvalues of the device from Fig. 1 are calculated as
2830 and 7130 respectively. From (1) and (2) it is obvious
that QL and Qu are related to each other via the device
insertion loss which, on the other hand, will depend on the
coupling to the external load. In our case, direct coupling to
the 50 !2 load of the measurement system results in an
insertion loss of 4.39 dB (see Fig. l), and a loaded Q value by
a factor of 2.5 smaller than the unloaded Q. If, on the other
hand, the coupling to the load becomes weak and the insertion
loss increases, then QLapproaches the Quvalue. For practical
applications, requiring high loaded Q, it is reasonable to stop
reducing the coupling before the insertion loss becomes too
high. Here a coupling variation was performed by connecting
two capacitors Ck of equal values in series to the input and
output interdigital transducer (IDT) as shown in Fig. 2. The
effect of these coupling capacitors on the device frequency

To test the feasibility of this technique for increasing the
loaded Q of STW 2-port resonators, the electrical
characteristics of the device from Fig. 1 were evaluated at
different values of the coupling capacitors Ckstarting from 3.4
pF and ending with 0.4 pF. The results are shown in Fig. 5, 6 ,
7 and 8. As evident from Fig. 5 and 6 both the loaded Q and
the insertion loss increase exponentially with reduced
coupling. The unloaded Q, calculated with equation (2), can
Sl 1 (d~rectloadinq)
MKR( 250 ) 1 243 96GHz
A(V ).Y=GtiB
12 7 2 n 6 t i 10. 72n6
Rp/Lp,Cp
78 5 7 n l 1. 37pF

CF 1.243 96GHz
OUT(B):O.OOdBm
IRG(R):OdBm

Fig. 2. Reducing the coupling to the load using series
capacitors.
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and group delay responses is shown in Fig. 3 for a Ckvalue of
1.5 pF. It is evident that the reduction of the load coupling for
this capacitor value nearly doubles the loaded group delay,
increases the insertion loss by 5.4 dB and improves the
sidelobe suppression by about 5 dB compared to the case in
which the resonator is directly connected to the 2x50n load of
the measurement system (see Fig. 1).
2'1 .5pF in series
MKR(250):
1.243956GHz
MAGTDV
-9.7968
OLY A
1360ns
CF 1.243 96GHz
OUT(B):O.OOdBm
IRG(R) OdBm

ST:l.SOsec
IRG(T):OdBm
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EL:29.5cm
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50n

Fig. 4. Input reflection coefficient S11 of the 1.244 GHz
device: a) direct load coupling;
b) coupling via 2x 1.5 pF.
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Fig. 3. Effect of 2x 1.5 pF coupling capacitors on the
resonator's frequency and group delay responses.

,

Another effect of the capacitive load coupling is the increase
of the device input and output impedances which is evident
from the comparison of the parameters S11 with and without
coupling capacitors. A similar result was obtained also from
the comparison of the parameters S22.
Finally, the capacitive load coupling via 2 ~ 1 . 5pF moves
slightly the resonant frequency by 24 ppm higher.

3 6 0 0 ~ , , ~ ~ ~ , , ~ , , , ,, ,, , ~, ,, , , , ,
0.4
0.8
1.2
1.6
2.0
2.4
2.8

3.2

Coupling capacitor (Ck) value in pF

Fig. 5. Device loaded Q versus coupling capacitors' value.

be achieved only at the expense of greatly increased insertion
loss (more than 23 dB in this case). On the other hand, 80%
of the unloaded Q value (Ck=1.2 pF), are obtained at an
insertion loss of only 11 dB which is quite acceptable for most

suppression with coupling. A substantial improvement of the
sidelobe level occurs at weak coupling. At QL=80%Qu and
QL=50%Quthe sidelobe level is suppressed by about 11 and 7
dB respectively. These sidelobe levels are fully sufficient for
oscillator applications.
4. THE Q OF A TWO-PORT STW RESONATOR USED
AS A SINGLE-PORT DEVICE

, , ,
7
5
0.4

li

A further way of improving the resonant Q of the STW
resonator from Fig. 1 is to use it as a single-port device. In
this case only one of the IDT is used and the other one is left
open. The equivalent electric circuit of this device is the same
as of a bulk crystal resonator. It is shown in Fig. 9.

0.8

1.2

1.6

2.0

2.4

2.8

3.2

Coupling capacitor (Ck) value in pF

Fig. 6. Insertion loss versus coupling capacitors' value.
applications. In most cases the loaded Q is adjusted to be as
high as 50% of the unloaded Q. This is obviously achieved
with less than 1 dB increase in insertion loss (see Fig. 1 and
compare with the insertion loss value at Ck = 3.3 pF).
Fig. 7 indicates an insignificant shift of the resonant
frequency when the coupling becomes very small. This freq-

Fig. 9. Equivalent electrical circuit of the single-port device.
It is well known that a device like this is characterized by a
series and parallel resonant frequency f; and&. If these two
frequencies and the static IDT capacitance C, are measured,
then, according to Ref. 8, the dynamic capacitance Cd can be
calculated using the following relationship (Ref. 8):

Then the device Q can be calculated as:

Coupling capacitor (Ck) value in pF

Fig. 7. Resonant frequency shift versus Ck value
uency shift does not exceed 30 ppm for a loaded Q as high as
80% of the unloaded Q value.
Finally, Fig. 8 illustrates the behavior of the sidelobe

The series and parallel resonant frequencies of the device from
Fig. 1, used as a single-port resonator were measured in a I7type circuit embedded in a low-feedthrough fixture which was
found to provide a feedthrough suppression in excess of 60 dB
at 1.244 GHz. The schematic of the l7-type circuit is shown in
Fig. 10.

Fig. 10. Schematic of the n-type circuit for measuring the
series and parallel resonant frequencies.

6 1 1 1 1I

0.;
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1.12
1.6 2.0 2.4 2.8
Coupling capacitor (Ck) value in pF

0.8

Fig. 8. Sidelobe suppression versus Ck value.

3.2

The broadband and narrowband frequency and group delay
responses of this device, obtained in a transmission
measurement in the I'I-type circuit are shown in Fig. 11 a) and
b) respectively. On the fairly strong frequency response the

series and parallel resonant frequencies are clearly visible.
They are located at the places of minimum and maximum
insertion loss respectively. The static IDT capacitance was
measured as 1.62 pF with a capacitance meter. As evident
from Fig. 1 l b) the distance between fF and f , is 290 kHz
which, according to (3) corresponds to a capacitance ratio
CJCd of about 2140. This results in a Cd value of 0.76 fF.
BBR
MKR(251)
MAGTD iV)

1 243938GHz
-36 76dB

2dBI

The result of the reflection measurement is shown in Fig. 13.
It is evident that the dynamic resistance reads the value of 9.38
C2 which is obtained at the location at which the admittance
plot crosses the real axis of the Smith chart. Substituting the
Rd and Cd values, obtained from these two measurements in
(4), for the device Q of the single-port device we obtain:

-467548

This value is by a factor of 2.5 higher than the unloaded Q of
this same device characterized as a two-port resonator in Fig.
1.
IDT capacitance tuned out
MKRi 251 ) 1 243 998GHz
A(V) Y=G+IB
1 0 6 54rr6+1 478 04uS
Rp/Lp,Cp
9 3 8 n / 0 06pF

CF: 1 243898GHz
OUT(B):O 00dBm
IRG(R) OdBm

ST 2.50sec
IRG(T):-2OdBm

SPAN: 20MHz
EL.0 00cm
RBW:lOkHz
VBWlOkHz

NORM

50n

NRR
.-

~ ~ ~ ( 2 7 0 1.243926GHz
)
MAGTD F71
-35.99dB
DLY 441
1192ns

CF 1 243 996GHz
OUT(B):OOOdBm
IRG(R):OdBm

ST:3.90sec
1RGiT):OdBrn

SPAN: 1MHz
EL.-4.80cm
RBW:lOkHz
VBW:lOkHz

50n

Fig. 13. Result of the reflection measurement with
C, tuned out with a parallel inductor.

5. FEEDBACK AND PIERCE-TYPE OSCILLATORS
USING 2-PORT AND SINGLE-PORT
STW RESONATORS
CF 1 243886GHz
OUTiB) 0 00dBm
ST 7 20sec
IRG(R) OdBm
IRGiT) -20dBm

SPAN IMHz
EL 0 OOcrn
DRG 4us
RBW IOkHz
VBW IOkHz
50n

Fig. 11. Results from the transmission measurement on the
single-port device in the Il-type circuit:
a) broadband frequency response,
b) narrowband frequency and group delay responses.
Finally, the dynamic resistance Rd was measured in a
reflection measurement after tuning out the static IDT
capacitance with a parallel inductor as shown in Fig. 12.

If a STW device is used to stabilize the frequency of a
microwave oscillator, then the loaded Q of the acoustic device
strongly influences the phase noise performance, the short
term stability as well as the voltage pushing and load pulling
sensitivities of the oscillator. To verify this, two types of fixed
frequency oscillators, using the device from Fig. 1 were
designed, built and tested. The first type is a feedback
oscillator in which the STW device operates as a two-port
resonator, and the second one is a Pierce-type oscillator in
which the acoustic device operates as an equivalent inductor
in a single-port resonator configuration. The simplified
schematics of both oscillators are shown in Fig. 14. The
oscillator output power with a 50 R load and the frequency
amplifier

rk

single-port
dwice

rn

output

2-port STW resonator
a)

Fig. 12. Equivalent circuit of the single-port device with C,
tuned out. Setup for Rd measurement.

Fig. 14. Simplified schematics of the two oscillator types:
a) feedback oscillator,
b) Pierce-type oscillator

sensitivity to supply voltage variation (voltage pushing) were
measured and the oscillator short term stability over a 1 s
measurement time was evaluated. The results are summarized
in Table 1. The comparison of both oscillators clearly
indicates that the Pierce type oscillator has a much better short
term stability and voltage pushing sensitivity compared to the
feedback oscillator. This clearly indicates that in this
oscillator the acoustic device operates at a substantially higher
loaded Q than in the feedback oscillator and this is consistent
with the data from the previous paragraph. Unfortunately, the
better stability of the Pierce-type oscillator is at the expense of
greatly reduced output power and RF1d.c. efficiency.
Parameter

Pierce type
STWO
0 dBm
8 ppmN

Feedback STWO
10 dBm
28 p p d V

Output power
Voltage pushing
Short term
stability

2x 1O-~OIS

6x 10-'~/s

Table I. Comparison of the measured data from both 1.244
GHz STW oscillators.
Similar results were obtained also with a 2.1 GHz STW
device, characterized in Fig. 15. Although this low-Q device
was designed to provide 2 MHz tuning range in a feedbacktype voltage controlled oscillator (VCO), it was found to
perform very well also as a single-port device in a Pierce-type
oscillator. The measured data from both types 2.1 GHz
oscillators are compared in Table 2.
L92GBBR
MKR(250):
MAGTDV
DLY A

2.1069GHz
-8.15dB
164ns

CF: 2.1069GHz
OUT(B):O.OOdBm
IRG(R):OdBm

ST:7,40sec
IRG(T):OdBm

SPAN: 5OMHz
EL:O.OOcm
DRG:4us
RBW:lOkHz
VBW:lOkHz
50

Fig. 15. Frequency and group delay responses of the 2.1 GHz
device used in the oscillators.

Parameter

1 Voltage pushing I
Short term
stability

Pierce type
STWO

Feedback STWO

46 p p d V
9x 1o''~/s

1

12ppdV

I

4x 1o-~O/S

Table 2. Comparison of the measured data from both 2.1 GHz
STW oscillators.
In the author's opinion the Pierce-type oscillator has a great
potential as a miniature, low-noise and cost efficient

microwave frequency source. In this design, because of its
simplicity, it occupies an area of less than 1 cm2. Using small
size chip components it may be possible to accommodate the
entire oscillator in a TO8 package.
6. SUMMARY AND CONCLUSIONS
This paper has presented results from a systematic study
omincreasing the loaded Q of GHz range STW resonators for
oscillator applications. Two methods were investigated:
1. capacitive coupling applied to a 2-port device and
2, using the STW resonator as a single-port device.
It was shown that capacitive coupling can increase the loaded
device Q to 80% of the unloaded Q value at the expense of
only about 6 dB increase in device insertion loss. A device Q
of 17450 was obtained with a 1.244 GHz single-port device
which has otherwise an unloaded Q of 7130 when used as a 2port device. Fixed frequency oscillators, operating at 1.244
GHz and 2.1 GHz and using both, feedback and Pierce-type
designs, indicate that the Pierce-type oscillator, using the
STW resonator as a single-port device, features a substantially
higher short-term stability and lower voltage pushing
sensitivity than the feedback concept using a 2-port device.
However, this improved performance, attributed to the higher
loaded Q of the single-port device, is at the expense of about
10 times less output power.
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SUPPRESSION OF TRIPLE-TRANSIT SIGNALS
IN BROADBAND SAW FILTERS
E.V.Bausk and 1.B.Yakovkin
Institute of Semiconductor Physics of Russian Academy of Sciences
630090 Novosibirsk, Russia

The main characteristic of frequency-selective devices on surface acoustic waves
(SAW) is the suppression value of undesirable signals in frequency and time domains.
One of the most important spurious signal in SAW filters is the triple-transit signal
(TTS) arising from multiple acoustic reflections between input and output. The
simultaneous attainment of a good TTS suppression and a high out-of-band rejection in
broadband SAW filters is a serious problem.
The proposed here technique has been developed for filters with passband of
about 5-20% to provide an out-of-band rejection and a TTS suppression both of 50 dB
and more.
Like [I], we realize TTS suppression with the help of another signal that has the
opposite phase and the same amplitude. Our filter structure includes a multistrip
coupler (MSC), input apodized interdigital transducer (IDT) and two output IDTs, one
of that is dummy. An input signal is divided by the MSC between the dummy and
output transducers that are situated in adjacent parallel acoustic tracks. The MSC
provides a phase shift of 180" between TTS and a signal reflected from the dummy
IDT. This shift doesn't depend on frequency. The output and dummy IDTs have
identical structure with constant length of electrodes. Unlike [I] where an output
transducer was apodized and a dummy IDT was unapodized, our filter structure
doesn't require a complicated matching procedure of the dummy IDT in order to
provide identical amplitude frequency dependences for these two reflected signals. It is
enough to load the both transducers equally.
The output IDT with an unweighted time response has poor frequency selectivity
and adds a significant value to stopband rejection of input transducer only in frequency
regions far from its passband. We have developed an withdrawal weighting
optimization algorithm to improve selectivity of broadband unapodized transducers
[2]. The output withdrawal weighted IDT in couple with the input apodized transducer
provide a filter out-of-band rejection of 50 dB and more.
For these devices we use lithium niobate as a substrate.
References:
1. W.A.Porter and B.Smilowitz. - IEEE Ultrasonics Symp. Proc., 1982, p.35-39.
2. E.V.Bausk and 1.B.Yakovkin. IEEE Frequency Control Symp. Proc., 1996.
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AGEING STATISTICAL STUDY ON ONE HALF YEAR OF OCXO IN SC-CUT GLASS HOLDER
Olivier BIGNON, Herve FIALAIRE, Patrick COLLET
CQE
TEKELEC TEMEX
2 Rue Robert Keller
10150 PONT SAINTE MARIE
Tel : +33 3 25 76.45 00
Fax : +33 3 25 80 34 57

1. INTRODUCTION
A number of papers have been written in the past several
years about oscillator ageing.

An ageing measurement shall, to the greatest extend
practical, avoid the effects of environmental sensitivities
(such as temperature and barometric pressure), noise and
reference error.

S o h a r e and hardware has been built to drive up to 4 bays,
divided among one master bay and 3 secondary bays. The
master bay receives and multiplexes frequency signals from
the 3 other bays to frequency-meter.
Each oscillator is measured during the night at the same
interval and results are accumulated with this automated
ageing facility described above.
3. OSCILLATOR DESCRIPTION

Ageing data can be continuous or sampled. All measurements
shall extend over sufficient time that the noise inherent in the
measurement is smaller than the frequency changes to be
measured in cases where the ageing is small.
Consequently, the measurement of ageing thus requires
ascertaining the integrity of the frequency source and the
stabilisation of environmental parameters to levels below
those which cause frequency changes of the order of
magnitude of the observed ageing.
The purpose of this paper is to report representative ageing
results from tests on 28 oscillators, from commercial
oscillators based on standard SC-cut quartz resonators of
current CQE production, for periods ranging up to 140 days.
These oscillators, all OCXOs, were in laboratory ambient
where the internal thermal control circuit maintained a
nominally constant temperature.

Each oscillator of this study provides from CQE standard
production. These OCXOs have been equipped with a SC-cut
31d overtone glass holder quartz resonator which delivers a 5
MHz frequency.
These oscillators have been specified to offer a 10 MHz
output frequency with a rt 5 0 . 1 ~frequency
~
accuracy, a
stability versus temperature range o f f 1 . 5 . 1over
~ ~ -35OC up
to +70°C and a long term ageing of f 3.10'1° /day and f
20.10-~/firstyear.
4. CALCULATION METHOD OF AGEING FIT

The CQE method is based upon correlation between data
using exponential and logarithmic fits. On the ageing graph
the ordinate is the reduced frequency Yk where:

Ageing data was collected over a period of 90 days. To
optirnise the industrial manufacturing of OCXOs, we have
made correlation between logarithmic and exponential fits of
the ageing of long duration.
We propose to show the fust results and we expected in the
near future to build a new method which should avoid long
ageing in bay.

2. AGEING SYSTEM DESCRIPTION
The measurement of high precision ageing (some 1.lo-") can
not be realised directly.

Fo is the first frequency, measured at time t and the abscissa
is the elapsed time from t.

On each graph there is a dotted line and a dashed line. The
dotted line represents the exponential fit and the dashed line
the logarithmic fit.
4.a Ex~onentialfit
The exponential fit of a quartz resonator is

The in-house CQE system uses a Cesium Beam Frequency
standard (TF 554 OA) which delivers a 10 MHz frequency
compared to an output frequency and the difference is
displayed on a frequency difference corrector (ADRET
41 10A) (see on last page : the block diagram of ageing bank).
With an heterodyne box, the system exceeds 30 MHz and
permits measurement of any frequency with high accuracy.
This system is connected to an ageing bank which control
1024 oscillators in 4 racks of 256 positions each.

Yk = Aexp (Bt) + C

where t is the time, B a negative constant, A and C two
constants, which are determined from a linear correlation fit
to all of the data between the days indicated.
The ageing behaviour is given by the following method :

where t is the last value measured, A and B are the values of
constants determined at t time.

6. RESULT ANALYSIS

The first analysis has been made on 28 oscillators during 140
days and we have compared the results given by exponential
and logarithmic fits at 10,30,50,70 and 90 days to 140 days.
Ageing data at these intervals are named "predicted data" and
compared to ageing data at 140 days named "actual data".

For the first month of operation :

For the first year of operation :
Average Measures at 140 days using Exponential fit on 28
OCXOs type DOC 1054 :
4.b Logarithmic fit
The logarithmic fit follows the same law as the exponential
fit and the function :

has been proposed for extrapolation from the initial 4 days of
ageing data to periods in excess of 1 year.
The daily ageing is given by

For monthly and yearly ageing, the formula are the same as
for the exponential fit.

Average Measures at 140 days using Logarithmic fit on 28
OCXOs type DOC 1054 :

5.EXTRAPOLATIONINTERPRETATION

In general, exponential extrapolation is more representative
of real values.
We observe a good fit of ageing curves. This fit is all the
better as measurements present a small difference with
theoretical curve (little on none abrupt frequency variation
from one measurement to another).

In general, for a well behaved oscillator that is kept on
continuously, the exponential fit is a better approximation
than logarithmic fit and the exponential extrapolation is very
reliable even for short ageing, when retraces are negligible.
To complete this data, we have built a comparison between
average deviation per day, month and year for exponential
and logarithmic fits.

EzmpIe of
AGEING curre at DO day. mnpol.tlon
OCXO 10 MHz IBC.cui Glass Holder1 OOClOEd .Po#ltlon 170

A review of the ageing data shows that exponential fit seems
to be a better approximation than logarithmic fit. The fust 30
days of ageing data is a good predictor of the long term
ageing.
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Quartz resonators that may provide retraces equivalent to
observed ageing are poor indicator of long term ageing. In
such case, a visual interpretation of the curve may be
necessary to compare with calculated ageing.

7. CONCLUSION
The obtained results show the necessity to go on with these
ageing experiments to improve our knowledge on the
possiblity to build a mathematic law of the ageing behaviour.

DMemnce Average per Month behnen
Pmdkted and Actual Ageng
0.000
-0.050
-0.1 00

Exploration ways could be :
must be weighted measure points and which of these?
Are the last ten measurements characteristic of the
behaviour and when?
research of more complex mathematical functions to
determine the better fit : e.g : new development of
logarithmic and exponential h c t i o n s as :

and increasing modelisation to avoid spurious
phenomena.
continue this work over a very long period on different
types of quartz resonators (AT and SC-cut) and with
different types of OCXOs (medium and high stability).
improve reliability of results and effect on approximation.

Figure 3

With such analysises, we would be able to build a
mathematical model more and more reliable and integrate it
in current software package.
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The cumulated curves of the average difference between
predicted and daily, monthly and yearly actual ageing shows
that we observed over a minimum 30 days and this result is
equally obtained with an exponential fit as with logarithmic
fit.

In other terms, the parameters of the ageing models obtained
from the first 30 days of data may be a goof indicator of
process control.
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DRIVE LEVEL CRYSTAL OSCILLATORS CALCULATION

M. E. Bogoush, P. G. Pozdnyakov
Scientific Research Institute Phonon
44 Krasnobogatyrskaya, Moscow, Russia

The value of crystal unit excitation level influences upon its equivalent parameters
(dynamical capacities) and characteristics in first turn upon the resonant frequency
and temperature frequency characteristic. It is suggested in the report to
characterize the excitation level of a crystal unit not by extensive values, such as
dissipation power or piezoelectric current but by intensive ones - the mechanical
stress or strain amplitudes. According calculations had been carried on to define
the amplitudes of the mechanical stress in a crystal unit used in typical schemes of
.*.
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of its being used in schames with active two-pole elements CCVS (current
controlled voltage source), VCCS (voltage controlled current source) and with
active three-pole elements VCCS, VCVS (voltage controlled voltage source).
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DESIGN AND FABRICATION WIDE-BAND SAW DDL
V.F.Dmitriev and 1.S.Mitrofanov
"
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ABSTRACT
This paper discusses a SAW scattering
mechanism influencing the frequency
response of a slanted Dispersive Delay
Lines (DDL). Reflected power profiles
along slanted Reflective Array (RA) has
been calculated for fixed frequences within
the DDL passband, with regard to the fact
the incident power is subject to the partial
conversion into volume waves. A
correlation has been found between the
DDL experimental frequency response and
the calculation results. Based on our
suggested analytical relations, we have
revealed some characteristic features of
experimental DDL frequency responses
which can be associated with the SAW
scattering process.
1. SPECIAL FEATURES of SAW
SCATTERING in a WIDE-BAND DDL.

Scattering SAW into the bulk takes place in
a DDL irrespective whether that has
positive slope (up-chirp) or negative slope
(down-chirp) of the dispersion curve. We
will point out first that the most efficient
scattering occurs where the SAW wavelength is less than twice the width of an RA
element. Therefore, in the up-chirp, the
effective scattering can be found in the RA
area that is located upstream from the
efficient SAW reflection region. In this
case, the major part of SAW energy is
strongly scattered by RA grooves just
before being reflected, without any useful
contribution into the reflection process. In
the down-chirp the essential scattering
occurs in the RA grooves region that lies
downstream from the most effective SAW
reflection region. The results of the RA
grooves SAW scattering process are the
increasing of the insertion loss and the
changing of the frequency response

shape.The unwanted scattering into the
bulk by RA elements may be reduced, to
same extent, through the use of a slanted
DDL. Then propagation paths for
transmitted SAWS will be separated in
space for different frequencies with the
result, that the SAW of some frequency
will predominantely interact with the RA
area wherein the reflection of the major
SAW energy portion occurs. The SAW
scattering into the bulk is an undesirable
effect, but yet it may be used for
equalization of up-chirp frequency response
(Ref. 1).
2. DESIGN PRINCIPLES of WIDEBAND DDL.

A poor flatness of the frequency response
(due to the fact, that the reflectivity
increases as the square of the frequency
(Ref.2) ) is a characteristic feature of wideband DDL. The most commonly used way
to obtain an adequate DDL response is the
RA design, wherein structural elements
should be etched to variable (along the RA
length) depths. It is worth noting that the
response equalization technique with the
use of variable aperture grooves and Inter
Digital Transducers (IDT) electrodes is
scarcely efficient because of the arising
SAW diffraction. Moreover, a process of
fabrication of DDL with variable-in-theetch-depth grooves along the RA length is a
complicated problem. However, the effects
of increasing reflectivity with higher
frequencies could be compensated by the
increase of the SAW energy portion to be
scattered, if one made a proper choice of
features as well as a constant etch depth
along the RA, when designing a up-chirp. It
should be emphasized, that such approach
is most efficient only if the slanted layout
is employed, since the latter provides a
means for a variation of the scattering area

location ( i.e. of the insertion loss ) in the
RA through varying (within minor limits )
the grooves aperture, the ratio between the
widthlpitch of grooves, and the IDT
dispersion delay, as well. In actual practice,
it is desirable to have a DDL with the
minimum insertion loss. It is well known
that the total insertion loss of a DDL
consists of transducer loss, reflection loss,
scattering loss, propagation loss, and
diffraction loss. Both the propagation and
the diffraction components can be
neglected, when the IDT aperture is
properly designed and frequencies are
relatively low . Let us assume that the other
parametrs of the IDT have been optimized
(Ref.2). Then a DDL optimization for the
insertion loss reduces to the proper design
of the RA element etch depth. At a
sufficiently low etch depth ( i.e. h//Z <0.01 ),
the insertion loss decreases with a rise in h .
However the h increase leaves the insertion
loss unaltered, begining with a certain
depth h . Let us note that this is true when
1
absolute value of the reflectivity
and, as approximation of the first level,
Ifl
h2/A 2. Such behaviour can derive
from the fact that an increase in reflectivity
of an RA element could be counterbalanced
by more efficiently scattering SAWS. When
it is considered that a SAW velocity change
SV is increased as the etch depth increases
in the vicinity of an RA element (whereas
S V- ( h / . '1, as well as that distorsions of
the Phase-Frequency Characteristic grow, it
makes sense that the etch depth h should
be less than or equal to h, which can be
calculated for every specific DDL.

-

the grooves can be several thousands in
number, the calculation based on the
partial reflected wave superposition model
may be a problem requiring several hours
For
by AT 486DX4-100 computer.
preliminary results, it is reasonable to use
the calculation method, where the response
of the RA i-th channel defined as
i

i

i

i

L ( w ) = [ N ~ ~ @ ) R M ( ~ ) ] ~ G ( Z(I)
)L(~,,
where Nfl(a)- is the effective grooves
number in channel , R,(ccl) - is the
absolute value of the RA reflection
coefficient , G ( z ) - is the array factor
(Ref.2), Ks (a) is the scattering loss in the
i-th channel of the RA. The scattering loss
Ks(o) are calculated with following
equation (Ref.3):
MI
i

-

where the scattering loss in each i-th
channel are summed up from the first
groove of the i-th channel - Nito last one
Mi ; h
- is the j-th groove depth.
Calculation method of the frequencydependent coefficient ~ ( a )is reported in
the (Ref.3). For more accurate DDL
frequency response predicting, it should be
use the more complex calculation. Such
calculation allowes to reveal some essential
features of amplitude and phase frequency
responses. Now, RA response (for i-th
channel) is calculated using follow
equation:

3. DESIGN PROCEDURE.

The SAW conversion loss
is most
pronounced in the wide-band DDL that
have a long dispersive delay time. Therefore
the slanted layout may be used most
efficiently just in this application. The
DDL design is based on the model wherein
both IDTs and the RA are broken up into
"channels " in accordance with any
convenient for calculations principle. Since

where y,, is the overfloor coefficient of mth and n-th grooves in the
i-th channel;
p,, p, are the reflection coefficients, they
are calculated by usual method (Ref.2); gm is the RA propagation coefficierit up to

m-th groove. To take into account the SAW
transform into the bulk waves ,
m

The frequency responses calculation were
performed on the base of presented in this
work equations (2) - (6) (Fig. 1a and 2a).

r

n = 1 - exp[ qn(o) (hn/ h) 2] ,
(5)
where %(W) - is the coefficient which
determine the part of transformed power on
the n-th groove into bulk waves (Ref.3);
zm,xm,zn,xn
- are the coordinates of both the
n-th and m-th groove centers respectively;
P = ahz , kv=vJvz, vx, vz are the SAW
velocities in the directions x and z
respectively. Transmission coefficient and
phase response of the DDL are determined
as follow:
K (a) = ( 2Rg / {[ R ,+ ~ ~ ( o+ ) ] ~

Fig. 1. Frequency response for up-chirp
(F0=85MHz, Af=30 MHz, z=51 ps)
a - calculated, b - experimental

(7)

@o(o),
i

where Ra(w) - is the IDT radiation
resistance in the i-th channel (Ref.l), X ( u )
- is the total reactance of the IDT, Ra(co) is the total radiation resistance of the IDT,
Oo (w) - is the IDT phase response, Rg - is
the impedance of the generator (load
impedance). By the analysis of the layout, it
should be determine the constant grooved
depth of the RA, when a flat response (for
up-chirp) should be obtained and the
required change of the grooved depth along
the RA ( for down-chirp).
4. SIMULATION RESULTS.

The method described in the part 3 was
used for design and fabrication DDLs
with follows parameters: center frequency
85MHz, bandwidth 30MHz, chirp pulse
duration 51ys.

Fig. 2. Frequency responce for down-chip
(f0=85 MHz, Af=30MHz, z=5 1ps)
a - calculated, b - experimental
Flat frequency response was achieved with
uniform grooves depth 0.43ym for up-chirp
(experimental frequency response is
presented in Fig lb). The linear changing of
the grooves depth (from 0.3pm in the
vicinity of the IDT to 0.5pm in the end of
the RA) was realized to smooth the downchirp frequency response (experimental
frequency response is presented in Fig.2b.
By our opinion, the coordinate curves of
power reflected by RA are very useful for
understanding the influence of the

scattering process on the DDL frequency
responses. These curves (for DDL passband
fixed frequencies, include and exclude the
scattering) are presented in the Fig.3.

4,o

1

without c ~ n ~ e c s i a h
I

with COrversion

Fig. 3a. Various SAW scattering efficiency
with propagation along RA (down-chirp)
7

UP-CHIRP

calculations, which has been performed
using (2) - 6 , allowes to explane on
experimental frequency responses features.
In the case of down-chirp in the region of
high frequencies (see Fig. l), the monotony
character passband unflatness is caused by
different efficiency of SAW scattering in the
initial area of the RA (from the IDT) (see
Fig.3b). Similarly, in the case of up-chirp in
the region of low frequencies (see Fig.2),
the monotony character
bandpass
unflatness is caused by different efficiency
of SAW scattering in the initial area of the
RA (see Fig.3a). Note that the slight
"deflection" ( in the high frequencies
region of the response - Fig.1 and in the
low frequencies region of the response Fig.2) increases sharply because of the
incorrectly choice of the RA grooOes depth
(over optimum). Such "deflection" can be
reach 6 - 8 dB. Both DDL frequency
responses
theoretical
predictions
(calculations with equations (2)-(6)) and
experimental evidence (with h>Azo) confirm
this fact. The frequency response ripples
(close to boundaries of bandpass) is the
Fresnel ripples. It can be avoided by RA
aperture decreasing on the edges. However,
it will demand to increase the substrate
length about 10- 15%.
5. THE DDL FABRICATION
TECHNIQUE AND SOME RESULTS
OF EXPERIMENTS

Fig. 3b. Various SAW scattering efficiency
with propagation along RA (up-chirp)
The curves depicted in Fig.3 are described
the various SAW scattering efficiency with
propagation along RA ( Fig.3a - in case of
up-chirp, Fig.3b - in case of down-chirp).
Fig.3b explaines the method of up-chirp
frequency response equalization with
constant grooves depth. With increasing of
the frequency the arising of the grooves
reflectivity is compensated by the arising of
the SAW scattering efficiency. The

The process of fabricate DDLs is used a
"sing1e"photomask that combines the IDT
and the RA layouts (Ref. 1).
Dispersion delay lines have been
manufactured and experimentaly tested.
It has been found that the up-chirp with the
uniform RA etch depth (0.43 ym) had both
a fairly flat response ( Fig.2b) the r.m.s.
phaselfrequency deviation within 2.8
degrees. It the case of down-chirp, ( see
Fig.lb ) was achieved with the variable
from
0.3 ym to 0.5 ym etch depth of
elements along the RA, whereas the r.m.s.
phaselfrequency characteristic deviation

(from the quadratic one) did not exceed 2.5
degree.
For the purpose of experiments on the
'chirp pulse compression, a down-chirp was
designed specifically for weighted data
processing in the shape of the Taylors
function (compressing DDL). The DDL
had the r.m.s. phase error below 1.9 degree
at the operating pass band 30 MHz and the
dispersion delay 51 ps.
The output chirp pulse was fed,from the
up-chirp immediately into the compressing
DDL, while the down-chirp output first
arrived at a balanced mixer, wherein the
spectrum inversion was carried out, being
delivered to the compressing DDL
thereafter. The side-lobe level in the
compressed signal (for either up-chirp or
down-chirp) ranged from -28 h~ to -32 dB
with no phase compensation in samples.
We also design and fabricate DDLs for
the expanding and compressing chirp
signals with follows parameters: center
frequency 160 MHz, bandwidth 45 MHz,
down-chirp pulse duration 7 1ys (expander),
no weighting;
center frequency 80 MHz,
bandwidth 22,s MHz, down-chirp pulse
duration
7 1ps
(compressor),
with
weighting. Variation of groove depth over
bandwidth is from 0.3 pm to 0.5 pm for
compressor and from 0: 1ym to 0.2pm for
expander. For the compressor one
transducer was weighted and the other was
unweighted. The experiment a1 frequency
responses are presented in Fig. 4 a expander and Fig. 4 b - compressor. In that
case the output chirp pulse duration 142 ps
was fed from the expander first arrived at a
balanced mixer, wherein the spectrum
inversion was carried out, being delivered
to the compressing DDL thereafter. The
side-lobe level in the compressed signal
ranged from -26 dB to -32 dB with no
phase compensation in samples.

'

b)
Fig.4. Experimental frequency response
DDLs (a-expander, b-compressor)

REFERENCES
1. Dmitriev V.F., Mitrofanov I.S.
Equalization of SRAC filter amplitude
respounse by means of SAW conversion
loss control. 1995 World Congress on
Ultrasonics, Berlin, September 1995.
2. D.P.Morgan. Surface - Wave Devices for
Signal Processing. (Elsever, Amsterdam,
1985).
3. Dmitriev V.F. Coherent and uncoherent
scattering of the Surface Acoustic Wave in
the periodical reflectional structures . 1995,
Sov.J.Tech.Phys,vo1.65, N8,p.lll-123.

11 TH EUROPEAN FREQUENCY AND TIME FORUM

NEUCHATEL

-4-5-6

MARCH 1997
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ABSTRACT
Shear horizontal acoustic plate mode (SH-APM)
sensors are receiving a great deal of attention in biochemical
applications for few years. They consist of two interdigital
transducers (IDT) deposited on a quartz plate, and of a
selective coating placed on the acoustic propagation path
along which the wave propagates. The sensor sensitivity to
mass loading, the acousto-electric, viscosity, conductivity and
temperature effects, depend strongly on the geometrical
parameters of the delay line especially on the periodicity and
on the number of interdigitated electrodes, on the plate
thickness, on the considered mode ...etc Consequently, our
research on SH-APM sensors involves the realization of
several devices with various geometries.
At
IXL
laboratory,
a
direct
printing
photolithography bench was developped by another research
team [1,2,3] for ASIC's applications. After a technological
adaptation, this bench can be employed to realize SH-APM
prototypes. While the conventional photolithography
technique requires a specific mask for each interdigital
transducer design, the direct printing photolithography uses
no mask, allowing the fabrication of delay lines of different
designs in few quantities, with no additional cost and no
delivery time. This paper reports on the technique of direct
printing photolithography applied to the realization of SHAPM prototypes, and displays frequency responses of these
devices.

Keywords : SH-APM sensors, technology, delay line design.
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fig. 1 : Schematic of an acoustic wave sensor.
In the case of an acoustic wave sensor based on SHAPM, the wave is shear horizontally polarized, in other words
the mechanical displacement component is parallel to the
surface of the device and normal to the direction of
propagation. There is no displacement component normal to
the device surface, this allows the propagation of the acoustic
wave even if it is in contact with a liquid medium, without
excessive energy loss. Moreover, SH plate modes propagate
along the plate by multiple reflections between the top and the
bottom of the plate (fig.2), and the mechanical displacements
are equal on both faces of the device. As a consequence, the
interdigital transducers can be separated from the liquid
medium making the sensor all the more advantageous for
detection in liquid environment.

1. INTRODUCTION
In an acoustic wave sensor, the wave is excited by
an input interdigital transducer, then travels along the acoustic
propagation path coated by a sensitive film and reaches the
output interdigital transducer (fig.1). Acoustic wave sensor
detection mechanisms are based on the physico-chemical
properties modification of the coating due to chemical species
sorption, involving mesurable changes of the wave amplitude
and velocity.

u

Selective coating
Surface of perturbation of
the wave

f

Surface of generation and
reception of the wave

lntardigital transducers '

fig.2 :SH-APM devices in liquid medium.
Interactions between SH plate modes and the
adjacent medium can lead to mass loading, acousto-electric,

viscosity and conductivity effects and constitute a possible
way of detection [4,5].
However, these interaction mechanisms are all the
more difficult to understand since there are many propagation
modes. To validate theoretical studies on SH-APM
propagation and to quantify the sensor sensitivity, it becomes
necessary to optimize the delay line design. For that the
contribution of geometrical parameters (as periodicity and the
number of interdigital transducers electrodes, plate thickness,
cristallographic orientation ...) on the delay line electrical
characteristics, must be evaluated. Consequently, our research
on SH-APM sensors involves the realization of several
devices with various geometries.
At IXL laboratory a direct printing photolithography
bench can be employed to fabricate SH-APM prototypes of
different designs. Section 2 presents the direct printing
photolithography, and section 3 displays frequency responses
of some prototypes realized with this technique.

2. DESCRIPTION OF THE DIRECT PRINTING
PHOTOLITHOGRAPHY
The standard photolithography technique by
insolation through a mask, is commonly used for the
fabrication of interdigital transducers in an industrial
production. The main technological steps of this planar
technique are depicted in fig.3. An aluminium film is
deposited on 'a quartz plate and covered by a positive
photosensitive polymer. The delay line pattern is reproduced
on the photoresist by insolation through a mask (1). During
the developing process, the insolated photoresist is dissolved
(2), the non-protected aluminium is then etched (3). Multiple
identical chips are realized on a wafer and, after cuting, they
are encapsulated.

The direct printing photolithography developped at
IXL laboratory uses the same technological steps except the
insolation one which uses no mask (fig.4).
laser beam

T-7

fig.4 : Insolation step by laser beam.
The displacements of the laser beam insolating the photoresist
describes the delay line pattern.
On one hand, positive photoresists are not adapted
for the direct printing technique due to the fact that the laser
would have to sweep a too large surface. On the other hand,
the use of a negative photoresist is problematic because of the
lesser quality of this kind of product. That's why we used an
inverted positive photoresist for the direct printing
photolithography, which insured the high resolution of a
positive photoresist while the substrate could be insolated as
for a negative photoresist (the non-insolated areas were
dissolved during the developing). The technological process
of the inverted positive photoresist is described in [3] by
M.Fathi.
The synoptic of the laser bench is shown in fig.5.
The pattern is realized on a workstation using C.A.D software
(OPUS). This generates a file which allows a micro-computer
to control the X-Y laser beam displacements insolating the
photoresist.
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fig.3 : Technological steps of the standard photolithography
by mask.
The "lift-off' technique is another photolithographic
technique by mask, that provides better resolution. It consists
of a positive photoresist deposited directly on the substrate
and then insolated through a mask. During the developing, the
insolated photoresist is dissolved. An aluminium film is
deposited and finally, an appropriate chemical cleaning
removes the photoresist with the covered aluminium.

micro-computer

SUN station

fig.5 : Synoptic of the direct printing photolithography bench.
The insolation source is an Helium-Cadmium laser
of 442nm wavelength. The laser power can be adjusted by

polarizers placed on the optical path. An acousto-optical
modulator is used to switch the laser beam. A system of
associated mirrors lead the laser beam vertically throush a
microscope objective to the wafer surface. The latter, placed
on a rotating socket, can be manually aligned in the X and Y
directions (both, the X and Y directions and the wafer are
displayed on a video monitor).
The step, from a technological point of view, is the
line width after insolation and developing. When both the
laser beam velocity and the technological process of the
photoresist are determined, the step depends only on the laser
power and can be fixed between 1 and 10pm.
Some technological adjustments were necessary to
realize delay lines with the direct printing technique.
Geometrical parameters of interdigital transducers (fig.6) are
indeed critical for the fabrication of such devices.

3. EXPERIMENTAL DEVICES
Several devices were realized on quartz plates, with
the direct printing photolithography. The geometrical
characteristics of four of them are summarized in table 1.
The frequency response of device n03 given by the
network analyzer is shown in figure 7.
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fig.7 : Frequency response of device n03
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fig.6 : Geometrical parameters of an acoustic wave delay line.
The major problem we encountered was when the
laser power was too high : the non-insolated photoresist could
not be correctly developed. This problem was solved by
reducing the laser power, and hence reducing the
technological step. This involved for instance, that the laser
made 5 adjacent paths of 2pm to realize an electrode of 10 pm
width, and consequently, the time to realize a delay line
increased.
Another problem may result of the inverted positive
photoresist properties which seem not to be homogeneous. We
assumed that the use of a positive photoresist could provide
better results.
Finally, the great versatility of the technological
equipments in a university laboratory is not as well suited to
the realization of such devices, as it is in microelectronics
industries.
Nevertheless, we are able now to realize SH-APM
prototypes, the aim being to test and to improve the SH-APM
delay line electrical characteristics.

The realization and electrical tests of such
prototypes will allow us to study the influence of each
geometrical parameter. These experimental results as well as
the theoretical modelizations, will allow us to optimize a delay
line for a desired application. For example. with devices n02
and n04, we can study the influence of the electrodes number
on the quality coefficient of a SH-APM oscillator. The
bandpass of each mode was measured at a constant phase. We
found respectively a bandpass of 0,344MHz and 0,258MHz
for the modes 82MHz and I18MHz, for device n02, and a
bandpass of 0,273MHz and 0,203MHz for the modes 82MHz
and 118MHz, for device n04. These results show, as expected,
that device n04 exhibits a narrower bandpass than device n02
due to a great number of electrodes.
4. CONCLUSION
The direct printing photolithography can be used for
the realization of acoustic wave delay lines. With regard to
cost and time, it can advantageously replace the standard
photolithography technique that needs a mask for each delay
line pattern. However, the fabrication of one dual delay line
by laser needs about one hour, which makes this technique
only suitable for prototypes.
Therefore, the direct printing photolithography is an
original way that suits well to the realization of SH-APM
prototypes aimed for example at optimizing the acoustoelectric characteristics of sensors (bandpass of modes,
frequency stability, sensitivity ...).

Device
number

Cristallogra~hic
orientation. Euler
angles: (0,0,90°)

Center

to center
Number of pairs of
d'stance
between
electrodes
transducers
N

Plate thickness
h (mm)

Periodicity of
electrodes h
(~m)

40

200

83

T ,cc/l.

First mode
frequency
(MHz)

1

(O,22O,9O0)

0,5

40

2

(0,32",90°)

1

60

40

70

55

3

(O,32O,9O0)

1

60

60

70

55

4

(0,32",90°)

1

60

70

70

55

table 1 : Geometrical parameters of SH-APM devices realized by the direct printing technique.
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AC-Spice Simulation of Quartz Crystal Oscillators with the
Negative Resistance Model
Detlef Gohrig
Tele Quarz Group, D-74924 ~edkarbischofsheim,Germany
This article deals with the possibility of crystal-oscillator
simulation with Berkley Spice 2G6. The simulation
method based on the ,,negative resistance model" works
with the AC-analysis of Spice. Absolute frequency,
frequency deviation, check of the start-up condition and
yield simulation are possible. For the extended
simulation method, however, PSpice or another Spice
simulator with extended functions are required.

This formula can be solved graphically [I] [ 5 ] .The circle
diagram of the impedance of the active and passive circuit is
shown in diagram 2 . For the passive part of a crystal
oscilIator the locus of the complex impedance is a function of
frequency and has only a very weak dependence of the signal
power. On the other hand the active part at oscillator
frequency is nearly independent of the frequency, and is a
function of the signal power. The two impedance curves at
one diagramm intersect at certain points, which yield
information about the oscillator frequency.

Beside the often used open loop simulation [ 2 ] , "Colpitts-"
and "Clapp-" Oscillators can be simulated by means of the
"negative resistance analysis". These two oscillator types can
be described as 2 two-ports.

Xad

Rpar

Rad

figure 1 active and passive part of the oscillator circuit1
R

The two port Zpas describes the passive part of the oscillator,
Zact the active one. In this case the passive part of the
oscillator has an impedance with positive real part. Thus it
describes an attenuator in the signal theory. If the active part
is an amplifier and has one feed back to its input the real part
of the input impedance can be positive or negative. In case
that the real part is positive, it also will be an attenuator and
the magnitude of the gain is smaller than one. On the other
side if the real part is negative, it will be an amplifier.
By connecting the passive and active part (see figure 1) the
circuit can work as oscillator if the sum of the real parts of
the whole impedance is negative. In this case the noise
voltage can be amplified. This means for the start-up
condition:

With increasing signal power, the transistor operates at its
self limitation, so the input resistance value is getting smaller.
Only if the sum of both real parts is zero, the oscillator is in a
steady state operation with the following condition :

figure 2 The impedance Z,,,,(EJ) and ZaC,(P)at one diagram
Taking into consideration the possibilities of an ACsimulation in PSpice it reveals that a power sweep of the
active part is not possible.On the other hand the passive part
is described very well with a simple quartz crystal equivalent
circuit (3). Opposed to the start-up condition the steady state
operation cannot be simulated. But this can be reached by
summing Za, and Z., If
ZOtaI
= Zakt+ Zpasis depicted as a function of frequency, the
oscillator frequency is represented as the point of intersection
with the x-axis. The passive and active part can be defined by
a bi-section of the crystal unit and the transistor. At this point
two AC-current sources are introduced (see figure 3). The
AC-power of these sources is less important, because the
Spice AC-simulation is independent of the signal power. For
simplicity a current value of 1A is chosen. From "Ohm's
law" R=UII and with 1=1 the voltage value at the node of the
current source is equal to the impedance value of the circuit.

small frequency bandwith should be chosen for the next
simulation run. Simulation steps should be more than
lolpoints.

PARAMETERS:
Cvar
100
C7

figure 3 typical oscillator circuit with help circuit
The crystal equivalent circuit used in figure 3 was generated
by using the software tool TQSlib (download from server
www.telequarz.de)[3]. This Public domain Software was
developed by Tele Quarz Group, and it generates a Quartz
Spice model alternatively from measured values or typical
values (R1, C1, Conominal load capacitance or frequency
deviation)
The capabilities of this simulation method shall be shown by
an example:
A 12.288MHz Colpitts oscillator, with a fundamental
mode crystal (R1=8.01R;
C1= 19.49fF; Co=4.81pF (incl. case capacitance) and
cload=39~F
The frequency bandwidth of the first AC-analysis should be
very wide, (i.e. MHz).With this simulation the start-up
condition of the oscillator is checked. For that purpose the
real part of the active circuit must be negative and the absolut
value must be at least two times larger than the real part of
the passive circuit in order to achieve reliable operation.
PSpice has one software Scope named "Probe" to check this.
It is very convenient to name the nodes at the current sources
as Za, and Z,,,. Another helpful tool is the macro function in
Probe. For our circuit one macro is defined as:

figure 5 imaginary part of

cross the x-axis

Figure 5 shows the point of intersection with the x-axis of the
imaginary part of Go,,,, which is the start-up frequency of the
oscillator.
Parametric Analysis of PSpice is used to simulate the tuning
range of the oscillator. For this purpose the value of the
chosen part is chosen as global variable, for example a
capacitance or a resistance. This variable can be varied by
means of the .Step instruction. From this a family of
parametric curves results in Probe.
A better representation can be achieved with the
Performance-Analysis. A goalfirnction must be defmed. This
function searches the point of intersection with the x-axis. It
is named:
IMNLTLL(1) = x l
{l/Searchforward Level (0) ! 1;)
Usually the absolute frequency (in MHz) is of minor interest,
the relative frequency deviation [in ppm] to the nominal
frequency is preferred instead. The following macro will be
helpful:

Freq=(Imnull(img(~ot~~))-ref~freq)/ref_feq;
ref-freq= XXXX; XXXX subscripts the reference
frequency
Thus it will be possible to display the relative frequency shift
depending on the variation of the value of one component,
for example the tuning capacitor.
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figure 4 input impedance of the active part
The magnitude of the real part at the chosen frequency
bandwidth is very wide and therefore the oscillator will start
up. Due to the small difference between the working
frequency and the nominal frequency ( only a few ppm) a
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figure 6 possible frequency deviation depending on the
tuning capacitor.
With this method the frequency shift depending on different
values or different spice parameters of active component and
analysis of the tolerance is possible. Monte Carlo- and Worst
Case-analysis are tools in PSpice to make this very easy.
Before starting the Monte Carlo analysis it is necessary to
define a voltage controled voltage source, because this
analysis needs one reference output voltage or current

Evolue

EI

1

I

figure 7 help circuit to generate v(ztota1)
Figure 8 shows the Monte-Carlo-analysis of the sample
crystal oscillator of figure 3. For the first run the tolerance
range of the capacitors was 5% and the crystal has a
frequency deviation of l0ppm.

*

figure 9 Monte-Carlo analysis of the oscillator frequency
with 2% capacitors
Normally the results of statistical analysis are a gaussian
function, but with Probe it is not possible to show more than
400 simulation results in one histogram.

2. Comparison with measured data
The quality of a simulation can be proofed by comparing the
simulation results with the experimental dates.
The simulated frequency is 12.2882712 MHz. This is 22ppm
above the nominal frequency of 12.288MHz. A real tested
oscillator mounted with the element values according to the
simulation one has a frequency deviation of -2.9 ppm to the
nominal frequency. Reasons for the difference between
measured and simulated frequency are the small signal
simulation method itself and that the components are
assumed to be ideal.
The quality of the simulation results can be improved further
by using real component models, i.e. equivalent circuits for
the real components including the parasitic effects. A further
improvement is to measure the value of the real component
and simulate with the measured data set. But the uncertainty
of the used transistor model still exists and is the most
important reason for the difference between the simulation
and measurement. The input impedance is a good example
for this. In the simulation the impedance of the active part is:
real part:
imaginary part:

-207 Ohm
79pF

The signal power for the transistor Spice parameters
measurement is usually unknown. Thus the measured values
aren't directly comparable with the simulated ones.
Nevertheless an estimation of the results is possible. The real
impedance of the active circuit is measured with a signal
power of -15dBm.
figure 8 Monte-Carlo analysis of the oscillator frequency
with 5% capacitors
At the second run the crystal frequency deviation is the same
but the capacitor tolerance decreased to 2%. The frequency
tolerance of the oscillator was now 22ppm, an improvement
of l0ppm.

real part:
imaginary part:

-243 Ohm
69pF

Taking into consideration the simplified simulation models,
this is good correspondence between measured and simulated
values. Thus this niethort is suitable for crystal oscillator
simulations.
Usually the relative frequency shift is more interesting than
the absolute one. In this case the simulation results give very

good answers. This is very helpful to test the influence of
some components to the oscillator frequency, for example the
influence of the adjustment element C7 in figure 3.

The signal power must be defined as a parameter, as the
detection of the signal power is not possible. Due to this fact
a simulation with more than one transistor is not useful, but
with one transistor it works very well.

For a capacitor C7 change from lOpF to 1nF the following
frequency changes are achieved:
78ppm
74ppm

simulation:
measured:

3. Disadvantages
The disadvantage of this oscillator simulation method is the
dependence from the accuracy of the semiconductor models.
This problem increase with higher operation frequency, for
example above lOOMHz . Actually most public Spice BJT
models are models of the die. But at a frequency above
lOOMHz it is necessary to take into account also the housing
of the transistor [4].
Normally the standard Spice models of passive components
are assumed as ideal. It is more useful to describe these
components with their equivalent circuit diagrams or with
something comparable, like a model with ABM-sources. The
ideal inductors cause most problems.
However it isn't possible to simulate the temperature
behaviour with the commonly used AT-crystals because the
frequency vs. temperature corresponds to a third order
polynominal funkion. A simulation with standard elements
of Spice is therefore not possible.

figure 11 Input impedance of the active part depending of
power
Figure 11 shows the real and imaginary part depending on
the signal power at the oscillator frequency. Now it is very
easy to show the frequency deviation versus power
(figure 12)

4. Advanced solution with S-Parameter BJT model

The exact way is to simulate with the S-Parameters of the
transistor at its operating point. This is not possible in Spice
2G6. Using ABM-source, PSpice has the possibility to
simulate with S-Parameter [6] [a]. Another improvement of
the accuracy of the simulation is to consider the signal power
depending of the S-Parameter [7]. Figure 10 shows the
structure of the S-Parameter BJT model.

IC

I'

At a simulation with this model of the example in figure 3,
the frequency is -1 1,39ppm. The measured value was
-2.9ppm. With this model it is possible to simulate the startup condition and the steady state operation with an Spice ACsimulation. The disadvantage of this model is the much
longer simulation time, caused by the memory demand of
more than 1MB for one transistor model.
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figure 10 S-Parameter BJT model depending on the signal
power

It's possible to simulate a crystal oscillator with an ACsimulation based on the negative resistance model. This
simulation method allows to check the frequency tuning by
means of aparametric analysis. It's also possible to simulate
the yield of an oscillator circuit with the Worst-Case and
Monte-Carlo analysis.
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PERFORMANCE LIMITS ON DIELECTRIC LOADED HTS RESONATORS AS FREQUENCY
STANDARDS

Ling Hao, John Gallop, Farhat Abbas & Clifford C Hodge
Basic Metrology Group, National Physical Laboratory, Queens Rd., Teddington, T W l l OLW, UK

ABSTRACT

We assess the potential of HTS-shielded dielectric
loaded resonators as practical frequency standards and
reference elements for low phase noise oscillators. These
circuits are being developed as potential flywheel
microwave frequency standards for possible use in
conjunction with the next generation of microwave
frequency standards such as the caesium fountain. Here
we report progress on developments of such high Q
resonators shielded with relatively cheap, large area thick
films of YBCO, operated at temperatures below 77 K.
Q values as high as 3x106 are reported. The resonator
has been integrated with low noise amplifier, filter and
phase shifter to provide a loop oscillator whose phase
noise has been determined.

keywords: superconductor shielded dielectric resonator
frequency standard
1. INTRODUCTION
Fig. l a shows schematically the simplest design for a
HTS shielded dielectric resonator. Here the dielectric
"puck" (a short cylindrical element) is sandwiched
between two planar thin or thick films of a suitable HTS
material. For microwave applications this tends to be
either YBa,Cu,O,, or TlBaCaCuO since these materials
have demonstrated lower microwave surface resistance
than any of the other wide range of HTS materials.
Using this design Q values as high as lo7 at 5.6 GHz
and T = 60 K have been achieved by Shen et al. [2]
(usually the TE,,, mode is used in these miniature
dielectric resonators). However the temperature variation
of the resonant frequency is certainly not negligible.
Perhaps more important than the Q value for the
ultimate performance of such standards is the
insensitivity of the resonant frequency f to environmental
changes in temperature or vibration, for example. We
report the use of a composite dielectric puck
configuration which address this issue, providing a
turning point in the f(T) behaviour within a convenient
operating temperature range.

2. TEMPERATURE DEPENDENCE OF THE
RESONANT FREQUENCY OF A DIELECTRIC
RESONATOR
The temperature dependence of the resonator frequency
f(T) arises from three main contributions: the variation
of the superconducting penetration depth X(T), the linear
thermal expansion of the dielectric pucks and other
dimension-determining materials ai(T) and the
temperature dependence of the puck permittivities q(T).
We have reported measurements of X(T) [4] which show
that, for reduced temperatures t = T/T, I 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 in
general on the volume-to-superconductor surface ratio or,
more explicitly, on its geometry factor (see section 3).
At higher temperatures, such that t > 0.5, the
superconductor contribution begins to dominate over
other temperature coefficients of frequency. This is the
situation for an HTS shielded dielectric puck resonator
cooled in a single stage Stirling cycle refrigerator to
around 60 K. We propose the use of a compound puck
geometry, as indicated schematically in fig. 1b, to reduce
the overall temperature variation of f(T).
In order to produce a f(T) curve which has a turning
point at a convenient operating temperature (such as
6 0 K ) it is necessary to have two significant
contributions toflT) with opposing signs for dfldT. We
have suggested elsewhere [5] that such a turning point
may be produced in a sapphire puck at high temperature
by deliberately doping the material with a paramagnetic
impurity (for example chromium) in order to increase
the magnitude of the paramagnetic susceptibility
contribution. The composite resonator design shown
schematically in fig. l b also allows 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
superconductor plates and thus decreasing the influence
of A(T) on f(T). Furthermore there exist low loss
dielectrics which have the opposite sign for E(T)
compared with most materials such as sapphire (for

a) Simple puck geometry:

I

superconductor

I

single crystal dielectric
(high permittivity)

I

I

b) Composite puck geometry

-

superconductor
films

low loss support (low permittivity)

I

I
I

Fig. 1 Schematic of: a) simple puck resonator b) compound puck
resonator with two different dielectrics with opposite sign of dddT.

example SrTiO, [6] or TiO, (rutile) [7]) 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
with a possible reduction of Q value. We have made
measurements on such a composite puck resonator
incorporating both sapphire and rutile dielectrics. The
resonant mode structure is quite complex.

3. GEOMETRY FACTOR CONSIDERATIONS
The concept of a geometry factor corresponding to each
component of a compound resonator is useful here in
quantifying its design and performance. Thus the effect
of the dielectric or conducting properties of a particular
element on the properties of the kth mode of a
compound resonator depend not only on the material
properties but also on the relative proportion of the total
stored electromagnetic field energy which is contained
within that element. This is a function of both the
dimensions of the element and the specific spatial
distribution of the electromagnetic field for the kth
mode.
To calculate the effect of the various contributions to the
temperature dependence of the resonator frequency it is
necessary to assign a geometry factor Ti to each element
i of the compound resonator where Ti is given by the
integral of the electromagnetic stored energy over the
volum occupied by the ith component, normalised by the
total stored energy in the resonator. Thus f,(T) can be
written in the following form:

[r,,

f ( T )= f ( 0 )

{'ZUC(O)]~'\(T)]

~ . , p( T )

+rzuE , , ~ (TI

where f(0) is frequency for the kth mode at T = 0, I?,,,
is the geometry factor for the sapphire puck, T,,,that for
the rutile puck and T,that arising from the effect of the
superconducting thick films. The relevant temperature
dependent materials parameters, the puck permittivities
&,,,(T) and E,,(T) and superconducting penetration
depth h(T) are included specifically in (1) and
considered below. There are additional reactance
contributions such as that from residual electromagnetic
fields at the copper housing which contains the
compound puck and superconductor films and that from
the thin-walled quartz spacer.
However the T,
representing these additional losses can be made
vanishingly small and we neglect them here.
4. TEMPERAWRE COMPENSATION
For resonant structures as complex as those shown
schematically in fig. Ib analytical solutions for the
geometry factors do not exist so that it is difficult to
investigate a priori the influence of the various
resonator components on the frequency and especially
the temperature dependence. However if the temperature
dependence of the permittivities of the dielectric
components and the superconductor penetration depth are
known then these may be used to deduce the geometry
factors from experimental measurements of the resonator
characteristics.
The steps in the process are as follows: first measure the
complex permittivities &,(T)of the individual component
dielectrics and the penetration depth h(T) of any
superconductor in subsidiary experiments involving
known simple geometries such as simple puck resonators
or parallel plate resonators [8]. Next measure the
temperature dependence of the frequency f,(T) for the
compound puck resonator for one or more modes,
denoted by k. Then provided that no two of the q(T)
and h(T) have the same functional form for their
temperature variations these parameters may be used as
inputs to a generalised mathematical fitting routine
which will allow the geometry factors I?, to be derived
according to (1).
Use of low loss quartz spacers and a copper radiation
confinement enclosure has enabled us to measure the
temperature dependence of the permittivity of single
crystal sapphire which has been found to have a
temperature dependent component varying, hetween
15 K and 80 K, as

10.4

for several samples of single crystal sapphire from
different sources [3]. In addition a similar structure has
been used to measure the temperature dependence of the
permittivity of a single crystal of rutile (TiO,). The c
axis of the crystal structure is aligned with the z axis of
the puck and for TE modes, on which we have
concentrated in this work, we have shown that a fourth
order polynomial in T provides an excellent fit to E,,(T)
over the entire temperature range from 10 K to 300 K.
The best fit to our data is provided by the following
expression:
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Figs. 2a & 2b show the data with model fits given by
the dotted curves. It is clear that the data are well fitted
by the model. Table 1 summarises the main results of
fitting (I) to the experimental curves. Case 1 consists of
a sapphire puck and thick film HTS shielding plates.
Case 2 includes a thin-walled quartz tube spacer to
separate the sapphire puck from the HTS films (the
spacer has little direct effect on the resonant frequency).
Cases 3-5 involve the addition of a small (3.5mm dia)
rutile puck mounted centrally on top of the sapphire
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Using measurements made for f,(T) for a number of
geometries involving the same sapphire and rutile pucks
as well as the same thick film YBCO samples we have
evaluated the geometry factors T, for each configuration.

I
90

Temperature (K)

where the coefficients in the polynomial expansion are
listed below: q = 113.446, a, = 0.043, a, = -0.002,
~ ,= - 1 . 0 7 2 ~ 1 0 -The
~ . results are in good
a, = 7 . 7 2 4 ~ 1 0 -a4
agreement with measurements made on a similar sample
of rutile [7].

5. TEMPERATURE VARIATION ANALYSLS
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A parallel plate resonator has been made, using a low
loss quartz spacer with two 20 mm x 20 mm square
Yttria stabilised szirconia substrates coated with thick
film YBCO [9]. By measuring the resonant frequency as
a function of temperature, especially in the temperature
range from 60 K to 92 K we have shown that the
surface reactance of these films can be closely fitted by
a simple two fluid model for the temperature variation
of the London penetration depth h(T) with h(0) =
1.6 pm:
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Fig. 2

Frequency vs. temperature for two puck configurations (a)
rutilelsapphire puck with quartz spacer & HTS thick films (entry #4 in
Table I), (b) sapphire puck with quartz spacer (entry #I).

puck (12mm dia). Importantly for practical applications
three modes shown here exhibit a turning point in the
f(T) behaviour. For entry #5 in the table the geometry
factor for the rutile puck is very large and the rapid
temperature dependence of E,, dominates f(T) until the
temperature approaches close to T, when competition
between E,,(T) and X(T) produces a turning point at
T = 87 K.
In cases 3 and 4 a turning point is produced at lower
temperatures and inspection of the r, indicate that for
these two dfIdT = 0 due to competition between the two
temperature dependent permittivities. At these lower
temperatures the variation of h(T) produces a negligible
effect, accentuated by the smaller value of T, than for
the other three configurations. Inspection of the
geometry factors indicate that for entry #2 in Table 1
r,, 0. This is reassuring confirmation that the method
is able to separate the effects of different puck
components correctly since for that configuration no
rutile component was included in the resonator. The
final column in Table 1 evaluates the second derivative
d2f(T)/d~'which is also an important parameter when
temperature stability is being considered.

-

TABLE I
FREQUENCIES AND GEOMETRY FACTORS FOR A NUMBER OF MODES OF THE
RUTILEISAPPHIRE COMPOUND PUCK SYSTEM DESCRIBED IN FIG. 1. THE TEMPERATURE
DEPENDENCES FOR THESE MODES ARE SHOWN IN FIG. 2
Case

f(0)

rsap

m
rt

1

9.987

1.002

-.002

2

11.857

0.987

0.003

Thus although a turning point may be present it is
inevitable that it will not be possible to stabilise the
temperature of the compound resonator precisely at this
feature.The parameter d2f(T)/dT2 indicates the error
which will arise if the turning point can only be
approached and maintained with a precision of 6T.
Note that for entry #4 the curvature is more than an
order of magnitude smaller than for any of the other
cases presented.
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The total loaded quality factor Q, for the composite
resonator can be written in the following form:

Fig. 3 Experimental loaded Q, values (x) and theoretical dielectric
losses (full curve)

where l/Qd, ,l/Qd2 are proportional to the microwave
power dissipation in dielectrics 1 and 2 of the composite
puck, 1/Q, 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.
The geometry factors derived in the above analysis may
then be used to deconvolve the contributions from
various loss mechanisms in the resonator. Thus the
dielectric loss tangent tan6, for sapphire is assumed to
vary as T4.7Swhereas the loss tangent for rutile tan6,, is
taken from a non-linear least squares fit to the data from
ref. [7]. The geometry factors for the dielectrics can
then be calculated as described above in section 3. The
temperature dependent tan6 values may then be used to
calculate the dielectric loss contributions to the loaded
Q,. This is shown as a dotted curve in fig. 3 which also
shows the loaded Q,(T).

Finally, substracting the dielectric losses from the
inverse loaded Q yields the loss in the superconductor
and the Q value associated with the YBCO thick films
as a function of T is plotted in fig. 4.
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Note that the superconductor Q is much higher than that
from the dielectrics up to T > 45 K.
7. LOOP OSCILLATOR
o n e of the high Q resonator mode presented in the
previous section has been used as the reference element
for a simple loop oscillator. Positive feedback between
output and input couplers of the reonator housing is
provided by a low noise broad band amplifer via a
narrow band tunable filter and an adjustable phase
shifter. The microwave ouptut from the resulting
oscillator has been mixed with a low phase noise
synthesised-source as local oscillator, tuned to the
identical frequency but in quadrature. The phase noise
spectral density S,(f) of the resulting mixer output
(essentially at d.c.) has been measured as a function of
the carrier offset frequency f. The data is shown in fig.
5. The dotted line is a prediction from the well-known
Leeson model [lo]. The results are preliminary since
the synthesised local oscillator source is believed to
generate much of the measured phase noise.
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Fig. 5 Phase noise close to carrier for loop oscillator and synthesised
microwave local oscillator

In future work we plan to compare two similar high Q
HTSIdielectric referenced oscillators with optimised
output power levels to achieve a more realistic estimate
of the ultimate phase noise performance achievable with
this type of device.

8. CONCLUSIONS

If the temperature of the resonator can be controlled to
0.1 mK within 1 mK of the turning point for the f(T)
curve shown in fig. 2b this implies that the variation in
resonant frequency should be less than 5 mHz or a
fractional stability of 3 parts in loi4 even at long

averaging times. This acievement would provide a
microwave frequency standard with much better
performance than the best 10 MHz quartz crystals are
able to attain. Further questions concerning mechanical
stability, and the ability to achieve temperature
compensation and high loaded Q value at the same
temperature remain to be answered but these preliminary
results on in compound puck resonators are very
promising. The use of these frequency references in
flywheel frequency standards for the next generation of
microwave atomic fountain or ion-trap frequency
standards is being actively researched.
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MODE-DEPENDENT NONLINEAR BEHAVIORS IN QUARTZ RESONATORS
atushi iobe and yutaka abe
Department of Applied Physics,
Hokkaido University, Sapporo 060, JAPAN
ABSTRACT
Nonlinear resonant behaviors in quartz plates
are uniquely dependent on oscillation-modes.
The physical origin of those behaviors is due
to the difference of the dominant higher-order
elastic constants in the respective modes.
The acoustic bistability in AT-cut resonators,
and the shift of the resonant peak, and the
narrowing of resonance width in X-cut
resonators, are investigated numerically. The
possibility of a chaotic current instability in a
heavily damped AT-cut quartz resonator is
also explored.
(Key words: Nonlinear effect of quartz
resonators, Acoustic bistability)

In the past, jump of the acoustic amplitude
with frequency in AT- and BT-cut quartz
resonators have been reported by various
authors [l].. The quasi-static behavior of the
acousticbistabilityin ashear-modequ'artz
r e s o n a t o r h a s been investigated by
Gagnepain and Besson[2]. However, the
dynamic response of the acoustic bis tability
and nonlinear behavior of X-cut quartz has
not been explored yet and remains to be
solved.
In this paper, we will report the numerical
results of nonlinear response of both AT-cut
and X - c u t quartz resonators using a
simplified model. The chaotic current flow in

heavily damped AT-cut resonators is also
investigated numerically. Several applications
of those nonlinear resonators are suggested.
2. SIMULATIONS
2.1 AT-cut Quartz Resonators
A rapid change of the current amplitude in

a certain narrow range of the excitation
frequency I an AT-cut quartz resonators can
be experimentally observed with a moderate
excitation level. This Frequency-jum p
phenomenon is accom panied by a large
hysteresis.
Nonlinear wave equation for the AT-cut
quartz resonator is given by

where c,,D is the second-order elastic constant
at constant electric f i e l d ( ~ ~ ~ ) , cis~ ,the
,,
fourth-order elastic constant (FOE), r,, is the
linear damping constant, v, is the sound
velocity, and p is the mass density of the
quartz. Introducing the equivalent nonlinear
inductance and nonlinear capacitance , which

is expressed as

the current-voltage characteristic of the
piezoelectric branch of the AT-cu t quartz
resonator is given by

compared with the second-order elastic
constants. Eq(4) directly indicates that the
nonlinear effect due to FOE is amplified by
the order of Qo under a resonant condition
and this fact makes the measurements of FOE
extremely easier compared w i t h the nonresonant method.
The numerically simulated results using the
above equations are shown in Fig. 1 (a).
The corresponding experimental results are
also shown in Fig. l(b) for comparison.

where

The relations hips between the circuit
parameters and the material constants in the
AT-cut quartz resonator are:

Here, d is the thickness of the resonator, S is
the area of the resonator, ande26 is the
piezoelectric constant. The equation (3)
belongs to the famous Duffing's equation in
nonlinear mechanics. It is very difficult to
measure FOE with non-resonant method
experimentally, due to its smaller value

Voltage ( v )

Fig. 1 (a) simulated voltage-current (V1)characteristicsfor a AT-cut quartz resonator.
(b) experimentally obtained V-I characteristics.
a: driving frequency is 4.193600 MHz. b:
driving frequency is 4.193668 MHz.

results.
As shown in Fig. 1 , the simulated results are
quantitatively very good agreement with the
experiments. I t should be noticed that an
extremely small change i n the driving
frequency introduces a drastic change in the
voltage-current characteristics, as explicitly
shown in Fig. 1. In the next section, we will
examine the possibility of acoustic switching
using a AT-cut quartz resonator.
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2.2 Nonlinear Dynamic Responses of AT-cut
Quartz Resonators
The nonlinear responses of the AT-cut
quartz resonators described in the previous
section were calculated under a quasi-static
variation of the physical parameter such as
the amplitude o f the external voltage. We
examine time-dependent responses of the
resonators under the following condition:
The amplitude of the external voltage is
modulated linearly so that the rate of the
modulation is much slower than the period of
the external frequency.
A(t)= ht, 0s t < t ,

A(t) = -kt, t ,
l/h << l / o

s t < t,
(5).

Several examples of the simulations are
shown in Fig. 2 with the experimental
results. I t is seen that 1) the transition
rate between the bistable states becomes
slower as the scanning rate

is increased,
and 2) the width of the hysteresis loop
becomes narrower as the value o f h is
increased. The simulated results show very
good agreement with the experimental

1Svldiv, 1Smaldiv.
I

,

,

,

,

f

(

(

Fig.2 Time-dependent response of the AT-cut
resonator. Upper trace: applied voltage.
Lower trace: current response. (a) sweep seed: 5
secondsldiv. (b) sweep speed: 0. Isecondsldiv.
The above investigations indicate that in order
to realize a very fast acousbc switching using
the acoustic bistability some improvements
f o r compensating the slowness of the
dynamic responses are necessary. I f we
applied the external voltage which is very
close to the transition iroltage as a bias
voltage, the rise time becomes 3 times
faster than the case IV i thout the bias voltage.
However, a great improvement of the
switching time can not realized by this
method. The increase of the linear damping
coefficient is much more effective for the fast
acoustic switching, but in this case i t is
necessary relatively large power of the
external excitation, and consequently heating
of the r e s o n a t o r s introduces a n o t h e r
difficulty.

according to our simulations, i t is suggested
that we can realize the acoustic switching time
of 10 nanoseconds with a 1 Hz AT-cut quartz
resonator with Q, = lo4 under 20W excitation
level.

The term rli2 expresses the net nonlinear

2.3 Nonlinear Responses of X-cu t Quartz
Resonators

effect due to TOE When we apply the firstorder asymptotic approximation [3] for the
equation (7) , the approximate solution does
not involves any nonlinear term, which

The nonlinear behaviors in a lorrgitirdirrnl

explains the actual experimental results of
very w e a k nonlinearity in the X - c u t

mode quartz resonator are very different
from the ones of the shear-mode resonator.
Within a moderate excitation levels, the X-cut
resonator behaves almost same as a linear
resonator. This means that the effect of
FOE in the X-cut resonator is very weak and
can not play any significant role. However,
when the excitation level is further increased,
the resonance peak starts to shift into the
lower frequency region, and simultaneously
the half width of the resonance peak becomes
narrower
Even with very high excitation level, no
amplitude bifurcation is observed. I n order to
explain the above experimental facts, we
consider the following wave equation:

resonator.
The physical origin of the narrowing of the
half width of the resonance peak and the shift
of the resonant peak under the intense
excitation is d u e to the higher-order
interaction of the a m p l i t u d e o f the
fundamental frequency with the one of the
second harmonics. The occurrence of this
interaction is easily seen by assuming the
response current is
i(t) = A , cos(ot) + 4 (cos20 t)
(8)
and substituting (8) into (7).

10

15

LO

\ ~ ~ p l i nVoltap
(
(RMS Vc~ltsl

Here, c:,, is the third-order elastic constant

(TOE). using the same approach mentioned
in the section 2.2, we obtain the equivalent
circuit equation of the following form:

Fig.3 Q-values as a function of applied
voltage. Solid line : Simulated results.
dots: experimental values. The resnant
frequency at low excitation level is
2.02648MHz.

The numerical results are shown in Fig. 3(a),
(b). We did not examine the long-term
stability of the resonant frequency under the
above high level of excitation, which remains
to be solved. However, the short-term
stability of the resonant frequency i n our
laboratory system is quite excellent .

3 . Chaotic Currents in a Heavily-dam ped
AT-cut Resonator
T h e chaotic behaviors o f Duffing's
oscillator with large damping constant is
extensively investigated in the past [3].
Experimentally we sometimes observe a
random noisy signals when a AT-cut quartz
resonator is attached to a bulk material of
large acoustic absorption. It was considered
for a long time that this anomalous signals
were due to an imperfect adhesion between
the resonator and the material. However,
there exists the possibility that the
occasionally observed random signal under a
hgh excitation level and under a experimental
circumstance of very low noises are closely
correlated with the chaotic currents occurs in
a heavily damped AT-cut resonator.

A typical example of the numerical results of

the bifurcation diagram is shown in Fig. 5 .
The above numerical results indicates that the
chaotic states can occurs under a practically
obtainable level of the excitation .
4. Conclusion
We have investigated nonlinear properties
o f quartz resonators using numerical
simulations based on the simple models. The
present investigations reveal that the
nonlinear properties of quartz resonators are
strongly depend on the mode of acoustic
oscillation. It is found that the difference in
the nonlinear behaviors between AT-cut
s h e a r - m o d e r e s o n a t o r s and X - c u t
longitudinal-mode resonators is due to the
difference in the dominant higher-order
elastic constant. In the AT-cut resonators,
F O E plays essential role, while in X-cut1
resonators, TOE is predominant origin for the
nonlinear resonant currents. Acoustic switch
using the acoustic bistability i n AT-cut
resonators is suggested.
The chaotic current instability i n heavilyd a m p e d A T - c u t resonators are also
investigated numerically. The simulated
results indicate that the chaotic instability can
observe within a practically attainable
excitation level.

0.50
0.75

0.80

0.85

0.90

0.95

0

Fig. 4 Bifurcation diagram. This is the
second bifurcation cascade between the
third and the 5th harmonics.
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Abstract
This paper presents results obtained wideband 71MHz
and 250MHz intermediate frequency (IF) filters which
are small with low loss for the Pan European digital
cellular radio system (GSM / DCS-1800). The filters
are High Frequency Fundamental Monolithic Crystal
Filter (HFF-MCF) using chemical etching the central
section of a crystal substrate on one side. They are
housed in small-sized ceramic packages with external
dimensionsof 5.2 X 4.5 X l.lmm3.
The HFF-MCF with a center frequency of 71MHz
developed for GSM IF filter is designed in the
balanced drive structure by a construction dividing the
reverse side electrode into two inputloutput terminals.
This filter has a 2-pole construction, with 3dB
bandwidth of rt90kHz, group delay distortion of 0.7
p sec at fo i 80kHz, insertion loss of 0.9dB and
stopband attenuation values of 14dB, 23dB and 40dB
at fo i 200kHz, fo F 400kHz and fo i 800kHz
respectively.
For DCS-1800 base station applications requiring high
stopband attenuation value, we present a cascade of
two 2-pole HFF-MCFs at 250MHz, with 3dB
bandwidth of F 80kHz and stopband attenuation
values of 30dB, 70dB and 80dB at foi-200kHz, f o i
800kHz and fof 4MHz respectively.
1. Introduction
With the rapid spread of mobile communications
typified by mobile phones, tremendous progress is
being made with the digitalizing of systems, higher
operating frequencies and the reduction in size and
weight of handsets. ~ e m a n d for
s small-sized IF filters
of higher frequency and wider bandwidth as a part of
the handsets are therefore stimulated still significantly.
Filters with center frequency range of 45 to 250MHz,
passband widths of t 80 to + 100kHz and sharp
selectivity are particularly required for IF filters in
GSM and DCS-1800 (which have the frequency band
transposed to 1.8GHz using the same system as GSM)

predominantly used in Europe.
With this system, transversal design surface acoustic
wave (SAW) filters are now widely used which had
excellent group delay characteristics and wide
passband width. In order to give sharp selectivity to
the SAW filters, some additional interdigital
transducer (IDT) terminals are to be required which
inevitably results in the increase of chip dimensions.
However,
there are problems such as the
deterioration of insertion loss due to intrinsic bilateral
characteristics of the SAW filters, and the increase of
chip dimensions accompanying the increased number
of interdigital transducer (IDT) terminals to improve
suppression in the area of neighbour channel (foF
200kHz) sufficiently.
SAW filters using Z-path design with reduced chip
dimensions were proposed by Machui et a1 in 1992 [I],
and Resonant Single Phase Unidirectional Transducer
(RSPUDT) design SAW filters with improvements in
insertion loss proposed by Ventura et a1 in 1994 [2],
but these haven't managed to achieve properties
satisfying all the requirements mentioned above.
On the other hand, HFF-MCF which was developed by
us in 1992 [3], in the way of employing the chemical
etching processing technique has enabled to construct
IF filters in a small size and has offered low insertion
loss, and it was designed in the unbalanced drive type
for simplifying the construction of electrode. As the
integrated circuits (IC) now used for GSM receiver are
the so-called balanced drive type, it is still necessary
for us to cope with the difference.
Increasing the MCF frequency with chemical etching
process techniques, and widening the passband width
with a precise electrode pattern construction using
photolithographic techniques, we produced 71MHz
band IF filters for GSM use. Regarding balanced drive
structure, we examined filter characteristics of a
construction with the reverse side electrode divided
into two for input and output terminals. Further
increases in frequency were achieved by an additional

etching processes to adjust the wafer thickness in
accordance with the target frequency. An evaluation of
the experimentally produced 250MHz band filters for
DCS-1800 systems is also included in this paper.
2. HFF-MCF Structure
In general, MCF has a number of advantages.
(1) Miniaturization is easily realized in the design of
MCF because it has a very simple construction
utilizing acoustic coupling between two electrodes.
(2) Low insertion loss and narrow passband width can
be achieved effectively because Q value of crystal
resonator is relativity high.
(3) Frequency temperature characteristics is excellent
in wide temperature range.
Accordingly, if wide passband width and the design of
the balanced drive structure are realized, HFF-MCF
having low insertion loss is considered quite adequate
to the small-sized IF filters for GSMIDCS-1800
systems.
Fig. 1 shows the structure of the HFF-MCF with which
higher frequency in fundamental mode is achieved by
thinning the central section from one side with
chemical etching of an AT cut crystal substrate.
To achieve a wide passband width in MCF, we have to
make distance split electrode extremely small, just a
few micron meters. Such a filter cannot be fabricated
in conventional vacuum evaporation processes.
However, band widening was attempted in the
photolithographic construction with high precision,
and as a result, an MCF with a fractional bandwidth of
up to approximately 0.3% is to be achievable.
The chemically etched side of the crystal substrate all
forms a electrode as a ground electrode, and so it can
also be used as an unbalanced drive filter in the same
way as a conventional MCF. Then, by splitting this

full-face electrode, including the ceramic package
terminal, into two input/output electrodes to configure
the electrode pattern using each of these divided
electrodes as input/output electrodes respectively, it is
possible to simply obtain a balanced drive filter even
with HFF-MCF manufacturing. The structure of
balanced drive HFF-MCF is shown in fig.2.
3. Manufacturing Process
A simplified process sequence for the HFF-MCF
manufacture is shown in fig.3. High productivity in
the mass production is achieved by batch processing
performed in the wafer state from electrode pattern
formation through frequency adjustment. In this
manufacturing method, it is important to ensure
uniform thickness for each of the elements on the
wafer. Adjustment of thickness is made to within
approximately t30nm by additional and individually
etched on each element after the main etching process.
With this method, HFF-MCF with a center frequency
of 1SOMHz can be produced with the precision of
frequency within t30ppm.
In case of attempting frequency increase beyond
lSOMHz, it is difficult to achieve the desired filter
characteristics further, because the thickness of
vibration area is extremely thin, and as the amount of
frequency adjustment by evaporation after a single
individual etching process excessively increase,
compared to the thickness of vibration area. However,
by repeating individual etching using the dilution
etchant for high-precision thickness adjustment
etching, the thickness distribution for individual
elements in the wafer was reduced to within t lOnm,
and this makes the filter characteristics demanded
possible. This process corresponds to the area within
the dashed line in fig.3.
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Fig. 1 Structure of HFF-MCF

Fig.2 Structure of balanced drive HFF-MCF
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Fig.4 Passband characteristics and group delay
characteristics of the balanced drive 71MHz 2-pole
HFF-MCF

Fig.3 Simplified process sequence

4. 71MHz Band IF Filter for GSM
A balanced drive filter was produced by splitting the
reverse side electrode of the unbalanced type 2-pole
HFF-MCF using a laser-beam cutting equipment.
Its passband characteristics and group delay
characteristics are shown in fig.4 and its stopband
attenuation characteristics are shown in fig.5. This
filter has 3dB bandwidth of i90kHz, group delay
distortion of 0.7 p sec at fo t80kHz, insertion loss of
0.9dB and stopband attenuation values of 14dB, 23dB
and 40dB at i200kHz, -t 400kHz and 2 800kHz
from center frequency respectively. It is still necessary
to improve the stopband attenuation value at i1MHz.
In this regard, now we continue some additional
development to be completed in the near future.
The terminal impedance is 2.5kQ I/ -2.0pF for input
and output. It is housed in small-sized ceramic
package with external dimensions of 5.2 X 4.5 X
l.lmm3 (volume : 0 . 0 3 ~ that
~ ) is one tenth as light as
those of transversal SAW IF filters now used in GSM
system. An external view of the filter is shown in fig.6.

-P

71

+2

FREO. (MHz1

Fig.5 Stopband attenuation characteristics of the
balanced drive 71MHz 2-pole HFF-MCF

Fig.6 Photograph of the balanced drive 71MHz 2pole HFF-MCF

250MHz Band IF Filter for DCS-1800
A 250MHz band HFF-MCF for IF filter in DCS-1800
was produced using a production process with an
addition of individual etching processes. The
characteristics of the unbalanced type 2-pole HFFMCF at 250MHz are shown in figs.7 and 8. This filter
has 3dl3 bandwidth and insertion loss similar to that of
the 71MHz one. It is housed in the package common
to that of the 7lMHz one.
In the 4-pole configuration in which two elements are
connected in cascade, the filter configuration and the
measuring circuit are shown in fig.9, and i t s
characteristics are shown in figs. 10 and 11. Its 3dB
bandwidth is + 801612, group delay distortion of 3.7
p sec at fo
8OkHz, insertion loss of 3.4dB and

stopband attenuation values is 30dl3, 70dB and 80dB
at + 200kHz, + 800kHz and i4MHz from center
frequency respectively. The terminal impedance is as
low as 200 Q//lpF for input and output, and the
interstage capacitance is IpF.

Fig.7 Passband characteristics and group delay
characteristics of the unbalanced drive 250MHz 2-pole
HFF-MCF

Fig. 10 Passband characteristics and group delay
characteristics of the balanced drive 250MHz 4-pole
HFF-MCF

5.

*

252
FREO. (MHz)

Fig.8 Stopband attenuation characteristics of the
unbalanced drive 250MHz 2-pole HFF-MCF

Fig.9 Circuit configuration and measured circuit of
the unbalanced drive 250MHz 4-pole HFF-MCF

252
FREQ. MHz)

Fig. 11 Stopband attenuation characteristics of the
balanced drive 250MHz 4-pole HFF-MCF

A large amount of spuriouses occur at the high end of
the center frequency, but this is because the
configuration uses HFF-MCF elements which have
identical electrode dimensions. By constructing it with
two elements with differing electrode dimensions, it is
considered possible to suppress the spuriouses as above.

6; Conclusion
We developed a 71MHz band IF filter for GSM in the
HFF-MCF construction, which has achieved high
frequency in fundamental mode using chemical
etching process techniques and extended passband
width using photolithographic techniques. In the
design utilizing the way of dividing the reverse side
electrode into inputloutput terminals, the filter is
designed in the balanced drive structure, and as a
result, it is constructed in small size (117-1/10 in
volume) and light weight, with insertion loss (e.g.
from 5-10dB to 0.9dB) and suppression in the area
of neighbour channel (fo I
200kHz) better than
transversal SAW IF filters currently used for GSM .
In the 4-pole configuration in which two 2-pole HFFMCFs at 250MHz are connected in cascade, we
realized IF filters for DCS-1800 base stations
requiring sharp selectivity and high stopband
attenuation.
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1. ABSTRACT
This paper presents a new product for use in the space
industry. TNT's (( Master Oscillator for Long Duration
Space Applications )) is a small sized temperature
stabilised hi-performance crystal oscillator.
The development of this oscillator has taken into
account a wide range of parameters specific for the
space environment. The Master Oscillator and its
tested performances are described hereafter.
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2. INTRODUCTION

All space programs require some kind of stable
frequency generating device for successful operation.
The required performance naturally depends on the
application itself. The final choice will be influenced by
spacecraft accommodation (mass, power, thermal etc.)
and mission scenario (telecommunication, Earth
Observation, Science, etc.). Good short term frequency
stability is required for satellite and deep space
tracking, communication and navigation. Precise time is
essential to precision of navigation. Synchronisation
plays a critical role in digital telecommunication
systems, as it ensures the transfer of information with a
minimum error rate.

3. IDENTIFICATION OF THE CRITICAL ELEMENTS
FOR A SPACE ULTRA-STABLE FREQUENCY
SOURCE.
These elements are presented in the table below
Best choice
Main parameter
Very
long
term Cesium
frequency stability
(years)

Long term frequency Rubidium
stability over days

+
+

+

-

+

+

Performance I size Master
ratio and short term Oscillator
frequency stability

+
+

+
+

-

Io I d nersarr

1

I m

-

-.---- I

---

4. GENERAL COMMENTS AND DESIGN GOALS

For potential applications, the Master Oscillator has
to be less cumbersome than the other types of
oscillators,
without
sacrificing
its
intrinsic
performances
During the development phase of our model, a
particular attention has been given to reduce the
dimensions (57x44x53.5mm) and the weight (0.2kg).
Particular attention has been given to get a good
radiation shielding and a very high MTBF.

Advantages I - disadvantages
Accuracy * I x I O - ' ~
Long term stab over years
Limited life time (5 to 10 yrs)
Weight
Expensive cost
Freq. stability over day: ~ 5 x 1 0 /day
"~
Reduced size and weight
Very long term stability
Lightness, 200 grams
Excellent freq. stability for 1-100sec.
Very small size, 0.15 L
Low cost
Long term ageing

Space applications
Navigation systems

Navigation, micro-satellite telecom
systems and one-way Doppler
positioning.
Telecom and one-way Doppler
positioning

5. MAIN NEW FEATURES OF TNT'S MO

During the bread boarding phase of TNT's MO, a
special care has been given to the choice of the parts,
in order to get the lowest phase noise as possible.
Then, the electronics design has been optimised using
low noise transistors and efficient automatic gain
control of the oscillating loop.
After two phases of mechanical and thermal design and
simulation, the final MO configuration has been fixed to
have the best thermal stability for the specified low
power consumption.
The choice of the material allows an important radiation
shielding of the crystal.
This component oriented space crystal oscillator can
be directly used inside an instrument. It can support
any depressurisation down to lo-' bars with very low
outgassing.
The Master Oscillator does not radiate electro-magnetic
field at any other frequency than 10MHz.
The Master Oscillator has been designed for operation,
with full stability performances, even under pressurised
or vacuum environment. This unique feature allows the
MO to be tested within the payload under atmospheric
or pressurised environment.

The radiation tolerance has been improved by
increasing the radiation shielding to the maximal
allowed mass (200 grams).
TNT's Master Oscillator has no DCIDC converters and
can be used as a component inside an instrument,
directly connected to the instrument supply. It provides
an ultra-stable voltage reference output for frequency
adjustment associated with the payload or crystal
ageing compensation.

7. BLOCK DIAGRAM
The block diagram of figure 1 shows the working
principle of the oscillator.
It is particularly interesting to note the following points:

- The configuration has four levels:

6. ORIGINAL SOLUTIONS

TNT's Master Oscillator is the result of a General
Supporting Technology Program (GSTP) of the
European Space Agency (ESA). This means that the
latest applicable technology has been used in order to
make a state-of-the-art oscillator. This is the key which
helped to reach the requested high performance in
such a small volume and mass.
The temperature sensitivity has been one of the
parameters which required the largest numbers of
special solutions. The use of a Stress Compensated
crystal resonator working at Turn Over Point was the
unique solution. The power consumption has been
reduced by filling the hermetic enclosure with low
thermal conductivity gas. This relatively high pressure
gas also eliminates any possible outgassing effects
from components andlo'r materials within the enclosure.
Consequently, this configuration stabilises the thermal
resistance between the two active ovens.
The temperature stabilisation of the critical components
and the optimised AGC was an important factor to the
performance. The low phase noise performance is the
result of a transistor type selection.

-

1) External interface, which is not hermetic and
accessible by the user at anytime.
2) Hermetic enclosure, also called Master Oscillator
Core, which is vacuum proof sealed.
3) First active oven, at stabilised temperature.
4) Second active oven, with a better temperature
stabilisation (+ 0.01 "C over the temperature
range).
The frequency and the temperature can be adjusted
directly on the external interface.
The "two supplies" or "single supply" option can be
selected on the interface.
The temperature references are thermally stabilised.
The power limitation can be adjusted on the interface.
The internal voltage reference is in the inner oven for
the best thermal stabilisation ( ~ 0 . 0ppmPC).
1
Pin 3
Vpower

Pin 1
(1) Vref or (2) Velec

.---------I
-----,-----------------.
,,f---,,-

I,,---,,-,,,---,-,,,,,
Y

i--------f """"'*
M4 studs

Pin z
Vadj

GND

Figure I: Functional diagram of the Master Oscillator.

8. TEST RESULTS
8.3 SHORT TERM STABILITY

8.1 INTRODUCTION
During the development phase, two bread boards and
three Engineering Models have been manufactured. A
third Engineering Model has also been manufactured
for testing alternative crystal supplier source.
ESA has selected the EM#2, which contains a CQE
10MHz crystal for the Qualification model because a
BVA Q007 SC 3rd overtone crystal capable of surviving
the vibration specification was not available within
schedule of the program. The results presented in this
section have been tested on the qualification model
equipped with a CQE crystal.

8.2 PHASE NOISE

t '\

I

E Q M W D # 2 against EMM3BQWI--I

i

Here is a typical short term stability curve computed by
the FSMMS system of ON from a set of phase noise
measurement data. The curve is quite identical for all
three models.

8.4 LONG TERM STABILITY

The long term curve presented here often has been
measured on the EM#3 over a three months period
through an automatic measurement system. This curve
gives the long term figure at the date of this publication
release.

Figure II: Phase noise measurement of the EQM.
Distance
to 10MHz

EQM

IHz
10Hz
100Hz
1 kHz
10 kHz
100 kHz

-114
-133
-144
-154
-159
-159

dBc
This is a typical phase noise
curve which has been
measured with a Stanford
SR760 FFT analyser.

Table II: Phase noise
results of EQM
This low phase noise has been measured against
another Master Oscillator (EM#I).
The theoretical phase noise of the MO is devoid of
spuriouses while there are no other frequencies than
10MHz inside the oscillator (no DC-DC converters for
example).

Figure IV: Long term measurement of the EM MO#3
The measured long term figure is - 6 . 3 ~ 1 0 - ~ * / d a ~ .
Please note that this measurement has been made on
EM#3, at atmospheric pressure (oscillator not sealed).
Better results are expected on hermetic oscillators.
No reliable ageing figure is available for the EQM as it
has not been measured over a long enough period.
Depending on the fit, the slope is between 1.9x10-~~
and 0 . 4 3 ~ 1 0 - ~ ~ 1 d a ~ .

8.5 THERMAL STABILITY

Reducing the temperature sensitivity to 5x10''~over a
temperature range of -151+6O0Cin such a small volume
and low power has been the biggest challenge of the
project. The cut of the crystal is a critical factor for the
temperature sensitivity. Stress Compensated (SC) cut
crystals have the advantage of offering a turn-over
point (TOP) in the frequency versus temperature curve.
If the crystal is maintained at TOP, small temperature
variation will have a quasi-null frequency variation. To
reach the 2 x 1 ~ IoC
' ~ goal, a temperature variation of
less than 0.02"C when stabilised is necessary in order
to compensated possible drifts of the temperature
reference during the oscillator's life. The success of the
temperature stabilisation within this small range is the
result of many thermal tests and simulation with
computer models. The final configuration is a trade-off
between the distribution of thermal conductance,
insulation and heating power between the two active
ovens and the external housing.

The temperature adjustment is defined by two resistors
in the external interface. Therefore, it can be changed
at anytime, even after the sealing of the hermetic
enclosure. To regain the maximal thermal performance,
the temperature can be readjusted by changing the two
resistors. The adjustment value is determined by an
automatic TOP adjustment program.
For qualification, the Master Oscillator is also tested
according to a thermal vacuum qualification profile as
show in figure VI.

Figure VII: Thermal vacuum temperature profile.
The profile is defined in order to confront the Master
Oscillator with all possible configurations.
During the test, the power is stopped and switched ON
four times. Start: 1121 31 5, Stop: 1121 31 14.

8.6 RADIATION SENSITIVITY

Figure V: frequency temperature sensitivity curve of
one EM MO. Triangular cycles from -15°C to 60°C.
The residual hysteresis is due to the speed of the
measurement: the waiting time between each point was
only 20 minutes. Another measurement, made on the
EQM, is presented in figure VI. The hysteresis is
smaller, whereas the waiting time after temperature
variation was longer.
'

'

Two models have been submitted to a Co, low dose
radiation test, 1 Radlh at CNES IToulouse.
The measured sensitivity of Master Oscillators with
CQE crystal is typically: Af If < 6 . 0 x l U ' ~IRad.
It is important to remind that the crystal resonators is
more sensitive to low radiation dose rate.
Radiation shielding has been calculated for min. 10
years of operation in geostationnary orbit.

Temperature stability EQM MOC4D#2

7

Figure VIII: Radiography of a CQE crystal resonator.
Fig. VI, an other temp. stabilty measurement

This radiography shows how the crystal plate is
mounted inside its H40 enclosure.
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DUAL-MODE CRYSTAL OSCILLATOR

Anatolv V. Kosvkh, Sergey A. Zavialov
Omsk State Engineering University. Russia

Dual-mode oscillator is an oscillator based on simultaneous excitation of resonator two
own modes. SC-cut resonators with B- and C- modes excitation are used as dual-mode
most often. Each resonator mode has its own frequency vs. temperature dependence. When
a resonator is being excited on two modes simultaneously, the mode frequency ratio is
uniquely determined by temperature. This unique relation allows to use C- and B- mode
frequency ratio as a resonator proper thermosensor. This thennosensor has full spatial
coincidence with a vibrated resonator plate and, therefore, it is an ideal resonator
temperature measuring device. Due to quartz nature such sensor is very precise and stable.
From the above reasoning dual-mode resonator is an ideal base for thennocompensated
(TCXO) and ovenized (OCXO) oscillators, in the cases when we need to measure the
quartz plate proper temperature with maximum accuracy.
The concepts of dual-mode oscillators design have been discussed in this work.
Considerable attention has been given to the constant B-mode excitation level keeping
under external factors effects and resonator motional resistance variation. The goal of the
work submitted here is development of suitable for production dual-mode oscillators of
small size intended for DTCXO or OCXO. The following criteria have been observed
during oscillator development:
- minimum power consumption;
- minimum sensitivity to supply voltage variations;
- minimum of spurious spectrum components in output C-mode signal;
- the absence of large size elements unaflectable to minimization (e.g tuned inductance
coils);
- the stable dual-mode oscillation with range adjustable B-mode level ability must be
provided by the oscillator circuit;
- possibility of micro-chip realization.
When dual mode oscillator use in DTCXO of a traditional type (on the basis of voltage
controlled oscillator) it is required to supply frequency shift in limits up to 100 ppm. It is
a great problem, as under frequency tuning the condition of amplitudes balance is
essentially change. It may be a oscillation failure when controlling voltage or external
temperature has reach a some value.
The circuit of the dual-mode oscillator, satisfying to set requirements is offered and
investigated. The modified SC-cut resonator was used in the oscillator. The oscillator
represents a modified Colitis circuit with the additional dual- mode stabilization units.
The considered oscillator was used in DTCXO of 0.1 ppm in an -40 ... 85 OC interval
of temperatures. The results of the oscillator circuit experimental investigation submitted
in this work are:
- the frequency versus controlling voltage dependence ;
- output signal spectrograms;
- diagrams of regime instability.
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approximated version) in the conventional SAW COM
formalism (Refs. l,5).

ABSTRACT
This paper discusses a technique for extracting
coupling-of-mode parameters for surface transverse
acoustic wave (STW) devices. The empirical values of
COM parameters are presented, along with a
comparison of the theoretical resonator performances
calculated using these values and measured responses.
To ensure the reliability of the parameter extraction
results, other devices in addition to synchronous
one-port resonators were used as test structures. Based
on the parameters extracted from measurements for
different values of metal thickness, expressions relating
COM parameters to the metal thickness were obtained .
Keywords: COMparametersfor STW devices
1. INTRODUCTION
Recently, much attention has been paid to the design
techniques of surface transverse wave (STW)
resonators. The growing interest in these devices arises
from their advantages over conventional SAW
resonators (higher velocity and power handling
capability, good temperature stability).
The modeling of STW devices has been discussed in a
large number of papers (Refs. 1-7). In publications
(Refs.1-5), the COM formalism for STW is developed.
In (Ref.3), the derivation of coupling-of-mode
equations for STW is considered. A dispersion relation
in parameteric form is obtained in (Ref.4). In (Ref.2), a
closed form dispersion relation is derived and the
reflection and transmission coefficients for a grating are
obtained, while for the IDT area the conventional SAW
COM formalism is used. It seems to be more consistent
to model all parts of a device using the same formalism.
The simple form of the closed form dispersion relation
(Ref. 4) makes it possible to implement it (or its

Although alternative approaches to the STW devices
modeling are also proposed (Refs.6,7), the
coupling-of-mode theory is proven to be a very
convenient instrument for the STW resonator design.
When employing the COM formalism, the exact values
of model parameters and their variation with metal
thickness are of great importance since these values are
responsible for the accuracy of the analysis. There are
some analytical methods for estimating COM
parameters for STW, but experimental techniques still
remain more reliable. Previously it was found, that
COM parameters can be obtained from the measured
admittance of synchronous one-port resonators. In these
devices the resonance is always placed on the left edge
of the stopband. In STWs, energy trapping varies with
frequency, and it is of interest to examine the resonator
structures with arbitrary position of the resonance in the
reflector stopband.
In this work, model parameters were obtained
experimentally from measurements of responses of
synchronous and non-synchronous one-port resonators,
long transducers and two-port resonators.
2. COM MODEL FOR STW
For modeling STW devices, the COM formalism was
used in which the conventional SAW dispersion
relation is replaced by the dispersion relation more
appropriate for STW. This approach produces results
similar to the approach described in (Ref. 1). However,
the parameter extraction procedure is simplified.
The dispersion relation is written in the f ~ r m :

D=

(1)

where
A = &f-

E -JYI

-

V STW velocity
p - period of the grating

y I = ZP
=

K1

f

-

- attenuation coefficient

I $ I - reflection coefficient

frequency

Although the form of (1) is exactly the same as in the
conventional COM model there is a difference between
dispersion relations for STW and SAW :
.An additional frequency dependent attenuation appears
above the cut-off frequency in the STW dispersion
relation caused by SSBW-STW interactions.
.The reflection coefficient K is pure imaginary for STW
and its value is quadratically proportional to

t.

The above features follow from the comparison of (1)
and the dispersion relation derived in (Ref. 2):

where
Al =
El

=

.lI =

Ef-;

EE
dF.

-

V , SSBW velocity

The quantities E, q may be considered as some
phenomenological parameters (Ref. 2) or they may be
expressed in terms of material constants and metal
thickness (Ref. 5).
The analogy of (1) and (2) becomes clear if the
following substitutions are made:

where
fu

=fo(l+ Au)

fo =, Vo

Quantities Av, fu, YB, f l and
~ fu may by expressed in
terms of K .
Formula (3) shows a quadratic dependence of K on
metal thickness since E and q are linearly proportional
to the metal thickness (Ref. 5). The frequency
dependence of y is described by (5).
In this work K , V and yo are considered as the model
parameters to be extracted fiom measurements. The
fourth parameter of the COM model, the transduction
coefficient a is required for the modeling of the IDT
area. In the case of STW this parameter also depends on
metal thickness (Ref. 1)
3. PARAMETER EXTRACTION TECHNIQUE

COM parameters have been evaluated fiom the
measurements of amplitudes of Sy,PaS(nand Sy!m(n
for one- and two-port resonators respectively.
To extract COM-parameters from measurements the
following function was defined:

A set of parameters corresponding to a minimum of
F ( K , Y o ,V)
~ , was considered as a "true" set of COM
parameters for a given metal thickness. The search for a
minimum starts at an initial set of parameters estimated
theoretically.
The fiequency responses of resonators ~:'~(n and

sfi;lk(nwere calculated in a common way by cascading
P-matrices of gratings and transducers with parasitic
components taken into account. Note that the imaginary
reflection coefficient K results in the asymmetry of
P-matrices.
4. DESCRIPTION OF TEST STRUCTURES.
The design parameters of the one-port and two-port
devices are shown in tables 1 and 2, respectively. The
IDT period is 5 . 0 6 ~in all devices , the number of
electrodes in the gratings of the one-port devices is 500,
the aperture of the two-port resonators is 100
wavelengths except for devices #12 (50 wavelengths)
and #13 (25 wavelengths), the gap between the
reflector and the IDT in the two-port devices is half a
wavelength. All devices were fabricated on quartz with
metal thicknesses of 1000A, 1500A, 2000A, 2500A
and 3000A.

Table 1.

not work well in the upper fiequency range, which can
be explained by the following reasons:
-The frequency dependence of the attenuation resulting
from STW dispersion relation does not fully account
for SSBW&-STW interactions.
.The electromechanical coupling coefficient, which was
supposed to be constant, in fact tends to diminish with
frequency in the upper frequency range.
.The contribution of the SSBW generation into the IDT
admittance is not taken into account.

Table 2.
-60 1
494.015

I
I!

496.05

498.085

Frequency, MHz

Fig .1 Measured (solid line) and calculated (dashed
line) responses of sample 11, metal thickness 2000A.

5. EXPERIMENTAL RESULTS AND
DISCUSSION

In most cases a set of COM parameters was obtained
such that the calculated response fits well the measured
one in the frequency range below the cut-off frequency
for STWeSSBW interactions. Examples of responses
calculated with these extracted quantities are shown in
Fig.1 and 2. Above the cut-off frequency there is a
significant discrepancy between the experimental and
the theoretical results. This shows that the model does

490.025

492.06

494.095

496.13

Frequency, MHz

Fig.2. Measured (solid line) and calculated (dashed
line) responses of sample 15, metal thickness 2500A.

An example of a response in a wide frequency range is
given in Fig.3. As an illustration examples of responses
calculated with corrections made for the attenuation
and electromechanical coupling coefficients in the
upper frequency range are shown in Fig.4 and 5.

.-

490

496.5

503

509.5

516

Data for the attenuation coefficient are rather scattered.
In a number of papers it was pointed out that the
position of the resonance must be limited to the lower
part of the stopband, otherwise the insertion loss of the
resonator will be high because of scattering energy into
the substrate when the resonance is in the higher half of
the stopband. The experimental results correlate well
with this suggestion while the model makes no
prediction about it. As a rule, the attenuation is high
when the resonant frequency is placed in the higher half
of the stopband of the reflector.

Frequency, MHz

Fig.3. Measured (solid line) and calculated (dashed
line) responses of sample #18, metal thickness 1500A.

-10

1
490

495.5

501

506.5

Frequency, MHz

512

Fig.5. Measured (solid line) and calculated (dashed
line) responses of sample 9, metal thickness 2000A
-5 1
490

I
495.5

501

506.5

512

Frequency, MHz

Fig.4. Measured (solid line) and calculated (dashed
line) responses of sample 1, metal thickness 2000A.
To avoid the complexity related to STW-SSBW
interactions only the portion of a frequency response
below the cut-off frequency was used in the parameter
extraction procedure.
The parameter extraction results are summarized in
Fig.6-8, where experimental points correspond to
quantities extracted fiom measurements (all designs,
metal thickness 1000A, 1500A, 2000A, 2500A,
3000A). As it was expected, the reflection coefficient
and the electromechanical coupling coefficient increase
and the velocity decreases with increasing metal
thickness.

0.010

0.015

0.020

0.025

0.030

Metal thickness, hlwavelength

Fig. 6. Electromechanical coupling coefficient versus
metal thickness.
To relate COM parameters to metal thickness it was .
assumed that the reflection coefficient, the
electromechanical coupling and the velocity can be
expressed in terms of metal thickness as follows:

r = rosin Q O ) ( ~ )
k2 = koO( f

2

)

6. CONCLUSIONS

(7)

V = Vs(l - A &

-

where O metallization ratio.
K O ,kO, Vs and A v were estimated by least square fit of
COM parameters obtained from measurements for
different values of metal thickness:
ko = 0.165;

KO =

109.6; Vs = 5098.4; A v = 0.055

0.12

COM parameters are obtained from measured data for
500 MHz one-port and two-port resonators with
different design parameters and different values of
metal thickness. Based on the extracted quantities the
reflection coefficient, the electromechanical coupling
coefficient and the STW velocity are expressed in
terms of the metal thickness. In the frequency range
below the cut-off frequency the theoretical frequency
responses obtained with these calculated COM
parameters are in a good agreement with experimental
data for most devices.
Above the passband the agreement between theory and
experiment is rather poor. The reason is that the
frequency dependencies of the attenuation and
electromechanical coefficient are not taken into account
properly. This suggests that to improve the model, a
way has to be found to implement correct frequency
dependencies of the attenuation and electromechanical
coupling coefficient.

0"
I
0.00988 0.0148 0.0198 0.0247 0.0296
Metal thickness, hlwavelength

Fig. 7. Reflection coefficient versus metal thickness.
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1. ABSTRACT

In this paper an attempt is made to investigate theoretically
the thermal sensitivity and the trapped energy of new bulk
acoustic waves (BAW) micro-resonators operating
essentially in thickness modes. As a result, frequency
temperature coefficients as well as mechanical coupling
contour plots are presented.
In conclusion these investigations allow us to select some
cuts satisfying the trapped energy condition for which a good
thermal sensitivity is obtained.
Keywords : Temperature Sensor, Frequency-Temperature
Curves, BAW, Effective Elastic Constants, Trapped Energy,
Micromachining, Thickness Modes.
2. INTRODUCTION
Temperature sensors based on the variation of resonance
frequency with temperature such as quartz plate resonators
or tuning forks can be developed. Up to now applications are
limited to the doubly rotated cut (LC) and to singly rotated
cuts (0-110" and 0=0°) (Ref. 1). Among these vibrating
structures only tuning forks are usually fabricated by the socalled micromachining process. This fabrication process can
be also conveniently applied to vibrating plates.
Attempts are made to develop new temperature microsensors which use frequency output and have good accuracy.
In order to have good metrological performances namely
frequency stability and high quality factor as for
conventional resonators we can use :
1. suspension bridges to reduce undesirable effects (e.g.
axis force, ...) due to fixation process of the vibrating
structure.
2. trapped energy by mesa or hole in the middle of quartz
plate.
Suspension bridges and mesa can be fabricated by a
chemical micromachining process.
However, here we publish only the various theoretical
results concerning the thermal sensitivity and the trapped
energy of new BAW micro-resonators in doubly rotated cuts.
To design a new thermal sensor, we need to know precisely
the temperature sensitivity of the BAW vibrating plate, that
is to say, to determine the first, the second and the third
order temperature coefficients. Calculations are performed
in the special case of an endless perfectly planar plate which
vibrates in thickness modes.
Here we have to point out that doubly rotated cuts certainly
offer various possibilities. Moreover, before designing a
vibrating structure, we need to evaluate its optimum

dimensions by considering essentially the trapped energy
principle.
3. THERMAL SENSITMTY OF BAW VIBRATING
PLATE IN DOUBLY ROTATED CUTS AND
OPERATING IN THICKNESS MODES

We adopt a method which involves the Piola - Kirchhoff
stress tensor (Refs. 2, 3). To derive quartz effective elastic
constants for a given temperature, we use conventional
Taylor developments. As a result, when we express the
resonance frequency, only this tensor depends on
temperature. Contour plots of first, second and third order
temperature coefficients of frequency versus the angles of
cut (cp, 8)can be then numerically fitted.
Let a propagation of an elastic wave along a thickness of the
quartz plate in doubly rotated cuts, which is submitted to a
static deformation due to homogeneous temperature change
(figure1).

4 x",
Figure 1. Doubly rotated cut.
Direction of propagation is made along the (0x2") axis of
the mobile coordinates system (oxl"xz"x3") defined in
reference state of plate. We distinguish three states
described in (Refs. 2, 3, 6 ) : a reference state (at fixed
reference temperature To), an intermediate state (at a current
temperature T and prior to vibration) and a final state
(resulting from the combinaison of the adiabatic vibration
and the intermediate state). 2h0 is the thickness of this plate
and po its mass density at reference configuration. The
elastic wave is characterized by the following dynamic fields
(Ref. 7) :

where M is the Bond's matrix (Ref. 9).
where V' is the velocity of the wave at instant t, related to
the reference configuration.
The subscript p identifies
symbolically the mode of vibration (Ref. 7).
be the Piola-Kirchhoff stress tensor (Ref. 4) and D
Let
be the material electric displacement vector in the
coordinates system associated to the plate (into the reference
configuration). Thus we can write (Ref. 6) :

According to system (5) and to relations (6), the velocity
field of the wave is only governed by the .thermal
dependence of the G, R, and N effective constants.
Moreover, in the following study we neglect temperature
variations of R and N constants and we use Taylor
developments to express the G elastic constants in the
vicinity of the reference temperature TO:

in which GIVE,Ria,, and Nlmdefine respectively the
effective elastic constants, effective piezoelectric constants
and effective permitti$ties. Since these tensors depend only
on the coordinate (xz ) the stress equation of motion and
charge equation reduce to :

where TnGl,, is the n order effective elastic coefficient,
which are kndwn up to the third order (Ref. 6).

Substituting (2) into (3), we obtain (4) :

In the case of the electroded plate, let respectively h, and p,
be the thickness and the mass of electrodes. The resonance
frequency can be approximately deduced from the equation
of dispersion. The latter result is obtained by satisfying the
classical boundary conditions on the major surfaces (at *ho)
(Ref. 8) :

-,

where (9)
The subscript ( ' )indicates that these quantities are
evaluated in the mobile coordinates system. Substituting
(4.2) into (4.1) and using (I), we obtain the following
Christoffel linear system (5) :

K' = Ria 2

A
ua

(5" N N ; , ) ~

is the electromechanical

-A
coupling factor, n the partial ranks, G the eigenvalue of
A
the linear system (5) and the Ua normalizing eigenvectors
solution of the same system (5).
4. DOUBLY ROTATED QUARTZ TRAPPED ENERGY
RESONATOR WITH RECTANGULAR
ELECTRODED MASS-LOADING

Then, using the usual transformation rules for tensors and
the rule used to compress indexes into a matrix form (G and
R coefficients have lower symmetry than usual coeff~cients)
it can be shown (Ref. 8) that the relations between the (G,
R, N) and (G', R', N') constants can be written :

There are different BAW quartz resonators classified
according to their modes of vibration (flexion, shearing,
elongation, torsion, ...) and to the orientation of their
geometric sides with respect to the crystallographic axes.
For our application, the vibrating structure is a disk-shaped
quartz plate crossed by electric field along the thickness. In
fact, lateral dimensions of the plate are not endless and
vibration not vanishes at the edge of the vibrating structure.
Consequently, fixations can absorb the acoustic wave and
induce a decrease in the quality factor. To avoid this, we try
to confiie the vibration in the middle of the contoured plate.
In practice, different technologies are used (flat plate with
mass-loading, either plano-convex or bi-convex plate) (Refs.
4, 5) to trap energy resonators.

Theoretical analysis of these resonators is not easy to do in
the general doubly rotated case (Ref. 5), indeed :
1. three waves can be coupled,
2. eigenvectors are oriented independently of usual axes in
the plane of the plate,
3. all mixed derivatives appear in the differential equation
of motion.
In order to obtain analytical solutions for velocities of the
three waves and then to evaluate frequencies in the case of
the plane resonator operating essentially in thickness modes,
we adopt the model established by H. F. Tiersten and D. S.
Stevens. This model concerns a doubly rotated quartz
resonator where energy is trapped by means of rectangular
electrodes (Ref. 5) whereas in the present work we replace
the. rectangular electrodes by a circular or a rectangular
electroded mesa in the middle of the plate (figure. 2) to
obtain a mass loading effect.
Let us study an electroded mass-loading disk-shaped
resonator whose thickness is very thin compared with lateral
dimensions (figure 2).

where A,(')are the orthogonal eigenvectors.
In the present case of rectangular electroded mass-loading
resonators (figure. 2) working in the (10-20) MHz range, the
for a
in-plane distribution of the mechanical amplitude
given overtone n and a mode family corresponds to
analytical solutions of the equation (10).

cln

5. NUMERICAL RESULTS OF NEW CUTS TO
DESIGN MICROMACHINING TEMPERATURE
SENSORS
h

In the expression (8) of frequency, only the V velocity of
modes family is governed by the temperature change. So, in
the vicinity of reference temperature To the variation of
resonance frequency versus temperature can be expressed as
a polynomial function :
2 )

Figure 2. Electroded mass-loading of the trapped energy
resonator.

In the general case of doubly rotated cuts the threedimensional asymptotic model of Stevens and Tiersten (Ref.
5) predicts that the inhomogeneous differential equations for
electroded and unelectroded region added to the edge
continuity conditions govern the nth odd harmonic family of
modes. To remove the mixed derivative term of these
differential equations, the authors (Ref. 5) introduce an
appropriate planar transformation by using the P, rotation of
the independent coordinates x " ~and x"3 (figure. 2). The P,
rotation depends on the mode family - slow shear C,
thickness extensional A, and fast shear B - . The resulting
transformed equation with separable variables is thus
ulitten as :

in the new coordinates system (XI, Xz, X3).
Here, n is the overtone number, p the mass density. M, , P,
are dispersion constants that only depend on the
3

9

?,,, ,i?,,and Em, elastic, piezoelectric and dielectric
material constants respectively in the original coordinates
system. Otherwise, they also depend for a given overtone
number on the orientation of the quartz plate.
The ;(')
quantity is the effective stiffness for a thickness
vibration which constitutes a solution of the following
Christoffel equation :

Sf" = $ ( T - & ) + ~ ' ( T - Z ) ~+c'(T-&)~
-

fo

involving changes in temperature (T-TO)for given A-mode
and overtone n.
In the above equation a ,bhand c a. are respectively the
first (TCF), second (TCS) and third (TCT) orders
temperature coefficients for frequency resonance. In the
doubly rotated cuts the three different families are classified
with respect to their propagation speed (A-mode , B-mode
and C-mode). Thus, at all there are nine temperature
coefficients of frequency for a given n partial (which we call
(aTCF, aTCS, aTCT) for A-mode, (bTCF, bTCS, bTCT) for
B-mode and (cTCF, cTCS, cTCT) for C-mode).

'

As frequency, the electromechanical coupling is also
governed by the thermal variations because of the
temperature dependence of the u
,
' eigenvectors and of the
Gheigenvalues in accord with relation (9) (variations with
neglected
temperature of effective constants~;~,and~;,are
(section. 3)). Since A characterizes the mode family of
propagation, there are three electromechanical coupling
factors related to A-mode, B-mode and C-mode which are
called Ka, K~and KO respectively.
We elaborate a computer program in C-language in order to
determine the order temperature coefficients of frequency
and the electromechanical coupling factor for a given (cp, 8)
crystalline orientation of the plate. In the flow chart we
firstly evaluate the G effective constants at temperature T
from the G constants at the fixed reference temperature
(25C) by relation (7). Secondly we return the material
constants G(T), R(25C) and N(25C) in the mobile axes of
the plate by relation (6). In a further stage, we solve the
Christoffel system (5) to obtain generally three velocities for
propagating wave which are classified by mode family and
then to determine frequencies and electromechanical
coupling. We repeat this sequence at different temperatures
in the (OC-100C) range. Finally we plot either velocities or
frequencies versus temperature as cubic curves. The A-TCF,
A-TCS and A-TCT values can be determined by means of a

least square method. Taking into account the symmetry axes
of the 32 class contour plots of the nine temperature
coefficients and of the three coupling factors versus the
angles of cut are then drawn in (0°, 60") prange and (-90°,
90") &range.
A second computer program allows us to evaluate the nine
values for the M'n , P'n dispersion constants and for the Pn
orientation of the mesa for a given n overtone and a given
cut (section. 4).
Among the nine temperature coefficients of frequency, only
three of them are significant, namely the a-TCF, b-TCF and
C-TCF.
For use as a temperature sensor, a resonator with a first
order TCF larger than TCS (second order) and TCT (third
order) is required. It is also desirable that the K'
electromechanical coupling must be as higher as possible. In
order to obtain trapped energy resonator, values for the M'n
and for the P'n dispersion constants must be positive (massloading by mesa) or negative (mass-loading by hole) (Ref 5)
and preferably between 20 GPa and 200 GPa.
Let us be interested now to the A-mode family, the contour
plots of TCF versus the angles of cut (cp,8) shown in figure
3a indicate that the a-TCF coefficient is greater than
60ppm/"C for the angle 8 ranging from 20" to 90" and the
angle cp in the range [30°, 60'1. Turning our attention to the
Ka electromechanical coupling factor in figure 3b we observe
that R remains greater than 40 when angles cp and 8 belong
respectively to the [30°, 45'1 and [0°, 40'1 ranges. Thus, it
seems interesting to choose the orientation ( 9 8 ) close to
(37",40°). Looking now to the values for M'n and P'n listed
in table. 1 (for 1, 3 and 5 overtone numbers) this choice
seems convenient. Finally, frequency-temperature curves in
the (OC, 100C) range are given for this cut and for the
overtone n=3 in figure 3c.
Additional results for the c-TCF and KCare given in table 1
and figures 4a and 4b. For the particular doubly rotated cut
close to 9 4 0 " and 9=-50" the frequency temperature curve
drawn in figure 4c exibits a general behavior which does not
depart very much from the behavior depicted for the A-mode
and for the cut close to (p=37" and 840". Nevertheless, the
temperature sensitivity is twice greater for the last cut.
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Figure 3b. Contour plots of the electromechanical coupling
factor for the A-mode family.

Table 1. Dispersion constants and orientation of the mesa.
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Figure 3a. Contour plots of the first frequency coefficient for
the A-mode family.

Figure 3c. The frequency-temperaturecurve for the overtone
n=3. The case of a doubly rotated cut ((9=37" and 9 4 0 " )
with 2ho=500p.

6. CONCLUSION
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In this paper we have chosen to present theoretical results
for a given cut and for a given thickness mode of vibration.
But care must be taken that the present analysis has revealed
that several new doubly rotated cuts operating in different
thickness modes can constitute the sensing element of
temperature sensors working in the (OC, 100C) temperature
range. The further step of this study consists in a systematic
investigation of possibilities of fabricating the resonant
structure by a wet micromachining process.
The anisotropy of the chemical etching .which induces
undesirable effects such as for quartz crystal, sharp
underetch or formation of limiting facets slightly disoriented
with respect to the reference cut will certainly lead to a
restriction of the number of possible cuts (Ref. 10). This
experimental work will be reported in a future paper.
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Figure 4a. Contour plots of the first frequency coefficient for
the C-mode family.
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n=3. The case of a doubly rotated cut ((p=40° and 8=-50")
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CORRECTION OF QUARTZ RESONATORS ANGLE OF CUT.
GEOMETRIC MODEL AND EQUATIONS FOR SC CUT.

Georgios PENTOVELIS, Caroline BOUDY
C.Q.E. TEKELEC TEMEX
rue Robert Keller
10150 Pont Sainte Marie, FRANCE

1. ABSTRACT.

The quartz resonator angle of cut can be corrected by
mechanical, optical or some other similar process. When the
AT cut is corrected, the Y' axis is moved on the X level
(rotation around the X axis). When a double rotation cut is
used the Y" axis is moved on an other level. In this paper we
present the main equations to determine the Y" axis
movement in the SC cut case. These equations can be used to
correct simultaneously the 8 and $ angles of SC cut quartz
blanks by an automatic process.

3.2. 9 change of SC cut blank

(figure 2).

When I$ angle of SC cut quartz blank changes the surface
Ym makes a rotation around the axis for 61$. The
face
rotates around the axis of the
8 angle is
not changed during $ change operation.

'"

1

2. INTRODUCTION.

The cut of a quartz blank determines the frequencytemperature behaviour of the resonator. Angles of cut are
choosen in accordance with the mounting and the application
of the resonator.
The tight angle tolerance for an SC cut resonator are such
that it is not possible to saw to the required precision, we
therefore need to angle correct. The AT cut angle tolerances
can be achieved directly fiom the saw.
Where special tight angle orientation is required for the ATcut, correction is effected by a rotation of the Y' face around
the X axis for 68. In practice this rotation is made by a
manual process.

\
figure 1.

The same mechanical sawing process is used in both the AT
and SC cut. The SC cut correction is operated for both 8 and
$ modification, this compounds the problem making
correction doublery dficult over the AT. It is therefore very
important to improve this process by automation.
3. GEOMETRIC MODEL.

i

In the case of an AT cut quartz blank when 8 angle changes
the vector of the Y' face is moved on the YZ level for 68 .
The surface Y' rotates around the X axis of the crystal.
3.1.
- 8 change of SC cut blanks (figure 1).

In the case of a SC cut, 8 angle change is srmilar to that of
AT cut crystal. The vector of the Y" face is moved on the
Y' 'Z level for 68. The face Y' ' rotates around the X' ' axis of
crystal.
Angle I$ of the SC cut is not changed during 8 change
operation.
figure 2.

On the figure 3 we show a SC cut quartz blank with its axis
X", Y", Z" and Z. After the surface orientation
moditication the new surface vector is called Y" '.

figure 4.

figure 3

Usually the angle $ change is of the order of some minutes of
angle. So we can admit that Y" axis rotation around Z axis
for 69 angle is equal to a rotation around Z" axis for a.

The result of the double rotation is a simple rotation around
the EE' axis for E .
The EE' rotation axis is on the old surface of the blank and y
angle fiom the X" axis.
4. APPLICATION.

Equations (1) and (2) are necessary to correct 8 and $ angle
of SC cut blank. From these we work out the E and y angles
of blank. Each blank is placed on a rectification table
according to y angle. Surface plan is sloped down for E.

When then $ angle of SC cut crystal blank changes, the
vector of the Y" face is moved on the X"Y" level for
cos(8).6$ angle. Surface Y" change like a rotation around
the Z' ' axis of crystal.

On the figures 5a, 5b, 5c we show three differents cases of
correction of the SC cut angles: only 8 is corrected (figure
5a), only $ is corrected (figure 5b), and finaly 8 and $ are
corrected (figure 5c). In the three cases E angle can be the
same and only Y angle is different.

3.3. 8 et 9 simultaneous change of SC cut blank.

8 et c$ angle changes of SC cut are carried out in two
movements: firstly a rotation around the X" axis for 68
angle and secondly a rotation around the Z" axis for 60
angle. In figure 4 we see that the surface vector is moved
fiom the BA direction to BC direction (8 change) and finaly
to BD direction (4 change).

figure 5a.

The cut of the three blanks can be corrected simultaneously
because only their position (y angle) on the rectification table
is different.

5. CONCLUSION
The double rectification of the SC cut blank's angles can be
reduced to a simple operation. The number of the correction
operations are reduced and more blanks can be batched
together. So automatisation of this process is possible.
figure 5b.

In our process SC cut blanks are sorted according to the 8
and 4) angle and additionally they are batched together
according to the E angle.

6. ANNOTATIONS.

First rotation angle of SC cut
Second rotation angle of SC cut
4) required correction
8 required correction
Surface level slope for only $ correction
a
Surface level slope for 8 and $ correction
E
Angle
between rotation axis and X axis for 8 and
Y
$ correction
X,Y,Z Crystallographicaxis of quartz crystal
Modified crystallographic axis of SC cut quartz
X"
blank.
Modified crystallographic axis and surface vector
Y"
of SC cut quartz blank.
4)

8
64)
68

figure 5c.

Example:

CASE
a

b
c

68
(sec)
60
0
46

84)

E

Y

(sec)
0
73
47

(sec)
60
60
60

(deg)
0
90
40

7.KEY WORDS.
Quartz, resonators, SC cut, angle correction, 0 angle, $ angle
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MEASUREMENT METHOD
FOR HIGH FREQUENCY QUARTZ CRYSTALS
Eberhard Seydel
R&D Quartz Crystals
KVG QUARTZ CRYSTAL TECHNOLOGY GmbH
A VECTRON INTERNATIONAL COMPANY
D-74922 Neckarbischofsheim ,P.O.Box61

ABSTRACT
For high frequency quartz crystals the resonance
of the holder coincides with the quartz resonance
frequency. This requires new measurement steps
different to the IEC-444-5.
The holder inductance is added to the equivalent
circuit of the quartz crystal.
The new measurement method first determines
the value of the inductance and the static
capacitance of the complete system. In a second
step it calculates the equivalent electrical data
only for the quartz crystal.

Equivalent circuit

blank

Equivalent circuit

blank with enclosure

1. INTRODUCTION
The measurement of the equivalent data of
quartz crystals in the frequency range over 250
MHz is very difficult. The electrical properties of
the mounting system influence the measured
values. The resonance of the holder-system with
the static capacitance is normally in the range of
400 to 1000 MHz. It is useful to find a complex
equivalent circuit-diagram for the full system. This
allows to calculate the real electrical data for the
quartz crystal and for the holder-system. This
requires new measurement and transformation
steps different from these described in the IEC444-5.

2. EQUIVALENT CIRCUIT
The reduced equivalent circuit for the quartz
crystal (fig.1) was extended by the holder
inductance (fig.2) . The properties of this
equivalent circuit are near the real properties of a
high frequency quartz crystal.

fig.2

3. MEASUREMENT
The measurements were made with a networkanalyser ZVR from Rohde & Schwarz. The figures
3 and 4 show the behaviour of a 777 MHz quartz
crystal at 5th overtone in a standard PI-network. A
sweep over the frequency range from 1 MHz to
1.5 GHz is shown in figure 3 and the sweep over
the quartz resonance at 777 MHz in figure 4.

PI-Network Output Voltage
I

I

I

,

I

I

I

I

I

I

J

I

I

I

I

I

fig. 3

Frequency sweep 1..1500 MHz

0 o.oon.o041.o0m.oo8).o1o.o11).o14).o1Q.01m.o20.o2~I)o24L24LO2Q61o281.o3o.o32

* Short
+

Real

Open

* 25 Ohm
+Quartz
"' Quartz Holder
Quartz-Resonance

"

START

770 W

STOP 7110 Y h

Frequency sweep 770..780 MHz

Real and imaginary
Before transformation

fig. 5

Amplitude
Before transformation

fig. 6

Phase
Before transformation

fig. 7

fig. 4

The resonance circle of the quartz crystal rotates
around a point, which is described by the values
of static capacitance, holder inductance and
resonance frequency. The simple linear
transformation according to IEC-444-5 with CO
measured near the resonance frequency gives
unacceptable values.

4. TRANSFORMATION
For a measurement of high frequency quartz
crystals it is necessary to determine the static
capacitance CO and the holder inductance LH.
The measured values before the transformation
are shown in figure 5 and after transformation in
figure 8. Figure 6 and 7 show the behaviour of
amplitude and phase for the high frequency
quartz crystals. The resonance frequency is near
the point of lowest magnitude.
The first transformation of all measured values is
given by the transmission behaviour of the PInetwork and these routines for calibration and
measurements of the PI-network are included in
the IEC 444-5.

The measurement of the static capacitance is real
made at 12.5 MHz , out of the range of the holder
resonance.
The resonance of CO and LH gives a circle in the
real-imaginary-diagram. The coordinates of the
central point and of this circle [c,i*d] and its radius
r can be determined by measuring at least three
points [x,i*y] of this curve (1).

The error of these measurements can be reduced
by the method of minimising the mean square
root deviation.
The value of the resistance of electrode film and
holder wires is near zero, therefore it can be
neglected.
With these measured values the value of LH can
be calculated.
The coordinates of the central point [c,i*d] of the
CO-LH-circle determine the rotation centre. The
point of quartz resonance frequency on this curve
determines the rotation angle for the
transformation.

Amplitude
After transformatlon

flg. 9

Phase
After transformation

PI-NetwDrk Output Voltage
o

,

p

l

\

[

~

l

\

,

[

\

l

l

~

l

l

l

,

,

Figure 9 and 10 show, that the behaviour in
magnitude and phase of a high frequency quartz
crystal after transformation is the same as of a
low frequency crystal.
During a measurement process each measured
point must be transformed. After that the normal
routines of the IEC-444-5 can be used.

5. CONCLUSIONS
High frequency quartz crystals can be measured
with more accuracy by using this transformation,
and also quartz crystals with high CO-values. The
values for the equivalent circuit R1, C1, CO, and
additionally the value of LH , will be provided for
the customer.
3.
o o.oon.oo4).nom.wm8)oio.oin.o~~.o~~.o~m.ozo.oz~.om.o~~~.o28o.o~o.o~z
CO includes in this case the value of CH.
Real

+Quartz
Quartz
+

LITERATURE
Real and imaginary
After transformation

fig. 8
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QUARTZ-CRYSTAL FREQUENCY STANDARD
WITH A LONG-TERM AGING COMPENSATION
Yu. S. Shrnalv, A.Ph.Kurochka* , A.V.Marienko**
"Sichron" Center, 4 Skripnika Str., Kharkiv, 310057, Ukraine,
teVfax: 380 572 45 09 55; e-mail : yush@sichr.kharkov.ua
** St.,Co "IRVA", 12/14 Radisheva Str., Kyiv, Ukraine
This paper discusses an application of the modulational method of a quartzcrystal frequency control [1,2] for decrease of long-tenn aging instabilities in quartzcrystal standards. The discription of these ones, in which the compensation of longterm fiequency instabilities is realized with the use of the method, is given. The method
is based on a use of the properties of an unharmonic resonances of quartz-crystal units.
The results of the experimental studies and correlation-regression analysis of
thickness-shear eigenfiequency aging special feature of A'T-cut vacuum quartz-crystal
units of PK-187 (Phonon) type, 5 MHz are given. The probability properties of a longterm frequency behaviour of AT-cut quartz-crystals unhamonic resonanses modes
h,,, , k,, had been studied duting two years. It has been found the long-term frequency
behaviour of correlation R, and regression K, matrixes of f,,
, , f,,,frequencies for
ten quartz units.
With the use of the method and with taking into account of R,,and k;, the
mathematical model of the system of a long-term frequency instabilities compensation
has been studied. The results are given of investigations of tlwee units of the quartz
frequency standards of Y1-88 type, which are realized with the use of the method. Also
it is given the results of studies of the mathematical model of these standards with the
test results and comparisons. The principle standards characteristics without and with
the use of the compensation circuits and the experimental functions of frequency
instabilities in various operating regimes of the standards are given.
It's shown that without the use of the method the fiequencies had the aging rate
of (1.. .2). 10-''/day and drift of (3.. .5) 10-a/year. With the use of the compensation
regime the frequencies had the aging rate of (1...5) .lo-" /month and drift less than
(1...2).10-'0 /year. With this the day's AUan variance with the temperature of

-

(27 0.5)"C was less than 2 -10-lo in regime of static compensation and will be less
than 5-lo-" (the studies are continued) in regime of dynamic one. The short-term AUan
variance of the standards frequencies is (1...3) 10-l2/sec.
The calibration of the standards carry out with the use of the SICI%ON
LELCAL software for MS DOS.

-
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EFFECTS CAUSED BY NONLINEAR VIBRATIONS OF RESONATORS

A.G. Smagin
Cristal Co., 105425, Moscow, 9th Park Street, 47-1-29, Russia

Nonlinear effects have a great influence on the behaviour of the main radiophisical parameters and
characteristics of piezoelectric systems. With great amplitudes of mechanical vibrations the
resonance curve A(o) is deformed by maintaining maximum displacing at k > 0 to the region of
higher frequency ( y ~ + 3 5 0 , f - $1 MHz) and at k < 0 to the region of lower frequency ( y ~ - 4 8 0 ,
f-1 MHz). Further amplitude of forcing strength increase causes an abrupt nonlinearity of
resonance characteristic: at a certain frequency o, the amplitude decreases in a jump up to the
With cyclic frequency variations the hysteresis phenomenon
minimum value at the curve A (o).
originates with alternative transitions. Based on the nonlinear equation

we define frequencies limiting instability region, from the condition dI/dy=

The critical value of driving voltage cp, , at which the break of vibration amplitude occurs, we find
by substitution of the expressions 1' and y in eq. 1: cp, = 2~~/kQ = 0,85 V, which agrees with the
experimental value of 0,82 V. The critical value of frequency change corresponding to vibration
break, also agrees with the theory and is y = 1,27 . lo6. Investigations of the above-mentioned
resonators under nonlinear conditions made by X-ray topography method had shown that at
amplitude of vibration break in all the difiactograms field a special structure appears - a great
number of localized mosaics. Appearance of a mosaic structure (and within hysteresis region of
submosaic one) can be explained by abrupt amplitude change of higher harmonics of mechanical
vibrations, which is characteristic for anharmonism region only.
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MINIATURIZATION OF MONOLITHIC PIEZOELECTRIC FILTERS
OPERATING OVER THE FREQUENCY RANGE FROM 3 MHz TO 200 MHz

44, Krasnobogatyrskaya st., Moscow, 105023, Russia

6 '

New design-technological approach to mass production of monolithic piezoelectric
filters with increased vibration resistance and minimum volume-weight parameters
is described. These filters are enclosed in flat metal packages, in which strip-type
piemelectric elements are mounted by means of a metal-frame. They have low
.price and high Rarameter repeatability. Their frequen& characteristics'are listed
and design features are given. New ratios of mlative width of crystal ,stripelements are*established andl for the first time the ratios for lithium tantalate a
langasite crystal eleinents' are *derive&Deve~opmedtand realieatioir. re
wide-band inonolithic eqstal filters (MCF) withobt us&of added inductdrs wi
)pass band up to 0.5% are presented, Requency chaizcteristics and design*of
fabricated 4th-order MCFs operating within the frequency range froid 30 MHz to
200 MHz, realized in a single package with the size of 12 x 12 x $ mm with the use '
of two strip-type piezoelectric elements having mesa of a circulir or r e c t a h l a r
form, ensuring guaranteed attenuation qf 80 dB and the absence of unwanted pass
bands are also given. Special interest represents the design solution of the 8th-order
MCF in the same package with the location of two electrode pairs at a single mesa
of each piezoelectric el ent. Frequency characteristics of filters desi
a way, are also shown.
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THE QUARTZ-CRUSTAL OSCILLATOR WITH OUTPUT SIGNAL'S
CO,NTROLLED PHASE
*

L

i

'

Kharkiv Military ~ A i v e r s i t&~
"SichronlTenter, 4 Skripnika Str.
Kharkov, 3110057, UKRAINE
tel/fax: 380572 450 755

the oatput signaYs phase within one device, is-discussed. Thepdependefice of
both a slope and a .stability of the characteristics from parameters of .the
quartz resonator which.is essential for control of the output qignalls phase; was
found.
The , f r ~ q u e n c yof stable oscillations coo
quartz-crystal resonator resonance gap. b u
perpendicular exciting fields (between the
ones (between the main and additional elebt
the' oscill8ti0ns on the load resisto~appears to be sensitiGe to the complete
resistance changes of the exterhal ,Teshape RC ' circuit. This property is used
for mechanieaI38or electronic control of the ~ u t p u tsignal's phase by means of
change of R1 resistance; this functipn cam,be performed by any active element,
for example, field transistor.
or had high slope
The investigations shoived that th'e quartz
level of control characteristics as well as high stability of outpbt oscilfations
amplitude in a regime of' 'phase control, in particular, the- slope of static
modulation characteristic Sf,,, reached, 20 000 degree/v within the phase range
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ELECTRIC SELF-SUSTAINED OSCILLATIONS
IN LAYERED STRUCTURES
Vladirnir A.Vyun
Institute of Semiconductor Physics
Acad. Lavrentjev Avenue 13, Novosibirsk 630090, RUSSLA
(E-mail: vyun@ispht. nsk.su; FAX: 007-3832-357578)
The paper presents studying results on oscillations of acoustoelectric,
photoelectric and thermoelectric voltage in layered structures with piezoelectric,
semiconductor or pyroelectric layers some aspects of them were presented in the
first papers [l, 21. This phenomenon exists due to besides nonlinear properties of
the layered structures and a feedback there are
relaxation properties of
electronic processes on semiconductor surface or thermal processes in the
structure. Up to date this effect has not been studied although it can be easy
realized practically in any layered structures. It appears to have considerable
promise.
Experimental results with a quasi-harmonic mode of the self-sustained
oscillations are at the center of attention. Presented theory taking into
consideration nonlinearities, feedback, and relaxation processes on surface state
charge in semiconductor or thermal relaxation explains experiments. We
demonstrate that the results obtained give principal methods to improve
sensitivity and precision because frequency of the self-sustained oscillation a,
usually in up to 1 MHz frequency band, is expressed in terms of the
chargeldischarge relaxation time z of the structure and the value .r: to be
determined directly.
This connection between a and z can successfully be used in physical and
chemical sensors with frequency output and may be a basis of nondestructive
methods of investigation of semiconductor and environment parameters. It is the
great interest because of in the precise sensors and investigation methods we use
self-organization processes in which the frequency of electrical signal can be easy
measured with high precision and thus it gives high sensitivity. The sensitivity to
temperature, illumination, humidity, gas impurities, and other environment
parameters is demonstrated.
References
[I]. V.A.Vyun, "Self-sustained oscillation of acoustoelectric effects, " Proc. I992
IEEE Ultrasonics Symp., Tucson, USA, pp.987-989.
[2]. V.A.Vyun,"Self-sustained acqustoelectric and photoelectric oscillations in
systems with relaxation," Proc. 1993 Intern. Frequency Control Symp., Salt Lake
City, USA, pp.509-5 13.
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THE MASS-LOADING EFFECTS ON THE PARAMETERS
OF THE PLAN-PARALLEL AND CONTOURED
SC-CUT QUARTZ RESONATORS

I. Mateescu, J. Zelenka *, K. Weiss **, G.Pop
National Institute of Materials Physics, Bucharest-Magurele, Romania
* Technical University of Liberec, Liberec, Czech Republic
** Tele & Radio Research Institute, Warszawa, Poland

ABSTRACT
New experimental results related to the harmonic dependence
of the characteristics of the plan-parallel AT-cut, SC-cut and
plan-convex SC-cut resonators on various electrode parameters
are presented. On the basis of the analysis of the trappedenergy resonators vibrating in the coupled thickness-shear and
tllickness-twist the dependencies of motional Inductance on
electrode thickness and diameter were computed. The
experimental results prove the strong influence of the effects
associated to the deposition of thin electrodes on the behaviour
of plan-parallel AT and SC-cut resonators. The analysis of
experimental data for plan-convex SC-cut resonators shows
that the influence of the contouring on the trapping is higher
than the influence of the electrode. The dependence of the
freque~icysptruni on electrode parameters is presented.
1. INTRODUCTION

The exact transmission-line analogs for a single thickness mode
in an infinite plan-parallel plate piezoelectric resonator
( Ref. 1 ), is usefbl in andysing the structures where niultiple
harmonics of the resonator are excited.
In order to account for the non-uniform distribution of motion
found in finite plane electroded plates, a correction of the massloading and coupling coefficient was realised for AT-cut
resonators ( Ref. 2 ), using the Tiersten's analysis ( Ref. 3 ) of
trapped-energy resonators vibrating in coupled thickness-sheat
and thickness-twist modes in the vicinity of the fundamental
aid odd overtone thickness-shear frequency.
Based on a previous study (Ref. 4 ) of the trapped-energy
SC-cut resonators, Zelenka has performed in (Ref. 5 ) a
theoretical computation of effective mass-loading, effective
coupling coefficient and motional capacitance. A comparison
was made between theoretical and experimental results. The
calculated values give a good description of the range of the
experimental ones in all cases. A good agreement was obtained
especially on fundamental freqwicy and third hamionic, for
thin electrodes and for bigger electrode diameter. The different
behaviour of the parameters of SC-cut resonators with thick
and small electrodes working on high harmonics might be due
to the effects associated to the electrode deposition.
The experimental results of the comparative study realised in
( Ref. 6 ) show that stress at interface electrode-substrate and
inertial effects have a strong influence on the behaviour of the
hamionic dependence on the characteristics of tlie AT-cut and
SC-cut resonators.

Thus, the lion uniforni distribution of niotion could be ascribed
to the coupling of thickness-shear with thickness-twist modes,
and to the effects at interface electrode-piezoelectric substrate
too.

Based on previous results (Ref. 5, 6) in this p a p we have
measured and computed the motional inductance values on
fundamental frequency and overtones of plan-parallel AT-cut
and SC-cut for various electrode parameters, in order to
determine the optinnmi electrode thickness and diameter
corresponding to minimum variation of inductance with
harmonic order.
The previous analysis of Tiersten, Stevens and Smythe ( Ref. 7,
8, 9) for plan-parallel AT and SC-cut quartz resonators was
extended to contoured ones, where the plate thickness was
introduced as a slowly varying function. The resonator, driven
into coupled thickness-shear and thickness-twist vibrations by
tlie application of a driving voltage across the electrodes, was
analysed for fundamental and anharmonic overtones of the
fundamental and each harmonic overtone of thickness mode. In
the contoured resonators the influence of the electrode on the
trapping is less than that of the contouring and causes the mode
to be highly trapped in the vicinity of the centre of the plate.
Our present study was extended to the plan-convex SC-cut
resonators of 10 MHz working on third harmonic. The
harmonic dependence of tlie niotional inducta~iceand the
content of anharmonic resonances for various electrode
thickness and diameter are performed. The analysis of the
experimental results shows that the evolution of the motional
inductance with harmonic order can be explained by a higher
influence of the contouring on the trapping than the influence of
the electrodes. The frequency spectrum of contoured SC-cut
resonators is strong influenced by the electrode parameters.
2. INDUCTANCE BEHAVIOUR OF PLAN-PARALLEL
AT AND SC-CUT RESONATORS

The behaviour of inductance, the most si&icant parameter of
electrical equivalent circuit of resonators vibrating in thickness
shear mode, is analysed. Tlie niotioiial inductance of AT and
SC-cut resonators changes with harmonic order despite the
lack of the usually analytical relationship due to the nonuniform distribution of motion.
The plan-parallel polished AT-cut ( 8=35O17' ) and SC-cut
( YXwlt 21.93 I 33.93 I 76.4 ) quartz plates with 14 mrn
diameter and rs5 MHz fundamental frequency were used for
experiments. The CrAu electrodes with 100, 300 and 500 nm
thickness and 4.6, 6 and 7 mm diameters were deposited by
thermal evaporation in vacuum. The resonance frequencies of

7th h o n i c s , BOO mn Au eleotrode tkkness and 4.6, 6,
7 m n e~ectrodediameters are preseiSedin Figure 51and 6,
In these figures, for 6. mm elmtrade diameter, there was
observed that the inductance variation for all freauencv range is

diameter, 750 nun curvature radius, working on 10 h4H.z ( thkd
liarnionic ).
.
The resonance frequencies of the fundamental, 3rd, 5th and 7th
harmonics for every mass-loading and electrode diameter were:
measured using an HP 4194A Impedance/ Gain Phase
Analyser, The ahharmonic fkequency spectnun at, fundamental;
3rd. 5th and 7th hannonic modes were measured too. .
The behaviour of the plan-convex SC-cut resonators was
malysed for the same electrode diameters of Au electrodes with
75 11111, 125 1~11,175 1
m and 225 iun thicknesses.
In Figures 7-10 are presented the harmonic dependencies of
motional Inductance for 4.6, 6 and 7 mm electrode diameters
and for each electrode thickness.
t

parameters the best agreement between theoretical and
eqerime~talresults are obt+ied -

I'

I

>

dependence of normalized inductance of ATth 4.5,6,7 mm elytrode diameters

Fig. 7 Harmotllc d
of inductancc of
planconvex resonator for 75 nm electrode hckness and lor 4.6, 6
and 7 mm electrode diameters

Fig. 8 ~ h o n i 'dependence
c
of inductance of 'SC-

By andying these figures we can see that for small electrode
diameter ( 4.6 rmn ) the motional induaance is almost'conlant
for hdamental,' 3rd, 5th and a slowly variation at ?ih
The study pe&rmed in this paper oq S ~ - c ~ t ' ~ ~ l m - ~ a r a l l eharmonic
l
depending on electrode thickness. In the case sf 6 and
resonators was extepded ts, the plm-conyex SC-cut resonators
7 rnm electrode diameters the harmonic deIjediue of
with the orientation 0=22O10' and 4=34O07, 14 mm plate
inductance preserirs a slight decrewe with electrode thickaess.
'1

>

The change of electrode diameter produces a greater variation
of inductance than the change of electrode thickness.
Anyway, the influence of mass-loading on behaviour of
harmonic dependence of motional inductance is smaller than in
the case of the plan-parallel SC-cut resonators due to the larger
variation of plate thickness comparing with the discontinuity
between the electroded and unelectroded regions.

and 4.6, 6 and 7 mm electrode diameters. With the increase of
electrode dianleter more anhannonic resonances are trapped
and they come near the harmonic resonances.

Electrode
diameter

f(Hz)
for n=l

f(Hz) for
n=3

f(Hz) for
n=S

f(Hz) for
s7

344603

10245178
10333218

17054312
17142386
17147426
17243942

23861698
23942522
23971634
24033022
2406 1074
24088502

3441 12

10235558
10312522
10319124
10401434
10408364
10452338

17039248
17123222
17128388
17208334
17213122
17220852

23840938
23919778
23947522
24001028
24028512
24057580

344058
351909

10237034
10312432
10318946
10392032
10396342
10405258

17041802
17125418
17130350
17207664
17212800
17219656

23844520
23923316
23950742
24003768
24030876
24058176

4.6 mm

6 mm

Fig. 9 Harmonic dependence of inductance of SC-cut planconvex resonator for 175 nm electrode thickness and for 4.6, 6
and 7 mm electrode diameters

7 mm

Table 1 Harmonic and anharmonic resonances of SC-cul planconvex resonators for electrode thickness 125 nm and electrode
diameters 4.6,6 and 7mm

4. CONCLUSIONS

Fig. 10 Harmonic dependence of inductance of SC-cut planconvex resonator for 225 nm electrode thickness and for 4.6, 6
and 7 mm electrode diameters
Thc optimum variation of inductancc with harmonic ordcr in
the case of plan-convex SC-cul resonalors is oblained for small
electrode diameter and thickness ( 4.6 mm, respectively
100 nm ).
The explanation of thls behaviour comes from the modes in
plan-convex resonators being highly trapped in the vicinity of
the centre of the plate.
The influence of the electrode parameters on the content of
anharmonic modcs was cvidcnccd by measuring thc h ~ o n i c
and anharmonic resonances of the plan-convex SC-cut
resonators.
The Table 1 presents the measured fkequency spectrum of
SC-cut plan-convex resonators with 125 nm electrode thickness

In the case of plan-parallel AT and SC-cut resonators the
electrodes, through the mass-loading effects, strongly change
thc harmonic dcpcndcncc of inductancc.
The electrode diameler has a stronger iduence on behaviour of
these resonators than the electrode thickness.
The behaviour of AT-cut resonator can be ascribed mainly to
stress at interface electrode-piezoelectric substrate, while the
behaviour of SC-cut to inertial effects.
The optimum agreement between theory and experiment in all
frequency range and for both types of resonators ( AT and SCcut ) is obtaincd for thin clcctrodc ( around 100 nm ) and for
medium electrode diameler ( around 6 mm ).
For these electrode parameters the inductance has a minimum
variation with harmonic order.
The mass-loading effects for plan-convex SC-cut resonators are
diminished because the influence of the contouring on the
trapping is much greater than the influence of the electrodes.
The hannonic dependence of inductance changes more with
clcctrodc diamctcr than with clcctrodc thickness, but lcss than
in the case of plan-parallel resonators.
The minimum variation of inductance with hannonic order is
obtained for thin electrode ( around 100 nm) and small
electrode diameter ( around 4.6 mm ).

The measured anharmonic frequency spectrum contains more
resonances for plan-convex resonators tlian for plan-parallel
ones and there are present especially at high harmonics ( 5th
and 7th ) and for large diameters.
The electrode parameters can change the behaviour of motional
inductance on harmonics for plan-parallel resonators vibrating
in thickness-shear mode, while this influence is strongly
diminished in the case of plan-convex resonators.
5.
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Miniature SAW duplexer
for ISM mobile phones
V. P. Plessky, S. N. Kondratiev

Micronas Semiconductor SAYCH-2022 Bevaix, Switzerland
ABSTRACT
Two ways of reducing coupling coefficient for 36LiTaO, substrates are discussed: 1) transducer with
dummy electrodes and 2) SiO, sublayer between the
electrodes and the substrate. Theoretical coupling of
modes (COM) model is used to find conditions for
twofold decrease of coupling. Experiments are made
with test resonator-type structures for extraction of
COM parameters and the obtained data used for the
SAW duplexer design.
1. Introduction

For many applications SAW filters are demanded with a
relative passband close to 1%. The main difficulty to
design such filters is the absence of a suitable material
with ~ ~ = 2 %For
. ladder type Impedance Element (IE)
Filters the passband is primarily determined by the
frequency gap 6flf between the resonance and antiresonance (R-a-R) of the used resonator. In many cases
long transducer (hcluding a few reflectors) is used as
the resonator, and
the R-a-R relative frequency
difference is proportional to the AVIV parameter:
6f ,a9k? (for single electrodes) [I] . It is clear that 64-

f

v

LiNbO, or 36-LiTa0, leaky wave substrates frequently
used for low loss filter designs have a too strong
piezoelectric coupling, while quartz , lithium tetraborate
and 112-LiTaO, are too weak. For a SAW ladder
structure there is a very limited possibility to use tuning
("expanding") inductances. Therefore, a possible solution
is to decrease artificially the coupling efficiency of 36LiTaO,. From the coupling of mode analysis (COM) it
a'
[l] , where a is COM
follows that
CC-

f

generation in this capacitor structure will. be minimized.
The disadvantage of this approach is the larger chip area
required, potential parasitic responses available from the
additional transducers and the increased sensitivity to the
additional capacitance magnitude variations.
Another alternative is to decrease coupling, where there
are several possibilities: transducers with not all
electrodes active, waveguide (aperture) weighted
transducers,
phase weighted transducers. For a
transducer with dummy fingers the R-a-R frequency gaps
is reduced proportionally to the percentage of active
electrodes. For example, if we flip the polarity of every
4th electrode (...+ - - - +
+ ...) we reduce the R-a-R
gap approximately by half, and we can use this structure
to design IEFs with 1% to 1.5 % relative passband. The
subharmonic response could be a potential problem for
certain applications, but with the advantage of increased
power handling capability.
One more evident possibility is to separate electrodes
from the substrate by some passive dielectric layer. This
technique has been used for many years [2] and it is
known that due to the large difference in dielectric
constants the coupling strength decays very rapidly with
the increase of the sublayer thickness. Because of this
strong dependency this approach was rejected recently
[3] as a method to regulate coupling when a relatively
small decrease (10%) is demanded. We will show that
the method works for a 50% decrease.
The paper has the following structure: In Section 2 we
will give simple theoretical arguments for both the
dummy fingers transducer approach and also the SiO,
sublayer technique. Then in Section 3, experimental
data extracted from the test structure measurements will
be presented. Also briefly discussed is the application of
this technique for ISM duplexer design.

---

c,

coupling parameter, Cst is the static capacitance. One
can see that there are two ways to decrease R-a-R gap:
either to increase static capacitance Cstor to decrease
the coupling efficiency a of the electrode system. The
static capacitance can be increased relatively easily by
incorporating an additional interdigital capacitor in
parallel to each of IEs used. The electrode pitch and
orientation must be chosen so that undesired SAW

2. Theoretical considerations
2.1 Transducer with dummy electrodes
If we decrease the number of active (hot) fingers in a
long transducer resonator structure replacing them with
dummy electrodes, we decrease coupling coefficient a
and capacitance roughly proportionally to the density of

hot fingers. But one can see from the formula
8 f cc
that in this case the resonance anti-resonance
f
c,
frequency gap will decrease. We have simulated this
effect using the coupling of mode (COM) model for
transducers and gratings. The structure we considered
included a few parallel connected equivalent transducers
separated by reflectors (all identical), the pitch of the
structures being the same with all structures placed
synchronously, thus observing complete periodicity of
electrodes with no additional spacers used. The
structures were cascaded using a group of one transducer
and two reflectors on each side of it and then repeating
the cascading procedure (see figure 1 ) .

a

velocity is relatively insensitive to the sublayer thickness
variations. This effect was recently observed by F. S.
Hickernell and co-authors [4]. The values of thicknesses
corresponding to the maximum velocity is in the 2% 4.5% range. The decrease of coupling due to the
dielectric layer can be easily calculated using the
effective permittivity concept [2]. The analysis shows
that if we want to decrease the R-a-R relative frequency
distance to about 1%, we will need the thickness of Si02
cIose to 2% (Fig. 2).

A V parameter as a function of
Fig. 2: Decrease of -

v

Fig. 1: Example of structure used for simulation of R-aR gap dependency on dummy electrodes.

Obviously , the coupling efficiency can be changed in a
wide range. If the transducer and the grating occupy
equal part of the structure the R-a-R frequency gap is
reduced approximately by half, One can expect the
capacitance per wavelength to be reduced proportionally
to the density of hot electrodes, but the capacitance of
the busbars must be taken into account with this
contribution becoming relatively more important for the
transducer with reduced number of hot fingers.

The SiOz sublayer not only decreases the coupling
efficiency of the leaky SAW on 36-LiTa0, but also
changes the wave velocity and the reflectivity of A1
fingers. The velocity increases initially with a
corresponding increase of the silicon dioxide layer
thickness, due to the effect of short-circuiting of SAW
electric fields becoming weaker (the
effect tends to
V

disappear). But with a further increase of the layer
thickness the mass loading effect starts to dominate and
the velocity of the wave decreases again. It means that
there is a range of thicknesses wherein the SAW

Si02 sublayer thickness.
Therefore, there are a few positive points using a SiOt
sublayer: the needed layer is reasonably thin, the leaky
SAW velocity and reflectivity from fingers seems to be
relatively insensitive to the layer thickness, the SAW
attenuation was found to be minimal at 2% thickness [4]
and , finally the Si02 layers are known to decrease
temperature coefficients of delay (TCD) of Lithium
Tantalate.
3. Experiments

In order to investigate experimentally the SAW
propagation parameters we used the technique based on
careful analysis of the admittance curve of a single port
synchronous resonator structure previously described in
[51.
Figures 3a and 3b show the admittance curves for normal
single electrode transducer test structure, (which included
240 fingers in transducer and 50 fingers in short-circuited
reflectors on each side of it), and for similar structure in
which every 4th electrode in the transducer was
connected to the "wrong" busbar. to the "wrong"
busbar. One can see that the resonance/anti-resonance
distance is decreased from roughly 25 MHz to about 10
MHz, which corresponds to the targeted value.

0.015

effect can be clearly seen from reduced width of the
stopband.

W=70 urn, 1:1, p-2.214, m/p=0.5, h-2520A

-

I
I .:'

i

Ra-R for W-LiTa03 with SiOZ layer, Al h/lam=BK

850

goo

950

1000

frequency, MHz

Fig. 3 a : The admittance curves for normal (1:1)
transducer test structure.
Fig. 5 : Decrease of the resonance/anti-resonance
frequency gap.
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Both approaches have been used for the development of
SAW filters for mobile communications with about 0.5%
to 1% passband. A current example is a SAW duplexer
for ISM phone. As previously discussed , there is no
material exactly suitable for this specification. Figure 6
shows the results obtained with the "thinned hot
electrodes transducer approach. The ladder IE filter
scheme was chosen to provide low loss in the passband,
steep skirts and high rejection levels.

frequency, MHz
ISM duplexar

Fig. 3 b : Admittance curves for the (1:3) test structure
with 1 hot and 3 ground electrodes in a period .

0 r

As to the leaky SAW velocity and reflectivity of
electrodes the magnitudes are quite similar.
In the case of SiO, sublayer (Fig.4) the reduction of
coupling was decreased to about a 10 MHz R-a-R gap .
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Fig. 6 : ISM duplexer performances, "thinned hot
electrodes on 36-LiTa0,.
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frequency, MHz

Fig . 4 : The same structure as in Fig.4a, but with 800 A
SiO, sublayer.

This is accompanied by an increase of the. wave velocity
and decrease of the electrode reflectivity. The latter

The period of the electrode structure included 4
electrodes, connected in 1:3 sequence to the
corresponding busbars. In a sense, we work on 2nd
harmonic of this transducer. Figure 7 shows frequency
response in a wide frequency rande .One can observe the
subharmonic responses at about 1/2 and 312 central
frequency (in reality higher at low frequency and lower
at high frequency than main response ) due to
fundamental mode operation and dispersion .
Fortunately, subharmonic response amplitudes exactly
at 112 and 312 central frequency are about -45 dB . It is

very important for portable telephone performances.
Another consequence of using 4 electrodes per period ,
which might have been expected, would be an increased
attenuation due to the bulk radiation and scattering of the
slow shear and fast shear bulk waves. The scattering of
the slow shear waves always exists for leaky waves, but
is very weak for 36' cut of LiTaO,, while the scattering
of the fast shear waves normally appears only at
frequencies higher than that of Bragg stopband. This
effect is clearly seen in Figures 3 and 4 as an increase of
real part of admittance (at approximately 950 MHz and
higher) corresponding to the additional losses. Working
at the 2nd harmonic must add a few more scattered
waves, including fast shear bulk waves, which propagate
approximately perpendicular to the substrate surface.
This effect is almost independent of frequency in the
relatively narrow range of interest. From Fig. 3b one can
conclude that this additional attenuation (if any) has a
relatively weak effect, i.e. not introducing dramatic
changes into impedance (admittance) characteristics.
Another positive feature of this 1:3 structure is that the
stopband remains as wide as for normal 1: 1 grating. The
perturbations of the admittance curve (Fig. 3b) at the
upper edge of the stopband in this case are not harmful
for the Impedance Element Filters performances. For
the structure in Fig. 3 the anti-resonance frequency point
is situated roughly in the middle of the stopband. Also,
irregularities of admittance at the right edge of the
stopband will not influence the passband performance of
the devices designed using such elements.

4. Conclusions

For the Impedance Element (IE) SAW filters based on
the use of long transducer structures as resonators, both
of ladder and balanced bridge type, the optimal passband
is determined by the coupling coefficient of the substrate
used. We have demonstrated the possibility to modify
(decrease) the coupling coefficient of 36"-LiTa0, in a
wide range using one of the two following techniques:
in the first approach some sections of hot electrodes
transducer can be made dummy by alternate busbar
connections. If it is done with every second hot
electrode we get a structure for which every one
electrode connected to the first busbar is followed by
three electrodes connected to the second busbar (1:3
structure). For this structure the coupling coefficient a
is about 2 times smaller than for "normal" 1:1 long
transducer [l]. Another method is to introduce a passive
SiO, layer between the electrodes and the substrate. The
layer decreases the strength of the electric fields
penetrating into the piezoelectric substrate and thus
decreases coupling. It was found that 2% thick layer can
decrease the coupling at about 50%. A practically
important feature is that the leaky SAW velocity is
relatively insensitive to the layer thickness for
thicknesses ranging from 2.5% to 4% .
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PAPER SUMMARY
Over the past ten years, the advent of new solid-state materials has produced opportunities for new laser injection wavelengths
in the visible and near-infra-red, allowing the construction of compact systems with reduced sensitivity to environmental
perturbations. Today, there exists a new generation of atomic frequency standards in the microwave, such as the laser-pumped
space rubidium and caesium atomic clocks developed by Neuchdtel ( 1), and the realisation of the caesium fountain (2) and the
mercury linear ion-trap (3). In respect, there have also been significant improvements to the active-cavity hydrogen maser (4)
and the passive cryogenic dielectric resonator (5). Some of the applications for the new millennium include global
synchronisation in the benign environment of space for time-transfer and time-dissemination, with developments as diverse as
the next-generation of Global Navigation Satellite Systems (61, proposals for a collaborative space-based clock mission on-board
the International Space Station platform (Alpha) (7, 81, and optical coherent communications (9). Yet, an optical frequency
standard has the potential for even greater accuracy. Here, the major advantage of frequency standards operating in the optical
rather than the microwave range is provided by their higher frequencies: the influence of level shifts is reduced, and the fractional
resolution can be increased by several orders of magnitude. And in metrology, an optical frequency standard of an ultra-stable
known frequency could also provide a unified standard of length, time and frequency.

-

Recent analysis of the performance of the mercury linear ion-trap appears to indicate its potential for an absolute fractional
frequency stability in the 1Ui8range for the ultra-violet (194.2 nm) pumping transition, and for interrelating this to the 40.5 GHz
hyperfine microwave transition. We show that such a capability would permit the realisation of Doppler variations of the Earth's
geopotential at the 1 centimetre level. There still remains the requirement to independently intercompare the mercury linear
ion-trap with other standards of comparable stability, by linking the optical to the microwave region at the highest levels of
precision. For traceability, this measurement should be undertaken with just one frequency standard. Fortunately, cryogenic
interferometers may hold the solution: the key to this unprecedented optical frequency stability attributable to the
Neodymium-Yttrium Aluminium Garnate (Nd:YAG) laser, which has the lowest free-running linewidth of just 3 kHz for an
operating frequency of 242 THz (1064 nm wavelength) {9}. The idea of stabilising a laser to a cryogenic interferometer has been
detailed in 1995 (10). Already, for all-silica cryogenic interferometers ( 111, a fractional stability of 3 x l0'I4 has been realised,
with a relative lock instability for two lasers of 5 x 10"'. By using sapphire, which has a thermal expansion coefficient of more
than two orders of magnitude lower than silica at liquid helium temperatures, there is the potential for correspondingly improved
fractional frequency stability at the 10-lalevel. We develop these ideas further in this paper to propose the notion of a Nd:YAG
laser stabilised to a cryogenic superconducting-coated sapphire SuperMirror resonator, which would allow the fractional
frequency stability in the optical to be realised at the 10''' level, and permit the simultaneous intercomparison from the same
frequency standard against its microwave resonance at the 10.'' level, for averaging times up to 10,000 seconds. This offers the
prospect of the cryogenic superconducting-coated sapphire SuperMirror resonator being used as the local oscillator in support
of the mercury linear ion-trap (or caesium fountain) frequency standard.
We detail the factors affecting the fractional frequency stability for an all-sapphire SuperMirror interferometer: effects that
influence such as thermal expansion, permittivity, transition metal impurity levels, and so on, and go on to show that maintaining
the interferometer at the lambda point of helium (2.3 kelvin) has distinct advantages over liquid helium temperature (4.2 kelvin)
operation. We also provide a detailed analysis of the options available for the cryogenic SuperMirror resonator geometry,
considering the superconducting cavity technology of the 1970's ( 121, through to the superconducting-coated dielectric resonator
technology of the 1980's {13), and on to the superconducting-loaded sapphire dielectric resonator technology of the 1990's (14).
Some preliminary results are given towards the construction of the NPL superconducting-coated sapphire SuperMirror resonator,
with particular regard to the sputter deposition technology being developed in collaboration with GEC-Marconi, and towards
the demonstration of the cavity-stabilised helium-neon laser used for intercomparison against the NPL iodine-stabilised HeNe
laser (the wavelength standard). In conclusion, we believe that a fractional frequency stability of lo-'* appears to be achievable,
and that this will pave the way for exciting developments in Time and Frequency metrology, and for space applications for global
communication and navigation.
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Time Frequency Generation from LORAN and GPS systems

MORS Company
M. BOUTTEVILLE, CAILLIEZ

MORS is a french company recognised as a specialist in electronic and computer
systems manufactured for the professional market.
In particular, MORS has developed radionavigation systems and equipments in
Time-Frequency domain.
The subject of this show is to introduce our activities in these fields.
This show presents two main activities currently in progress :
On board Time and Frequency Generation System for Navy (defense,
experimentation ...).
Equipment delivering UTC Time and Frequency references elaborated from a
LORAN Signal.
The interest of the first subject lies in the capability to generate a constant quality 1 pps
top even during GPS synchronization loss.
The second subject is a Time-Frequency application based on LORAN-C signals
reception.
The principle is to take advantage of the LORAN wave high stability (10-12 at short
term) to generate reference frequencies. The delivered 1 pps top is based on UTCB
time (NELS network) or UTC USNO time and its accuracy is better than 100 ns.
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TlME TRANSFER VIA METEOR BURST RADIO LINK

L.A. Epictetov, R.R. Merzakreev, V.V. Sidorov,
A.V. Logashin and L.V. Vladimirov
Kazan State University, Russia

The results of few time transfer experiments performed in Russia in the recent
years are presented in the paper. In these experiments, the KAMA-7 meteor
communication and synchronization equipment developed by Kazan State
University was used. Operation of the equipment is based on two-way transfer of
time signals through the meteor radio link. It provides precision time transfers and
data communications simultaneously. The phase measurement technique and
periodic automatic calibration of equipment phase delays on a few carrier
frequencies are used in the instrument to minimize the noise floor and instrumental
errors of time and time interval transfer.
In standard mode of operation, maximal difference of carrier frequencies of about
0.5 MHz is used. This mode allows the equipment to transfer time with RMS error
of about 15-20 ns and time intervals with error of less than 0.5 ns. Llsing the
precision measurements of time intervals, we can average time measurements on
intervals from 15 minutes up to few hours and decrease the error of time transfer
down to 5-2 ns. The precision mode, using additional carrier with frequency shift up
to 10 MHz, allows the equipment to transfer time xith error less than 0.5 ns.
The performances of meteor synchronization equipment were verified by
experiments performed on different radio links in 1992, 1993 and 1995 years. The
last two experiments was done to demonstrate a scope for using of meteor burst
radio for data communications and time transfer between the ground transmitting
stations of Chayka (Russian LF navigation system), and between stations of
Chayka and Loran C. The Russian-Norwegian experiment conducted in January
1995 between the Chayka station in Tumanny (Russia) and Loran C station in Bra
(Norway) has shown that meteor radio links may be used both as inexpensive data
communication links and as supplementary means for precision synchronization
in joint Chayka 1 Loran C chains.
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New Results in Theory Relativity Effects
in Satellite Sinchronisation Systems

E. Erjomin
Science Centre of Metrology (Military Standards) Kharkov - Ukrain~

The theoretical bases of Time a-id Frequency Standard
Sinchronization with regard to influence gravitation-relative
effects =id really existing time a
d frequency accuracy of
synchronized stzidards were considered.
Analytic depending of the function of scale difference
UCt) o1n gravitation-relative effects and metrology characteristics of frequency standard was gut. Presence of intresting
physi~alphenomenon: 4-t ~-,-~ i t . rnornent
.
of getting extrernums of the
time functions (type U(t ) ) and t.irne-frequency (type dU(t) /dt)
measurement are not correlate: tmin+ta is proved.
kt this meaning of corresponbing time int.erva1 5t=tmin-to
is the function parameters of moving satellite (velocity - ifc,
altitude of the trajectory - Ro) , that. define gravitation-relative characteristics of process synchronization and also is
the function by metrology chal-.azteristics of syncronization
standard : primery time scale difference Un and relative mcuracy of frequency bof . Approximate correlation connecting interval At, parameters of moving arid Aof presents as :

were c - velocity of light; GR - grav itation-relative correction.
At this appear putential possibilities high accuracy definition the time arid frequency errors synchronized standards
with the help of "nun-tretditiunal" methods on short-time i1-1terval measurement uf U(t).
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COMPARISON OF CESIUM, H-MASER AND GPS-BASED TIMESCALES

Eskelinen P., Matola M., Nuotio J. and Salpala A.
Kotka Institute of Technology, Paaskysentie 1,48220 Kotka, Finland

1. ABSTRACT

The experiment of time and frequency transfer has been
continued at the research laboratory of Kotka Institute
of Technology (KIT) to find out the achievable
uncertainty with different high quality frequency
standards available to normal end users. The 1 pps and
10 MHz outputs of the GPS-receiver at KIT have
shown a relative mutual peak difference of 20-30 ns
with a 5 hour integration constant. For most of the
time, both Csl and the H-maser agree better than 2.8
*loJ3 and the 1 pps outputs differ less than 50 ns. A
50-100 ns staircaseeffect and 10-20 day fluctuations
of more than 100 ns, corning possibly from the GPSsystem, have been recorded. Medium term anomalies
with time constants between 200 and 4000 s have been
observed with the two units. Rubidium clocks are
presently controlled to an uncertainty less than 2*10-"
and the national frequency service, delivered through
the TV-chaii d e r s from an inherent frtwluency
offset, which exceeds 7* 10-l2.

nwnber of phase comparators has been increased and
most of the controlling software for the rubidium units
has been modified As a background for the tests,
studies like (Reff6), which suggests the capabilities of
GPS to exceed that of stand-alone primary standars,
and (Ref. 7) for H-maser performance have been used.
3. STATISTICAL VIEWS ON SHORT TERM
STABILITY

The short term stability of three clocks was compared:
the Oscilloquartz Cesium 3200, HP 58503 A GPS and
Efratom FRS rubidium standard. Both a digital phase
comparator and a double balanced FW mixer were used
together with a fast 9-digit DVM (HP 3458) as shown
in Fig. 1. All results were viewed against the same
relative scale although the original digital signals were
5 MHz TTL and analog ones attenuated 10 MHz sine
wave. A suitable drive level was experimentally found
to be around 200 300 mV. Before each mixer
measurement the phase bias was adjusted as near 90
degrees as possible to obtain maximum linearity and
sensitivity.

-

Keywords: timescales, GPS clocks, cesium standards
2. INTRODUCTION

The KIT laboratory has upgraded its clock system,
which was described earlier in (Ref.1) and further
demonstrated in 1996 EFTF (Ref2), by adding a new
HP 58503A GPS-receiver and through the very kind
donation of an Oscilloquartz primary cesium clock by
Swiss Telecom. The clock data of a commercial Hmaser owned by the Radioastronomical research station
of Helsinki University of Technologv (HUT) has been
available for comparison through a joint venture, which
was presented at URSI international conference in 1996
(Ref.3). Some fluctuations of the official national
£requency have been monitored simultaneously for
academic interest. An exchange of GPS clock data has
been going on with the Swiss Telecom since June 1996.
Slight reconfiguration of the overall KIT clock system
has been necessary in order to better adopt the Cs-unit
into the clock ensemble. Normal GPS-receivers are still
used instead of the special, highly priced common-view
hardware (Ref 4) or geodetic equipment (Ref.5) and
the integration time has been kept at 5 hours. The

w

RJ?mixer

DVNi

HY-IB

Fig. 1. The test system used for short and medium term
measurements utilizes a East 8 % digit DVM and a
phase comparator, which can be an FW mixer.

A total of 5000 samples were gathered during a 100
second interval and then plotted as a histogram. To
reach the required resolution and the necessary speed
all samples were stored in DVM memory an transferred
later as a complete block to the computer. One typical
result is shown in Fig. 2 for Rbl and in Fig. 2 for GPS.
Confidence tests were performed with the same set-up
but connecting the two comparator or mixer inputs
together in a conventional fashion Test system noise
level is below 10 ps. Measurements were repeated
numerous times with all signals in order to reveal any
possible medium term parameters which would have
altered the short term result. Visual judgement shows a
distinct instability of the GPS chain.

4. SPECTRUM ANALYSIS OF MEDIUM TERM
BEHAVIOUR
The medium term stability of the Csl-standard, Rbl,
Rb2 and that of the HP-GPS is studied separately with
e.g. a spectrum analyzer combined to an ARB
generator. The general scheme of the data collection
system is similar to that used for short term tests. The
main target was to find out possible regular
fluctuations. Time constants between 200 and 4000 s
have been observed.

5%

of
time

4
120 ps / div
Fig.2 A time histogram of the rubidium oscillator
indicates good short term behaviour (clear maximum)
within 100 s.

5%

-

of
time -

120 ps / div
Fig.3. The GPS result in histogram form is distorted
due to noise and no dominating "average" value can be

seen.

8

12 mHz

Fig. 4. A numerical FET shows unwanted modulation
of the Rbl output at about 4.5 mHz in this medium
term recording of 100 000 s.
Data was initially gathered to an HP9000 computer and
then fed through IEEE-488 bus to an arbitrary
waveform generator. FET analysis was first tried with a
digital oscilloscope filled with the respective option
(HP54600), but the dynamic range was not sufEicient.
An Advantest spectnun analyzer gave in this case
better results but was not capable of a required
combination of sweep time and resolution bandwidth (
We hardly can work against physics 1).
The best choice turned out to be a visual inspection in
time domain and a experimental subtraction of very low
frequency sinewave components, not within the
capabilities of either numerical FFT or test equipment
performance, in the HP9000 Basic code. Some twenty
sinewave components were found necessary for
optimization. Pure mathematical processing was done
with Matlab. However, feeding the test data into
different software solutions and platforms was initially
by no means a straight forward action. Two plots of this
analysis are shown in Fig. 4 and Fig. 5.

FFT

1
Fig.6. The HUT H-maser recording against Magnavox
GPS shows much noise. However, the trend is clearly
visible.

Fig. 5. Rb2 output is different from Rbl despite of same
manufacturer, as the dominating m;T result is around
5.5 mHz. Total recording time is 100 000 s.

5. LONG TERM OBSERVATIONS
The results of the first test sessions of summer and
autum 1996 are, to some extent confusing. The 1 pps
and 10 MHz outputs of the GPS-receiver at KIT have
shown a mutual peak difference of 20-30 ns with a 5
hour integration constant. The HUT H-maser has
unfortunately lost its internal lock a couple of times.
For most of the time, both Csl and the HUT H-maser
agree better than 2.8 *10'13 and the 1 pps outputs M e r
less than 50 ns, when the linear term is subtracted. The
comparison between Csl and GPS timing shows a
staircaseeffect (amplitude 50-100 ns), which at the
time of writing, is supposed to be induced by the
receiver's internal algorithm and slow fluctuations
(duration 10-20 days) found by visual correlation of Hmaser and Cs results, with an amplitude of more than
100 ns, coming very obviously from the GPS-system,
not the receiver.
The HUT GPS-receiver (Magnavox) has more noise in
its 1 pps output, as can be seen in Fig.6, although this
plot is already composed of averages over several tens
of individual samples. For the convenience of the
reader, following Fig. 7 shows the simultaneous
recording of KIT Csl against HP-GPS. Finally, the
correlation result is drawn in Fig. 8. It is noteworthy,
that the decreasing trend of timing error is further
compensated starting around MJD 50278. From the end
user's point of view, the two GPS receivers and the
space segment do not provide a reliable long term
reference for e.g. prediction of atomic clock behaviour.
Without access to multiple atomic standards, one would
easily suppose the drifl to be induced by the local clock.

Fig.7. Here we see the KIT Csl measured against HPGPS during the same test period as in Fig.6. The
vertical scale is different from Fig. 6.
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Fig. 8. A long term measurement of H-maser, Csl and
GPS timing reveals a drift of more than 100 ns in the
GPS system, occuring within 10 days.
The national frequency service, delivered through the
TVchain, suffers from an inherent frequency offset,
which typically exceeds 7*10"' . Frequent switching
spikes and unknown propagation delay changes, which
are mandatory due to availability reasons, make the
proper use of this source in the clock system very
tedious.

6. OPTIMIZING THE RUBIDIUM CONTROL

ALGORITM
The control algorithm for Rb2 was derived from a data
set gathered during a half year test period The basic Rb
control voltage was initially kept at a fixed value (e.g.
4.195 V). A hysteresis of about 12 mV (converted from
frequency domain to control voltage) was seen, when
the voltage was adjusted back and forth in 25 mV steps
(ten times the converter resolution) and aging and
temperature related phenomena were excluded. Below
this control parameter limit the respective changes in
Rb frequency can be classified as noise. A control
voltage step of 25 mV with a respective 3 *lo-"
frequency change was chosen. Basically, the shortest
observed time interval, within which this limit is
exceeded with an uncontrolled oscillator, was found to
be 5 hours. The algorithm was tested and found to be
correct by several successive tests. A typical result is
shown below in Fig. 9,
The integartion time for the mutual comparison of GPS
and Csl can not be made longer than the maximum
allowable Rb2 control delay. Due to the relatively poor
performance of the rubidium oscillator, a noticeable
improvement, actually by one decade, is achieved even
though some uncertainty exists in the GPS sensor
output.
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Fig.9. Optimized, direct Rb2 output frequency control
is possible with a 3* lo-" resolution due to the
unavoidable hysteresis of the basic oscillator. Vertical
axis shows frequency deviation.
7. CONCLUDING REMARKS

The owner of several high quality frequency standards,
if being not one of the official time and frequency
laboratories, can be a lot confused due to the apparent
differences in timing information provided by the units.
Particularly, the frequently and loud emphasized top
performance of the GPS receivers and the total system

does unfortunatly not reach all end users. Both short
and mediuni term noise, but perhaps most, the observed
day or week long anomalies hamper the rock solid use
of these non-autonomous clocks.
If financial reasons or operational arrangements do not
prevent, the most reliable present-day solution seems to
be based on multiple ground-based atomic clocks.
Performance exceeding by 3-10 times that of a
commercial GPS receiver can be achieved with a 20
year old cesium as demonstrated in this paper. It is well
possible, that similar long term stability can be
obtained with intelligently controlled rubidium
oscillators or even crystal units.
8. REFERENCES

[I] Eskelinen P. et al,"A lowcost ovenized crystal
oscillator", 9th EFTF, Besancon, 1995
[2] Eskelinen P. et al,"A computer controlled multireference clock system", 10th EFTF, Brighton 1996
[3] Eskelinen P. et a1,"GPS-based comparison of
cesium and H-niaser timescalesyy,URSYIEEE XXI
Convention on Radio Science, Helsinki, 1996
[4] Davis J. et al,"Comparison of two-way time transfer
and GPS common-view time transfer during the
Intelsat field trial", 10th EFI'F, Brighton, 1996
[5] Baeriswyl P. et al,"GPS time transfer using geodetic
receivers on a short baseline", 10th EFTF, Brighton,
1996
[6] Allan D. et al, "Improved time and frequency
transfer opportunities via GPS, 9th EFTF, Besancon,
1995
[7] Weiss M. and Walls F., "Preliminary evaluation of
time scales based on hydrogen masers", 10th EFTF,
Brighton 1996

11 TH EUROPEAN FREQUENCY AND TIME FORUM

NEUCHATEL

-4-5-6

MARCH 1997
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ABSTRACT

In the paper we present two methods for time
transfer in the SDH networks'. One of these
methods is an adaptation of the double ended
control method used for frequency synchronization
of oscillators. The second method applies radar
techniques for time transfer between many nodes.
The time transfer process we use for frequency
synchronization of the nodal clocks in
telecommunication network. We show that both
processes i.e., time transfer and frequency
synchronization could have completely independent
control circuits. It is relatively simple if we
generate two reference impulses, time reference
impulse and frequency-reference impulse.
Key words: time transfer, synchronization, twoway methods, echo method.
1. INTRODUCTION

The trend to near-globe telecommunication network
based on SDH system forces the new approach to
the network synchronization problems. The rapid
increase of customer demands, multimedia services
and new techniques for data transport, e.g. ATM,
require to reconsider the approach to network
synchronization (Ref. 12). We can't further tolerate
long chains of synchronized clocks in wide-range
B-ISDN networks due to the wander and jitter
accumulation. The other reason is the network and
customer's requirements for time signals. The
common usage of GPSIGLONASS systems for time
transfer and frequency synchronization contains a
political risk due to the GPSIGLONASS control by
specific departments of two countries. In this paper
we try to develop ideas presented by Kihara and
Imaoka and others (Refs. 3,5,6,7,11) and propose
simple and, as we think cheaper, alternatives for
the usage of satellite systems in time transfer and
frequency
synchronization
in
wide-range
telecommunication networks.
This work was financially supported by Scientific
Research Committee (Project No TB-44-485197-DS)

2. TWO-WAY TIME TRANSFER AND
FREQUENCY SYNCHRONIZATION IN DIGITAL
TELECOMMUNICATION NETWORKS

Double-ended control considered for the early
frequency synchronization systems (Ref. 10) could
be used for time transfer in telecommunication
networks. In this case, it is simply two-way time
transfer method considered for time distribution in
many mediums (Refs. 1,2,4,8,10,11,13). We can
distinguish two basic solutions of double-ended
control applied for time transfer between
geographically separated clocks. In the first one we
measure two phase differences (time intervals). The
first difference we measure in the local node. It is a
difference between the phase of the 1 pps reference
impulse R transmitted, e.g., in SOH STM-N frame
header from a master node to the local node (slave)
and locally generated 1 Hz reference impulse Rf.
The second phase difference is measured in the
master node between incoming Rf reference impulse
transmitted, e.g., in SOH header from the local
node to the master node and the 1 pps reference
impulse R. Then, we calculate the difference of the
both differences.
In the second solution of two-way time transfer we
use 'returnable timing' (Refs. 9, 14) of the locally
generated 1 Hz reference impulses Rf. As
previously, we measure two phase differences. Both
differences are measured in the local node. The first
difference is a difference between the phase of the 1
pps reference impulse R transmitted from a master
node to the local node (slave) and locally generated
1 Hz reference impulse Rf. The second phase
difference is measured between incoming impulse R
and the reference impulse Rf transmitted to the
master clock (master node) and than back, to the
slave clock (local node). To distinguish between the
impulse generated in the local node and the
returning impulse the last one we will mark as RE
impulse. In the slave node we calculate the
difference between both differences. It is a measure
of time scales shift in geographically separated
nodes.

In both methods the final result depends on the
difference between signal propagation times from
master node to slave node and from slave node to
master node. If this difference is small enough we
can use the result to control the frequency of the
local oscillator and to create local 1 pps impulse R,
which position in time agrees with position of
impulse R. Impulse R,can be used next as reference
impulse R for time and frequency synchronization
in the next nodes. In Figure 1 we see the basic
scheme for two-way time transfer between two
nodes without returnable transmission of impulse
Rf. The master clock generates impulses R which
mark out the characteristic instants for time scale
of this node. The leading edge of a single impulse
R starts the time interval meter which measures the
time between the occurrence of this edge and the
beginning of time slot devoted for transmission of
impulse R from master node to the slave node. In
Figure 1 the SDH network is used for impulse R
transportation from master clock to the slave clock.
We change a single bit in a single byte, let us say
in byte T1 proposed by Kihara and Imaoka (Refs.
7,11), from '0' to '1'. After this, the control circuit
reads the result Dm of the delay between the
impulse R generation and the beginning of the time
slot in which impulse R should be transmitted from
master node to slave node. Next, the control circuit
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puts the result just behind the time information
(year, month, day, hour, minute, second) and
transmits them in the same 64 kbitsls
communication channel as reference impulse R.
The second meter located in the master node
measures the time interval TI, between the instant
of receiving of impulse Rf from slave node and the
instant of generation of impulse R. Impulse Rf is
transmitted in the same way as impulse R but in the
opposite direction. The instant of impulse Rf
reception in the master node is delayed by the
signal propagation time D,., from slave node to the
master node and time D, which passed between
impulse Rf generation and its 'putting' into the
proper time slot in the SOH header. The value of
TI, is sent in byte T2 (next byte in SOH header) to
the local node. In the local node we measure time
interval TI, between the instant of impulse R
receiving and the instant of impulse Rf generation.
The reception of impulse R is delayed by the signal
propagation time Dm., from master node to slave
node and the value of delay Dm between impulse R
generation and the beginning of the time slot of the
nearest byte T1 in STM-N frame.
After a single measurement cycle (it may lasts up to
2 seconds) we get in the slave node the following
results:
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Fig.1. Two-way time transfer in the SDH network; IMP
transportation in SOH header.
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where n=1,2,.. .Quantities T
, (n) and T,(n) denote
respectively the phase of impulse R and the phase of
impulse Rf. Results (2.1) and (2.1) are obtained with 1
Hz nominal frequency and with maximal delay equal 2
seconds comparing to the instant of impulse R
generation in the master node. Let us notice that the
term 'phase difference' may be alternatively regarded
here as 'time difference' between leading edges of 1
second impulses.
If we assume that time information which has been
sent from master clock to slave clock enables the
preliminary time scale synchronization with 1 s
accuracy then the difference
44 = T,(n)-Ts(n)
(2.3)
is the measure for time scales difference in
geographically separated clocks. We have assumed in
the above formulas that the frequency of both clocks
are close. That is, the frequency difference between
these clocks doesn't cause a significant error during a
single step of measurement. For example, the relative
frequency error equal to lom9
will cause 2 ns error after
2 seconds of observation. We have also assumed the
change of signal propagation time during observation
period equal up to 2 seconds is negligible too.
After substitution (2.3) into (2.1) and into (2.2) and
after several operations we obtain

42Qk5-'3+ <

Recdng impulse

. .

Data

Fig.2. The generation of impulses Rfand &.

The circuit shown in Fig. 2 consists of two identical
binary counters. They are reseted at the beginning
of time transfer and frequency synchronization
process. Both counters count the impulses of the
reference oscillator OSC synchronized by the local
clock.

(2.4)
For two-my time transfer and returnable transmission
of impulse Rf we have
1

= i - j n s ( n ) + n s ~ n )+] [ ~ ~ n ) - ~ s ( n ) - h+[%S(n)-~Sm(n)~}
~n)]

(2.5)
where TId denotes the time difference between
impulses R and Rff reception in the slave node. It is
measured in slave node. Quantity Dd is the delay
between impulse Rf reception in the master node and
the instant of its returnable transmission to the slave
node in SOH header. As we can see the time difference
between clocks in both cases depends on the unknown
value for difference of propagation time of impulse R
from master node to the slave node and the
propagation time of impulse Rf from slave node to the
master node. If we assume that D,,,,(n)=D,,(n),
n=1,2, ... then we can use the error signal A(n) for time
scale correction and frequency synchronization of the
local clock.
The reference time impulse R, is used as time reference
impulse for the local node and as reference impulse R
for the next nodes, slave relative to the local node. In
Figure 2 we show a simple circuit for impulses R, and
Rf generation.

Fig.3. Time relations between reference impulses.

The upper counter counts modulo
where L is the
length of the counter. The lower counter is a
programmable counter. It is written by new data at
the beginning of each impulse Rf. The value for
data depends on the sign of time error A(n). If A(n)
is positive then we write to the lower counter the value
A(n) (Fig. .3a). If A(n) is negative then we write
number 2L- 1 A(n) 1 (Fig. 3b). Let us notice that the

correction of impulse R, position can be done not
earlier than 2 seconds after the last calculation of
signal A(n) value.
If we compare both solutions of the two-way time
transfer method we can notice that double-ended
control without returnable transmission of impulse Rf
seems to be simpler. It requires less number of
measuring circuits and less data needed to be
transmitted from master node to the slave node. The
basic advantage of 'returnable timing' introduced for
frequency synchronization of oscillators - the lack of
data transmission between two nodes, disappears in
time transfer procedure in SDH network.
3. ECHO TIME TRANSFER METHOD

The significant disadvantage of previously discussed
solutions for time transfer in telecommunication
networks is their local character. The time dstribution
process is carried out in a chain. So, time scale
correction error is accumulated and may achieve
significant values at the and of the chain. The current
ITU-T recommendations allow chaining up to 60
nodes in one synchronization branch from a primary
source.
The other obstacle in achieving a high accuracy time
transfer in the whole SDH network is the difference in
propagation times between the neighbour nodes. It can
be caused by the usage of different optical links or
cables. Additionally, the reconfiguration processes of
the SDH network may lead to the quite different routs
for reference impulses transmitted between neighbour
nodes. We may of course design the fixed trails for
time transfer but this solution seems to be not optimal.
If we decide ourselves on fixed trails for time transfer
we may use echo time transfer method. The block
diagram for this method is shown in Figure 4.
The slave node sends to the master node impulse Rf,
e.g. as a light impulse. In the master node this impulse
is reflected and transmitted back to the slave node in
the same optical window and in the same fiber. In the

master node we measure the time interval TI, between
the instant of impulse R generation and the instant of
impulse Rf reception. The result of this measurement,
together with the information about date and time is
sent to the slave node by any data transmission
network. In the slave node we measure the time
interval between the instant of impulse Rf generation
and its return after the reflection in the master node as
impulse &. In the slave node we have the following
results
(3.1)
n m (n)= ~m(n)- [TS (n)- 4 - m (41
(3.2)
TI, (n)= Ds-, (n)+ Dm-, (n)
As impulse Rf is transmitted in both directions in the
same optical window and in the same fiber we can
assume that D,,(n)=D,,(n).
After several
transformations we get
A(n)=TI, ( n )+-TIS ( 4
2

The necessary condition for the usage of t h s method is
the full bidirectionality of the medium we used for
impulse Rf transmission. It means we can't use in
practice any unidirectional circuits like regenerator.
We estimate that the accuracy of time transfer equal to
1 ns can be achieved for distances up to 400-500 km.
The basic limitation for better results is the dispersion
phenomena and the current state of technology of
optical transmitters and receivers. Let us notice that
the echo time transfer method we can use for
instantaneous time transfer from one node to many
nodes when these nodes are ordered respect to the
distance (along the optical fiber) to the master node.
We link, e.g. K slave nodes, and the master node with
the same optical fiber. The master node sends a l~ght
impulse (impulse R) to the all linked nodes. It is
reflected in the successive slave nodes and goes back
to the master node. In the master node we measure K
time intervals TI,(i), i=1,2,..,K, between the instant of
impulse R sending and its returning from the ith slave
node. In the slave node we measure the time interval
TI,@, i=1,2,..,K between impulse R reception
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Fig.4. Echo time transfer method between neighbour nodes.
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in t h s node and the instant of impulse Rf generation.
The result of measurement obtained in the master node
is sent together with time information to the proper
slave node by means of arbitrary data transmission
system. In the ith slave node we have the following
results
(3.4)
TIm(n,i)= Ds-m(n,i) + Dm-s(n,i)
T7s(n,i)=[~m(n,i)-~m-s(n,i)]-~(n,i) (3.5)
where i=1,2,. .,K. Assuming that D,,(n,i)=D,,(n,i)
we
can write

A(n,i) = TIr(n,i)+ Tim (n,i)

2
where A(n,i)=T,(n,i)-T,(n,i)
is the time error
between reference impulse R and the reference impulse
Rf of the ith slave node.
We carry out the time correction and the frequency
synchronization in the same way as described in
section 2. Notice, that frequency synchronization of
oscillators can be done in the existing synchronization
circuits. The only change is the substitution of the
error signal in the control circuits by the new signal
A(n,i).
In Fig. 5 we see the potential scheme for the future
synchronization network based on time transfer
process which uses the echo method. The existing
G.812 clocks are supplied with the proper control
circuits devoted for time transfer. In this scheme a
master clock G. 8 12 is connected with K-1 slave nodal
clocks and with one G.812 slave clock by the same
optical fiber. Slave clock G.812 is a master clock for
the next G.812 clock from the lower synchronization
layer and for the next group of nodal clocks, e.g. SEC
clocks of the SDI-I system.

@ -synchronized network nodes supplied w t h 0.812 c l m k s
@

-synchronized sub-network nodes supplied wilh lawer quality clocks

Fig.5. Network synchronization structure based on echo
time transfer method.

The time error signal is accumulated in a relatively
short chain of G.812 clocks. The time distribution
process can be protected against failures in the same
way as in the existing synchronization networks. The
only t h n g needed is an optical fiber devoted only for
time transfer process between different clocks. This
limitation seems to be much more less important than
in the past. The tra£tic increase in telecommunication
networks can be served nowadays by the TDM and

WDM multiplication of channels in the existing
optical fibers.
4. CONCLUSIONS
In this paper two methods for time transfer in
telecommunication networks have been suggested. The
echo time transfer method used for a set of nodes
ordered respect to the distance to the master clock
seems to be the most adequate method for .future
applications in B-ISDN networks requiring high
quality timing and time signals. We think that
described solutions could be an interesting, hghquality and low-cost alternative to the usage of
GPSIGLONASS system for supplying time and
frequency for telecommunication networks.
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TV NETWORK SIGNAL AS A TEMPORARY SOURCE FOR
NAVIGATION
K. Kalliomaki, J,Mannermaa
Univ. of Oulu, Dept. of Electrical Eng., FIN-90570 Oulu, Finland

Most defense forces would like to have their operational systems as
independent as possible. One of the most important prerequisite to this is the selfcontrolled navigation. In times of peace many different ways to navigate, such as
OMEGA, LORAN-C / NELS, GPS and GLONASS are available, but non of they is
controlled by an ordinary military user. One possibility to built one's own navigation
system is to utilize the local TV network.
TV programs are distributed to all over the country. Using a special TV receiver
and good antenna, the same program can be recorded from three different fixed
stations.
The relative signal delays from different stations are measured and corrected by the
known link delays. Then the position can be calculated. The navigator must know the
positions of TV transmitter antennas but those can be stored in computer memory.
To start with, the navigator has to know their rough position with 50 to 100 krn
inaccuracy.
In Finland, TV synchronization pulses are locked to a rubidium standard and
separate TV programs are mutually synchronized to avoid loss of synchronization
when changing the channels. These make the construction of the navigation device
simpler. One problem is that there is more than just one possible link route to a
certain point, which makes the delay ambiguous. This problem, however, can be
solved.
We have monitored the signals of atomic standards, GPS, LORAN-C and the
Finnish TV network at Oulu University and VTTIAUT in Espoo for more than ten
years and so have gathered a lot data which is utilized in this study. The used
measurement system includes an ordinary TV receiver, a rubidium standard,
GPS, multiplexer, counter and a PC.
The accuracy of the navigation seems to be about 30 m yi.e. the same as with GPS.

Navigation using TV-synchronization pulses
Navigation utilizing radio signals requires three or four mutually synchronized waves
to calculate 2 -dimensional (2-D) or even 3-D position. Standard TV-system offers
those signals without any cost.. Of course, the accuracy will be better if more than 3signals are available. 3-D navigation is hardly possible because TV stations are
practically on the same surface as user. In Finland TV-signals are synchronized to a
master rubidium clock. Therefore simultaneous reception of available stations is not
needed, only one multiplexed receiver is enough. The delays between different signals
from TV-transmitters to user are calculated. Coarse position is obtained from frame
synchronization (20 ms, 6000 km unambiguousness) pulses and fine position from the
line (64 us, 19.2 km). In principle, the whole video signal can be used, too and the
correlation functions between the signals are calculated to find out the delays.

Field Strength as a function of distance
Typical TV-transmitter power (ERP) is about 30 kW and the corresponding range
around a station is about 50..100 km.( horizon). The signal (150 ...250 MHz) is
strongly damped behind the visual horizon (about 60..90 km) but the navigation range
can be reached up to 200 km due to narrow bandwidth reception. Field strength lower
than vision threshold is enough. Following picture indicates empirical measuring
results of field strengths of some domestic and foreign TV stations as a function of
distance.

Fig.1. Field strengths of Finnish and foreign TV stations as function of distance.
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An empirical model fitted to measured values is as follows:
Eq. 1 PA = 33 - 53 . log (slkm) dBm
where s is distance and PA power in antenna terminals.
This model is not accurate but helps to find the navigation range. Low values beyond
100 krn makes the construction of a special receiver inevitable

Availability of TV transmitters for navigation purposes.
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The map of the positions of the Finnish
TV-stations indicates that the average
distances between suitable TV stations
are from 80 to 200 km in Finland. The
worst case situation for navigation exits
when the navigation receiver is near one
transmitter, because the distances to
other two necessary transmitters is at the
maximum. Therefore availability analysis
is not difficult, random analysis is not
necessary. The situation seems to be
quite good in southern Finland up to

Antennas for navigation receiver
Unfortunately standard TV-antennas are quite large and have to be situated above
terrain obstacles, trees and houses etc.. In addition sharp directional characteristics in
vertical plane is not wanted in navigation but a vertically stratified antenna could be
used. Therefore a special antenna has to develop. Low gain ( 6..10 dB), erectile and
rotary antenna may be one solution.
Phase stability of TV-transmitters.
TV line and frame pulses are locked to rubidium master oscillator which means that
timing is not critical, the phase is stable as a function of time. The first problem is
varying link connections. There are many routes to transfer TV-pictures to distant
places (TX). Following table shows link delays and distribution observed at Oulu 600
km from TV-studio (Helsinki) during one month (February 1996).

Table 1 : Observed delays, their stability and probability of appearance

Link routes Observed Delay SD
ps
P
2499.670
0.029
Longest
2499.217
0.049
2227.357
0.036
Shortest
2153.622
0.050

Number of
observations
13
2521
194
1582

Percentage Delay
Differences
0.3
0
58.5
0.45
4.5
271.86
36.7
73.74

The second problem is varying program sources/studios. E.g. in Finland there are more
than 10 local studios. Fortunately all programs are first sent to main studio (Helsinki),
saved in digital memory and sent forward synchronized to master oscillator .
Fig. 2 Observed constancy times of delays
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Short term stability depends on signal to noise ratio. In good conditions 1 ns (0.3 m)
resolution in one second is possible. As an example the swing on the transmitter
antenna mast in windy conditions can be observed.
Empirical phase stability of a distant TV-signal (Lahti, 110 krn) was 94 ns when a
standard TV-receiver and time interval counter was used. During one second 15625
samples can be obtained lowering the noise below Ins after smoothing.

Receiver design principles
Due to low signal level the bandwidth of the receiver has to be low compared to
standard TV-set (around 5 MHz). In fact only 50 Hz frame-sync pulse and 15625 Hz
line frequency has to be captured. Because the phase of line synchronization pulse is
critical, several harmonics of it has to take into account. Therefore the bandwidth
before detector has to be around 300 kHz, which means 10 dB improvement to SIN
ratio. Assuming that one fix per second is good enough, an additional digital filtering

of line phase compared to local crystal oscillator phase decreases the phase noise by a
factor of 40 dB.
Phase jumps due to different link routes are more troublesome. Big jumps (> 10 ys)
are easily detected and corrected by data from a link route memory. Small jumps (< 1
ys) may be a real problem if the user is moving.

Conclusions
The measurement results and analyses show, that navigation utilizing TV-stations is
possible at least in south Finland. Stable link network and precision timing using
atomic time base facilitate the design of a corresponding navigation receiver. Small
phase jumps creating problems may be avoided during crisis conditions or a special
signal (text TV) can be added to TV-signal showing the link routes in use.
The accuracy seems to be about the same as with GPS. The receiver itself will be
quite clumsy due to large antenna. Therefore the use is limited to military purposes
only.
References:
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Results and Prospects of Radio Meteor Method of Time
Scale Comparison Application in Ukraine
B.L.Kashcheyev, Yu.A.Kova1
Kharkov State Technical University of Radioelectronics
B.I. Makarenko
Scientific-Research Institute of Radio Engineering Measurements
Since 1986 a high precision radio meteor comparison system for the
primary standards of Ukraine and Russia is operating. The system is
equipped with the instruments specimens of "Metca-6" type [I] developed in
Kharkov. The system items certification in
1988 and 1995 has confirmed high metroligical characteristics of the RMC.
At present, in accordance with Agreement on Collaboration bet- ween
states of the UIS in the common time and frequency support
(Bishkek, 9.10.1992), comparisons are being carried out regularly along the
route Kharkov-Moskow. Experimental comparisons were car- ried out along the
route Kiev-Moskow-Kharkov (1993) and reqular sessions were started along
the route Kiev-Kharkov. For the points of Ukraine (Kiev, Kharkov, Uzhgorod
and the Ground-based automated spacecraft control complex) a modernized
version of the apparatus ("Metca-6M")was developed.
The "convergence" of two points comparison results is in the limits of
5 ns and of the results in the triangle (for example,
Kiev-Kharkov-Moskow-Kiev) amounts to 3 ns, this testifies to a high
short-term stabihty of the equipment delays and the method potential.
A new generation of high-precise comparison radio meteor equipment
"Metca-11" with an error less than 10 ns is developed.
Introduction of this equipment can not only increase the effective- ness of
the operating system but also contribute to its structure extension. As the
analysis shows the distances from the sys- tem points to the leading
metrological centres of the countries- members of UIS and Europe do not
exceed the limiting ones for the
RMC. That is why the radio meteor comparison system extension does not
require the retransmission point organization.
References
1. Kashcheyev B.L., Dudnik B.S., Koval Yu.A., Semenov S.F.
Radio meteor complexes for synchronization of time and
frequencez standards with errors less than 10 ns / /
Izmeritelnaya Tekhnika, 1992.- N 12. - P. 31-32.
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PROSPECTS IN USING GLONASS SYSTEM FOR SYNCHRONIZATION
OF TIME SCALES WITH HIGH ACCURACY

V. Koutcherov, S. Pouchkin, E. Bykhanov, M. Lebedev

Gosstandart of Russia,
IMVP GP VNIIFTRI,
KNITS GLONASS

Information on Russian satellite navigation GLONASS system is presented in the paper. The
system forms an orbital constellation consisting of 24 spacecrafts spaced in three orbital
planes inolined in longitude at 120 degrees relative to each other. The spacecrafts orbit the
Earth at 64,8 degrees. The orbit hight is about 19600 km.Radionavigation field produced by
the system provides visibility of not less than 4 space vehicles on the earth surface. This
allows a user to determine his location, velocity and time with a high accuracy. Cesium
frequency standards with a diurnal instability of several parts in 1013 are on borad of the
spacecrafts.
Since 1989 the Main Metrological Center (MMC) (located at the IMVP GP VNIIFTRI) of the
State Time and Frequency Service of Russia transmits the National time scale, UTC (SU), to
the GLONASS control Center. The Main Metrological Center controls time signal
transmissions with GLONASS system and uses them for comparisons of the State primary
standard with secondary time and frequency standards of Russia.
Basing on investigation results for the last years a long-term stability of the GLONASS
system time scale is close to 1 x 10-l4for averaging time of 10 - 60 days.
The time difference between the system scale and UTC (SU) does not exceed 100-300 ns
(taking into account a transmitted correction, z, ).
At an early date some of the actions will be taken to close the system GLONASS scale to the
UTC scale.
Considering the peculiarities of formation of the GLONASS system:
- the absence of an intentional degradation in the transmitted data;
- more hign inclination of the spacecraft orbits (65 degrees in comparison with 55 degrees
in the GPS systems);
one can conclude that in some cases the accuracy of time scale synchronization with the
GLONASS signals will be 1,5 - 2 times higher than that using GPS signals.
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TESTING MOTOROLA ONCORE GPS RECEIVER FOR TIME METROLOGY
W. Lewandowski*, P. Moussay*, P. Guerin**,F. Meyera*, M. Vincent**
*Bureau International des Poids et Mesures, Sevres, France
**Observatoirede Besancon, Besancon, France

standard deviation of about 7 ns for sessions of up to
four days (Ref. 1).

Abstract
In the time-metrology community the GPS time
receivers most commonly used are CIA code, onechannel, one-frequency devices. They were developed in
the early 1980s and their high price, of about twenty
thousand dollars, has not changed. But with GPS now
fully operational, the market for GPS navigation
receivers is booming and one can purchase a multichannel, GPS pocket-sized receiver for only a few
hundred dollars. One of them, the Motorola Oncore 8channel, one-frequency receiver, is of special interest for
timing because it provides a 1 pps output. Preliminary
tests of zero baseline common views and 320 km
baseline common views between Observatoire de
Besancon and Bureau International des Poids et Mesures
with the BIPM international GPS common-view
schedule are described in this paper.
Keywords: GPS time receiver, time metrology.
LNTRODUCTION
At the Observatoire de Besan~on(OB) and the Bureau
International des Poids et Mesures (BIPM), Motorola
receivers are connected to local HP5071A caesium
clocks, each fitted with an external time intervallometer
and a microcomputer (Ref. 1). The set-ups at the
individual laboratories are shown in Figures 1 and 2. In
addition, at the BIPM, two one-channel 'classical' time
receivers, Sercel and AOA TTRS, connected to the same
clock as the Motorola were used in this exercise. At the
OB a Sercel receiver was used.
At the OB the first series of tests were carried out using
two co-located XT Motorola receivers. The objective of
the tests was to verify that a low-cost device of this kind
could be used for the synchronization of the Auger
Observatory, a cosmic ray project designed to observe
ultra high energy particles. The time offset between the
1 pps signal from the receiver and the corresponding
signal from a HP5071A caesium clock was measured.
Data were acquired every second (the Auger application
requires this) for each receiver. No schedule was used
for this series of tests. Sessions were performed using
the highest satellite in view. Scanning of the
constellation was repeated every 10 minutes. Differences
between the two receivers at 1 second intervals show a

Figure 1. Experimental set-up at the Observatoire de
Besan~on.
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Figure 2. Experimental set-up at the BIPM.

Next, at the BIPM and the OB, tests of Motorola
receivers were carried out under conditions as close as
possible to those which obtain during GPS commonview clock comparisons for the generation of
International Atomic Time (TAI). The one-second
observations were statistically treated following a
standard procedure (Ref. 2) using tracks which have a
duration of thirteen minutes. However, all corrections
added to the pseudo-range measurements were provided
by the Motorola receiver software. It is not yet known if
this software uses standard formulae and constants. This
will be verified in coming tests and, most probably,
software which includes standards for time metrology
will be developed. For this test one-channel 'classical'
Sercel time receiver and one of the eight channels of the
VP Motorola receiver were programmed with BIPM
international GPS common-view schedules Nos 27 and
28, each of 48 daily tracks. On 17 February 1997 the
Sercel and Motorola receivers, on both sites, were
programmed with an additional 41 tracks to allow
permanent 24 hours tracking. The TTR5 receiver
continued to observe the 48 tracks, as it is limited to this
number by its software. Differential antenna coordinates
for the receivers are known with an uncertainty of a few
centimetres on each site, and an uncertainty of about 30
cm between the two sites.
ZERO BASELINE COMMON-VIEW RESULTS
Having thirteen-minute tracks in standard format for the
Motorola receivers allowed a rigorous on-site, zero
baseline, comparison in common-view with 'classical'
GPS time-transfer receivers. Differences between the
Motorolas and the Sercels at the BIPM and the OB, and
standard deviations of individual 13-min common-view
difference are shown on Figure 3. For reference, a
comparison of two 'classical' GPS time receivers at the
BIPM, a TTR5 and a Sercel, is reported on the same
figure. It should be noted that Sercel antenna was
protected by a temperature-stabilized oven, what
significantly reduced its noise (Ref. 1). The noise
exhibited by the time series of Figure 3 were analysed
using a modified Allan variance. The series exhibit
white phase noise up to an averaging interval of about
twelve days.
It should be noted that the OB laboratory heating is
turned off during weekends. This may explain why the
OB Motorola receiver depart from the Sercel for these
periods, Figure 3. It was already known that the
response of some Motorola receivers depends strongly
on temperature (Ref. 3). For this reason the BIPM
receivers are located in an air-conditioned room.
In contrast comparison of Motorola and Sercel receivers
at the BIPM, although showing better stability than that
at the OB, exhibited more noise, Figure 3. This can be
explained by the fact that Motorola antenna at the BIPM
is covered by an oven, which diminishes the GPS signal
level. This calls for further investigation. Unfortunately,

the conditions under which the Motorola antenna is
placed in the oven are such that the antenna cannot be
considered to be temperature protected.
At the BIPM a procedure to remove constant biases
between observations in different directions of the sky is
used operationally for the treatment of GPS data. This
makes it possible to determine if the measurements are
afYecled by systematic diurnal variations. On Figure 4
we report comparisons of Figure 3 after removal of the
biases; lower noise for the comparisons of Motorolas
receivers with Sercels receivers being due, perhaps, to
the use of non-standard software.
320 km BASELINE RESULTS

Figures 6 to 13 show precision determinations of GPS
common-view time comparisons between clocks at the
BIPM and the OB using Motorola and Sercel receivers.
The interval covered is about one month. We have
chosen to express the precision of a single 13-minute
GPS common-view measurement in terms of the root
mean square (rms) of the differences between raw and
smoothed values. Vondrak smoothing (Ref. 41, which
acts as a low-pass filter with cut-off periods ranging of
about 1 day, was performed on the raw GPS commonview values. 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. This was determined by computation of
modified Allan variance for the time series of Figures 6,
8, 10 and 12.
Atomic clocks at the BIPM and the OB were compared
in terms of four time links: Motorola receivers at both
sites, Sercel receivers at both sites, a Motorola receiver
at the BIPM and a Sercel receiver at the OB, a Sercel
receiver at the BIPM and a Motorola receiver at the OB.
For each of the four time links we provide smoothing of
raw data, and smoothing of data after the removal of the
biases. After removal of the biases time links between
Sercel receivers have a rms difference of 2,l ns, and
those between Motorola receivers a rms difference of 3,l
ns. This is an excellent result for the Motorola receivers
as 'classical' receivers used for GPS common-view links
show differences ranging from 1,7 ns rms to 3,5 ns rms,
for distances up to 1000 km. For time links with
'crossed' receivers, Figures 10 to 13, we note that the
one involving the BIPM Motorola receiver is noisier
than the one involving the OB Motorola receiver. This
confirms the results of the zero-baseline comparisons
which indicate that the BIPM Motorola receiver is
slightly noisier.
In Table 1 we compare time links using the Sercel and
Motorola receivers. There is a constant shift of 445 ns
between the two, certainly due to the use of uncalibrated
Sercel and Motorola equipment. When the constant shift
is removed, the values obtained agree to within a few

nanoseconds. Some of the remaining discrepancy can be
explained by the instability of the OB Motorola receiver
when subject to temperature variations. The result,
however, remains within the performance of 'classical'
time receivers.
CONCLUSIONS

REFERENCES
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Receiver and Temperature Protected Antennas for
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Tests of the GPS Motorola receiver reported in this
paper demonstrate the metrological quality of this device
and confirm the results of earlier work (Ref. 5).
For metrological work it is a major advantage to
operate the receiver with an external time
intervallometer and a PC computer. This permits better
control of the GPS time measurement ensemble.
Development of software with standard formulae and
constants is essential.
Further investigation of short term and long term
behaviour of the Motorola receiver is required. This
should focus on the temperature dependence of the
antenna and the receiver itself.
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TEMPERATURE-PROTECTEDANTENNAS
FOR SATELLITE TIME TRANSFER RECEIVERS
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Abstract
The dependence of GPS time equipment on external
temperature can be removed by enclosing the antennas
in stabilized-temperature ovens. A detailed description
of such ovens. is provided. The phenomenon is
illustrated by examples of temperature-correlated results.
The improvement brought about by use of temperaturecontrolled antennas is described.
INTRODUCTION
During the last decade the performance of GPS
common-view time transfer has improved by one order
of magnitude through the use of high-accuracy groundantenna
coordinates,
post-processed
precise
ephemerides, and double-frequency ionospheric
measurements. In good cases the uncertainty of this time
transfer can approach 2 ns, but further progress is
limited by the performance of receiver hardware. It is
now well documented, and generally admitted, that GPS
time equipment is sensitive to external temperature (Ref.
1). The variation is typically of about 0,2 nsI0 C and can
approach 2 nsI0C for some types of receiver. Even for
the lower value, the delay change can be the dominant
contribution to the noise of time transfer by commonview for periods of several days over short baselines of
several hundred kilometres. The higher value results in
a diurnal effect of about 20 ns and a seasonal effect of
several tens of nanoseconds. This makes it the
dominant contributor to the noise of common-view time
transfer even for intercontinental baselines. We illustrate
this phenomenon for GPS equipment with results
recorded during a recent calibration of a GPS reference
receiver at the USNO covering a period of 11 months,
Figure 1. For GLONASS, we report a comparison of two
GLONASS time receivers recorded at the BIPM over a
period of 10 months, Figure 3. It can be seen that the
GPS and GLONASS receivers have similar behaviour,
both over periods of several days and over the full period
of the comparison. Short periods are characterized by a
correlation with external temperature, Figures 2 and 4.
A rough estimate of the correlation coefficient is 0,2
nsI0C for both GPS and GLONASS. No seasonal effect
is evident.

The sensitivity to external temperature, suggests an
effect linked to those parts of the time equipment located
in the open-air, that is to the antenna and its cable. The
receiver itself is usually located in an air-conditioned
room. For several years different hypotheses were
considered to explain the temperature dependence of
timing equipment. All linked the problem to the
electronics of the antenna, but none were verified.
Experiments showed that the changes were not due to
the changes in the antenna cable (Ref. 2), however the
length and material of the cables are important and must
be considered.
TEMPERATURE-PROTECTED ANTENNAS
As no practical way was found to resolve the problem
electronically, another approach was suggested (Ref. 3):
the antenna should be protected by an oven with a
stabilized temperature. The primary objective of the
antenna temperature stabilization process is to maintain
the critical components at some constant temperature.
The exact temperature is not critical, but the lower the
better since higher temperatures have a negative impact
on both the preamplifier Noise Figure and the overall
reliability of the entire assembly. This desire to choose a
low set point temperature for the amplifier is
complicated by the need to use a set point that is higher
than the highest anticipated temperature from the sun
plus self heating. The sun's radiation can easily raise the
temperature by 17"C, so that operation at 50°C would
require a set point well in excess of 67°C.
Self heating is a more complex variable being dependent
on both the internal heat dissipation in the preamplifier
electronics and the amount of thermal insulation
between the preamplifier assembly and the outside
world. Extensive use of high quality insulating materials
would provide excellent insulation from outside thermal
fluctuations, but would result in a high temperature rise
due to self-heating from the internal preamplifier.
Minimal insulation would minimize self-heating effects
but would make the unit susceptible to rapid ambient
temperature changes due to such elements as shifting
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shadows, wind gusts, thunder showers ... Minimal
insulation would call for a high-power electric heating
system to handle low ambient temperatures during the
winter months.

The preamplifier assembly is maintained at the
relatively mild temperature of 40,S°C. This assembly is
surrounded by minimal amounts of insulation and
enclosed by a outer chamber which is maintained at a
maximum temperature of 27°C. This outer chamber is
heavily insulated so that it is thermally isolated from the
external ambient air. When ambient temperatures rise
above approximately 21°C, this chamber is cooled by
use of a Thermo-Electric Cooler (TEC) which pumps
the heat to an exterior heat sink without the use of
moving parts. As ambient temperatures drop below
21°C the cooling is not required, the TEC is turned off
and the chamber temperature is allowed to drop along
with the ambient. As ambient temperatures drop
further, various thermostats engage heating systems to
prevent the chamber temperature from dropping below
approximately 7°C.

-

At the BIPM two ovens were built, both being simple
chambers with stabilized temperature. Detailed
descriptions of these ovens are in Figures 5 and 6. The
temperature of the oven used at the BIPM was set at
38°C. This is the highest temperature recorded at
Sbvres, which implies that only heating is required:
cooling systems are much more complicated to build in a
laboratory.
The 3 s Temperature Stabilized Antenna model TSA100, shown in Figure 7, solves the temperature problem
with a dual chamber design.

-

The temperatures of the inner chamber, containing the
preamplifier, and of the outer chamber which surrounds
it, are both transmitted to the PID controllers in the
TCU down a remote control cable via proportional
currents derived from RTD temperature sensors. The
operating or process temperatures appear on the PID
controllers with red LED displays. The set points for
these controllers appear in green LEDs. The set points
are set at the factory but can be varied within certain
bounds to perform various temperature related
experiments from the convenience of the laboratory.
RESULTS

Figure 5. Two ovens built at the BIPM.
The low end temperature control of the outer chamber
does not need to be precise. The first level of
temperature control occurs as the ambient air
temperature approaches 10°C at which point a
thermostatic switch applies a reverse current to the TEC
which reverses the direction of heat flow and pumps
heat into the outer chamber from the outside heat sink.
As the outside ambient temperature drops to the point at
which reverse heat point action can no longer maintain
the outer chamber above 10°C, a second thermostatic
switch engages heaters attached to the walls of the outer
chamber. These heaters, with the aid of the heavy
insulating layer, can easily maintain the outer chamber
temperature at this level for external ambient
temperatures down to -23°C.
The net result is an inner chamber with embedded
heaters that operates with minimal insulation at a
temperature approximately 14OC above that of the outer
chamber. The outer chamber is heavily insulated: it is
cooled at higher ambient temperatures and heated at
lower ones. Control for both chambers is remotely
maintained by Proportional-Integral-Derivative (PID)
controllers located in the indoorllaboratory Temperature
Control Unit (TCU).

Initial observations show that temperature stabilization
of the antenna assembly reduces or even eliminates the
diurnal delay variation. It is thought that the observed
stabilization results from control of the temperature of
the filters and amplifiers rather than of the antenna
element itself. To demonstrate this two GPS time
receivers, AOA TTRS and AOA TTR6, connected to the
same clock were compared in common-view using the
standard BIPM international schedule. The receiver
antennas are separated by a few metres and their
differential coordinates are known with an uncertainty of
several centimetres. Smoothing with a cut-off period of
about 1 day was applied to raw data in order to identify
receiver delay variations caused by daily temperature
changes. In Figure 8 we show a comparison of the two
receivers covering a period of about 1 month when the
antennas were not protected. There is a clear correlation
with external temperature. Figure 9 shows a similar
comparison for 1 month when the AOA TTR6 antenna
was protected by a BIPM oven. The temperature
dependence is greatly reduced. The AOA TTRS antenna
was not protected by an oven, but this type of antenna is
known to have very small temperature dependence.
The initial test results for the 3s Navigation TSA-100
antenna are shown in Figures 10 and 11. The test setup
consists of two separate R-100140 GPSIGLONASS
receivers, using TSA-100 antennas separated by 2
metres. The observation site was at Laguna Hills,
California. The two receivers are attached to a common
frequency reference and clock, but are otherwise
operated independently, in common view mode. The raw
differences in 13-minute L 1. wide-band GLONASS
common tracks over two days are shown in Figure 10.
This is the difference in time reference measurements
between the two receivers, with a constant time bias
subtracted from the difference. Almost all observations
fall within +I-5 ns of the average and the diurnal
variation, seen with non-temperature controlled
antennas is not present.
The transmission frequency of the L1 GLONASS
signals is 1602 MHz + 9k/16 MHz where k is 1 to 24. It
is expected that there will be a constant calibration delay
which depends upon the GLONASS frequency. When
these frequency dependent constants are removed, the

Figure 6. GPS and GLONASS antennas at the BIPM. Two GPS antennas are covered by ovens.

Figure 7. The TSA-100, the 3 s Temperature Stabilized GPSIGLONASSIWAAS L1+ L2 Antenna System.

two day common view differences are as shown in
Figure 11. This shows that the range of 13-minute
common view results is now about +I- 2 ns and that any
remaining diurnal delay variation must be in the subnanosecond level.

CONCLUSION

The development of a built-in time calibration system
for time receivers is a challenge for the timing
community. Such a solution is that best adapted to
resolve current difficulties with the delay stability of
GPS and GLONASS time equipment.
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This study shows that GPS, GLONASS and
GPSIGLONASS antenna electronics and outdoor in-line
amplifiers should be temperature stabilized when they
are used for precision time applications.
The use of temperature-stabilized enclosures should
improve not only common-view time transfer and time
dissemination, but also frequency comparison by phase
measurements.

-

Fimre 8. [BIPM HP5071A - GPS timeITm5 [BIPM HP5071A - GPS timeIm6 for individual 13-minute common-view
tracks, with TTR5 and TTR6 antennae no-protected by ovens, and external temperature at the BIPM.
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GPS TIME TRANSFER USING GEODETIC RECEIVERS:
MIDDLE-TERM STABILITY AND TEMPERATURE DEPENDENCE
OF THE SIGNAL DELAYS
F. Overney, Th. Schildknecht, G. Beutler
Astronomical Institue, University of Berne

L. Prost, U. Feller
Swiss Federal Office of Metrology

1. ABSTRACT
It has already been shown that time transfer
with a theoretical accuracy of some 10 ps can
be achieved by using the tools developed in the
field of geodesy (geodetic GPS receivers and
data processing in interferometric mode) [5].
In order to reach the required sub-nanosecond
accuracy, it is necessary to know the delay in
the GPS signal path from antenna to the receiver and the associated temperature dependence.
After a short description of the time transfer
system, we will give a synthesis of the results
from earlier experiments and a new experiment
yielding the temperature and humidity dependence of the signal delay. In this study, the
dependence of the signal path from ambient
conditions is determined for each part of the'
signal path: antenna, cable, electronics and GPS
receiver.
In addition, the results of stability measurements for a short base line (6 m) over a period
of 12 days will be presented.

Keywords: time transfer, GPS receiver, temperature dependence, GeTT.
2.

INTRODUCTION

In parallel with the increasing quality of
atomic frequency standards it is necessary to
improve the methods to compare them.
One possibility is the use of the Global
Positioning System (GPS) for transferring time
between two remote clocks.
The classical approach is the so-called
"Common-View" method (CV) [I]. However, this
method does not exploit the full capacity of
GPS signal processing and thus the accuracy in
the time comparison is limited to few nanoseconds.
In order to improve the accuracy of GPS time
transfer to below the sub-nanosecond level it
was suggested to use a geodetic approach [2,31.

We developed a new Geodetic Time Transfer
(GeTT) method that uses geodetic GPS receivers
(which can use all GPS observables) and a interferometric data processing method adapted
from geodetic technique.
In order to reach the required sub-nanosecond
accuracy, it is not only necessary to know the
delay in the GPS signal path from the antenna
to the receiver but also the effect of variation
of local parameters like the temperature.
The purpose of this paper is to make a synthesis of the results from earlier experiments and
new experiments yielding the temperature dependence of the signal delay through the antenna, antenna cable and the GPS receiver.
We also give some results about the stability
and the accuracy of GeTT.
3. DESCRIPTION OF STATIONS

Two prototype GeTT terminals were built in
19" mobile racks [4]. Figure 1 shows the
schematic of one terminal. We can discern two
types of components: Firstly, the components
involved in the GPS signal acquisition like the
antenna, the antenna cable and the receiver box
that contains a modified geodetic GPS receiver
and two electronic boards. The latter contain
the PPS signal distribution (PPS fan out) and a
5 to 20 MHz multiplier. Secondly we find
auxiliary components used for delay measurement and data transfer. These components are a
Time Interval Counter (SR620) and a PC.
The signalldata flow in Figure 1 begins on the
top and goes down to the bottom. The receiver
box has three input connectors and three output connectors. One input for the antenna cable
that receives GPS signals from the antenna and
two clock synchronisation inputs (5 MHz and 1
PPS) used to synchronise the GPS receiver with
the station reference clock. The outputs are
firstly used to download data from the GPS receiver to the PC (through an RS232 link) and
secondly to measure the time interval between
the PPS from the fan out board and from the
GPS receiver. This measurement gives some in-

formation about the PPS delay through the GPS
receiver.
antenna ( d l )
antenna c a b l e ( d 2 )

] :5-71

;:q-~

station clock

receiver box (d3)

Figure 1: Schematic of a time transfer terminal
The data downloaded from the GPS receiver are
sent to a central computer (once per day) where
they are processed (together with data from the
second terminal) to obtain the time (and frequency) differences between the station clocks
driving the terminals.
Each part of the local signal path introduces a
delay (dl to d3) which must be considered in
the final reduction of the time transfer. In fact,
it is the difference between these delays from
each terminal which is critical.
In the next section we study the variation of
these delays with the temperature.

4. TEMPERATURE DEPENDENCE
The dominant parameter that influences local
delays is the temperature. We tried to evaluate
this dependence and its contribution to the final error budget.
4.1
Antenna
We have not yet conducted a new experiment to
measure the temperature dependence of the
delay through the antenna (and its amplifier).
However, some measurements made by the

manufacturer (Ashtech, Sunnyvale, CA) show a
decrease of the delay with increasing temperature between -20°C and 40°C. The magnitude of
this dependence is less than -0.04 nsI0C.
Another estimate of this dependence was done
for an Allen Osborne antenna [6] and gives a
magnitude of 0.1 nsI0C. Despite the difference
between these two estimates, we can expect that
our two Ashtech antennas show the same temperature dependence. As we will indeed see in
section 5.1, no outdoor temperature correlation
has been observed when two antennas were exposed to the same temperature variation.
For a longer base line the two antennas will not
be exposed to the same temperature variations
and we will have to know exactly the thermal
coefficients. So, more investigations about the
antenna temperature dependence will be necessary.
4.2 Antenna Cable
To determine the antenna cable (type RG213lU)
temperature dependence we made a GeTT experiment between two terminals (TT1 and TT2)
placed side by side and driven by the same
station clock. We also used the same antenna
for both terminals but in one case a 20 m long
part of the antenna cable was placed in a thermal box that can be stabilised in temperature T
and relative humidity rH.
We had also measured the temperature dependence of RG58 and RG316 cables but for those
we measured the transmission delay of 5 MHz
square pulses.
RC2 13 cable temperature

Time

Figure 2: Clock difference computed from Ll
and L2 carrier phase measurements by Gel'T
(with I antenna and 1 station clock for both
terminals)
Figure 2 shows the variation of the clock difference computed from the L1 and L2 carrier
phases measurements by the GeTT method.

There is, of course, an arbitrary offset due to
the initial phase ambiguity.
After each temperature step, the clock differences (computed from L1 and L2 measurements) are settled to a new value. Both frequencies show the same temperature dependence. The stabilisation is an exponential process and we can calculate a time constant .r that
is about 10 minutes. The delay through the
cable decreases if the temperature increase. To
explain this decrease of the delay we must not
only take into account the lengthening of the
cable (that ,increases the delay), but also the
variation of the dielectric constant c r of the
cable (PE for RG213).

- O cable RG316
+cable

--

-20

0

RG2 1 3

20

40

60

For RG213 cable we have also measured the dependence of the delay with respect to the relative humidity rH. We have put a 20 m cable in
water. No significant variation of the delay was
measured for 30 days.
4.3 Receiver box
The receiver box is composed of two electronic
boards (frequency multiplier and 1 PPS fan
out] and a GPS receiver.
The temperature dependence of the electronic
boards is linear between 20°C and 50°C. The
temperature coefficients are 26 psI0C and
14 psI0C for the frequency multiplier and the
1 PPS fan out, respectively .
To measure the temperature dependence of the
GPS receiver, we made a GeTT between two
terminals with the same set up as described in
section 4.2 but with one GPS receiver placed in
a thermal box.
Figure 4 shows the variation of the clock difference, computed for the code P1 and the
phase L1, when the temperature of the GPS receiver (receiver #2) is increased from 20°C to
50°C.

80

Cable temperature rC]

Figure 3: Variation of the signal transmission
delay through a cable (RG213 and RG316) with
respect to the temperature

: : : : :

Phase L1

-3.2

Figure 3 shows the variation of the delay with
respect to the temperature for a RG213 cable
(measured by GeTT) and for a RG316 cable
(transmission delay of 5 MHz pulse).
Again, we must consider the effect of the dielectric constant to explain the difference between these two dependencies. The dielectric
used in the RG213 cable is polyethylene (PE)
whereas for the RG316 cable is polytetrafluorethylene (PTFE). For a RG58 cable that uses
PE dielectric material, we obtain the same temperature dependence as for RG213.
For the antenna cable (RG213) that is exposed
to the largest temperature variation, we obtain
a linear temperature dependence between
-20°C and 40°C with a slope of -0.42 ps/"CIm.
Above 40°C, the delay decreases more strongly
(-1.38 ps/"C/m).
For the RG316 cable, we have no temperature
dependence for temperatures above 20°C and
below 0°C but there is a step of about 11 pslm
between 0°C and 20°C.

-3.4
WOO

MOO

08:OO

12:OO

16:oO

20:OO

Time

Figure 4: Clock diflerence computed by G e m
for code P1 and phase Ll
After each temperature step, the clock difference stabilises at a new value by an exponential process with a time constant of about
15 min. The clock difference computed with
the code decreases if the temperature increases
while it is the opposite for the phase. The code
P2 and the phase L2 show the same dependence.
It was interesting to know if the second GPS receiver of same type (Ashtech Z-XI1 modified)
would behave similarly. Therefore we repeated
this measurement with the GPS receiver #I in
the thermal box. Results for both GPS receivers
computed for both codes (PI and P2) and both
phases (L1 and L2) are given in Figure 5.
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clock (Cs clock) on a very short base line of
6 m.
The clock difference computed for the code P1
and the phase L1 through a period of 12 days
are shown in Figure 6.
Although we use the same clock signals for
both terminals, an offset of 15.8 ns appears for
the code PI: The corresponding offset for P2 is
only 7.2 ns. These offsets are the res.ult of
different internal delays in both GPS receivers.
They are not a problem as long as they remain
constant. However, they must be taken into account in the final clock difference computation. The standard deviation is about 0.53 ns.
For the phase L1 (that is affected by an arbitrary offset, the phase ambiguity) the standard
deviation is only 0.017 ns. We can also identify a periodic variation that appears only for
the working days (from Monday to Friday, day
of year 344 was a Monday). These variations
can be explain by the fact that one receiver box
was not temperature stabilised and thus sensible to variations of the room temperature. We
do not find these variations for Saturday and
Sunday when nobody was in the room. If we
compute the standard deviation for days of the
weekend we obtain a value below 10 ps that we
expected [51.

Figure 5: Temperature dependence of two GPS
receivers (Ashtech Z-XI1 modified): a ) for
phase Ll and L2, b) for code PI and P2
For receiver #2 the dependence is nearly linear for either code or phase. We obtain a thermal coefficient of about 0.022 nsI0C for the
phase and -0.14 nsI0C for the code.
Furthermore these coefficients are nearly frequency independent (almost same coefficient
for L1 and L2 or P1 and P2). However, for receiver #1 we find a non-linear dependence for
all observables, except for P2 (where the thermal coefficient is about -0.21 nsI0C) and a
strong frequency dependence. Thus two GPS receivers of the same type do not necessarily
have the same temperature dependence and the
thermal coefficient can reach -0.21 nsI0C for
the code.
It is therefore necessary to keep the temperature of the receiver box stable.

5. MIDDLE-TERM STABILITY OF GeTT
To verify the stability of the GeTT method we
made a time transfer between our two terminals
placed side by side, driven by the same station
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Figure 6: Clock difference between two terminals driven by the same station clock and for a
base line of 6 m.
Since we found no correlation with the outdoor
temperature we can conclude that either the
temperature coefficients of the antennas are
below that expected value of - 0.04 nsI0C or
both antennas have an identical temperature
dependence.
Figure 7 shows the Allan deviation [8] oy calculated from the code P1 and the phase L1 of
the figure 6.

are Dresent when two terminals are driven by
the same clock signals.
The next steps within this study will be a time
transfer on a larger base line (5 km and more)
and a comparison of the method with other
techniques (common-view, TWSTFT, ...).
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ABSTRACT
2.1 Principle of operation
At the Technical University Graz (TUG) there are two
earth stations for two-way time and frequency transfer
(TWSTFT) using geostationary communication satellites available, both equipped with a delay monitoring
system. The hardware implementation is described and
the facilities offered by these two co-located earth stations are demonstrated. Maximum delay variations in
normal operation and some signal dependencies on operational parameter variations are reported.
Keywords: Two-way satellite time and frequency transfer (TWSTFT), satellite earth station.

1. INTRODUCTION
A two-way measuring system mainly consists of a satellite earth station (EIS), a modem and counter, and in
most cases distribution amplifiers providing frequency
and one pulses per second (lpps) of the local time scale.
The knowledge of the signal delay, in particular, the differential E/S delay (transmit minus receive path) and of
the relation of the lpps transmitted by the modem to the
local time scale is essential for the uncertainty of the
TWSTFT method. The differential E/S delay can be
determined comparing the earth station with a calibrating station at the same location and referred to the same
time reference. In most cases the relation of the transmitted lpps to the local time scale can be measured by
means of a time interval counter using long cables.
Common to both measurements is the fact that they are
snapshots at a certain time, that cannot detect delay
changes due to long term effects such as environmental
effects and aging. Therefore a permanent delay monitoring should be performed, whose results - applied to
the time transfer measurements - improve the accuracy
of this method.

2. MEASUREMENT SET-UP
At the TUG there are two TWSTFT systems available,
both systems can be operated in a fully automated way.
In addition to the delay monitoring, various signals are
measured to study the behavior of parts of the system.
The setup of two systems improves the reliability using
the same components and employing the same operational parameters, and makes it possible to evaluate the
stability in a common clock mode.

Fig. 1 shows a block diagram of the two earth stations
with its interconnection possibilities.
The 1pps and frequency distribution amplifiers provide
signals which are phase coherent to UTC(TUG). The
modem generates an internal lpps (IPPSTX), which is
derived from the frequency but synchronized to an external lpps and modulated onto the stations intermediate
frequency (IF), which is usually at 70 MHz. The TX
signal is adjusted to appropriate power level and frequency by means of the IF unit, up-converted to RF frequency, amplified, and finally transmitted to the satellite. The RF signal received from the satellite is arnplified and down-converted to the IF, again adjusted in
power and frequency to match the requirements of the
RX input of the modem. In a two-way time transfer, the
time difference between the lPPSREF and the demodulated lPPSRX representing the transmitted lPPSTX of
the second laboratory can be measured by means of a
time interval counter.
In order to check the performance of the equipment
switches are installed connecting the transmit part directly with the receive one at various stages beginning
with the modem up to the satellite simulator. The test
loop of the modem, a part of the modem itself, gives the
sum of the transmit and receive delay of the modem.
The indoor loop (ID loop) includes the IF unit. The outdoor loop (OD loop) adds the cables. The loop via the
satellite simulator covers the VSAT too. If the modulated signal generated by the modem passes the transfer
switch (X switch) directly to the satellite simulator and
the 70 MHz signal provided by the PLO is transmitted
on the VSAT, then the loop includes the receive part of
the earth station and the cables to the satellite simulator.
Thus, on some assumptions, the differential E/S delay
can be calculated (Ref. 1). A synthesizer provides the
satellite simulator with a local oscillator (LO) signal,
whose frequency corresponds to the translation frequency fT of the satellite (receive minus transmit frequency) minus 70 MHz.
The last accessible lpps related to the local time scale is
the lPPSTX of the modem, which has to be measured to
get the transmit epoch of the signal. A multiplexer channels the signals to the stop input of the counter in order
to perform time interval measurements and to check the
frequencies of the LOs and the performance of the
counter itself measuring the delay of a cable.

10MHz

START

CLOCK
UTC(TUG)

STOP

--------I

1 I-

GENERATOR
TWSTFT SYSTEM 2

1

Figure 1: Measurement set-up

The spectrum analyzer (SA) is used to monitor the
spectrum, in particular, the carrier to noise density ratio
and the variation of the noise level.

20 ms. The use of the European time code (Ref. 2) guarantees an exact time tagging of the data.
2.3 Earth station arrangement

2.2 Automation
The devices linked with dashed lines in Fig. 1 are connected to the PC employing RS-232, RS-485 and IEC488 interfaces. For some devices it was necessary to develop special interfaces capable to communicate with
the serial port of a PC. The in-house made control
equipment was realized by means of a microcontroller
and programmable logic devices (EPLDs). The software, running under DOS, allows unattended operation.
It consists of two modules, one to configure the tasks of
the measurement program and the measurement schedule, stored on the hard disk, and the other one to execute
the measurements and to control the system in a quasi
real time multitasking mode with a time slicing of

Both VSATs are located side by side on the roof of the
laboratory. All the cables are ending in a commonly
used cabinet suitable to place the E/S switch and the
connector matrix. This arrangement provides two main
modes of operation:
1. Independent operation of both earth stations.
2. Mixed operation of the indoor equipment of system 1 and the outdoor equipment of system 2. IF the
cables are connected according the dashed lines in
the connector matrix of Fig. 1 then the IF signals can
be routed to the VSAT 2 and the 70 MHz signal to
the satellite simulator by means of the remote con-

trolled E/S switch. The fT-70 MHz signal can be
supplied either by means of a power divider (PD)
from VSAT 1 or by a separate synthesizer. To get
access on the control lines, they can to be switched
too.
For test purposes it is possible to connect both pieces of
indoor equipment by means of the connector matrix as
well as to operate the indoor equipment of system 2 with
the outdoor equipment of system 1.

3. SYSTEM COMPONENTS
Both TWSTFT systems - set up according to the design
considerations given in Ref. 3 - are equipped with a delay monitoring system using satellite simulators of the
de Jong type (Refs. 4,5). One system is designed for
stationary use only, the second one for stationary use
and/or calibration purposes consisting of few transportable pre-assembled pieces.

3.3 IF unit
Both VSATs provide frequency agility in steps of
1 MHz only and the IF of the MITREX modem is fixed
to 70 MHz. The allocated frequencies on satellites may
be assigned on a 22.5 kHz grid and additionally the receive frequency may change by some kHz up to about
+50 kHz due to the deviation of the transponder translation.frequency from its nominal value (Ref. 3). To solve
this problem at the TUG an IF unit was developed, interfacing the modem to the VSAT. The purpose of the IF
unit is the adaptation of the signal power and frequency
provided by the modem to the requirements of the

RX ATTENUATOR

3.1 lpps and freauencv distribution
R

For the TWSTFT system exclusively in-house made
distribution amplifiers are used. Ground loops are
avoided by means of RF transformers. As a result of
permanent checks, some upgrades of the frequency distribution were carried out in the past. This work is still
in progress.
3.2 Counter and modems
The time interval counter currently in use is the model
SR620 from Stanford Research Systems, Inc. with an
ovenized VCXO. Using an external frequency source
the specified resolution is typically 25 ps but actually
performing better, the accuracy k500 ps for absolute and
+50 ps for relative measurements, respectivery.
For the modem (MITREX 2500) a separate synchronization unit is used because dependencies of the synchronisation (IPPSTX of the modem referred to an external lpps) on signal level and puls width were observed with the built in one. A remote controlled module, also imitating the front panel features of the modem,
was developed to integrate the modem into the automated measuring system. This was easily accomplished
routing the signals from the control board mounted on
the rear site of the front panel to the TX and RX assembly through the external control unit, replacing the top
cover of the modem.
The TWSTFT system 2 is designed to operate with a
SATRE modem, at the present under test, which offers
frequency agility and signal level adjustment and further
features such as selectable digital filters in the transmit
part, additional codes with higher chip rates, data transfer capabilities, a built-in time interval counter and of
course remote control.

Figure 2a: IF unit of TWSTFT system 1

RX ATTENUATOR

MONITOR
TX ATTENUATOR
0...50dB

Figure 2b: IF unit of TWSTFT system 2

VSAT and subsequently the satellite and vice versa.
Additionally it provides access to the IF signals during
operation to monitor signal level, frequency and carrier
to noise density ratio. The frequency conversion module
- indicated by the dashed lines in Fig. 2a - is omitted in
the IF unit of system 2 because it is designed to operate
with modems providing this capability (Fig. 2b). There
is one VHF switch installed that deliberately can only be
activated by hand to turn on and off the transmitted signal independent from the current status of the program
controlling the system.
3.4 VHF Switches
The VHF switches have to be suitable to operate with
frequencies up to at least 70 MHz (IF signals) and are
designed for 50 Q termination. There are two types in
use, commercial available coax relays for signal power
up to 0.3 W with a specified frequency range from DC
to 500 MHz, an isolation of 65 dB and an insertion loss
of less than 0.5 dB. The second ones are in-house made
switches (loop switch, transfer switch and multiplexer)
with an isolation of at least 40 dB measured at 100 MHz
and an insertion loss of less than 0.5 dB. The loop
switches contain attenuators to match the power to that
one usually received from the satellite at the appropriate
location. To avoid mismatch on the connected coax cables all non routed inputs and outputs are terminated
with 50 Q.

sealing tapes and individually formed aluminium metal
sheets.
Apart from the antenna mount and the antenna itself, the
entire outdoor equipment of VSAT 2 is partitioned in
two parts. The first one, consisting of the feed boom
with pre-assembled feed, HPA, LNC, satellite simulator
and all the cables belonging to it, can be stored in a
wooden box for transport purposes. The power supply
and driver unit of the ASAT 1214, the fT-70 MHz LO
and the outdoor loop switch are housed in metal cabinet
with a feedthrough for the cables, thus all the connections can be done in a protected environment. The box is
prepared for use with a temperature controlled fan,

Figure 33: Satellite simulator of the delay monitoring
system

3.5 VSATs
Both VSATs (ASAT 1214 from SSE Technologies with
several modifications) are designed for two-way satellite
communications system that operate in the Ku-band frequency range. The function of the terminal is the upconversion of the 70 MHz IF signal to an RF signal in
the 14.0 to 14.5 GHz band for transmission via an antenna and the down-conversion of the received RF signal (10.95 to 12.75 GHz) to an 70 MHz IF signal
(Ref. 3). Both VSATs are provided with a 5 W solid
state amplifier with a stated 1 dB compression point of
4 W. Fans mounted on the heat sinks prevent the devices
from overheating. In case of VSAT 2 the fan is temperature controlled. VSAT 1 is equipped with a programmable attenuator (0 to 31 dB) that permits the output
power to be adjusted in steps of 1 dB. Several different
LNCs with a noise temperature of 110 K are available
covering a frequency range from 10.95 to 12.75 GHz.
The use of 1.8 m offset antennas (Andrew for VSAT 1,
Prodelin for VSAT 2) gives a maximum EIRP of about
52 dBW and a G/T of about 22 dB/K. The monitor and
control assembly, installed in both VSATs permits the
remote controlled monitoring of various operational parameters and is used to set the transmit and receive frequencies as well as the transmit power (VSAT 1 only).
It should be emphasized that the protection of the outdoor unit against rain and snow is very important to
avoid moisture in the outdoor units and corrosion of the
connectors. This was done by means of self bonding
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Figure 3b: Satellite simulator for test purposes
3.6 Delav monitoring equipment
By means of the delay monitoring equipment it is possible to measure the sum of the E/S transmit and receive
delay (from the modem lPPSTX to the satellite simulator and back to the modem IPPSRX) and the receive
part only, thus allowing to calculate the differential E/S
delay (Ref. 1). The equipment consists of a the transfer
switch, the satellite simulator (Fig. 3a), a synthesizer
providing the fT-70 MHz signal, a 70 MHz local oscillator and amplifiers.
Recently at the TUG a remote controlled PLO providing
the satellite translation frequency k 15 MHz programmable in steps of 1 MHz with adjustable power level up
to 10 dBm was developed. The center frequency is selectable by means of different ceramic resonators soldered on the printed circuit board. The small RF sealed
aluminium case ( 8 x 5 ~ 3cm) containing the PLO can be
installed in a stand-alone device which offers operation

from keyboard as well as remote control through a serial
interface. A third satellite simulator using this PLO was
assembled for a test set-up at which both antennas are
pointed to the satellite simulator (Fig. 3b).
4. OPERATIONAL EXPERIENCES
The TWSTFT system 1 was set up in 1990 and is in
continuous operation since end of 1993, system 2 since
end of 1995, using an uninterruptible power supply.
During this period there only occurred three hardware
faults (LO in VSAT 1, LO in the IF unit of system 1 and
a relay in a modem) proving the high reliability of the
system.
Delay dependencies of system components on various
parameters were tested resulting in operating procedures
one has to stick to. Some of the results are given below.
Changing loads (mismatch) on signal outputs:
Delay changes of the indoor loop up to 600 ps were
measured depending on the termination - 50 0,not connected, connected spectrum anlyzer turned off - of the
monitor output of the IF unit of system 1. Phase changes
up to the ns level were observed on various frequency
distribution amplifiers if an unused output was terminated with 50 R. This circumstance and the periodical
effects measured from time to time caused step by step
improvement of the lpps and frequency distribution
during the last years using in-house made distribution
amplifiers (Ref. 6).
Changing LO power level:
A power variation of 4 dB at the LO inputs of the satellite simulator resulted in a delay change of 220 ps in the
receive loop and 520 ps in the receive plus transmit
loop, respectively.
Counter:
To check the performance of the counter, test measurements are done using a lpps to start and the same lpps
but passing a distribution amplifier to stop the counter.
The nominal time interval is determined performing
relative measurements against a third lpps. Measurements during the last 3 years on a regular basis (1 single
shot measurement each hour) revealed that counter calibrations according to the procedure described in the user
manual of the manufacturer (tuning of the oscillator included) as well as phase changes of the frequency at the
reference input of the counter could cause permanent
changes of the counter readings up to f 5 0 ps. After the
initial calibration the offset referred to the nominal time
interval was of the same order.
To summarize the behaviour of the two-way measuring
system 1 the peak-to-peak variations of different measurements during a period of about 450 days (210 days
for lpps and frequency distribution) taken on three days
per week are given in table 1. One point represents the
mean of 100 samples and in case of the counter test the
mean of 10 samples. During the reported period of the

counter check there were no calibrations but phase steps
in the frequency fed into the reference input of the
counter. The indoor temperature was stabilized to about
1 "C, the change of the outdoor temperature amounted to
35 OC. The results of table 1 demonstrate the high precision of the TWSTFT as in use but it has to be pointed
out, that the given measurements - apart from the modem loop - can be used to correct the two-way time
transfer measurements allowing an significant improvement of the measurement uncertainty. According to an
error budget the estimated uncertainty of the differential
E/S delay is below 50 ps (Ref. 6) and the uncertainty of
the other contributions is even smaller. Thus the modem
seems to be the limiting factor as long as the signal delay variations of the modem are of the order given in
table 1 and cannot be measured in course of the two-way
measurements.

Measurement
Counter check
lpps and freq. distr. including lPPSTX generation of

Samples Peak-to-peak
variation
ns
387
0.07

Table 1 : Peak-to-peak variation of measurements during
TWSTFT using the INTELSAT satellite at 307OE
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The Time and Frequency National Service
of Ukraine Pecularities of Organization
and Development
O.N. Velitchko
State committee Ukraine for standartization, metrology
and sertification - Kiev - Ukraine

There are three metrology centres Kiev, Kharkov and Uzhgorod in Ukraine. They are equiped by working time and frequand several
ency standards (their accuracy 4*10-~~-5*10-~~)
astrometrycal and laser observation posts. But we haven't State Primary Time and Frequency Standard, Atomic and Coordinated
Time National Scales, high accuracy systems of transference
Time and Freguency Standard Signals by National broadcast and
other communication channels including satellite (GPS-receiver) and radio-meteor.
In 1994 the State Programme of Organization and Development the Time and Frequency National Service on 1995-1996
years was worked out in Ukraine. This Programme was confirmed
by Goverment of Ukraine resolution in 1995. The main tasks of
the Programme are organization of the United National Service,
that will satisfy needs of all consumers, ensure maximum use
of existing scientific-technical complexes of the country, use
of the results of international collaboration scientific-technical complexes and systems of other countries fist of all European, Russia, USA and participation in the international organization COOMET and other international organizations work.
The object of research and elaboration in limits of Programme is creation sufficient scientific-technical base and optimum organization ot the structure of service, technical base
for creation of the National Reference Group of Time and Frequency (to an accurasy of 1*10-'~) that is need.
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A STUDY EXAMINING THE POSSIBILITY OF OBTAINING TRACEABILITY TO UK NATIONAL STANDARDS
USING GPS DISCIPLINED OSCILLATORS.
J A Davis and J M Furlong

Centre for Electromagnetic and Time Metrology,
National Physical Laboratory,
Queens Road, Teddington, Middlesex,TWll OLW.

ABSTRACT
NPL is undertaking an extensive study to examine the suitability
of using GPS Disciplined Oscillators (GPSDOs) as standards
traceable to UTC(NPL). The performance of 15 GPSDOs loaned
by UK manufacturers and suppliers are being examined at NPL.
Continuous measurements are made over several weeks of both
the 1 Pulse Per Second (1PPS) and the phase of the 5 or IOMHz
output signals from each GPSDO. NPL is continuously
monitoring the GPS system using three multichannel GPS
receivers, and also making measurements of the local
environment. Any correlation between changes in the GPSDOs
under test and changes in either the GPS system or local
environment may then be examined. The GPSDOs are also
being examined under non-ideal operating environments, for
example operating with only a limited view of the sky. A
description of the various aspects of the study is provided, along
with some preliminary results and a discussion of future work.

Keywords:
Time transfer, time dissemination, GPS Disciplined Oscillators,
traceable time standards.
1. INTRODUCTION

The use of GPS Disciplined Oscillators (GPSDOs) as time and
frequency standards has been increasing in popularity within the
United Kingdom. However the growth of the use of GPSDOs in
calibration laboratories is being limited because GPSDOs are not
recognised as standards traceable to the national time scale
UTC(NPL). The use of GPSDOs offer advantages over more
conventional methods of time and frequency dissemination, e.g.,
the reception of NPL's MSF 60 kHz signals, both in increased
time and frequency dissemination accuracy and in global
coverage. GPSDOs are widely used internationally, in particular
within the telecommunications industry [Ref. 11.
In response to growing interest in using GPSDOs, NPL is
undertaking a study of their performance. This study aims to
determine the suitability of using GPSDOs as standards traceable
to UTC(NPL), and also the time and frequency dissemination
uncertainties associated with their use. NPL is working in close
collaboration with the United Kingdom Accreditation Service
(UKAS), who may ultimately use results from this study in their
own evaluation of the suitability of using GPSDOs as traceable
standards. Similar studies have been performed by other
countries [Ref. 21.
In this paper, an account is given of NPL's study of GPSDOs.
This includes a description of the measurements under-way and
preliminary results. An outline of the future direction of the
GPSDO study at NPL is also provided.

2. ELEMENTS OF THE GPSDO STUDY
Measurements on the GPSDO project started at the beginning of
January 1997 and will continue until the end of March 1997.
Eleven organisations have provided NPL with 15 GPSDOs for
test during this period. These are: Absolute Time, Datum,
Efratom, Hewlett Packard, Navstar, Radiocode Clocks, Rapco
Electronics, Quartzlock, Tekelec, Trak and Tmetime. In
addition, the performance of three GPSDOs are being monitored
simultaneously by Motorola in Swindon, Wiltshire (two) and
by Hewlett Packard, Winnersh (one).
Extensive measurements are being made on each of the
GPSDOs. A 16 channel phase comparator (TimeTech, model
PComp 16-001/96) is used to compare the phase of the
GPSDO's 5 or IOMHz standard frequency output, against a
standard frequency derived from NPL's Active Hydrogen Maser
(Sigma Tau, model MHM 2010) generating UTC(NPL). The
phase difference is recorded every second.
The 1 Pulse Per Second (IPPS) signal generated by each
GPSDO is compared against a lPPS signal derived from
UTC(NPL). The output from the 15 GPSDOs are fed
simultaneouslyinto two switch boxes. Each switch box has two
sets of four-way switches. The output from each four-way switch
is fed as a 'stop pulse' into a Universal Counter Time (Racal
Dana 1991). The 'start' pulse is derived from a lPPS signal
generated from UTC(NPL). This switching arrangement results
in a duty cycle for logging the GPSDOs IPPS of one minute on,
three minutes off.
The GPSDO laboratory is located in an adjacent building to the
one which houses the UTC(NPL) signal. Changes in cable
delays between the two buildings are monitored by recording the
phase difference between a direct 5MHz input into a phase
comparator, and a 5MHz signal which is looped between the two
buildings. Delay changes will be recorded as phase changes in
the returned signal. The GPSDO logging system is shown in
figure 1. The time of the lPPS pulses are calibrated against
UTC(NPL) by using a portable HP5071A caesium clock.
Each GPSDO antenna is mounted on a 5m high aluminium pole,
which typically extends 1-2 m above the height of the roof.
There is a minimum spacing of 1 or 2m between any two poles
depending on whether or not the antenna is passive or active
respectively.
Both the GPSDO
laboratory and the external roof
environmental conditions are monitored continuously e.g., air
temperature, humidity and surface temperature using
ternperarturehumidity loggers (Grant Squirrel Loggers model
no. 1200).

GPS DO
lPPS SIGNAL

I

486 PC
CLOCK
-

Figure I : Experimental arrangement at NPL for the IPPS logging system

The status of each GPSDO is being monitored by collecting data
available via the GPSDO's RS232 port. The information varies
considerably between the different receivers. A typical GPSDO
may provide information on the number of satellites tracked,
their azimuth, elevation and signal strength, health of the GPS
constellation, dilution of precision (DOP) values, DAC
corrections, GPS lock and instrument status information. The
antennae coordinates e.g., latitude, longitude and vertical height
are also monitored continuously. An example of the information
is shown in figure 2, which shows the satellites tracked by a
typical GPSDO unit.
NPL is monitoring the status of the GPS constellation
throughout the course of the study. An eight channel receiver
(Allen Osborne Associates model lTR-4P) is used to track the
GPS constellation and receive the Course Acquisition (CIA)
coded signals. The l T R 4 P is set to record several data sets
every 30 seconds. These include measurements of the time
transfer (Local clock - UTC(USN0)) calculated for each GPS
satellite, satellite azimuth and elevation angles, modelled and
measured codeless ionospheric delay corrections, satellite signal
strengths, and receiver position. An example of the measurement
of the local clock - UTC(USN0) for three satellites are shown in
figure 3.
The short term periodic variations are due principally to the
effects of SIA on the GPS satellites. This may be clearly seen in
figure 3, where the variations of satellite PRN 15 (free from
SIA) are significantly smaller. This effect is likely to also limit
the performance of the GPSDOs. The local clock has been offset
by approximately 2 microseconds from UTC(NPL), ensuring
that the lPPS(UTC) signal is always ahead of the lPPS(GPS)
signal.
Two, eight channel U A code, Motorola VP Oncore GPS
receivers [Ref. 31 are also used to monitor the GPS constellation.
These receivers act both as a back-up to the lTR-4P receiver,
and also provide a separate measure of the status of the GPSDO
signals received at NPL. The Oncore receivers have been set to
record several sets of information: pseudo-range correction
data, positional information and RAIM data. Measurements of
the Local Clock - UTC(USN0) differences and signal strength
for each satellite, along with the user position (entered fixed
position) have been made. Plots of pseudo-range correction data
for three satellites are shown in figure 4.

NPL is complementing its own GPS measurements with data
from the USNO WWW site. Information is obtained on the
health and outages of each GPS satellite, and the mean values of
GPS Time - UTC(USN0) for each satellite. These latter GPS
Time - UTC(USN0) values are of interest for comparison
against GPS measurements made at NPL. The value of this data
is limited because the observable satellites at any one time will
be different at NPL and USNO. Also, the data from USNO's
WWW site does not provide a continuous record for each
satellite.
NPL is performing measurements of (UTC(NPL) UTC(USN0)) using both the common-view of GPS satellites
[Ref. 41 and Two-Way Satellite Time and Frequency Transfer
[Ref. 51. The accuracies obtained from these techniques are
substantially higher than those obtainable using the direct
reception of GPS satellites. These measurements are being used
to accurately relate UTC(NPL) to UTC(USNO), and also to
determine any changes in the value of UTC(NPL)-UTC(USN0).
The two time scales UTC(NPL) and UTC(USN0) have been
directly compared using a portable HP5071A caesium clock
[Ref. 61. NPL intends to borrow the BIPM calibrating GPS
receivers in the near future, to obtain a further measure of
UTC(NPL) -UTC(USNO).
The local environment of the GPSDOs is being continuously
monitored throughout the study. Figure 5 shows the typical
temperature variation of an external antenna pole.

3. PROGRAMME OF GPSDO MEASUREMENTS
A wide variety of measurements are being performed on the
GPSDOs under study at NPL. Initially the units have been
operated continuously for several weeks. The GPSDOs are
normally operated in a position hold mode, although some use
an average or even instantaneous position. These comparisons
against UTC(NPL) are being used to ststistically assess the
performance of GPSDOs.
The use of inaccurate antenna coordinates may degrade the
performance of the GPSDOs. The performance of the GPSDOs
operating using instantaneously determined, averaged andonstant
antenna positions are under comparison, as is the effect of
operating GPSDO with slightly offset (inaccurate) fixed
antennae coordinates. The determination of the antenna

Figure 4: Pseudo-range correction data for an Oncore receiver

Figure 2: Satellites Tracked by a Typical GPSDO unit
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retained. This test may determine the length of time that a
GPSDO must be left after switching on, so as to ensure that it is
performing within its normal operating range.
4. PRELIMINARY RESULTS

Examples of the variation of the lPPS signals and phase of the
5 or lOMHz reference are shown in Figures 7 and 8 for a high
quality Rubidium GPSDO and a less expensive Quartz GPSDO
respectively. The phase angle has been converted to
nanoseconds delay.

Figure 6: Polar plot of healthy GPS satellite tracks across the
sky as viewed from NPL. Dashed lines correspond to 10
elevation contours.
coordinates is likely to be an important part of the installation
procedure for GPSDOs claiming traceability to UTC(NPL).
The GPSDOs are being studied when operating with a restricted
view of the sky. This part of the study will be important for
determining the effects of setting up a traceable GPSDO
installation at a site where the whole sky is not visible. For many
GPSDOs, the simplest way to perform this test is to change the
satellite elevation mask angle. Alternatively, it is possible to
remove satellites from the tracking schedules of the GPSDOs.
These tests also examine the effect of operating the GPSDOs
when only a partial constellation of GPS satellites are available,
which may be useful if in the future the GPS system were to
operate with less than a full constellation of satellites. Antennae
locations have been prepared at NPL where local obstacles are
masking part of the sky. Operating the GPSDOs from these
locations will not only examine the effect of a limited field of
view, but also examine the effect of local multipath. Figure 6
shows the trajectories of all healthy GPS satellites observable
from the NPL site over one day. The GPS satellite orbits reach
a maximum latitude of 55 degrees. This results in an absence of
satellites over a large portion of sky when looking north from
NPL.

Figure 7: Variation of lPPS signal and phase of standard
frequency output from a Rubidium GPSDO, over a 24 hour
period.

The stability of the free running oscillator is a limiting factor in
the performance of GPSDOs. Almost all of the GPSDOs will
operate in the absence of GPS signals this will allow the
performance of the free running oscillators to be characterised.
The Time-To-Alarm of each GPSDO will also be determined,
that is the time between the loss of GPSDO signal and the
reporting of the loss by the GPSDO. This is important for high
accuracy applications of GPSDO where it is not acceptable to
operate for any length of time on a free running oscillator. Tests
are also being made on the effects of reacquiring a GPS signal
after the loss of the signal for a short period, and also on the
length of time a GPSDO may operate in the absence of a GPS
signal, before its performance is outside is normal operating
range.
The start-up performance of GPSDOs are being examined under
a variety of conditions, both under a "cold start" where both
previous position and satellite ephemeris data is lost and under
a "warm start" where both position and ephemeris data is
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Figure 8: Variation of IPPS signal and phase of standard
frequency output from a Quartz GPSDO , over a 24 hour
period.

necessary to set up a GPSDO at sites where they are intended to
be used as traceable standards. Additional analysis will be
required to determine the level of traceability that may be given
to individual models of GPSDOs.
5. CONCLUSIONS
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NPL has obtained a substantial quantity of information on the
performance of GPSDOs. Initial results show significant
variables in both the accuracy of the lPPS outputs and frequency
stability between different models of GPSDOs. The results of the
study will be needed to assess the suitability of using GPSDOs
as standards traceable to UTC(NPL).
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RUBIDIUM FREQUENCY STANDARD USING THE RADIO NAVIGATION
SYSTEMS "GLONASS" AND "NAVSTAR"
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Kleyrnan Alexandr Samuilovich SSIA "Metrologi"
f1.133, Kosmycheskaya st.27, Kharkov 310145, Ukraine
tel: 057-2-303-129, 057-2-403-020.
The rubidium frequency and time standard (RFTS) was realized by tne
group of the scientists and engineers on tne national element base and
it passed the long tests ( - 620 days) in the standard of time and
frequency of SSIA "Metrology". The created standard (RFTS-1) has the high
precision characteristics and is not inferior to foreing specimens. The
root-mean-square value of two-choice dispersion doesn't exceed 2.0610
systematic frequency variation doesn't exceed 1.5610
However, the insufficient precision of frequency reproducibility
(1.0-2.0610 of further perfecting rubidium frequency standards. Such a
task can be solved using the rubidium frequency standard along with a
receiver of radio navigation systems "GLONASS" and "NAVSTAR".
Then such a standard working in the differential mode with the time and
frequency standard of SSIA "Metrology" can
have precision not less
than 5610 standard and its correction is made according to the standard of
SSIA "Metrology". Preliminary research of such a standard with the
receiver A-724 (radio navigation system "GLONASS") showed that the
correction apparatus error was 5310 per day. Such equipment realization
promising is undoubtable, and the preliminary tests show the possibility of
realization of a standard with precision which is more than 5610
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GPS CONTROLLED FREQUENCY AND TIME STANDARD WITH HIGH IMMUNITY
FROM TEMPORARY ABSENCE OF 1 PPS SIGNAL.
A. Lisowiec, A. Czarnecki
Tele and Radio Research Institute, Ratuszowa 11,03-450 Warsaw, Poland.

1. ABSTRACT

GPS controlled frequency and time source with local
oscillator specitically designed for best medium and
short term stability has been presented. The source
enables monitoring of accumulated phase time error
with 5 ns resolution in the absence of GPS signal for
practically unlimited period of time. The control
algorithm is capable of maintaining absolute phase
accuracy (i.e. without accumulation of phase time
error) in the case of frequent GPS pulse slips as long
as the accumulated phase time error doesn't exceed
preset value. After very long absence of GPS signal
when the leveling of phase time error may be
impractical, the accumulated phase time error is
zeroed and the control algorithm goes into mode
optimized for fast resynchronisation of the local
oscillator.
The source can be equipped with three
independently synchronized local oscillators that may
be switched to the output without phase shifts, which
greatly improves reliability.
2. INTRODUCTION

Although GPS controlled sources offer frequency
inaccuracy of the order lo-'' when averaged over one
day period virtually independent of the quality of the
local oscillator, the short and medium term frequency
instability is determined primarily by the local VCXO.
While the low end of the market used TVCXO and
medium stability OCVCXO, the instruments that offer
highest performance employ rubidium oscillators or
some sophisticated and expensive quartz technologies
like BVA.
Rubidium oscillators offer better long time
behavior than quartz oscillators. However in
applications when the long time behavior is controlled
by GPS, the advantage of rubidium over very high
stability quartz oscillator shows itself only when the
GPS controlled source enters hold over mode.
Techniques have been developed to bring the medium
term stability of quartz oscillators to the level
comparable with rubidium.

As the main influence on the quartz oscillator
frequency stability over time intervals ranging from 1s
to a few hours is temperature, two solutions have been
developed. One is to compensate for temperature
changes e.g. Smart Clock algorithm of HewlettPackard. The other is to develop better oven.
At Tele and Radio Research Institute there
has been developed over the last three years a new
quartz oscillator with greatly improved oven. The
temperature coefficient of the oscillator is of the order
of 3x10-loover whole temperature range. On the basis
of this oscillator there has been developed a new
generation of GPS controlled sources.

3. FUNCTIONAL DESCRIPTION

3. 1. Principle of operation

The block diagram of GPS controlled clock set is
presented in fig. 1. The set consists of several
functional groups. There are from 1 to 3
synchronization units (called channels) each
consisting of oscillator module BGn (n=1,2,3) and
frequency comparison module KPn (n=1,2,3). The
pulses of VCXO frequency multiplied to 200 MHz are
counted by two counters in time intervals between
successive GPS lpps pulses. The counters count the
pulses alternately with zero dead time [I], which
means that none of the pulses are omitted or counted
twice. Thus the number of counted pulses after
subtracting ideal reference is a measure of the
accumulated phase time drift. The deviation of the
oscillator's frequency from nominal is determined by
averaging the number of pulses counted over loop time
interval. The VCXO control voltage consists of two
parts, one proportional to frequency deviation
averaged over loop time and the other proportional to
the slope of the regression line fitting the phase time
drift curve over several most recent measurement
results. The control algorithm is essentially the same
as the one implemented in the older generation of GPS
controlled source which has been described in [4].
When locked, the instrument learns the aging
rate of VCXO in each channel. As the aging rate of
the VCXOs is of the order of 5 - lo-" per day a
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Fig. 1 Block diagram of the clock set

minimum of 10 days of uninterrupted locked in mode
operation is required. After the initial 10 days period
the aging rate coefficient is updated once per day.
The next functional group is the output signal
switchng and lpps output signal generation module
BP. To minimize phase transients during switchover
from one channel to the other, the output signals of the
VCXOs are cyclically phase stepped and their phase
compared with the phase of the output signal. The
microcontroller stores the state of the phase stepper in
each channel that minimizes phase difference with
output signal. The TTL lpps output signal of duration
100 ns is generated by synchronically dividing the
frequency of sinusoidal output signal.
The control of the clock set is centralized in
the microcontroller unit KT. The interface with the
user is via 80 character LCD display and a numeric
keyboard. The set can work as an autonomous
instrument or can be fully remotely controlled via RS232 serial interface by an PC IBM computer. All
parameters of the control loop can be changed and the
user can implement its own control algorithm.

The monitoring of phase time in the absence
of GPS pulses can be done indefinitely. It is up to the
software what to do when the GPS signal appears
again and the accumulated phase time error is large. A
drift of 3.10'" leads to phase time error equal to 2.6 ps
after one day period. It is impractical although
possible for control algorithm to level out such phase
time error as this would lead to considerable
temporary frequency deviation.
The control algorithm has the fast tuning
option in which the accuracy of z/T where z is RMS
GPS 1 pps phase jitter and T is loop time constant is
attained in T seconds independent of initial VCXO
inaccuracy. With z = 100 ns the accuracy of 5.10-l1is
attained in about half an hour.

3.2. Hold-over mode

In the absence of GPS signal the instrument enters
hold-over mode in which the control voltage is
incremented every hour according to the aging rate
coefficient and slope of the voltagelfrequency
characteristic of the VCXO. Linear drift in time is
assumed. It has been confirmed experimentally that
frequency accuracy after ten days of operation in hold
over mode was better then 2.10-lo . With LFE
resonator option it is hoped to come down even below
lo-'' PI, PI, [5l.
Additionally the GPS controlled clock set
enables monitoring of phase time error (with accuracy
of 5 ns) even in the absence of GPS pulses. It works as
follows.
As the GPS 1 pps pulses switch the counting
of multiplied VCXO frequency pulses between two
counters, in their absence the counter that has last
been active eventually overflows. When this overflow
is detected by monitoring the msb bit of the counter
the control algorithm enters the loop shown in fig. 2
with initial value of R set to zero. This loop has the
special form that is dictated first by limited
computational speed of the 8 bit microcontroller and
second by the length of the registers used in the
computation process as all calculations have to be
done in integer arithmetic so as not to lose accuracy.
First GPS pulse that arrives stops the active
counter and starts the other one. The phase time error
is computed as (N + R - 2.108).5 [ns] where N is the
number of pulses counted by the counter that has been
stopped.

NUMBER OF LOST

INCREASE BY 1 TH
NUMBER OF LOST
GPS PULSES

Fig. 2. Phase time monitoring algorithm in the
absence of GPS signal.
4. CONCLUSION

Very high stability local VCXO of 2001 type enables
to obtain exceptionally good clock set parameters
when locked in. With loop time constant greater than
1 hour medium term frequency fluctuations (over time
period from 1 s to 1 hour) don't exceed 2.10-ll.
Temperature effects are virtually unobservable. Using
the clock set as frequency reference it was possible to

observe the cesium source inaccuracy of about 2.10-l2
in test setup shown in fig. 3 within 10 hour period.
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Fig. 3. Measurement setup.

As the described above model of GPS
controlled clock set needs an external GPS receiver of
no specific type,special measures have also been taken
to make the control algorithm as immune as possible
to various faults in 1 pps signal.
There is a need in telecommunication services
for field type frequency reference source. One of the
main requirements on such source is as short as
possible synchronizationtime to within a few times 1011
accuracy. Time to first fix for typical GPS receiver

with no data known (a situation when the receiver is
carried to a distant location) is about 15 minutes. On
the other hand time needed for initially cold 2001 type
oscillator to attain lo-' accuracy (minimum accuracy
to start automatic fine frequency tuning) is of the order
of 1 hour. Adding to it a minimum of half an hour of
synchronizationtime makes an unacceptable long time
period for the source to become operational. To
overcome this problem a battery which keeps the
oscillators in warm up state is offered as an option.
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DESIGN OF A HYDROGEN MASER FOR SPACE
Edward M. Mattison and Robert F. C. Vessot
Smithsonian Astrophysical Observatory
Cambridge Massachusetts 02138, USA
terminated, and the flight model maser and its electronics
are undergoing laboratory testing at SAO.

1. ABSTRACT

An active atomic hydrogen maser for long-term use in
space has been designed and built as part of the Smithsonian Astrophysical Observatory's Hydrogen Maser
Clock (HMC) project. We describe aspects of the maser's
mechanical, magnetic and thermal design that are important to its performance in space. The flight hardware has
been tested in a laboratory thermallvacuum chamber; we
report performance measurements of the magnetic and
thermal control systems.
Keywords: hydrogen maser, atomic c M , thermal control

2. CLOCKS IN SPACE;
THE HYDROGEN MASER CLOCK PROGRAM

-

-

Frequency references high stability clocks increasingly find applications in space missions. Atomic clocks of
ever increasing stability have present and potential uses
as frequency references for the GLONASS and Global
Positioning System navigation systems, local oscillators
for space-based Very Long Baseline Interferometry,
"proper" clocks for tests of general relativity, frequency
references for detection of gravitational radiation, and
traveling clocks" for worldwide time transfer.
Clocks for use in space must satisfy several restrictions and requirements, many of which are also requirements or desirable features of earth-based clocks. These
requirements include:
Limitations on mass, size and power
Requirements for reliable long-term unattended
operation
Ability to withstand vibrational loads during launch
Ability to tolerate varying magnetic fields
Ability to cope with a varying thermal environment
An active atomic hydrogen maser for long-term use in
space has been designed and built as part of the Smithsonian Astrophysical Observatory's Hydrogen Maser
Clock (HMC) project. HMC is a NASA-sponsoredprogram
with the goal of producing and demonstrating a spacequalified hydrogen maser with drift-removed fractional frequency stability of 10-15 or better in one day. The HMC
maser is an evolutionary outgrowth of a two-decade long
SAO program of research and development of hydrogen
masers for earth and space use.11213 The maser and its
control electronics have been designed as an integrated
system to cope with the requirements of space flight. We
discuss below characteristics of its mechanical, magnetic
and thermal design that are particularly relevant to use in
space.
The HMC maser is designed for use with a variety of
spacecraft, requiring only an appropriate mechanical connection and electrical interface. It was originally to be
tested aboard the European Space Agency's Eureca
spacecraft, and then, following cancellation of the planned
Eureca reflight, on the Russian Mir space station4. At
present the flight portion of the HMC program has been

-

--

3. MECHANICAL AND STRUCTURAL
CHARACTERISTICS

The HMC maser's physics unit, shown in in cross-section in Figures 1 and 2, takes the general form of a cylinder with 84 cm long and 43 cm in diameter. The maser's
main components are its quartz storage bulb and low-expansion resonant cavity; the titanium vacuum tank that
contains the cavity; a stainless steel vacuum manifold that
includes two sorption pumps for scavenging hydrogen and
two small ion pumps for removing other gases; a LiAlHq
hydrogen source and a glass dissociator chamber for producing a beam of hydrogen atoms; electrical heaters,
insulation and thermistors for temperature control; and
magnetic shields and solenoids for magnetic field control.
In addition, the physics unit contains electronic
components that amplify the 1420 MHz maser signal from
the cavity and electrically isolate the cavity from external
perturbations. Separate units contain analog and digital
control and monitoring electronics, the R.F. receiver that
phase-locks a 100 MHz crystal oscillator to the maser
signal, and a microprocessor that controls the maser's
electronics and acts as an interface with the spacecraft's
data and telecommand system. The masses of the major
instrument elements are given in Table 1. Additional
elements, whose masses depend upon the specific
spacecraft used, are the bracket that mounts the maser to
the spacecraft, and any additional spacecraft-specific
electronics.
Table 1. HMC Instrument Mass Summa
Element
Control and RF electronics
Structurally, the maser is supported from a circular
aluminum midplane plate, which supports the maser's
resonant cavity and vacuum tank on one side, and its
vacuum manifold and hydrogen source on the other. The
midplane plate is the main structure for mounting the
maser to the spacecraft. A titanium "aft neck" tube connects one end of the vacuum tank to the midplane plate
and the vacuum manifold, while a similar "forward neck"
connects the other end of the vacuum tank to the maser's
cylindrical outer aluminum housing. The housing, in turn,
transfers the forward neck's load to the midplane plate.
By means of an ANSYS finite element model with approximately 2800 nodes, the HMC maser has been designed
to cope with the vibrational and accelerational loads of a
Space Shuttle launch. It can withstand at least 15 g's
r.m.s., in all axes acting simultaneously, in a spectrum
from 20 Hz to 2 kHz. The maser's lowest mechanical resonant frequency is 46 Hz. The flight cavity and vacuum
tank, which are the most critical components, have been
tested to flight input vibrational levels.

reduced by means of multilayer insulation in the spaces
between the regions, which are evacuated by being open
to the space environment, while conductive heat flow is
A spacecraft in low earth orbit experiences the earth's
controlled by design of the segmented nylon rings that
magnetic field, with a magnitude of about 0.5 gauss and a
support the magnetic shields.
variation over an orbit of up to f0.5 gauss, depending
As shown in Figure 2, the innermost isothermal region,
upon the spacecraft's attitude in orbit. In addition, some
which is the titanium vacuum tank that surrounds the resspacecraft create variable magnetic fields themselves, for
onant cavity, is maintained at 50°C. The resolution of the
example by magnetic torquers used for attitude control.
.tank control system is 1 x l o 4 degrees. To reduce therThe magnetic field within the maser's storage bulb must
be maintained at a level on the order of 0.3 milligauss. To
mal gradients in the tank, the three tank heaters are sepaachieve frequency stability of better than ~ f / f < l x l ~the
- ~ ~ , rate from the tank itself, one being located on the outside
surface of the inner magnetic shield that is directly outside
temporal variation of the internal magnetic field must be
the
tank and the others on the titanium neck tubes where
less than AHe0.8~1o ' ~ gauss. To achieve these condithey connect to either end of the tank.
tions the HMC maser utilizes passive magnetic shields,
The tank, in turn, is surrounded by an aluminum oven
internal solenoids and an active magnetic compensation
that is located directly over the third magnetic shield and
system.
whose temperature is maintained at 41°C. The oven reAs shown in Figure 1, the maser's resonant cavity
gion acts as a guard to control heat that flows from the
and titanium vacuum tank are surrounded by a three-sectank region both radiatively from the tank surface and
tion, two-layer cylindrical printed circuit solenoid that creconductively along the magnetic shield supports and the
ates the internal magnetic field of approximately 0.3 millititanium support necks. The oven region consists of three
gauss, and by four layers of concentric magnetic shields
control zones located on the cylinder and end surfaces of
that attenuate external fields. The outermost shield exthe oven, and two zones mounted on the outer ends of the
tends to enclose the vacuum pump manifold and atomic
support necks.
hydrogen dissociator, reducing external fields that could
The third isothermal region consists of the midplane
perturb the state-selected atomic hydrogen beam. The
plate and an outer aluminum support shell that directly
measured shielding factor of these Hypernom shields is
surrounds the fourth magnetic shield. This zone is maintained at approximately 27OC by a control thermistor and
set of heaters mounted on the midplane plate.
In addition to the thermal control zones that are integral with the maser, the system includes a controlled temThe passive shields are augmented by an active magperature guard station on the structure that mounts the
netic compensation system. A single-axis fluxgate magmaser to the spacecraft, to act as a first stage of isolation
netometer sensor is mounted inside the outer shield to
from
the conductive environment. The entire instrument is
sense the axial field near the end of the maser. A comsurrounded with multilayer insulation to isolate it from the
pensation coil is wound on the outside cylindrical surface
radiative environment.
of the next shield, and a feedback circuit drives the coil to
The thermal control system incorporates several eleckeep the field sensed by the magnetometer constant. The
tronic and hardware features to achieve the high degree of
shielding factor for the total magnetic control system, dethermal stability required. The digital electronic control
termined by measuring the transverse ("Zeeman") resosystem is based upon four 68HCll microcontrollers,
nance frequency in the oscillating maser' storage bulb, is
each of which can control up to five thermal zones. Each
68HC11 includes a microprocessor, an 8-bit analog-todigital converter with eightchannel multiplexer, and timer
With this shielding factor, the expected maximum fracregisters that are used as pulse-width modulators (PWM)
tional frequency variation due to movement through the
for high-efficiency switched heater power control. The
vacuum tank heaters, which are closest to the maser's
earth's field is on the order of Affl 2 x 10'16.
resonant cavity, are powered by high-frequency (-8 kHz)
5. THERMAL CONTROL SYSTEM DESIGN FEATURES
PWMs to avoid perturbation of the maser oscillation; the
other heaters are switched at a 6 Hz rate. The thermal
Temperature changes of the maser's resonant cavity
control
program incorporates a three-mode PID
and storage bulb affect the maser's output frequency. To
(proportional, integral and differential) algorithm to elimikeep frequency variations below the level of 1 part in
nate proportional offset. (Differential control is included in
1015, the cavity temperature must be maintained constant
the algorithm, but has not been found to be useful in this
to approximately 1o4 OC. The HMC maser employs sevapplication.)
eral strategies to achieve this level of temperature control.
Components of the thermal control system have been
To control heat flow from the vacuum tank, the maser's
chosen for thermal stability and low magnetic field producstructure is divided into three concentric isothermal control
tion. Thermistors are glass-encapsulated, high stability
regions. Thermal gradients are controlled by subdividing
units that have been burned in. Monitor and control thereach isothermal region into multiple independently conmistors for each zone are chosen to be matched. Temtrolled zones, by mounting controlled guard heaters on
perature setpoint resistors are chosen to have low temheat leakage paths, by separating heaters from the priperature coefficients, and are physically mounted on a
mary controlled structure (the vacuum tank) and by caretemperature controlled zone within the maser for minimum
fully calibrating and matching thermistors and setpoint retemperature perturbation. Heaters are flexible printed cirsistors to ensure that all zones of an isothermal region
cuits with Kapton film insulation. For each heater identical
control at the same temperature. Radiative heat flow is
4. MAGNETlC FIELD CONTROL

-

etched foil elements are overlayed with opposite current
flow, to minimize magnetic field production.
The ability of the thermal control system to stabilize
the tank zone temperatures in the face of external temperature changes is shown by the data of Table 2. For
these measurements, which were made on the engineering model of the maser, the temperatures of the maser
support structure and the forward neck guard zone were
separately lowered by 2°C.

6. PRELIMINARY TEST RESULTS

The maser physics package has been operated in a
thermal-vacuum tank continuously since August 1996.
Analysis of the data under varying degrees of thermal
perturbation is still in process and will be reported in a
future journal. From a rough evaluation we can say that
the immunity of the maser to thermal and magnetic
environmental changes is well within specifications.
A plot of the measured frequency stability data is
shown in Figure3.

6. REFERENCES

1. "A hydrogen maser design for ground applications."
M.W. Levine, R.F.C. Vessot, E.M. Mattison, E. Blomberg,
T.E. Hoffman, G. Nystrom, D.F. Graveline, R.L. Nicoll, C.
Dovidio and W. Brymer, Proc. Eighth Annual Precise Time
and Time Interval Applications and Planning Meeting,
Naval Research Laboratory, Washington, D.C., pp. 249276 (19761.
'A new generation of SAO hydrogen masers." M.W.
Levine, R.F.C. Vessot, E.M. Mattison, G. Nystrom, T.E.
Hoffman, and E. Blomberg, Proc. 3lStAnnual Frequency
ControlSymposium, USAERADCOM, Ft. Monmouth, N.J.
07703, pp. 525534 (1977).
2. "Test of relativistic gravitation with a space-borne
hydrogen maser." R.F.C. Vessot, M.W. Levine, E.M.
Mattison, E.L. Blomberg, T.E. Hoffman, G.U. Nystrom,
B.F. Farrell, R. Decher, P.B. Eby, C.R. Baugher, J.W.
Watts, D.L. Teubr, and F.D. Wills, Phys. Rev. Lett. 45,
2081 (1980).
3. "Ultra-stable clocks for use in space." E.M. Mattison,
Advances in Space Research 9, pp. (9)13-(9)19 (1989)
4. "High precision time transfer to test a hydrogen maser
on Mir." E.M. Mattison and R.F.C. Vessot, Proc. 27th
Annual Precise Time and Time Interval Applications and
Planning Meeting (San Diego, CA, 25 Nov-1 Dec 1995)
(NASA Conference Publication 3334), pp. 181-192 (1995).

1

Atomk Hydmgm
Ciuwktor

-

Figure 1. HMC maser major components

Figure 2. Thermal Control Zone Locations

Q,

U
C

.-2

3
-5

10-l4

;
i

10-l5
1oO

10'

1o3
Averaging interval (s)

102

Figure 3 Frequency Stability Data of HMC (1996 )

1o5

11 TH EUROPEAN FREQUENCY AND TIME FORUM NEUCHATEL

-4-5-6

MARCH 1997

Influence of the ionospheric refraction on time transfer usirtg GPS.

Bend WARNANT
Royal Observatory of Belgium
Avenue Circulaire, 3
B- 1180 Brussels
Belgium

The time transfer using GPS is affected by the ionopheric refraction. This error is
usually taken into account by correcting GPS observations with the Klobuchar model. In
addition, differences between observations collected in neighbouring stations are made;
one assumes that the residual ionospheric error remaining in the differences is negligible.
The paper presents some results of a PH. D. thesis dedicated to the study of the
ionospheric refraction effect on GPS measurements. This effect mainly depends on the
ionospheric Total Electron Content (TEC). At the Royal Observatory of Belgium, a
method has been developed in order to compute the Total Electron Content using a
combination of GPS dual frequency measurements. This method has been applied to the
large GPS data bank accumulated at Brussels: the Royal Observatory has participated in
many international GPS campaigns from May 89 to August 92; a permanent GPS station
is in operation at Brussels since April 93.
This study clearly shows that even in a mid-latitude "quiet" station as Brussels, the
TEC has a very irregular behaviour. For this reason, the use of the Klobuchar model often
give rise to an important ionospheric residual error. In addition, the occurrence of
Travelling Ionospheric Disturbances and scintillations effects have also been detected
using GPS measurements. The paper shows that these ionospheric phenomena often cause
large gradients in the Total Electron Content even between neighbouring stations. On the
other hand, Travelling Ionospheric Disturbances usually appear at specific moments in the
day and in the year. The statistics of occurrence of these disturbances could be taken into
account to plan the sessions used in GPS time transfer.
The solar minimum will probably be reached before the end of 1996. During the
next years, the solar activity will become more important giving rise to higher ionospheric
perturbations. For this reason, the procedures used in GPS time transfer should take into
account the ionospheric disturbances presented in this paper.
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INFLUENCE OF THE LOCAL OSCILLATOR FREQUENCY FLUCTUATIONS ON THE MEASUREMENTS WITH
DMTD SYSTEMS

Mihai P. Dinca
University of Bucharest, Department of Physics, PO BOX MG-11, Bucharest-Magurele, 76900, ROMANIA,
email mpdi@fizica.f~ica.unibuc.ro
ABSTRACT
Dual Mixer Time Difference system is frequently
used for comparing frequency standards. It is generally
known that, for long averaging time, the frequency
fluctuations of the local oscillator can be neglected,
provided that this oscillator is of the same quality as the
compared ones. In this paper, the contribution of each
system component to the result of the measurement is
analyzed. Weight function relating the local oscillator
frequency deviations and its corresponding term in the
measurement result is calculated and a factor
characterizing the local oscillator contribution, in terms
of Allan variance, is introduced. Then, this factor is
numerically computed for several kinds of noise, taking
in consideration the pass-band of the measuring
system, and the conditions for neglecting the local
oscillator contribution are obtained.
Keywords: frequency standads, frequency stabilw,
DMTD systems, local oscillator
1. INTRODUCTION

In comparing frequency standards the Dual Mixer
Time Difference (DMTD) system (Ref. 1) offers the
advantage to measure the time difference between
oscillators, from which time fluctuations, frequency and
frequency fluctuations can be deduced. The system
structure is sketched in Fig. 1. Signals from the
compared oscillators, assumed to have the same
frequency vo, are mixed with the local oscillator signal
which has the frequency slightly shifted, by vb. The
beat signals are amplified and shaped and their zero
crossing moments are detected. Own to variable phase
shifter, these signals are slightly time shifted and the
counter measures their time difference. The results are
random spread around an average value At,, and from
their analysis the frequency stability can be deduced.
The contribution of the system itself (system noise) can
be simply measured by driving the both system inputs
with the same signal.

processed signal, whose zero crossing moments are
detected, can be expressed as

A similar equation holds for the other channel

All terms in cpl(t) and q2(t) are mutually uncorrelated
and uncorrelated with cpLO(t). The fluctuations Atk of
the time difference between the beat signals have the
form

where vb is the beat frequency. If Atav is negligible
compared against the beat period, the last equation
becomes

and, using (1-2), the canceling of the local oscillator
contribution results.
In order to measure the Allan variance (Ref. 2) of
the oscillator under test, defined by

an adequate statisticgt processing is implemented,
namely

2. PROCESSING OF THE SYSTEM OUTPUT DATA

We shall denote by cpol(t), qo2(t) and cpLO(t) the
phase fluctuations of the compared oscillators and local
oscillator, re~pe~tively.
On channel 1 the isolation
amplifier produces the phase fluctuations %l(t) while
the mixer and following processing chain introduce the
phase fluctuations cpfl(t). If the local oscillator
frequency is less than vo, the phase fluctuations for the

~',I(T)+ ~ $ 5 )
where = m/(2rnb) with m integer. The previous
equation can be interpreted as the average power of the
random process

where yol(t) and yo2(t) are the fractional frequency
fluctuations, h A ( t ) is the Allan variance weight function
and symbol C3 denotes the convolution product.
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Fig. 1. Block diagram of DMTD system.
3. EXPRESSION OF THE MEASUREMENT RESULT

If the same data processing algorithm is used, but
none of the above approximations are made, the
measurement result is the average power of the
process

1

where the y quantities are fractional frequency
fluctuations and the subscripts have the meaning
previously given. Here, all fluctuation terms are
mutually uncorrelated. The weight functions hl - h3 are
depicted in Fig. 2.
by introducing a factor B which characterizes the
influence of the local oscillator

The contribution of the terms corresponding to isolation
amplifiers and processing chains was studied elsewhere
(Ref. 3).
4. INFLUENCE OF THE LOCAL OSCILLATOR

As the local oscillator has performances similar with
those of the compared oscillators, its contribution on
the measurement result can be neglected if the factor B
is much less than unity.

Fig. 2. Weight functions hi-h3.
The measurement result can be expressed in terms
of Allan variances for all perturbing processes

Fig. 3 a) and b). B(q) dependence for several

gh values

Fig. 3. c) B(q) dependence for several gh values.

where fh is the upper cut frequency of the measuring
system (considered as ideal low-pass filter) and
q = Atav/z.
For white phase noise, the dependence B(q) is
significantly affected by the value of Sh = fhz. In Fig. 3
is presented this dependence for Sh = l , 10 and 20. One
can conclude that, for this kind of noise, B is negligible
when At,, << l / f h .
In the case when the Allan variance does not
depend on the system pass-band, the reducing of B
requires more relaxed conditions. Thus, for white
frequency and random walk frequency noises, the
dependence B(q) depicted in Fig. 4, shows that if
q << 1 the factor B can be neglected. This condition is
At,, << m / ( 2 x v b ) , which
is
equivalent with
automatically fulfilled for large m values.

5. CONCLUSIONS

For DMTD system, the contribution of each
component to the overall phase fluctuations measured
at the system output was calculated in terms of Allan
variance. A factor which characterizes the influence of
the local oscillator was introduced and its value was
computed for different kind of noises. The results
emphasized that the requirements for neglecting this
influence depends on noise kind. While for white phase
noise the average time difference between the beat
signals must be much less than the inverse of the
system pass-band, for the noise whose Allan variance
does not depend upon the pass-band the average time
difference must be much lower than z .
REFERENCES
Fig. 4. B(q) dependence for white frequency (a) and
random walk frequency (b) noises.
The factor value can be computed from the power
spectral density of y L O ( t ) by using the transfer
functions corresponding to Allan variance and weight
function h , ( t ) . With a spectral density of the form f a
one obtains

1. D. W. Allan and H. Daams, "Picosecond time
difference measurement system", Proc. 29th Annual
Frequency Control Symposium, May 1975,
pp. 404-411.
2. D. W. Allan, "Statistics of atomic frequency
standards", Proc. IEEE, vol. 54, no. 2, pp. 221-230,
Feb. 1966.
3. M. P. Dinca, "Low frequency noise reduction in
DMTD systems", Proc. 9th European Frequency and
Time Forum, Besancon, 1995, pp. 369-373.

11 TH EUROPEAN FREQUENCY AND TIME FORUM N E U C H ~ T E L- 4

-5-6

MARCH 1997
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ABSTRACT

A large signal analysis of frequency mixing and
frequency lockings based on the use of continuous
fractions is developed. It is applied to a frequency
locked loop and to an injection locked pulse oscillator. A new type of frequency instability due to
the bad approximations of some quadratic algebraic
frequency ratios is identified.

I<eywords : frequency instability, arithmetic, non
linearity, synchronization.

1. INTRODUCTION

Modelocking setups are widely used for frequency
transfer or frequency stability analysis. In those devices nonlinearity operates the mixing of frequencies
and the coherent coupling between themselves.
In this paper we study two practical modelocking schemes. Our first set up involves the common
frequency locked loop. The reference signal and the
voltage controlled oscillator (VCO) may be slaved
thanks to the non linear action of the mixer. We
study the mixing of frequencies in the open loop by
using an arithmetical approach involving continous
fractions associated to the referenceIVC0 frequency
ratio. To account for the frequency lockings a discrete nonlinear phase mapping (Arnold map) associated to the closed loop is derived.
In the second set up we study a regenerative pulse
delayed oscillator in which a carrier-to-envelope synchronization occurs. In such a device a carrier signal
is split in wavepackets thanks to the action of a nonlinear GaAs modulator and slaved to a modulation
frequency controlled in a loop using a surface acoustic wave delay line (SAW) and an envelope detector.
Frequency fluctuations are controlled to a large extend from the fine structure of frequency ratios on
the frequency-amplitude characteristic.
Finally we identify a source of frequency instabilities which is of an arithmetic origin, that is the
error signal shows peaks at quadratic irrationalities

4-(m-

like ( 4 1)/2,
1,
11)/10. This is explained thanks to the use of advanced mathematical
techniques involving the hyperbolic group PSL(2,Z).
2. THE INTERMODULATION SPECTRUM

IN T H E OPEN LOOP

Frequency mixing is widely used in communication receivers, radars and plasma physics. In addition to applications such as signal processing and
low noise FM demodulators it is often associated
to a frequency-feedback loop or a phase locked loop
(PLL). A large signal analysis of the device is very
difficult to perform due to the significant number of
possible intermodulation products and to the spurious signals being generated in the mixer or in others
parts of the loop [I].
In essence a mixer should provide up or down conversion wo f wl from a carrier frequency wo and a
pump oscillator wl . In PLL applications one generally uses a Schottky barrier diode balanced bridge
in order to reduce the phase jitter of the pumped
signal which is transferred via the mixer to the received signal, or the unwanted down converted products qwo - pwl which are present in the bandwidth
of the loop.
We have found a new mathematical method to
account for such higher order interaction products.
Let u = W 1 the carrier to pump frequency ratio and
p =
the intermodulation to pump frequency ratio, these three frequencies may be accounted for by
first expanding u in continuous fractions, that is

2

+...
I

ai max

The ai's are positive integers which are easily obtained from the formulas :
ao = [ul , QO = { u ) ,
and for i 1 ai = [llaj-I], Q i = {llffi-1)

>

where

[XI denotes the integral part

(2)

of x and {x} =

x - [x] is its fractional part.

In a second step the "error" frequency ratio p is
computed from the arithmetical expression :

01

(MHz)

in which the rational number p/q is obtained by
truncating the fraction at some stage i = imax in
the continuous fraction expansion (1).
The physical meaning of such a calculation is best
understood in terms of absolute frequencies, that is
(3) may be rewritten as the down converted product
ui = (quo - p w l l .

(4)

The difficulty was to discover a method to account for the interactions between all frequencies in
the whole intermodulation spectrum. It was circumvented by expressing this interaction from partitions
( a l , a2, ...a,) with a j 5 ,a,,,
with a,,
an upper
bound resulting from the practical set-up and its
resolution capability and bandwidth.
= 4 for products with p
In Fig.(l), we chose a,,
and q odd integers and a,,
= 20 for products with
p or q even integers.

'0

1v

carrier frequency

(MHz' O0

FIG. 2. The experimental intermodulation spectrum

3. THE INTERMODULATION SPECTRUM

IN T H E CLOSED LOOP

The method can be improved to account for the
closed loop configuration. In such a case the frequency ratio results from the synchronization between the carrier and the pump signals. The output
of the mixer is written from the cross product of input signals uo(t) (carrier) and ul (t) (pump) which
is given by :

where ~ ( ~ 1 is4 the
)
sensitivity of the mixer at the desired interaction (p, q). After low pass filtering of the
signal s(t) the remaining intermodulation products
are of the form :

FIG. 1. The intermoddation spectrum as predicted
from eq.(l)-(4) (a,,, = 4 if p and q are odd ,;, ,a
= 20
otherwise)

In order t o check the validity of the mathematical approach we have performed the mixing of a
fixed frequency pump oscillator of angular frequency
wl = 2n.10 MHz with a carrier signal of variable
frequency 0 < wo 5 wl through a Schottky barrier
diode balanced bridge. The down converted beat of
the two oscillators at the output of the mixer was
counted after passing through a low pass filter of
cut-off frequency 100 kHz. The result is shown in
Fig.2.
We see that the overall features of the spectrum
are compatible with those computed in Fig. 1, although we did not try to get a good fit. It should be
observed that the basin of attraction of main products extends far beyond the bandwidth of the loop
filter : this result gives credit to the arithmetical
approach above. It also confirms our previous hypotheses concerning the relationship between synchronization experiments and the number theory approach [2].

+

where e(t) = wo and &(t) = u l cr sfjlt,(t) are respectively the instantaneous frequencies of the carrier oscillator and of the voltage controled oscillator.
The phase shift at the (p, q) product is written as :

PA) = qO(t) - p$(t)

(7)

so that a first order differential system follows :
& ( p 2 q=
) wi - p

C I<('.') sin

+('.')

(8)

('IS)

with w, is given in (4) and
= a p ( ' ~ ' ) is the
open loop gain of the intermodulation product (r, s).
After simple algebra this is rewritten in the uncoupled form as :
li'('ls)

$'P1q'

-p

(t) = u j

C I<('>') sin
('+)

1
+ W-(pr
q

- qs)t}

(9)

In the simplest case the interaction of one product
with the others is neglected so that r l s = q / p . The
system is governed by :

4 (t) + Ii' sin 4 ( t ) = Aw

(10)

where Aw = wo - wl and Ii' = Ii'('ll).
This equation is integrable by quadrature as follows :

and the resulting error signal is obtained by using
v,, in (1) instead of the bare value v.
The curve vav versus v is a devil's staircase with
steps attached to each rational value of v . In particular the width of the fundamental step is in order
c/n , that is cwoln = 211' in terms of absolute frequencies. This is in agreement with eq.(15) and experiments. In Fig. 3 the nonlinear coupling has been
amplified in order to let the locking at subharmonics
visible.

Aw
Using elliptic integrals [3], the exact
with u = -.
Ii'
solution of Eq.(lO) is :

with the property
Aw
lim $hA(t)= arcsin(-)
t--too
Ii'

FIG. 3. Effect of nonlinearity on the-intermodulation
spectrum of Fig.(l) (strengh parameter: c = 0.5. The
monotonous increasing curve is the devil's staircase u,,
versus u .

4. THE REGENERATIVE PULSE

OSCILLATOR

The error signal which is given by u,,,(t) = sin 4(t)
is a continuous voltage in (12) and an alternative
voltage in the (14) with the frequency

quickly converging to Aw as Aw >> Ii'.
In general the pump signal acts as a periodic
perturbation for the conventional PLL. The modelocked states can be described as satisfying the condition & cte over each cycle provided the counting
time is large in comparison to the period.
Let us illustrate the method for the fundamental
product p = q = 1 under the perturbing action by
subharmonics of the pump signal of the form (r, s) =
(r, 1). Assuming $= cte = A 4 l A t with the period
At = 2n/wl and Ad = 4 ( t + A t ) - 4 ( t ) = 4,+1 -4,
(n integer) the following mapping results :
$n+ 1 = 4 n

+

- c sin 4,

~ I T V

(16)

with c = 2 ~ I i ' / w and
~
Ii' = C, I I ' ( ~ I ~ ) as the
strength parameter. This mapping is a well known
model for modelockings [4]. They are computed
from an average frequency ratio as follows :

In our second set up the mixing of frequencies is
operated in a GaAs modulator [5,6]. The source to
drain electrons flow at the carrier frequency in a pm
scale GaAs field effect transistor is controlled from
a periodic rectangular shape negative voltage applied to the gate. If the applied voltage is strongly
negative electrons enters the hot regime, the drift
velocity saturates and eventually reaches the region
of negative differential resistivity (Gunn effect). In
that regime electrons are pinched off and the carrier signal is switched off. On the contrary if the
gate voltage is closed to zero the electrons flow gets
amplified by channeling from source to drain. A
low frequency electronic oscillator has been built by
slaving the low frequency gate voltage to the output
of the modulator through a transmission delay line.
In terms of the theory of bands the scattering
processes in the high electric field leads to the depopulation of the conduction valley (I' band), where
electrons enjoyed a low effective mass and high mobility in favour of on upper valley (X or L bands)
where they suffer a large effective mass and lower
mobility. They will of course attempt to return to
the lowest band and a sustained regime may be obtained between the field-assisted upward transitions

and spontaneous downward transitions. Under appropriate conditions this pumping scheme leads to
a self oscillating regime at the gate modulating frequency.
This bas been obtained by using a surface acoustic
wave delay line or an electric transmission line in the
feedback loop. Well defined plateaus of remarkable
accuracy ( N lo-'') have been observed in the plots
of the gate frequency versus the frequency or the
amplitude of the carrier signal. They correspond to
well defined resonances between short and long time
scales at integer or rational frequencies. As in the
a x . Josephson effect and the quantum Hall effect
the cooperativity of electrons is used to produce visible quantized effects above the thermal noise. But
in contrast to the above effects the present experiment may be performed without magnetic field and
at room temperature. Details concerning the experimental set-up and the data processing are given in
ref. [5]. An exhaustive description of the physical
phenomenon being involved in the frequency quantization is not yet at hand. But we succeeded in
deriving a non linear mapping which accounts for
the main features of this carrier-to-envelope synchronization.
The new advantage of such a set up with respect
to the standard frequency locked loop is that the carrierlpump frequency ratio v is strongly dependant
on the amplitude u of the injection carrier signal.
In the high amplitude regime an approximate linear dependance on the characteristic v versus u is
clearly identified (Fig.4).
Steps are ordered according to a Farey rule (011,
..., p/q, ..., (p+p')/(q+q'), ..., p'/q', ..., 111) where
p, q,pl and q' are integers. This law gives strong
credit to a mathematical approach based on an
Arnold map. It should be remembered that such a
Farey tree dependance was observed in many natural phenomenon including Josephson superconducting junctions.

5.

AN UNSTABILITY OF ARITHMETICAL
ORIGIN

The approach developed at the beginning of the
paper was inspired by results of number theory concerning diophantine approximations of real numbers
[7]. Let us rewrite eq.(3) to exhibit the order of approximation of the real number v :

The so-called Markoff constant is defined as :
A(v) = lim qipi,
i-+w

and is such that A(v)

5

-& with equality if v =

[O; I] =
(the golden mean) with ai = 1 whatever i > 1.
In 1879, Markoff improved the result by showing that there exists a discrete set of values Ai =
in f [A(v)] accumulating at Amin = 113. Such numbers are the so-called Markoff spectrum ; they correspond to badly approximated numbers ui, the socalled Markoff irrationalities. The discrete spectrum
is given by [7] :
Ai =

ni

with ni = 1,2,5,13,29,34,89,...

and the ni satisfy the arithmetical law

Results of the classical Markoff theory are illustated
in Fig.(5).
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Markoff numbers accumulate at 113 and Markoff
irrationalities (except for the first one) condensate
around the tree numbers 0.414, 0.386, and 0.382. A
generalisation of Markoff theory based on the group
PSL(2,Z) was performed by S. Perrine [7].
Using the numerical approach of the paper it is
easy to demonstrate the existence of such badly approximated numbers. By truncating the expansion

(1) to imax = 7, Fig.(b) shows that instabilities are
growing at specific locations. The peaks at Markoff
irrationalities have been identified. However the instability spectrum is extremely rich and nobody yet
succeded in predicting it completely.

FIG. 6. i m a x = 7
6. CONCLUSION

An efficient algorithm of computing down converted intermodulation products from a mixer has
been discovered. It was successfully applied to
an electronic feedback loop. In addition the phenomemon of carrier-to-envelope synchronization was
experimentaly demonstrated in a regenerative pulse
oscillator built from the mixing of frequencies in
a GaAs modulator. It confirms the usefulness of
number theory in predicting the fine structure of
frequency lockings. Finally an instability of an
arithmetical origin (Markov spectrum) is demonstrated numerically in agreement with our previous
experiments 161. This creates an opening for future
prospects into the study of spurious effects such as
troncature versus nonlinear effects and the low frequency jitter noise.
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Nonparametric Theory Grouped
Time and Frequency S t a n d a r d s

E. Erjomin
Science Centre of Metrology ( M i l i t a r y Standards)
Kharkov - Ukraine

We assume t h a t F ~ , . . , F ~ , . . , F -N unknown's means of a c t u a l
frequency s t a n d a r d ' s frequency i n t h e group (N-general quant it y s t a n d a r d s i n t h e group). We have ranged t h i s means : i F i 3
=>
where r - rank, F ( ~ ) = m s I F i j F, ( i ) = m i n I F i 3 . Next,
we have s o l v e t a s k : t r a n s f o r m a t i o n Fi t o Fi s o t h a t

b e s i d e s Fi

1 N

=

-C Fi.
N i=l

Was found t h a t

We have t o f i n d r a n k ' s of mean's IFi). by comparison d i f f e r e n c e between Fk and Fi (with t h e h e l p of t h e simple d e v i c e )
and t o provide f o r all I F i 3 d i f f e r e n c e between Fi and average
mean of group time and frequency s t a n d a r d (F) w i t h "equel errors" d e v i a t i o n s . Besides we may n o t use measuring d e v i c e ' s
f o r p u t t i n g i n t o p r a c t i c e group s t a n d a r d .
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LOW NOISE 10-SGHZ REGENERATIVE FREQUENCY DIVIDER

Y. Gruson, J. Groslambert, V. Giordano
Laboratoire d e Physique et d e Metrologie des Oscillateurs d u C.N.R.S.
associe a 1'Universite de Franche-Comte Besanqon
32, avenue d e I'Observatoire- 25044 B e s a n ~ o nCedex - France

I. ABSTRACT
Nowadays, in microwave domain, complex synthesis chains
are generally used as reference source for phase noise
measurements. In fact due to the high level of flicker
frequency noise in conventional microwave sources, low
frequency multiplied quartz oscillators appear as the best
solution to obtain the lowest noise floor at low Fourier
frequencies. The advent of ultra-low noise microwave
sources based on. sapphire resonators could change this
situation. With this new technology, reference source will
operate directly at high frequency, ie in X-band region. For
any lower frequency oscillator to test, high purity
demodulation signals will be obtain by frequency division
and mixing with low noise RF synthesizer. Then, it will be
necessary to develop low-noise frequency dividers.
Regenerative frequency divider constitutes a good candidate
for this purpose.
In order to test the potentialities of a such system, we have
implemented a 10-5 GHz regenerative frequency divider. In
this paper, we present the technical details and performances
of this frequency divider.
Keywords: Microwave regenerative frequency
phase noise measurement set-up.

The performance of a such configuration will be mainly
limited by the reference source for low Fourier frequencies
and by the RF synthetizer phase noise for f higher than 1 kHz
( see figure 2) .

dividers,

a5

to DUT
phase lock

2. INTRODUCTION

Ultra low phase noise X-band source has been demonstrated
with the use of sapphire resonators. Phase noise spectrum
S,(f) as low as - I 50 dBc @ 1 kHz has been obtained [1,2].
With this new type of microwave source, it is possible to
sumass the nhase noise nerformances of the classical
synthesis chains based on ultra-stable quartz oscillators. Then
X-band sapphire resonator oscillator could constitue an
excellent reference for a phase noise measurement set-up.
Lets suppose the sapphire reference oscillator operates at 10
GHz. To measure the phase noise of any microwave source
operating at a frequency F, we can use a succession of
frequency dividers by two and a RF synthetizer operating at a
frequency where its phase-noise is minimum. As an exemple,
lets suppose that the RF synthetizer presents its better phasenoise performance between 80 and 160 MHz. The frequency
F could be expressed in the form:

-

-

where Fo is the reference frequency (10 GHz), AF is of the
order of 150 MHz and & = 0 or I.
The figure 1 describes the scheme that could be use for
microwave oscillator phase-noise measurement. This circuit
is equivalent to a source with a output frequency given by:

with I 1 n 164.

Figure I . Phase noise measurement with X-band reference.
(Actual circuit will contain additional low-noise amplifiers)
A
0
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Figure 2. Expectedperformances of the microwave phase
measurement set-up at 10 GHz.

Such a noise floor will be obtained only if we dispose of
low-noise frequency dividers. At frequencies less than I GHz
there is no difficulty to find dividers with added phase noise
better then -120 dBc @ 1 Hz [3]. Nevertheless the added
phase noise due to the first microwave frequency divider has

to be considered. There is not a lot of available information
about phase noise level of microwave frequency dividers.
That's why we decided to design and test microwave 10-5
GHz regenerative divider. In this paper, after a brief recall of
regenerative frequency divider principles, we give the
technical details of our conception. Phase noise levels of 2
equivalent 10-5 GHz frequency dividers were measured. The
obtained results show that the regenerative frequency divider
procures good phase noise performances compatible with our
application.
3. REGENERATIVE DIVIDER PRINCIPLE.

The principle of regenerative frequency divider by N+l is
explicited in figure 3 :
Mixer

Figure 4. The "on tableMprototypeof frequency divider

Mulhplier

The caracteristics of the different components are given in the
following table :
$Fi /(N+ 1)

loop amplifier

MENLO
MLA-60120

Gain :25 dB
Output power 18 dBm
(1 d~ compression)

Figure 3. Principle of regenerative frequency divider

mixer

MITEQ
TB0218LW2

RFILO 2 to 22 GHz
IF 0.5 to 10 GHz

The input signal (frequency Fl) and the LO signal (frequency
FLO) are mixed. At the mixer IF port, we obtain many
harmonics as pF, qFLo. The low pass filter select the lowest
one:
F2= F1 -FLO

phase shifter
lowpass filter
power divider

ARRA
LPMO
LPMO

f,= 6.2 GHz
Wilkinson

Lowpass
F~lter

Ampllfier

+

As FLO= N.F2, at the output of the circuit we obtain a signal
at the frequency F2 which is :
F 2 = F 1/ (N+I)

Table 1 :Components characteristics
Mixer Phase noise measurement:
The following procedure has been used to measure the mixer
added phase noise :
MITE0 Mixer

Regenerative frequency dividers operating in the RF band
present low added phase noise [4]. The divider performance
is mainly limited by the intrinsic phase noise due to the loop
amplifier. It has been demonstrated that the output noise
spectrum S,(f) is related to the internal noise spectrum S,(f)
(mainly due to amplifier noise) by the relation [5]:

I0 GHz

MlTEQ Mixer

04 Ry
5 CHI

Lowpars
Filtcr
6.2 GHz

7
u
*wma
Filter

6.2 GHz

where G is defined as the phase gain of the mixer. This
parameter depends on the phase and the level of the different
harmonics created by mixing. It is generally of the order of -1
but varies with the level and the phase of the signals present
at the mixer input ports.
)
dividers (N=l). There is
We tested ( I ~ S G H Zregenerative
no multiplier in the circuit. We constructed first an "on table"
prototype with commercially avalaible components. This first
approach allowed to demonstrate the possibility of such
frequency dividers. A more compact circuit was elaborated in
a second time which give about the same phase noise
performances.

4. "ON TABLE " PROTOTYPE
The figure 4 represents the "on table " prototype constructed
with some commercially available components (loop
amplifier, mixer and phase shifter) . The low pass filter and
the power divider were home made.

-

The added phase noise of one mixer is 1 18dBIHz @ 1 Hz.

Amplifier phase noise:
A standard ~rocedurehas be used to evaluate the added phase
noise of the' loop amplifier. We measured - 1 0 5 d ~ c @H;l .

5. COMPACT VERSION OF THE DIVIDER
To facilitate the implementation of the divider in our
laboratory instrumentation system, we design a compact
version of the 10-5 GHz divider (see figure 11). The overall
dimensions are : 11 x 10 x 2 cm3.

Figure 7. Commercial amplifier phase noise
Divider phase noise
R A I D * UY M*"

Figure I I . Compact version of the divider

--I

,

!

I

Figure 8. Frequency dividers phase noise measurement.
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One find the same components as previoulsy. The loop
amplifier is single stage amplifier designed with a HP
MESFET ATF25570. Its gain is 13 dB. The output power is
17 dBm (1 dB compression). The phase noise of this
amplifier was measured and the result is given in figure 12 :
RnPLI 25S78VI 6 . 5 V 93 mR 188 s V / r r d
i s Den less
Csrrlerr S.L+9 h
-l----t---,l

I3:lZrSg

Cht.3 304en

!

Figure 9. Frequency dividers phase noise

The added phase noise of one divider is -108dBIHz @ 1Hz
which is comparable to the added phase noise of the loop
amplifier. In the figure 10 we compare the divider phase to
the expected performances of the phase noise measurement
set-up. One can see that the regenerative divider is
compatible with a such noise floor.
"....Sapphirereference

'g -120
1-140
I
3
-160

X-band DBM

I

1

2
Log (0

3

4

Figure 10. Comparaison of divider addedphase noise
and noise floor.
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Figure 12. Phase noise of the ATF 25570 single stage loop
amplifier.
It should be noted that better phase noise performances could
be obtained by using a bipolar transistor in place of the
MESFET. Nevertheless, we have to find a transistor which
presents sufficiant gain at 5 GHz.
To adjust the phase in the loop, a tunable length 50n line
was used rather than a varactor phase shifter. This last
solution allows easier adjustement but could induce extra
noise.
Finally two equivalent dividers were constructed and tested.
The figure 13 represents the added phase noise of the two
dividers:

BRULT CE DEJX D I V Z S E U R S 10 GHa/S CHz
Chpl 3049R
0-

,

C.rrl.rr
t

t? F*l)

$.E+8 b h

,

'

i

tSS7

'

16$16!1$
, t

1

-

IBr$?ErtZ

Figure 13. Phase noise of two compact dividers

The compact version presents about the same performances
as the previous circuit. At the output of the divider we
observe harmonics whose level is relatively low:
SGHz : 10dBm
10 GHz : -23 dBm
IS GHz : -33 dBm
6. CONCLUSION

We have demonstated the possibility to realize low phase
noise microwave frequency dividers.
The observed noise spectrum presents a l/f noise component
with a level of- 108dBIHz @ 1Hz. The obtained phase noise
performances are compatible with the expected noise floor of
microwave ultra-low noise sapphire oscillator.
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ABSTRACT
In the paper some saving time procedures of
computations of ADEV, TDEV and MTIE are
presented. In the first section author introduces the
problem and presents the main reason for these
considerations. In the next part the rules of
measuring of synchronization signal parameters
are presented. Then the procedures of ADEV and
TDEV calculation and some modifications of theirs
are also proposed and desribed. In section 4 the
procedure of MTIE calculation and its modification
is described. The results of computations with and
without simplification are presented and compared
for all parameters. In the end of the paper author
comments proposed modification and obtained
results.
Keywords: time error (TE), 'maximum time interval
error (MTIE), Allan deviation (ADEV), time
deviation (TDE V)
1. INTRODUCTION

The reason for these considerations was the
design of software for measuring system SP-2000.
The system designed in Institute of Electronics and
Telecommunications Poznan University of
Technology enables measuring synchronization
signal parameters in PDH and SDH networks. The
software of the system makes computations of
Allan deviation (ADEV), time deviation (TDEV) and
maximum time interval error (MTIE) possible.
These parameters are basic values characterized
the quality of synchronization signal. The results of
calculat;on are presented as a function of
observation interval r in the form of plot in
logaritmic scale of time and value (Fig. 1). User
interface of SP-2000 software enables graphic
comparison of the obtained results with the
standards on the plots presented on the screen. In
Figure 1 an example plot of TDEV compared with
the standards for synchronization suply unit (SSU)
and SDH equipment clock (SEC) is presented.
Because of complicated formulas describing the
parameters and very long data sequences needed

to calculate the parameters, time used for
computation is very long. It is inconvenient for a
user, who has no access to a fast workstation in
the node of telecommunication network or in the
central office. Thus the main problem is to
decrease the time used for computation the
parameters.

100
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Fig. 1. Example plot of TDEV in logaritmic scale of
time and value

2. TIME ERROR MEASUREMENT
The main characteristic of time (synchronization)
signal is time error (TE) (Ref. 2). Using time error
values other parameters characterizing time signal
are calculated. In order to calculate ADEV, TDEV
and MTIE time error is measured first. The results
of measurement are taken with interval 70 and
stored in the data file. In the telecommunication
standards (Ref. 2) some conditions for the
measurement of time error are specified. Time
error shall be measured using an anti-aliasing filter
with the cut-off frequency fo. The minimum
observation interval rmin must be three times
greater then maximum sampling time TO and the
anti-aliasing filter cut-off frequency fo must be
equal f0=l/rmin. For observation intervals of 0.1 s
to 1000 s the maximum sampling interval must be
~ ~ ' 1 / 3 s0 with the filter frequency fO=10 Hz. For
observation intervals of 10 s to 100000 s the
maximum sampling interval must be r0=3.3 s with
the filter frequency fo=O.I Hz. The minimum
measurement period T for time deviation
calculation shall be twelve times longer then the
observation interval r.

10000-100000 s. Dependig on the length of
measuring period the number of segments can be
smaller. The results of time error measurement are
stored in data file. For every calculation segment
the set of data and the interval between samples
are modified. In the first two segments: (0.1-1) and
(1-lo), the data are used for calculation without
any change. The data interval 7'0 used for
computation is equal to sampling interval 70.
Shifting to the next segments the data interval 7'0
is magnified ten times. In the third segment
(10-100) it is equal r'0=1&0. A new value in the
next set is the average value of ten values taken
from the previous data set. This algorithm for
sampling interval ~0=1/30s is presented in
Figure 4.
set of TE values
used for calculation

calculation
segment
(0.l;l)

set of N values of TE with intervalz

x:

(1;IO)

(10; 100)

the new set of NI10 values of TE
with interval z b= 10 z

x'.= x. =0.1

segment
number

1
2
3
4

observation
interval
7 [s]
0.1-1
1-10
10-100
100-1000

data
interval
2'0 [s]
0.033
0.033
0.33
3.3

amount of
data
N

3.6 lo5
3.6 lo5
3.6 lo4
3.6 lod

Table 1. Segment, data interval 7'0 and number of
data N relations

set of N values of TE with intervalz

x:

In general, for all values of 70, the first calculation
~ ) . modifications starts for
segment is ( 3 ~ ~ - 3 & The
observation interval r=30&0. These modifications
are provided for every segment, except of the last
one (for ~ ~ = 1 / s3 0it is 10000-100000 s). This
action results in shorter data sequence used for
calculation and smaller computation time in effect.
In Table 1 the relations between the number of
segment and the number of data used for TDEV
calculation are presented. In this case the
maximum observation interval is 1000 s and the
sampling interval is ~0=1/30s.

C X.

(100; 1000)

3.3. Results of calculations
For both cases of time error measurement
presented in Figure 2 and 3 the computations are
provided. In Figure 5 the results of Allan deviation
computations for first case with (ADEVm) and
without (ADEV) modifications are presented. In
Figure 6 and 7 the error and relative error between
results is shown. Note that there is no error for first
two calculation segments. The error has the
greatest value for the begining of segments (about
of 10% for third and fourth segment) and is falling
down with observation interval.

the new set of NI100 values of TE
100 z
with interval z

=;

x1;=x;=o.1 Cxl:

the new set of N11000 values of TE
10
with interval ;=I000 z
=x; =o. I xt;

1/
XI;'

z

set of N11000 values of TE
with interval z "'-1000 z
0Fig. 4. Modification of the set of data used for
ADEV and TDEV computation

Fig. 5. Results of ADEV computation with and
without modifications for the first case of TE
measurement
In Figure 7-8 the results of time deviation
computation and the plots of error and relative
error are presented. The computations with
(TDEVm) and without (TDEV) modifications are
3 0The error is between -0.5
provided for ~ ~ = 1 / s.

and 0.5 ns. The relative error is smaller then 1%
and much smaller then in ADEV.
ADEV error [E-101
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ADEV relative error [ I ] 20
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ADEV error [E-101
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1
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ADEV error
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Fig. 6. Error and relative error of ADEV calculation
10000 >

Fig. 10. Error and relative error
calculation

of

ADEV

TDEV [ns]

TDEV [ns]

I

1

- TDEVm

- TDEVm

.. - - .
..--------------.------.------- r - - - - r - - - -

Fig. 7. Results of TDEV computation with and
without modifications for the first case of TE
measurement

Fig. 11. Results of TDEV computation with and
without modifications for the second case of TE
measurement
TDEV relative error [%I

TDEV error [ns]
TDEV error [ns]
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1

TDEV relative error [%I 2

T

T
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100

-TDEV error
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100000

s

- - - TDEV relative error

TDEV error

Fig. 8. Error and relative error of TDEV calculation

Fig. 12. Error and
calculation

In Figure 9-10 and 11-12 the results and error of
computations of ADEV and TDEV are presented
respectively. These characteristics are calculated
for the sampling interval 20'3.3 s. Similarly as in
the first case, the relative error ist greater for
ADEV.
10000 1

- - - TDEV relative error
relative error

4.1. MTlE calculation
modification

procedure

and

its

Maksimum time interval error is defined as
maksimum peak-to-peak value of time error
function in all observation intervals T enclosed in
measurement period T. MTlE can be estimated by:

ADEV [E-I0]

( max xi

I 5 k 5 N - n k<iSk+n

1

TDEV

4. MTlE CALCULATION

M~IE(IE(~T,) = max

0.1

of

10

100

1000

10000 100000

Fig. 9. Results of ADEV computation with and'
without modifications for the second case of TE
measurement

- min xi
kSi<k+n

where:
{xi) - sequence of N equally spaced samples of
time error function x(t) taken with interval TO;
T=nq - observation interval.
In order to calculate MTIE for observation interval
T=nT0, a "window" with width of n samples must

be created and in this window the peak-to-peak
value must be found (Fig. 13). Then the window is
shifted trough the data sequence and the operation
is repeated. For N samples in the sequence this
operation must be repeated N-n times.
"window-jump"
for short observation intervals

/

,

4.2. Results of calculations
The results of MTlE computation with (MTIEm)
and without (MTIE) modifications for the sampling
interval ~ ~ = 1 / s3 0are presented in Figure 14.
Figure 15 shows the error and relative error of
computation. The error comes up to 9 ns and the
relative error to 20%.
MTlE [ns]

next interva

. . . . '. . . . .'. . . . .'. . . . .'. . . . .'. . . . .

Fig. 14. Results of MTlE calculation for the
sampling interval z0=1/30 s
I
I

I
I

z =nz

G/f

I

I

next in:ervaq

"window-jump"
for long observation intervals
Fig. 13. Method for
modification

MTIE

calculation with.

10

MTlE relative error [%I

MTlE error [ns]
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15
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1
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MTlE error

Fig. 15. Error and
calculation

100
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0
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S
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error

of

MTlE

5. CONCLUSIONS

Table 2. Relation between observation interval and
window-jump
The calculation complexity is growing rapidly with
incresing n, therefore the following modification is
suggested. For observation intervals longer than
3 0 ~ 0 the
, "window-jump" over the data sequence
is greater than for short intervals (Fig. 13). It is
performed with the shift 10T0 instead of 70.
Therefore for long intervals z=n'co, the number of
intervals for analysis is ten times smaller. The next
increase of "window-jump" is performed for
observation intervals longer then 3000~0.In this
case the value of shift is 100~0.For sampling
interval s0=1130s the relations between
observation intervals and window-jump are
presented in the Table 2.

Presented modifications of ADEV, TDEV and
MTlE computation allow to save time used for
calculations. The differences between the obtained
results appears to be reasonable for ADEV and
TDEV. It is suggested to start modified MTlE
computation from the third segment.
This work was performed in the frame of project
TB-44-485197-DS.
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1. ABSTRACT
The communications Research Laboratory and N l T
Telecommunication Network Laboratory Group have
developed a new VLBI system, called the KSP (Key
Stone Project) real-time VLBI system, using a highspeed ATM (Asynchronous Transfer Mode) network.
Research into digital data transmission using optical
fiber links has made remarkable progress in recent
In real-time VLBI, the cross-correlation
years.
processing and data observation are carried out
simultaneously, and it takes about three hours to
analysis the crustal deformation data after the VLBI
observation is completed. This system is one of the
most significant technologies in the KSP, and will
give us data on crustal deformation in the Tokyo
Metropolitan Area quickly.
Keywordr: Real-time VLBI, A TM
Transfer Mode) network

(Asynchronous

2. INTRODUCTION
"VLBI" stands for Very Long Baseline
Interferometry (Ref. I), and is a type of radio
interferometry. VLBI is based on techniques of space
communications, the atomic frequency standard, and
ionospheric observation. In VLBI, two or more
antennas independently receive a radio wave coming
from a celestial radio source. The received signals are
recorded on magnetic tape together with a timing signal
from the atomic standard. After shipment of the
magnetic tapes from the observation station to the
correlation site, data is reproduced and cross-correlated to
obtain the signal delays of the two stations' received
signals. From the obtained delays we can determine
the precise distance between the antennas. VLBI is a
very effective method for measuring the motion of the
earth's plates.
The plate tectonics theory was
corroborated using this method. In KSP (Key Stone
Project), metropolitan area crustal deformation
measurement project, we have two VLBI systems; a
tape-based and a real-time VLBI systems. The tapebased system is already operated in daily observation, of
which accuracy of 3 mm is achieved. In the current
tape-based VLBI system, the observed data is m r d e d
on magnetic tapes at the observing site, and the tapes
are transported to the correlation site by mail, and the
analysis is done the next day. So it takes one day to
obtain a measured value of crustal deformation. The
major cause of this delay is data (tape) transportation,
which takes over 18 hours. This problem is solved by

using an ATM network (Ref. 2), which has a
transmission capability of up to 2.4 Gbps in a basicoptical fiber link.
The observed VLBI data is
transmitted through the ATM communication network
instead of being nxmded onto the magnetic tapes. The
KSP has four VLBI stations connected by an ATM
network and the data transmitted from these remote
observing stations to the correlation site in Tokyo is
processed in real time.
Real-time VLBI is expexted to be one of the
breakthrough technologies for improving VLBI
performance.
3 . ATM NETWORK

A block diagram of the real-time VLBI is shown in
Figure 1. ATM transmits information in fixed length
packets called cells. A cell is composed of 53 bytes of
data in total: a 5-byte header and a 48-byte payload.
The signals input to the ATM transmitter are written in
the payload of the ATM cell in arrival order (Fig. 2).
The header of the cell, which shows its destination, is
attached when the payload becomes full, and the cell is
output to the 2.488-Gbps transmission line. A VPI
(Virtual Path Identifier) shows the destination of the
virtual path in the header. It is necessary to collect the
data observed at the four stations at the correlation site.
Signals from the each observation station are
multiplexed by the cross-connect switch located in
ATM network, and the multiplexed signal is carried to
the receiver along one transmission line. The virtual
path for each cell is selected by the VPI on the cell.
It is possible to transmit data of various rates
In ATM, the
through the same virtual path.
transmission rate (capacity) can be chosen freely. There
is no need for changes in the data transfer rate to be
controlled on the network side.
In the receiver, the multiplex signal is separated into
the data for each station and restored in the receiver as a
digital signal after the delay fluctuation is absorbed.
The real-time VLBI system also has a function that
removes delay and delay fluctuations of the
transmission system in the receiver.
The delay
sustained by each cell depends upon the cross-connect
switching timing. Therefore, the cell interval is not
p r e s e d in the ATM network. The arrival interval of
the cells differs (fluctuated) from the initial interval.
This is the cell delay variation (CDV), and is dependent
on the number of pieces of ATM equipment, data rate,
transmission line accommodation rate, and the traffic
characteristics in the virtual path along which the cell
passes. The cell delay fluctuation is absorbed by the
memory in the receiver, and reassembled so that to the

data is regularly spaced and equal to that on the
transmitter side.
Cell loss or mis-delivery may occur in the
transmission of signals through the ATM network. In
VLBI, bit-make and bit-slip are more likely to be fatal
than bit-error. In the receiver, the mistaken delivery and
cell loss that lead to bit-make and bit-slip are detected as
fatal errors. If cell loss occurs, the lost bits are inserted
with the same number of bits, and if a cell is
mistakenly delivered, it is removed.

4 . VLBI correlation processing system for
real-time VLBI
The K-4KSP VLBI data acquisition system (Ref.
3) consists of a reference distributor, IF distributor,
local oscillator, video converter, input interface, and
ATM network.
The local oscillator synthesizes the local frequency
signal for the video converter. By the action of this
video converter, windows in the IF-signal (500-1000
MHz) input are converted into video signals (32
MHz). The frequency conversion is achieved by the
image rejection mixer using single-sideband
conversion. The input interface unit samples the
video signal from the video converter, and sends the
digital data to the data recorder or the ATM transmitter
together with the time data, which is phase locked to
an external time reference.
The input interface unit quantizes the 16-channel
(max.) video signal, and producks a data train of up to
256 Mbps (max.).
The rate at which data is output to the m r d e r or
the ATM transmitter can be selected from five rates
between 16 and 256 Mbps. Time-code insertion can
be selected to be uniformly spaced or at uniform time
intervals, or no time-code can be selected. In real-time
VLBI, uniformly spaced time code is used. This is a
requirement of the ATM side.
In real-time VLBI, multiple signals are separated by
the virtual path isolating function of the receiver into
the signals from each observation station.
The
transmission path delay between the observation station
and the correlation site is different for each station and
must be absorbed. The data from each station is time
synchronized in the receiver (Fig. 3). Time stamps
composed of year, day, time, minute, and second
information and a SYNC code, which is used for the
time code recognition, are inserted in the data at regular
intervals (every 64 Mbit). The data is output to the
correlator after the timing has been synchronized, so the
output data for each station is correct up to the time on
the time stamp.
The data for an identical time taken at different
stations differs in arrival time by the difference of the
transmission path length. To absorb the transmission
path delay, the signal begins to accumulate in the buffer
memory from the time when the time stamp is received.
The accumulated period in the buffer memory is long
when the transmission path is short, and is short when
the transmission path is long. The readout of the buffer

memory starts immediately after the time stamps from
all observation stations have arrived. Thus the timing
can be synchronized. The correlation processing system
of the real-time VLBI is shown in Fig. 4.
In ATM, the transmission rate (capacity) can be
chosen freely. There is no need for changes in the data
transfer rate to be controlled on the network side.
The obtained fringe (correlated pattern) in fine delay
search function is shown in Fig. 5.
An inputloutput signal of the ATM transmission
system is unified to the D-1 standard (Ref. 4), and is
adapted to have the same data format as the tape-based
K-41 KSP system. Adoption of the identical data
format enables the tape-based correlation processing
system to be used as the real-time system.

5. conclusion
It is possible to adopt tape-based VLBI and real-time
VLBI with identical formats, by using the same dataacquisition and correlation systems. A tape-based 4station 6-baseline KSP system is used for daily crustal
measurement. Good fringes (correlated patterns) are
obtained in the real-time KSP system, and we are
making automatic correlation control software. In realtime VLBI, the cross-correlation processing and data
observation are canied out simultaneously, and it takes
about three hours to analysis the crustal deformation
data after the VLBI observation is completed. This
system is one of the most significant technologies in
the KSP, and will give us data on crustal deformation
in the Tokyo Metropolitan Area quickly.
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Abstract
It is well known that, in the case of a white
frequency noise, the standard deviation of a
sequence of mean frequency measurements
decreases as the inverse of the square root of the
number of samples. Consequently, the uncertainty
of one mean frequency measurement decreases
as the inverse of the square root of the average
time. Thus, knowing the level of the white
frequency noise and the average time, it is easy to
estimate the uncertainty of one mean frequency
measurement. However, for the other types of
noise (from f -2 to f +2 frequency noises), such an
estimation may be much more difficult, particularly
in the case of non-stationary noises (f and f -2
frequency noises).
Using the transfer function of the true variance, we
solved this problem for all the types of noises. The
details of this approach will b e described in this
paper. This method yields an estimation of the
uncertainty of a mean frequency measurement
knowing the different frequency noise levels, the
duration of the average, and the number of mean
frequency samples.

-'

Keywords :frequency measurement, uncertainty,
low frequency noises, non-stationarity, low cut-off
frequency,

f(t) is the instantaneous frequency of the oscillator.
What is the uncertainty domain about the
estimation of fo, the nominal frequency of this
oscillator ?
How this uncertainty domain is linked to the
standard deviation of the fkls ?
Let us define the instantaneous normalized
frequency deviation samples yk :

-

yk is a dimensionless centered random variable.

We assume that its power spectral density Sy(f) is
by a
Of power laws
+2

What relationship exists between these noise
levels ha and the uncertainty off, ?
2. THE TRUE VARIANCE

The transfer function of the true variance
is

IHy(91

1. MEAN FREQUENCY MEASUREMENT

I

f~).

Each fk is the mean frequency over an integration
time 20 :

fa

a=-2

2

In order to characterize the frequency of an
oscillator, we perform a sequence of N
consecutive frequency measurements fk : {f,, f2, ...

C ha

sy(9 =

sin2(n z f)

,

2.2,

f2

where
=
is the
the sequence.
The result of the true variance applied to a
sequence of which the spectral density is SY(f),
may be calculated as :

0 r 2 ( ~ )=

fi

Sy(9 1 ~ ~ df
( 9 l ~

f, and fh are the low and high cut-off frequencies.
Table I shows that the true variance only

I

f

.

-

I

I

I

- .-

-

I

Table I : Response of the true variance for the different t -v.~ e sof noise. These resDonses are
approximated except for the white frequency noise.

I

amplitude. Considering a short sequence, these
fluctuations are seen as a constant (yo) and the
standard deviation is underestimated. But, for
different subsequences, this constant term yo is a
random variable.

converges for the white frequency noise. This
result is proportional
to l/z : the standard deviation
.
.
of the ' s decreases as

*.

For high frequency noises, the result depends on
f, but remains close to the result of the Allan
variance.
For low frequency noises, not only the result
depends on fl but we observed that the measured
true variance of simulated f-2 frequency noise
sequences may be completely different from the
value given by table I.
What is the physical meaning of the low cut-off
frequency fi ?
What is the difference between the theoretical
variance and the experimental variance ?

How does this effect influence the mean frequency
measurement ?
Let us consider that this sequence of 100 samples
was provided by an oscillator with an unknown
nominal frequency fo.
Each fk measurement may be written as :
f k = fO(1 + K ) .
The mean frequency is then : c fk > = fo (1 + yo)
and the standard deviation :
of = fo a.
The use of the mean frequency as a
measurement of the nominal frequency yields
a bias.
The standard deviation underestimates the
measurement uncertainties.

3. CASE OF THE LOW FREQUENCY NOISES

3. 1. Bias and random fluctuations
Figure 1 shows a sequence of N = 1024 x ' s

How could we model the statistics of the x ' s

samples of t2frequency noise. The low cut-off
frequency of this noise is close to the inverse of
the duration of this sequence. Let us notice yo, the

samples ?
The X ' S samples may be rewritten as :

average of the x ' s samples and a their standard
deviation :
N X T ~ W I / ~3,

yo = O and

where E~ is a centered random variable
representing the fluctuations over the studied
sequence. Obviously, the statistics of the x ' s

a=68

(representative of the y k l s fluctuations).
An enlargement of this figure is shown below. In
this case, N' = 100, thus :
N ' ~ ~ ~ c c l3
/ f , yo=80and
o=11
(not representative of the fluctuations of the
whole x ' s sequence).

samples does not depend on z = N zo, the duration
of the sequence. On the other hand, the statistics
of yo and E~ depends on z :

A t2frequency noise is characterized by very long
term fluctuations (period about l/fl) with high

T

T

l/fb
2 l/fb

3

-

yk =YO

%+o

-

Yo+o

Yk

=%.

The formula given in table I is the variance of yo.
3. 2. Geometrical inter~retation
Let us consider the vectors :

These vectors are linked by the relationship :

Moreover, the square of the modulus of

7 is :

N

k= 1
0

1

250

270

290

.
310

330

350

Figure 1 : Sequence o f f -2 frequency noise.

c)

Since E~ is centered, it comes

k=l

*

K, = -0.45 0.06 and K2 = -0.16 f 0.05.
with
Thus, the uncertainty domain of the mean
frequency measurement is then :
Of0 (7)

-/,

=

ef*
(for z << llfb).

Figure 2 : Geometrical representation of the
vectors

Thus,

9,

<

and

+
d for 3 dimensions.

3 and 2 are orthogonal : 3 is the

projection of
by y, = y2 =

3 onto the straight line defined

...= yN (see figure 2).

3. 5. Case of the other tvDes of noise
Because of their stationarity, no low cut-off
frequency is needed to consider the case of the
other types of noise. This means that no bias will
affect the mean frequency measurement. Let us
denote @,(z) the response of the true variance for
a fa frequency noise with a level equal to one (see
table 1). The measured mean frequency <fk> is a
random variable, centered around the nominal
frequency fo with a standard deviation :
(TI = d h a Qa(7) <fk>
Thus, for an oscillator affected by different
types of noises, the knowledge of the different
noise levels allows us t o estimate the
uncertainty of the determination of the nominal
frequency :

3. 3. Case of f2freauencv noise

-

Since yo = yk

- sk,

(see Qa(z) i n table I).

with oyk2 independent of

7

and oEk2(z)depending

By identification, we obtain :
2
2 n2 z
oY?(r) = - and oEp(z) = 3
fb

(for z << 1If,,).
Thus, the standard deviation of such a noise,
osk(z), increases as
But, oEk(7) is not an
estimator of the measurement uncertainties. The
uncertainty is due to the bias term yo : the
measured mean frequency <fk> is equal to the
nominal frequency fo plus or minus the bias term

6.

The uncertainty domain of the mean frequency
measurement is then :

(for z << llf,,).
It decreases weakly as z increases.
3.4. Case of f freauencv noise
of12(z) = KO In(fb T) = oyk2 oEk2(z).
Using a Monte-Carlo simulation, we obtained :
oy?(z) = K, ln(f,,)
and
oSk2(z) =K2+ln(z)

-

-

-

4. CONCLUSION : PHYSICAL MEANING OF
THE LOW CUT-OFF FREQUENCY

In the case of a low frequency noise, the results
above show that the standard deviation of the
mean frequency depends explicitly on the low cutoff frequency.
What is the low cut-off frequency of an oscillator :
the age of the oscillator, its life time, the age of the
Universe, ... ?
Let us consider a f -2 frequency noise. It's
derivative, the aging z(t), is then a white noise.
The instantaneous normalized frequency deviation
y(t) is then :

where to is the instant of setting up the oscillator. If
y(t) is defined as the ir~tegrationof z(t), no low cutoff frequency is needed to insure the finite power
of the signal.
y(t) is then a celitered random variable of which
standard deviation will increases with time, i. e.
with the age of the oscillator. There is an analogy
between the age of the oscillator and the inverse
of the cut-off frequency.
In table I, one could replace the low cut-off
frequency f, by the inverse of the age O of the
oscillator :

f,

=

1
8

What is the real frequency of an oscillator during a
short (relatively to the age of the oscillator)
sequence : its nominal frequency or the mean
frequency during that sequence ?
The answer depends also on the model we chose.
Considering the power law model of the power
spectral density, the frequency is the nominal
frequency of the oscillator, because the use of this
model implies to define the parameters of this
model (the nominal frequency, the noise levels,
etc...) in the frequency domain : these quantities
are then time independent. Thus the uncertainty
we calculated above means : since its setting up,
the frequency of the oscillator was included in this
uncertainty domain.
However, it seems logical to consider the
frequency of an oscillator only during the short
sequence : we define the frequency as a quantity
which depends on time.
In this assumption, the frequency of the
oscillator during a sequence of duration z is
the measured mean frequency and its standard
deviation is o&(z) (see above).
For a f -2 frequency noise as well as a f -I
frequency noise, this standard deviation increases
with the duration of the sequence :
the longer the duration of the sequence, the larger
the uncertainty domain !
This is due to the long term flbctuations.
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On the dissipation effect of the random transitions perturbations
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A proposition that handles and computes the rth order spectrum
of non Fourier-transformable functions because of perturbations
affecting their periodicities is analysed. By means of a method based
on the concept of the overall period, the computed rthorder spectrum
shows a dependence on the Fourier transform of the distribution
function of the perturbations. For absolutely continuous distribution
functions with respect to Lebesgue measure, the average amplitude
spectrum (fwst order spectrum) is reduced and the power spectral
density (second order spectrum), subject to dissipation, exhibits
neither a continuous background nor a continuum spectral component.
The reduction factor is linked to the Fourier transform of the
probability density function. This important property can be carried
out in perturbation characterization process. Also, the random
transitions perturbations induce no enhancements of spectral lines
widths.
An experimental test of this theoretical proposition is presented.
It consists of a sinusoidal oscillator coupled to a triggering system
operating with two threshold detection levels. The gaussian noise
signal present at the control input of the triggering system is used to
defme randomly the two threshold detection levels for the perturbation
of the square wave transitions. Experimental evidence of the reduction
effect with no enhancement of existant spectral line widths is shown
and the reduction factor depends on the Fourier transform of the
probability density Eunction of the random variables measuring the
fluctuations at the nominal commutation instants. Also, the measured
spectral lines are subject to power dissipation. The obtained
experimental results are in agreement with the proposition theoretical
predictions.
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MULTICHANNEL DISCRIMINATORS FOR HIGH ACCURANCY FREQUENCY AND TlME EVALUATION
IN LARGE ENERGY RANGE OF EFFECTIVE SIGNAL

Kirill V. Zaichenko
STATE ACADEMY OF AEROSPACE INSTRUMENTATION,ST. PETERSBURG, RUSSIA

Multichannel evaluation procedures are being inherent result of optimum measures synthesis for
arbitrary parameter in conditions of extended by this parameter informative signal. In order to realize
optimum procedures in time and frequency areas we have to obtain several readings of informative process
in order to achive the highest accurancy in estimation the assigned a priori sector of this informative
process signal release. It is known that the optimum procedure demands plausible function maximum
calculation by its differentiation. Optimum procedure synthesis indicated that the admitted algorithms can be
found in ratio aspect of two polynomials which are being informative process readings weight sums.
Number of parameter readings choise has to be concerted with system resolution ability. For example optimum procedure for three-channel measure is being the ratio of a difference between two lateral
readings and a weight sum of all three readings. Denominator of this ratio performs a standardization
function ensures so parameter appreciation independence in large scale of signal-noize energy ratio. As
the synthesis result were obtained the admitted algorithms of three- and five-channel discriminators for
frequency and time measures. In time area evaluation is proceeded for time delay in regard to some
supporting value while at-frequency area - for average frequency value of informative process spectrum
density. The analysis of admitted schemes for time and frequency discriminators based upon the
multichannel principle registered their accurancy superiority in comparison with commonly used at present
two-channel discriminators. Proposed discriminators advantage is manifested particulary strong in violent
variations of signal-noize ratio that is urgent for radionics and radar systems which are characterized by a
large energy range of effective signal.

11 TH EUROPEAN FREQUENCY AND TIME FORUM

NEUCHATEL

-4-5-6

MARCH 1997

Revision of long-term stability theory of
Rb Frequency standard

Agsp'ev B.D.,

K h u t o r s c h i k o v V.I.

St.Petersburg State Technical University

The history of the light shift research was analyzed.
It was shown that for last 30 years progress in the long
term instability reduction of Rb frequency standarts is
small.
This fact may be partially conditioned an the disregard
of the random character of the pumping light intensity
fluctuations and not account of their correlation
properties .
In the present work fluctuation p r o p e r t i e s of the
pumping light are consequentially accounted and the light
fluctuations kransformat-ion into the frequency fluctuations
of the atomic transitions are studied.
It is shown that conditions of reduction of the light
shifts due to the light radiation fluctuations qualitative1
differ from the basic recomendations. Besides usual
recomendations may result to the increase of the long term
instability of atomic standart frequency.
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Development of a Digital Cesium Clock for Space at the U.S. Naval Research Laboratory
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'u.s. Naval Research Laboratory, Washington, DC
"SFA, Largo, MD

1. ABSTRACT
The Naval Research Laboratory has been involved in the
development of space-qualified atomic clocks since the early
1970's, providing support to the Global Positioning System
(GPS). The goal of the current effort is to bring some aspects
of the digital cesium technology that are readily available in
commercial atomic clocks (Refs. 1,2) to space. Digital cesium
clock technology is particularly valuable in space applications
because it can provide enhanced manufacturability, improved
operability, and decreased environmental sensitivity. The
progress and future direction of this effort are described.
Keywords: digital atomic clocks, GPS cesium clocks

2. BACKGROUND
GPS began flying atomic clocks in space in 1974 with the
Naval Research Laboratory's Navigation Technology Satellite
I (Ref. 3), the first launch for the Tri-service GPS program.
Today, GPS has the operational 24-satellite constellation in
orbit and each satellite carries 4 atomic clocks. The GPS
experience has provided considerable insight into the most
important features required of space clocks. While clock
stability is always an essential performance factor in a GPS
clock, reliability and diagnostic capability are very important
to the operation of the overall GPS system.
For example, some of the GPS Block I1 cesium clocks have
shown excellent frequency stability while others have
exhibited performance problems (Ref. 4). The biggest
problem that the GPS operators face with these clocks is
determining whether on-orbit anomalies are an indication of
failure, degradation, or impending failure. Few of these units
have experienced catastrophic failure, but rather performance
anomalies which could affect system performance or the
ability to maintain it. In orbit, the clock's RF signal output
cannot be seen directly. The GPS signal is based on the clock
but is affected by synthesizers, transmitters, signal
propagation and receivers. The telemetry monitors provided
to the GPS control segment are essentially those available on
the front panel of a 1960's vintage commercial clock. Those
monitors can provide insight into the clock's health but are
limited in scope and availability. While a laboratory user can
combine continuous monitor data with high-resolution phase
data and has the opportunity to open the covers to make
internal diagnostic measurements, the space operator has very
limited data. Even during the satellite vehicle integration and
testing phases, the manufacturer must work with limited data
to verify that a clock is healthy and should be launched.
Temperature sensitivity is another major variable in the Block
I1 cesiums. The clocks were built to a specification of 1x10'13
per degree C. With a typical 2-degree peak-to-peak swing in
baseplate temperature for a GPS clock, the temperature effect
is a significant contributor to the one-day stability.
The GPS program office has also had concerns about the

long-term viability of clock suppliers, since the cesium
suppliers have been small businesses. In order to minimize
the dependence on any particular manufacturer, it is desirable
to create an open clock architecture that, if necessary, could
be supported with critical clock components from more than
one vendor.
The digital cesium clocks now being manufactured for ground
or commercial use solve many of these problems. They have
demonstrated improved stability and a decreased need for
operator interaction. A benefit of the digital servo is to
provide a more comprehensive set of monitors that allows the
user to have a better understanding of the unit's state-ofhealth. Digital techniques can be produced more consistently
since the reliance on critical and difficult to adjust analog
circuitry is much reduced. Due to their advanced digital servo
scheme and a re-designed beam tube, the Hewlett Packard
5071A has demonstrated nearly zero coefficients for
temperature and magnetic field effects (Refs. 5,6). Because of
the capabilities of digital servos, digital clocks also have the
potential to provide improved reliability.

3. DESIGN GOALS
Based on the GPS Block I1 operational experience, the NRL
goals for space-based digital cesium clocks are:
3.1 Freauencv Stability
The new clocks must meet or exceed the level of frequency
stability attained by the present generation of GPS cesium
clocks. These clocks have met or exceeded their design
requirements for stability, and the GPS system is operating
within its specification using them (Ref. 4). The inherent
accuracy, drift free behavior and long term stability obtainable
with beam tube based cesium clocks are important to the
ability of GPS to maintain system time, navigation
performance and transfer accurate time. These qualities must
be maintained in the next generation of space cesium clocks.
3.2 Manufacturability
The new generation of clocks must be easier to build. Analog
style clocks have been difficult and time consuming to
manufacture. The difficulty of the setup procedure requires a
high level of training and produces a wide level of variation in
performance from unit to unit. Precise measurements are
required, and each clock must be observed and tested for long
periods to verify correct operation. Because of the low-level
signals involved, great care must be taken to prevent
grounding problems and leakage of critical signals between
input and output signal paths. The analog modulation used in
the servos requires exceptional symmetry to eliminate
frequency offsets and the associated degradation in stability.
Another problem area has been the generation of a clean
microwave spectrum. Traditional techniques for producing
the interrogation signal also produce large amplitude
sidebands within 20 MHz of the carrier. Strong sidebands
and other spurious signals in the interrogation signal cause the
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Abstract
It is well known that, in the case of a white
frequency noise, the standard deviation of a
sequence of mean frequency measurements
decreases as the inverse of the square root of the
number of samples. Consequently, the uncertainty
of one mean frequency measurement decreases
as the inverse of the square root of the average
time. Thus, knowing the level of the white
frequency noise and the average time, it is easy to
estimate the uncertainty of one mean frequency
measurement. However, for the other types of
noise (from f '2 to f +2 frequency noises), such an
estimation may be much more difficult, particularly
in the case of non-stationary noises (f and f -2
frequency noises).
Using the transfer function of the true variance, we
solved this problem for all the types of noises. The
details of this approach will be- described in this
paper. This method yields an estimation of the
uncertainty of a mean frequency measurement
knowing the different frequency noise levels, the
duration of the average, and the number of mean
frequency samples.

f(t) is the instantaneous frequency of the oscillator.
What is the uncertainty domain about the
estimation of fo, the nominal frequency of this
oscillator ?
How this uncertainty domain is linked to the
standard deviation of the fkis ?
Let us define the instantaneous normalized
frequency deviation samples yk :

Yk

-

fk =fO
f0

yk is a dimensionless centered random variable.

We assume that its power spectral density Sy(f) is
by a sum Of power laws:
+2

SY(O =

ha fa
a=-2

What relationship exists between these noise
levels ha and the uncertainty of fo ?
2. THE TRUE VARIANCE

Keywords :frequency measurement, uncertainty,
low frequency noises, non-stationarity, low cut-off
frequency,

The transfer function of the true variance is

1. MEAN FREQUENCY MEASUREMENT
where z = N z0 is the duration of the sequence.
The result of the true variance applied to a
sequence of which the spectral density is Sy(f),
may be calculated as :

In order to characterize the frequency of an
oscillator, we perform a sequence of N
consecutive frequency measurements fk : {fl, f2, ...
I

fi

f~).

d(.z)
=

Each fk is the mean frequency over an integration
time 20 :

sy(9

df

f, and fh are the low and high cut-off frequencies.
Table I shows that the true variance only

ha f -2

Sy(f)

[$- 9) (i

he, f

-'

hofO

h+, f

+'

h+, f +2

C + ln(2 fh 2)
ho
fh
h-,
- C ln(2 f, n 2)) h+2
2
2
.
22
h+'
2
4
.
z
2
hl
22
I
I
I
I
Table I : Response of the true variance for the different types
of noise. These responses are
-.
approximated except for the white frequency noise.
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True variance

1

-

I

1

converges for the white frequency noise. This
result is proportional to 11%: the standard deviation
of the x ' s decreases as

*.

For high frequency noises, the result depends on
,,f but remains close to the result of the Allan
variance.
For low frequency noises, not only the result
depends on f, but we observed that the measured
true variance of simulated f-2 frequency noise
sequences may be completely different from the
value given by table I.
What is the physical meaning of the low cut-off
frequency fi ?
What is the difference between the theoretical
variance and the experimental variance ?
3. CASE OF THE LOW FREQUENCY NOISES
3. 1. Bias and random fluctuations

Figure 1 shows a sequence of N = 1024 x ' s
samples of f-2 frequency noise. The low cut-off
frequency of this noise is close to the inverse of
the duration of this sequence. Let us notice yo, the
average of the

amplitude. Considering a short sequence, these
fluctuations are seen as a constant (yo) and the
standard deviation is underestimated. But, for
different subsequences, this constant term yo is a
random variable.

How does this effect influence the mean frequency
measurement ?
Let us consider that this sequence of 100 samples
was provided by an oscillator with an unknown
nominal frequency fo.
Each fk measurement may be written as :
f k = fO(1 + y k ) .
The mean frequency is then : < fk > = fo (1 + yo)
of = fo o.
and the standard deviation :
The use of the mean frequency as a
measurement of the nominal frequency yields
a bias.
The standard deviation underestimates the
measurement uncertainties.

How could we model the statistics of the x ' s
samples ?
The x ' s samples may be rewritten as :

X'Ssamples and o their standard

deviation :
N x ~ ~ r n l l3
f~

yornOand

where sk is a centered random variable
representing the fluctuations over the studied
sequence. Obviously, the statistics of the x ' s

o=68

(representative of the x ' s fluctuations).
An enlargement of this figure is shown below. In
this case, N' = 100, thus :
N'x~Ccl/f,
yo=80and
o=11
(not representative of the fluctuations of the
whole x ' s sequence).

samples does not depend on z = N 70, the duration
of the sequence. On the other hand, the statistics
of yo and sk depends on z :

A fe2frequency noise is characterized by very long
term fluctuations (period about llf,) with high

z 2 llf,

=

z << l / f b

Yk

Ek+o

3

-

Yo+O

=Yo

Y, =&I(.

The formula given in table I is the variance of yo.
3. 2. Geometrical inter~retation
Let us consider the vectors :
I-\

?=

[l;), $
-

and

=

2

=

l[:

YN
These vectors are linked by the relationship :

? = $+2
120-

Moreover, the square of the modulus o f ? is :

100.

YI,

N

80 ..

l?112 = 11%

60 -.

01250

kt

270

200

310

330

(set)

350

Figure 1 : Sequence o f f -2 frequency noise.

+

21l2=

Since sk is centered, it comes

k=l

*

(YO &k12

Kl = -0.45 f 0.06 and K2 = -0.16 f 0.05.
with
Thus, the uncertainty domain of the mean
freauencv measurement is then :

(for z <c l/fb).

Figure 2 : Geometrical representation of the
vectors

Thus,

7,

and

2 for 3 dimensions.

3 and 2 are orthogonal : 3 is the
3

onto the straight line defined
projection of
by y, = y2 = = yN (see figure 2).

...

3. 3. Case of f2freauencv noise

-

Since yo = yk

3. 5. Case of the other t v ~ e sof noise
Because of their stationarity, no low cut-off
frequency is needed to consider the case of the
other types of noise. This means that no bias will
affect the mean frequency measurement. Let us
denote <Da(z) the response of the true variance for

a fa frequency noise with a level equal to one (see
table I). The measured mean frequency <fk> is a
random variable, centered around the nominal
frequency fo with a standard deviation :
(7) = .Jha Qa(7) cfk>
Thus, for an oscillator affected by different
types of noises, the knowledge of the different
noise levels allows us t o estimate the
uncertainty of the determination of the nominal
frequency :
fo = Cfk> f <fk>

- sk,

a= -2

(see

with ayk2 independent of z and crEk2(z)depending
on z.
BYidentification, we obtain :
2
2 n2z
oy2(7) = - and oEk2(z) = 7
fb

(for z <:. 1If&.
Thus, the standard deviation of such a noise,
o
k increases as .
But, (
) is not an
estimator of the measurement uncertainties. The
uncertainty is due to the bias term yo : the
measured mean frequency <fk> is equal to the
nominal frequency fo plus or minus the bias term

The uncertainty domain of the mean frequency
measurement is then :

(for z << l/f&.
It decreases weakly as z increases.
3. 4. Case of f-I freauencv noise

-

-

oyO2(r) = KO ln(fb 7) = oYk2 oEk2(z)
Using a Monte-Carlo simulation, we obtained :
oyk2(z) = K1 In(f&
and
oEk2(z) = ~ ~ + l n ( z )

-

in table I).

4. CONCLUSION : PHYSICAL MEANING OF
THE LOW CUT-OFF FREQUENCY

In the case of a low frequency noise, the results
above show that the standard deviation of the
mean frequency depends explicitly on the low cutoff frequency.

What is the low cut-off frequency of an oscillator :
the age of the oscillator, its life time, the age of the
Universe, ... ?
Let us consider a f -2 frequency noise. It's
derivative, the aging z(t), is then a white noise.
The instantaneous normalized frequency deviation
y(t) is then :

where to is the instant of setting up the oscillator. If
y(t) is defined as the ir~tegrationof z(t), no low cutoff frequency is needed to insure the finite power
of the signal.
y(t) is then a ce~iteredrandom variable of which
standard deviation will increases with time, i. e.
with the age of the oscillator. There is an analogy
between the age of the oscillator and the inverse
of the cut-off frequency.
In table I, one could replace the low cut-off
frequency f, by the inverse of the age O of the
oscillator :

f,

=

1
8

What is the real frequency of an oscillator during a
short (relatively to the age of the oscillator)
sequence : its nominal frequency or the mean
frequency during that sequence ?
The answer depends also on the model we chose.
Considering the power law model of the power
spectral density, the frequency is the nominal
frequency of the oscillator, because the use of this
model implies to define the parameters of this
model (the nominal frequency, the noise levels,
etc...) in the frequency domain : these quantities
are then time independent. Thus the uncertainty
we calculated above means : since its setting up,
the frequency of the oscillator was included in this
uncertainty domain.
However, it seems logical to consider the
frequency of an oscillator only during the short
sequence : we define the frequency as a quantity
which depends on time.
In this assumption, the frequency of the
oscillator during a sequence of duration z is
the measured mean frequency and its standard
deviation is aEk(z)(see above).
For a f -2 frequency noise as well as a f -I
frequency noise, this standard deviation increases
with the duration of the sequence :
the longer the duration of the sequence, the larger
the uncertainty domain !
This is due to the long term fluctuations.

5. REFERENCES
[A]

F. Vernotte, "Stabilite temporelle des
oscillateurs : nouvelles variances, leurs
proprietes, leurs applications", PhD thesis,
Universite de Franche-Comte, Besanson,
1991.

[2]

G. Zalamansky, "Recherche d'un bruit de
fond d'ondes gravitationnelles dans les
residus de chronometrage des pulsars
milliseconde", PhD thesis, Universite de
Paris VII, Paris, 1996.

[3]

J. Rutman, "Characterization of phase and
frequency
instabilities in
precision
frequency sources : fifteen years of
progress", Proceedings of the IEEE, vol.
66, N# 9, September 1978, pp. 1048-1075.

141

G. Parreins, "Techniques statistiques,
moyens rationels de choix et de decision",
Dunod technique, Paris, 1974.

11 TH EUROPEAN FREQUENCY AND TIME FORUM

NEUCHATEL

-4-5-6

MARCH 1997

On the dissipation effect of the random transitions perturbations
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A proposition that handles and computes the rthorder spectrum
of non Fourier-transformable functions because of perturbations
affecting their periodicities is analysed. By means of a method based
on the concept of the overall period, the computed r" order spectrum
shows a dependence on the Fourier transform of the distribution
function of the perturbations. For absolutely continuous distribution
functions with respect to Lebesgue measure, the average amplitude
spectrum (first order spectrum) is reduced and the power spectral
density (second order spectrum), subject to dissipation, exhibits
neither a continuous background nor a continuum spectral component.
The reduction factor is linked to the Fourier transform of the
probability density function. This important property can be carried
out in perturbation characterization process. Also, the random
transitions perturbations induce no enhancements of spectral lines
widths.
An experimental test of this theoretical proposition is presented.
It consists of a sinusoidal oscillator coupled to a triggering system
operating with two threshold detection levels. The gaussian noise
signal present at the control input of the triggering system is used to
defrne randomly the two threshold detection levels for the perturbation
of the square wave transitions. Experimental evidence of the reduction
effect with no enhancement of existant spectral line widths is shown
and the reduction factor depends on the Fourier transform of the
probability density function of the random variables measuring the
fluctuations at the nominal commutation instants. Also, the measured
spectral lines are subject to power dissipation. The obtained
experimental results are in agreement with the proposition theoretical
predictions.
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MULTICHANNEL DISCRIMINATORS FOR HIGH ACCURANCY FREQUENCY AND TlME EVALUATION
IN LARGE ENERGY RANGE OF EFFECTIVE SIGNAL

Kirill V. Zaichenko
STATE ACADEMY OF AEROSPACE INSTRUMENTATION,ST. PETERSBURG, RUSSIA

Multichannel evaluation procedures are being inherent result of optimum measures synthesis for
arbitrary parameter in conditions of extended by this parameter informative signal. In order to realize
optimum procedures in time and frequency areas we have to obtain several readings of informative process
in order to achive the highest accurancy in estimation the assigned a priori sector of this informative
process signal release. It is known that the optimum procedure demands plausible function maximum
calculation by its differentiation. Optimum procedure synthesis indicated that the admitted algorithms can be
found in ratio aspect of two polynomials which are being informative process readings weight sums.
Number of parameter readings choise has to be concerted with system resolution ability. For example optimum procedure for three-channel measure is being the ratio of a difference between two lateral
readings and a weight sum of all three readings. Denominator of this ratio performs a standardization
function ensures so parameter appreciation independence in large scale of signal-noize energy ratio. As
the synthesis result were obtained the admitted algorithms of three- and five-channel discriminators for
frequency and time measures. In time area evaluation is proceeded for time delay in regard to some
supporting value while at-frequency area - for average frequency value of informative process spectrum
density. The analysis of admitted schemes for time and frequency discriminators based upon the
multichannel principle registered their accurancy superiority in comparison with commonly used at present
two-channel discriminators. Proposed discriminators advantage is manifested particulary strong in violent
variations of signal-noize ratio that is urgent for radionics and radar systems which are characterized by a
large energy range of effective signal.
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Revision sf long-term stability theory of
Rb Frequency standard

Agsp'ev B . D . ,

Khutorschikov V . I .

St.Pefersburg State Technical University

The history of the light shift research was analyzed.
It was shown that for last 30 years progress in the lung
term instability reduction of Rb frequency stnndarts is
small.
This fact may be partially conditioned on the disregard
of the random character of the pumping light intensity
fluctuations and not account cf their correlation
properties.
In the present work fluctuation properties sf the
pumping light a r e consequentially accounted and the light
fluctuations t-ransformat-ioninto the frequency f l u c t u a t i o n s
of the atomic transitions are s t u d i e d .
It is shown that conditions of reduction of the light
shifts due to the light radiation fluctuativns qualitative1
differ from the basic recomendations. Besides usual
recomendations may result to the increase of the long term
instability of atomic standart frequency.
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Development of a Digital Cesium Clock for Space at the U.S. Naval Research Laboratory
J. white*, W. M.
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'u.s. Naval Research Laboratory, Washington, DC
**
SFA, Largo, MD

1. ABSTRACT
The Naval Research Laboratory has been involved in the
development of space-qualified atomic clocks since the early
1970's, providing support to the Global Positioning System
(GPS). The goal of the current effort is to bring some aspects
of the digital cesium technology that are readily available in
commercial atomic clocks (Refs. 1,2) to space. Digital cesium
clock technology is particularly valuable in space applications
because it can provide enhanced manufacturability, improved
operability, and decreased environmental sensitivity. The
progress and future direction of this effort are described.
Keywords: digital atomic clocks, GPS cesium clocks

2. BACKGROUND
GPS began flying atomic clocks in space in 1974 with the
Naval Research Laboratory's Navigation Technology Satellite
I (Ref. 3), the first launch for the Tri-service GPS program.
Today, GPS has the operational 24-satellite constellation in
orbit and each satellite carries 4 atomic clocks. The GPS
experience has provided considerable insight into the most
important features required of space clocks. While clock
stability is always an essential perfomance factor in a GPS
clock, reliability and diagnostic capability are very important
to the operation of the overall GPS system.
For example, some of the GPS Block I1 cesium clocks have
shown excellent frequency stability while others have
exhibited performance problems (Ref. 4). The biggest
problem that the GPS operators face with these clocks is
determining whether on-orbit anomalies are an indication of
failure, degradation, or impending failure. Few of these units
have experienced catastrophic failure, but rather performance
anomalies which could affect system performance or the
ability to maintain it. In orbit, the clock's RF signal output
cannot be seen directly. The GPS signal is based on the clock
but is affected by synthesizers, transmitters, signal
propagation and receivers. The telemetry monitors provided
to the GPS control segment are essentially those available on
the front panel of a 1960's vintage commercial clock. Those
monitors can provide insight into the clock's health but are
limited in scope and availability. While a laboratory user can
combine continuous monitor data with high-resolution phase
data and has the opportunity to open the covers to make
internal diagnostic measurements, the space operator has very
limited data. Even during the satellite vehicle integration and
testing phases, the manufacturer must work with limited data
to verify that a clock is healthy and should be launched.
Temperature sensitivity is another major variable in the Block
I1 cesiums. The clocks were built to a specification of 1x10-l3
per degree C. With a typical 2-degree peak-to-peak swing in
baseplate temperature for a GPS clock, the temperature effect
is a significant contributor to the one-day stability.
The GPS program office has also had concerns about the

long-term viability of clock suppliers, since the cesium
suppliers have been small businesses. In order to minimize
the dependence on any particular manufacturer, it is desirable
to create an open clock architecture that, if necessary, could
be supported with critical clock components from more than
one vendor.
The digital cesium clocks now being manufactured for ground
or commercial use solve many of these problems. They have
demonstrated improved stability and a decreased need for
operator interaction. A benefit of the digital servo is to
provide a more comprehensive set of monitors that allows the
user to have a better understanding of the unit's state-ofhealth. Digital techniques can be produced more consistently
since the reliance on critical and difficult to adjust analog
circuitry is much reduced. Due to their advanced digital servo
scheme and a re-designed beam tube, the Hewlett Packard
5071A has demonstrated nearly zero coefficients for
temperature and magnetic field effects (Refs. 5,6). Because of
the capabilities of digital servos, digital clocks also have the
potential to provide improved reliability.

3. DESIGN GOALS
Based on the GPS Block I1 operational experience, the NRL
goals for space-based digital cesium clocks are:
3.1 Freauencv Stability
The new clocks must meet or exceed the level of frequency
stability attained by the present generation of GPS cesium
clocks. These clocks have met or exceeded their design
requirements for stability, and the GPS system is operating
within its specification using them (Ref. 4). The inherent
accuracy, drift free behavior and long term stability obtainable
with beam tube based cesium clocks are important to the
ability of GPS to maintain system time, navigation
performance and transfer accurate time. These qualities must
be maintained in the next generation of space cesium clocks.
3.2 Manufacturability
The new generation of clocks must be easier to build. Analog
style clocks have been difficult and time consuming to
manufacture. The difficulty of the setup procedure requires a
high level of training and produces a wide level of variation in
performance from unit to unit. Precise measurements are
required, and each clock must be observed and tested for long
periods to verify correct operation. Because of the low-level
signals involved, great care must be taken to prevent
grounding problems and leakage of critical signals between
input and output signal paths. The analog modulation used in
the servos requires exceptional symmetry to eliminate
frequency offsets and the associated degradation in stability.
Another problem area has been the generation of a clean
microwave spectrum. Traditional techniques for producing
the interrogation signal also produce large amplitude
sidebands within 20 MHz of the carrier. Strong sidebands
and other spurious signals in the interrogation signal cause the

apparent atomic frequency to be shifted through the AC
Zeeman effect, producing frequency offsets that are dependent
upon the stability of this spectrum. Many electronic effects
will cause the sideband levels and the level of the
interrogation signal to vary. This can only lead to a
degradation of stability and a increased temperature
coefficient. The digital servo approach can reduce or
eliminate many manufacturing problems. Since the analog
FM or PM modulation method is no longer in use, the need to
align the modulation and detection circuitry is gone. The
discrete frequency hopping approach, coupled with a
Dielectric Resonator Oscillator (DRO) or Surface Acoustic
Wave (SAW) oscillator in the Radio Frequency (RF) chain,
greatly reduces the problems associated with spurious signals
being applied to the beam tube and lessens the problems
associated with the design and construction of the RF
multiplier chain.
3.3 Environmental ~erformance
Both temperature and magnetic fields change in the on-orbit
environment, and there is benefit to reducing the level of these
effects. The goals are to reduce the temperature coefficient to
less than 5 x 1 ~ degree
'~
C and the coefficient of external
magnetic fields to less than 1 x l 0 ~ ' ~ l ~ a u Due
s s . to higher than
expected temperature coefficients, a base plate thermal
controller (+I- 0.1 C) has been added in the GPS Block IIR
satellite design to improve the temperature control of both the
rubidium and cesium clocks. This improved temperature
control was needed to allow the satellite to meet specifications
but at the cost of tens of watts of precious satellite power. The
key to meeting the temperature coefficient requirement is to
reduce the magnitude of residual frequency offsets and the
factors that cause changes in them. These factors are
obviously beam tube design dependent, and one challenge of
the current effort is to reduce the variations from one
manufacturer to another.

An important factor is the sensitivity to interrogation power
levels. Digital servos can stabilize the interrogation power
level by maximizing the beam current versus power response
of the tube. The magnetic field effects can be reduced by use
of the digital servo to measure and stabilize the Zeeman
splitting by interrogating the field dependent transitions and
adjusting the C-field. The servo loop gain can be held
constant over the life of the tube by adjusting the electron
multiplier gain, preamplifier gain or digital filter coefficients.
This helps reduce offsets and offset variations related to the
servo system and increases the effective useful life of a clock
relative to the earlier analog designs.
3.4 Testability

Testing the clock during vehicle integration is time consuming
and difficult. This new clock will provide a clearer picture of
the clock's true state of health than previous designs. It will
include more than the traditional oven and signal level
monitors. Under computer control, the beam tube state may
be measured internally and output to the user. This can be
thought of as an automatically updated manufacturer's
specification sheet for a particular tube. The flexibility of the
digital architecture allows many tube parameters to be
measured. These measurements can be made either by running
an extensive measurement and characterization routine or by
defining frames within the controllers time sequence for
specific measurements to be performed.

For example, the measured values of peak, valley and
background beam currents as well as signal-to-noise estimates
obtained from fluctuations in the sampled data can be used to
track the figure of merit and predicted stability. During the
test sequence, estimates of the velocity distribution can be
made allowing accurate calculation and tracking of velocitydependent frequency shifts such as second-order Doppler.
Using the field dependent transitions, the homogeneity of the
C-field can be measured and tracked. Variations in the
amplitude of the cross-field transitions can also be tracked.
Schemes to measure and monitor most aspects of beam tube
performance can be developed using the flexibility of the
digital servo system. The ability to remotely monitor these
internal diagnostics can help determine whether a clock is a
reliable flight candidate at any time prior to launch. After
launch, these diagnostic routines and remotely available data
can help the operators make an informed decision about clock
performance and potential longevity. Graceful transitions to
backup clocks can be made as necessary with minimum
disruption to satellite operation and performance. These
monitors or data may be available in the normal data stream
and will not require opening the clock or removing it from the
space vehicle.

3.5 On-orbit monitoring
In general, the same remote diagnostic capabilities that
facilitate testing will greatly improve on-orbit state of health
monitoring, operational readiness and lifetime estimates. This
capability is more critical on-orbit since the ability to directly
look at the clock's output signal is no longer available. In
particular, the ability to see the critical beam tube
performance factors can help the ground operators maintain
the system performance with greater reliability and
confidence.
4. NRL EXPERIMENTAL WORK

These goals are now being experimentally investigated in the
laboratory. A digital space cesium clock testbed, shown in
Figure 1, has been built using a combination of a prototype
synthesizer, computer controlled test equipment and a variety
of beam tubes from older space clocks and commercial units.

IP

FILTER

Figure 1. A block diagram of the basic NRL testbed
system showing the system architecture. Tubes from
various manufacturers can be easily substituted for
one another.

The use of commercial laboratory instruments allows the
focus of the efforts to be on realizing the project goals and
determining hardware requirements while defemng the
building of the actual space hardware until later in the
program. Areas of particular interest have been the selection
and optimization of the beam tube and servo algorithms, the
elimination of frequency offsets, the use of beam tubes from
multiple sources, and the determination of how to best use the
diagnostic capabilities of this system in a space clock.
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Another important area in the research has been the effect of
spurious signals in the microwave excitation signal applied to
the beam tube. Traditional microwave multipliers have shown
strong spurious signals. The effect of these on the frequency
of the clock can be very significant. A stable spurious signal
will produce an offset in the frequency of the clock whose
magnitude is proportional to the power in the spur and
inversely proportional to the offset from the cesium transition
frequency. Instabilities in the clock's output frequency arise
when these spurious signals change amplitude. The most
common cause for changes in spurious signal levels is
temperature. As line lengths and component values change,
the phase along critical microwave paths also change, leading
to variations in the spectrum of the interrogation signal. To
reduce these effects, the NRL design uses a microwave
oscillator in a clean-up loop configuration. The measured
spectrum of a DRO slaved to the interrogation signal at
9.192 GHz, Figure 3, shows no spurious signals within 70 dB
of the carrier. SAW oscillators can also be used to produce
comparable results and may have other system dependent
advantages.
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Figure 2. Various tones within the central
Ramsey fringes that are used in the system.
Other tones outside the central fringes are also
used.
The typical tone modulation frequencies are shown in
Figure 2 superimposed on a beam tube Ramsey response
curve. This selection allows location of the center of the
primary response, measurement of effects of external
microwave fields, microwave power level optimization, and
measurement of the beam tube figure of merit. The sequence
and duration of the tones over a measurement cycle are
described in Table 1. The symbols in Table 1 are: 11,the first
beam current measurement etc., W the Ramsey linewidth, FZ
the Zeeman splitting of the transition, Pn the interrogating
power level, and A the offset used for the power leveling
servo. The sequence shown describes a basic servo scheme
and tones are easily added to allow various measurements.

Table 1. Simplified Interrogation Tone Sequence
Describing the Basic Servo and Monitor Points
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Figure 3. Measured spectrum of the 9192
MHz interrogation signal. Factional
frequency offsets due to spurios signals are
estimated to be in the low 15's.
Because one of our program goals is to minimize the
dependence on beam tubes from a single manufacturer, five
beam tube types from four different tube manufacturers were
operated in the lab testbed. These tubes showed widely
varying sets of basic parameters, Table 2, and ranged widely
in age and general health. In each case, the digital servo was
able to provide good to excellent performance. and an
example of the performance achievable is shown in Figure 4.
The digital servo provides more comprehensive information
about the internal workings of the clock than prior analog
designs. Information routinely available from the system
includes: signal to noise ratio, Zeeman frequency, RF power
level, VXCO control voltage, C-field homogeneity, figure of
merit, stability estimates, velocity distribution, flop to
background ratios and so forth.

Table 2. The stability measurement results using the
NRL testbed electronics with beam tubes from
various manufacturers
Source
Tube

1A

I

Line
width
(Hz)

DC
Signal to
Noise

1

425

580

I

Figure
of
Merit
(Ref. 7)
1.4

Measured
Allan
Deviation
5x10"/'/~

6. CONCLUSIONS
The NRL digital space cesium clock effort has shown the
feasibility of a space-qualified cesium clock employing the
digital design concepts of today's best commercial cesium
clocks. In addition, we have shown that such a clock can be
built using beam tubes from more than one vendor, leading to
a more open architecture. The capacity of the digital servo to
give a much more complete picture of the state of the clock to
the operator will provide space clocks that perform better,
operate more simply and last longer.
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Figure 4. A sample stability measurement using
the NRL testbed electronics.
5. FUTURE WORK

Future areas to be investigated are diagnostic collection and
interpretation techniques that allow for useful state of health
estimation, and flexible techniques for measuring and
compensating for environmental effects. The effectiveness of
optimal control techniques will be studied. Test regimen will
be developed that can be applied during the integration of the
clocks into satellite systems to verify the state-of-health of the
clocks through sub-system, system and launch readiness
testing of the complete satellite. On-orbit operational
telemetry and state-of-health monitoring techniques for
reliable, long-life operation of clocks for GPS will ultimately
result.

6) Cutler L.S. et al., "Frequency Pulling in Cesium Beam
Frequency Standards Due to Delta M A 1 (Sigma)
Transitions," Proceedings of the 45" Annual Symposium on
Frequency Control, pp. 544-553, 1991.

7) Vanier, J. and Audoin, C. The Quantum Physics of Atomic
Frequency Standards. Bristol and Philadelphia: Adam Hilger,
1989.
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IMPROVEMENT OF THE SHORT TERM STABILITY OF THE LPTF CESIUM BEAM FREQUENCY STANDARD
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Abstract. The short term stability of our optically pumped Cs
beam frequency standard has been greatly improved by using
two atomic transitions for optical pumping. The present
'~
stability is u,(z) = 3.8 1 0 ~T-'".

Keywords :frequency stability, Csfrequency standard, optical
pumping.

1. INTRODUCTION
In the present optically pumped cesium beam frequency
standards a single atomic transition is used for pumping the
atoms from one hyperfine level to the other one in the ground
state. The atomic population is then distributed among all the
Zeeman sub-levels of this hyperfine level and fifteen percent
of the atoms at best are used in the clock transition. It is
known (Ref. 1) that the clock signal can be increased by using
simultaneously a second transition depleting all the Zeeman
sub-levels except the m = 0 sub-level of the final state. This
has already been experimentally obsdrved (Refs. 2,3), but up
to now the signal increase has not been followed by the same
improvement on the Signal-to-Noise ratio. Indeed, the Signalto-Noise ratio, or the short term stability, can also be
improved if narrow linewidth lasers are used.
We compare here the results obtained with narrowed lasers in
the two cases : pumping with one transition and pumping with
two transitions.
2. TECHNICAL FEATURES

The optically pumped Cs beam primary standard JPO has
already been described elsewhere (Ref.4). The main features
are a Ramsey cavity of one meter length and a width of the
central resonance equal to 100 Hz.

In our new experimental set-up the optical pumping is
performed by two extended-cavity diode lasers (their
linewidth is less than 100 kHz). They are frequency locked to
the D2 line by means of the saturated absorption spectrum in a
Cs cell. Fig. 1 shows the involved energy levels. The first laser
is frequency locked to the 4-4 a polarised transition and the
second laser to the 3-3 x polarised transition. The powers of
the 4-4 and 3-3 laser beams in the pumping region are
respectively 1mW and 0.5mW. The detection is performed
with the 4-5 transition, a part of the 4-4 laser beam is
frequency shifted by an acousto-optic modulator for this
purpose.

3. SIGNAL
We compare two pumping configurations : one transition (4-4
a polarized) and two transitions (4-4 a and 3-3 jt).
3.1 Pumoine with one transition
In the first configuration all the Zeeman sub-levels of the
(F=4) state are depleted and the final atomic population is
distributed over the (F=3, m) Zeeman sublevels. The
corresponding Microwave spectrum is shown on Fig.2. The
seven MW a transitions (AF=l, Am=O) in the ground state are
clearly visible. The dotted line shows the signal when the MW
power is off. The pumping is nearly complete. The ratio of
of the
unpumped atoms in the (F=4) level is less than 1.
initial population of this level. The Signal-to-Noise ratio
measured in 1 Hz bandwidth at the top of the central Ramsey
fringe is 1.6 lo4.

F =5

-2W

.loo

0

100

200

Detuning (kHz)

F =3

Clock transition 9 GHz
\1/

Fig. 1 Cs energy levels

Fig. 2 One transition pumping, microwave spectrum

Fig. 3 shows the population in percent of each (F=3, m)
Zeeman sublevel. The population is calculated from the signal
at resonance at the optimum MW power for each one.

3.3 Com~arisonof velocitv distributions

100

80

The pumping is almost total. Fig. 5 shows the relative
populations of (F=3) Zeeman sublevels. Almost 95% of the
initial population is gathered in the (F=3, m=O) sublevel

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

We have verified that the atomic velocity distribution is not
modified by a two transitions pumping. It can be simply
checked by comparison of the Ramsey patterns recorded at the
same high MW power. Fig. 6 shows the Ramsey patterns
recorded at 25 times the optimum power for the two pumping
configurations. The record of the one transition configuration
is fitted on the other-one by adjusting the gain and the offset.

Fig. 3 One transition pumping, distribution of the population
over the levels (F=3, m)
3.2 P u m ~ i n ewith two transitions
As the (F=3, m=O)-(F'=3, m=O) transition is forbidden by
selection rules, when we add this second laser beam for
pumping the (F=3, m # 0) Zeeman sublevels will be depleted,
but not the (F=3, m=O) sublevel. Then, after a few cycles
absorption-spontaneous emission the atoms are accumulated
in the (F=3, m=O) sublevel.
The MW spectrum recorded with the same gain and offset as
in Fig. 2 is shown on Fig. 4. The amplitude of the 0-0 clock
transition is multiplied by 6. The ratio of unpumped atoms in
the (F=4) level is 1.5 1 0 ' ~. The Signal-to-Noise measured at
the top of the resonance is 3 lo4.

- 2 ~ " " ' " " " " " ' " " " " " ' " " ~ " " ' " ' " J
.2.0
-1.5 -1.0
-0.5
0.0
0.5
1.0
1.5

2.0

Detuning (kHz)

Fig. 6 Comparison of Ramsey fringes at high MWpower
The two curves fit very well. Then the velocity distribution is
the same in the two cases.
4. STABILITY

The relative frequency stability of our standard is measured
with respect to an H maser. Fig. 7 shows the Allan standard
deviation measured with the two configurations.

Detuning (kHz)

Fig. 4 Two transitions pumping, microwave spectrum

Fig. 7 Allan standard deviation Cs beam - H maser

rn

Fig. 5 Two transitions pumping, distribution of the population

With one transition pumping the short term stability is
u,(t) = 9.1 10-13 fl". With the two transitions pumpin
configuration the measured stability is a#) = 3.8 10-,3 t .
They are limited for long integration times by the stability of
the H maser.

-,If

5. CONCLUSION
We have shown that using two transitions for optical pumping
can significantly improve the short term stability of optically
pumped cesium beam frequency standards. With this pumping
configuration the present stability of our standard is
a,@)= 3.8 1 0 " ~T - " ~ .To our knowledge this result is the best
obtained, until now, on a Cs beam frequency standard.
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Optical molasses was studied in 3-dimensional static
and 2-dimensional moving configurations for tall ces i u m fountains at NRC[1][2]. Th,e friction coefficient of the molasses, which limits the acceleration
of a t o m s for a cesium fountain, was measured by the
temperature damping technique[3] changing suddenly
the laser intensity. W e see two t i m e constants, one
very short (w 2 - 4 p s ) , and one longer, varying from
20 t o 2OOps. W e associate thre short t i m e constant
with a t o m s which are tightly linked t o the molasses
and h,ave a large friction coefficient. T h e long t i m e
constant, associated with, a t o m s weakly linked t o th,e
molasses, accounts for th,e observed spreading of accelerated a t o m s . Laser modulation was found t o affect this composite friction coefficient.

Laser cooled, optical molasses, cesium, cesium fountains, friction, acceleration, laser modulation.

1

INTRODUCTION

In optical molasses a friction coefficient determines
the maximum acceleration that can be given to the
atoms during the launching phase of an atomic fountain. The friction coefficient of 3-D molasses can be
deduced by measuring the damping time constant 7 ,
of the temperature after a sudden change of the laser
intensity 131.
Our first measurements of the friction coefficient
[4] led us to conclude that we had stronger values
(a
2 x 1 0 - ~ O k ~ / sthan
)
previously reported[3] in
the u + / u - configuration over the detuning frequency
range(l0 to 70 MHz). It is of the same order as the
a coefficient measured in the lin I lin configuration
131, which we have not yet studied on our system.

combination - to allow for a large frequency change
of the laser beams without any effect on the beam direction. A new series of measurements were made to
investigate the effect of adding different modulation
to the master laser, of types that would commonly
be used for locking the master laser. These measurements showed that we had two different friction
coefficients. The measurements were repeated over
a wide range of power (from o2/r2= 3 to .3, where
0 is the Rabi frequency and I? is the linewidth of 5
MHz for Cs Dz) and frequency detuning (from-2r
to -1413.
These very good coefficients for our optical molasses
permit acceleration of atoms to launch velocities of
7 m/s and more, even when limited to a power of 6
mW per beam. We first present the details of our
molasses that allow strong friction coefficients and
high launching velocities. The next section will discuss the results obtained for the friction coefficient,
the effect of laser beam modulation and the launching of atoms.

2

EXPERIMENTAL SETUP

Our magneto-optic trap is an orthogonal system
with three pairs of counterpropagating beams, two
of which are at f45' from the vertical axis. The
beams intersect in a cesium vapour ce11[5] The laser
beams are provided by diode lasers.

2.1

unmodulated ,-asers

N

Looking for an explanation, it appeared that our use
of an offset-locked master laser, and optical molasses
laser beams free of unwanted modulation could have
been the factor which lead to our improved results.
However, there had also been other improvements,
for example in the cat's-eye acousto-optic modulator

An offset locking technique provides a stable unmodulated master laser beam for our experiments. A
master laser (extended-cavity diode laser) is tuned
to the F=4-+F'=5 cycling transition of the cesium
D2 line at 852 nm. It is offset-locked to the saturated crossover absorption line F=4--+F'=5/4 in a
cesium cell with the proper offset (125.7 MHz) provided by double passage through an acousto-optic
modulator (AOM) and cat's-eye combination, but
leaving the main master laser beam unmodulated.

a resolution of better than one Hertz, not accounting
for the 10 kHz linewidth of the master laser. Each
beam is spatially filtered by a 50 pm pinhole and expanded to a 7.4 mm (l/e2) beam. The intensity of
each beam can be adjusted by controlling the amplitude of the R F frequency feeding the AOM's. The
proper polarisation ( a + / a - )is adjusted by X/4 waveplates.
Figure 1: Schematic of the optics for the cat's-eye
and acousto-optic modulator.
The 125.7 MHz frequency offset is generated using a
direct digital synthesizer modulated at 33 kHz with
a modulation depth of 5 MHz.
The master laser beam is split in two. One half is
used for the detection and the other half is frequency
shifted and amplified by injection into a more powerful (150 mW) diode laser, called the slave laser.
The injection is done through another cat'seye/acousto-optic modulator mounted in such a way
that the full range of the AOM (80 MHz k30 MHz)
can be used without any deviation of the offset beam
and with no return of the zero order beam.

2.2

Improved Cat's-eye

In a cesium fountain design, a cat's-eye is commonly
used with an acousto-optic modulator to offset the
frequency of a laser without changing the beam's
direction. The use of a traditional cat's-eye does
help but a simple modification of the ensemble cat'seye/AOM makes it very stable over the whole frequency response of the AOM.
A long focal length plano-concave lens (150mm) is
used, with the focus at the center of the acoustooptic modulator (see Figure 1). Alignment of the
mirror, which is ideally at one focal length behind
the lens but can be closer, is done first, using the zero
order beam. The lens is then inserted at a position
such that the outcoming beam keeps its alignment. A
variable aperture is then set between the lens and the
mirror to select the order of the deflected beam and
stop the zero order beam. This setup is also a very
good switch: turning off the AOM drive eliminates
the returned laser beam. In this way the AOM's
eliminated the need for mechanical shutters.

2.3

Laser Beams in the Trap

The slave laser beam is split in three and each beam
is independently controlled in frequency (and amplitude) by another AOM/cat's-eye combination. The
frequency of each laser beam can be controlled with

Another diode laser, with a 20 MHz linewidth, is
locked to the F=3+F7=4 transition to 'repump' the
atoms which are escaping the F=4+F'=5 cycling
and trapping transition. A simpler locking technique
is used, since this transition is not as critical as the
cycling transition. The repumping beam is combined
with the horizontal cycling beam through a polarizing cube.

2.4

Cesium Vapor Cell

The cesium is in a vacuum system made of stainless
steel. The optical ports are anti-reflection coated
with less than 0.5% loss in transmission. The vacuum, excluding cesium, is better than 1.3 x lo-' Pa.
Hydrogen accounts for most of the background pressure. Other gases are at levels 20 (or more) times
lower than hydrogen.
Activated graphite tubes are used to isolate the trap
chamber from the rest of the vacuum system, and
act as a very efficient cesium getters - allowing us
to control the cesium partial pressure in the trap
by adjusting the temperature of the cesium source.
Typically we operate at 10°C, equivalent to an equiPa).
librium with a source at -15OC (2 x
Two anti-Helmholtz coils of 95 turns of wire generate
the magnetic field gradient needed for MOT operation. Each coil has an average radius of 4.7 cm and
they are 8.5 cm apart. Under computer control, the
current can be switched between any of two preset
values (adjusted manually) and zero. It takes less
than two milliseconds to stabilize to the new value.
The range of preset values is from 0.6 A to 5.3 A.
The resulting gradient of magnetic field a t the zero
field point ranges from 2 to 17.7 G/cm.

2.5

Control and Measurements

Direct digital synthesizers feed the AOM's all the
R F signals needed, with phase continuous frequency
changes. The frequencies can be ramped under computer control. The amplitude of the radio frequency
signal can be adjusted manually to two different levels which can be switched under computer control.
Shifting the frequency of the slave laser one way and
the output of the correcting AOM to compensate can
put to use the limited bandwidth of the AOM to fur-

ther play with the amplitude without changing the
frequency of the laser beams.

A calibrated CCD camera is used to image the trap
and provide an estimation of the number pf atoms
seen in the trap. The CCD camera was calibrated
against a calibrated photodiode (at 852nm), using
the same optics and the same target.

14

TI
Tdl
Tau1 Td2
11.37, 3.11, 3.M, 5.43,
8.08, 4.46, 4.81, 3.43,
6.64. 4.83. 4.17. 3.27,

Tau2
133.69
108.81
145.54

Under computer control, a homemade timing sequencer generates all the signals needed by the synthesizers, the CCD camera and the data acquisition
system, with a timing precision better than 100 ns.
2.5.1

Detection

Calibrated photodiodes are used to monitor the trap
and to detect the fluorescence of the atoms falling
in the detection region, which is 20 cm below the
trap and isolated by a graphite tube to absorb stray
cesium atoms from the background pressure in the
trap region.
TWO horizontal counterpropagating laser beams
fed directly from the master laser, tuned on the
F=4+F'=5
cycling transition, are crossing the
falling atoms. The fluorescence is detected by a calibrated photodiode.
2.5.2

Time of Flight

The time of arrival of atoms in the detection region depends on the atomic cloud velocity distribution and acceleration when the MOT or molasses are
turned off. Recording this signal gives primary information on the temperature of the trap or molasses
(see Figure 4, as an exemple). This method of measurement is called the time of flight (TOF) technique
[6]. When no acceleration is given to the atoms, it
also gives the relative position of the trap and the detection region very accurately (better than 0.1 mm).

3
3.1

Measurements

Friction Coefficient

Figure 2: Temperature of molasses (pK)measured
via the time of flight technique versus the supercooling time (ps). The parameters displayed are in
the same order than the curves generating them.
From top to bottom the modulation depth is 6.2
MHz, 3.2 MHz and 0 MHz. The modulation frequency is always 33 kHz.
tributed to the inaccuracy of the temperature measurement, using the time of flight technique. It
seemed that a single exponential fitting to the curve
was not always the best model to use. Nevertheless,
single exponential fitting gave good results.
More careful measurements, going up to 1 msec after the power switching, have shown that the fitting should really be done with two exponential
curves, using two different time con st ants,^^, very
short (- 4 p ) , and another one, 72, very long (up
to -- 200ps). Referring to the parameters in Figures
2 and 3, the equation of temperature versus cooling
time after the power change is

where Tf,Tdl and Td2 are respectively the final temperature and the temperature change associated with
each time constant. Then the question arises: which
one is the time constant associated with the friction coefficient? If we use the short time constant,
the friction coefficient, a , is then of the order of
5 X 10-~~k~/s.
N

The friction coefficient has been measured by the
temperature damping technique [3], reducing suddenly the laser intensity by one half, or more. When
we first reported our trap parameters [4], we still had
to explain why the values of our friction coefficient
were so high compared to values measured elsewhere

PI.
The results obtained on our first attempts [4] had
shown some curious behaviour which had been at-

3.2

Modulation

We thought that the characteristics of our optical system could explain some of the improvements
found with our system. We repeated the measurements using a more classic locking technique for
the master laser [7], modulating directly the master laser. We used a 33kHz modulation rate, with

Ti
Tdl
Tau1 Td2
Tau2
18.69, -6.16. 3.21. .2.66,
36.80
17.41, -6.76, 2.8, -2.01,
110.17
1616, -4.57. 2.33, -38,
111.08

Figure 3: Temperature of molasses (pK)measured
via the time of flight technique versus the less-cooling
time (ps). The parameters displayed are in the same
order as the curves generating them. From top to
bottom the modulation depth is 6.2 MHz, 3.2 MHz
and 0 MHz. The modulation frequency is 33 kHz.

a peak-to-peak modulation depth of 3.1 MHz or 6.2
MHz.
The short time constant is virtually independent of
the frequency offset or the modulation technique.
See Figure 2. The long time constant ( w 20 *
200ps) appears to be inversely proportional to the
modulation depth.
The number of atoms is also inversely proportional
to the modulation depth. Unfortunately, we cannot
use directly the measurement made in the detection
area as a relative measure of the number of atoms
from one modulation depth to the other since the
detection beam is also modulated, reducing the detection efficiency. But the value of the fluorescence
in the trap is also affected by that modulation and
the ratio of the fluorescence of the two regions is a
better estimate of the change in the real number of
atoms. There is a real drop (as large as 40%) in the
number of atoms a t 6.2 MHz. The time constant is
of the order of 2Ops.
The short time constant, which is in the range of
2 - 4ps, appears to be due to atoms strongly
linked with the molasses, while the long time constant would be atoms near the top of the quantum
well created by the molasses. When the power is
suddenly dropped (in less than one ps, the atoms
already in the new well are kept there and further
cooled by the Sisyphus process while the atoms near
the top of the quantum well have to be 'recaptured'
by the Sisyphus process. Thus the modulation of
the laser would have an effect on the atoms at the
top of the quantum wells. Because of the 20% or
so shaking due to the modulation of the laser, the
well would appear shallower than it is actually withN

Figure 4: Time of flight measurements of atoms accelerated downwards at 6 m/s. The amplitude is
the recorded signal in millivolts, and the time after
launching is in milliseconds. It can clearly be seen
that the experimental points can be fitted by the sum
of two gaussian curves, one of cooled atoms a t the
nominal velocity, and another one of warmer atoms
at a slightly lower velocity.
out modulation. This could explain the difference
in temperature for the three molasses shown in the
Figures 3 and 4.
In order to sort out the various hypotheses we repeated the measurements by increasing the laser
power instead of reducing it. The puzzle is still there,
altough the hypothesis of atoms in a shaking well
explains the fact that the number of atoms do not
increase with a power increase, while it is reduced
with a reduction of power.

3.3

Launching

We are presently limited by the vertical extent of our
experimental apparatus in the long-drift time analysis obtainable from upwards launching. The maximum upwards speed detectable is about 2.5m/s due
to the low ceiling of our present vacuum system.
No such limit applies to downwards accelerations, towards the detection region. Atoms which slip out of
the main acceleration group are also most easily detected with downwards acceleration. Velocities up to
10m/s were recorded, although at such speed we were
losing some atoms as can be seen by distorted T O F
curves. For acceleration of less than 2msec, speeds
of 6m/s without much distorsion were obtained (see
Figure 4). The distortion could be due to the occasionally distorted shape of the atomic cloud in the
trap. Upwards accelerations with a taller vacuum
chamber will resolve this matter.
The temperature did not seem to change over the

5
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ABSTRACT
This paper reports on the latest achievements in
development of active and passive hydrogen
frequency standards at IEM ((Kvarz)) .
Keywords: hydrogen maser, frequency standard,
fr.equency stability
1. INTRODUCTION
Hydrogen maser frequency standards have been
developed
and produced by the Institute of
Electronic Measurements (IEM) "Kvarz"for more
than 30 years. Since then over 200 hydrogen masers
have been produced which are used at Russian
National Time Service, including National time and
frequency reference, in VLBI (Very Long Baseline
Interferometers) of Rissian Academy of Science and
at the sites of observation and control of GLONASS
system.
At present IEM (<Kvarz)>is producing the active .
hydrogen maser CHI-75 and the only in the world
passive
hydrogen
maser
CHI-76.
Their
characteristics and design are presented in [Ref. I].
This paper reports on the latest achievements in
improving the frequency stability of the CH 1-75 and
in development of the new model of passive
hydrogen maser featuring smaller size, weight and
lower power consumption. It can operate in more
severe enviromental conditions than the previous
model CH 1-76.
2. IMPROVEMENT OF ACTIVE HYDROGEN
MASER CHI-75 FREQUENCY STABILITY

The active hydrogen maser CHI-75 has been
produced by IEM "Kvarz" since 1991. It has an
automatic cavity frequency control (ACFC) system,
in which atom line quality modulation method is
used.
The block-diagram of this system is shown in
Fig. 1, photo of the CHI-75 - in Fig.2.
The ACFC system operation is based on
measurement of frequency difference of maser at two
atom line quality values by means of frequency
comparator and reversible counter and cavity
frequency control versus a sign of this difference.
The count time of reversible counter T equals
100 s. After one tuning cycle the tuned and the
reference masers change their places and cavity
tuning of the second maser is carried out.

However, the chosen count time 100 s is nonoptimum, which leads to the large value of ACFC
system random error and increases a hydrogen
maser frequency instability for measurement time
intervals from 10 s to 1 day (see Fig.3).
The aim of our investigations is to minimize the
frequency stability degradation.
As it follows from Fig.3, the optimal value for T
(in the absence of systematic linear frequency drift
of hydrogen maser due to cavity aging) is that, at
which Allan variance oy2 (2, T ) has the minimum
value, which is T = 1 h.
In the presence of systematic drift of cavity
frequency the ACFC system eliminates it, so the
following condition must be fulfilled ( taking into
account that at alternative tuning of two masers the
time interval between two successive tuning cycles of
one maser is 4T):
4T<Afs/a,
(1)
where Afs is the frequency step of frequency
correction, a is the linear frequency drift coefficient
due to cavity aging.
Due to noise
the amount of frequency
corrections must be increased and it may be assumed,
that the following condition for T must be fulfilled:
T<Afs/ 12a.
(2)
In this case AfS value must be chosen small
enough (Afs w o (2,T ), so that frequency correction
should not lead to notable frequency variations in
comparison with the case, when cavity frequency is
not corrected. If we take Afs / fm =1.5.10-15 ,
a=1.10-l4 per day, then T=103 s ( fm is maser
frequency).
The second factor, which affects ACFC system
error, is an atom line quality modulation depth or R
factor:
R=AQL / Q~min,
(3)
where AQL is the atom line quality variation in
modulation, Q~mlnis the minimum atom line quality
value achieved in modulation.
The fnaximum value of R factor achieved in
modulation depends on modulation parameter type
and depth.
We have investigated the atom line quality
variation by atom beam density modulation and by
bringing inhomogeneous magnetic field into a
storage bulb.
In the beam density modulation QL value is
limited up by decreasing maser power and down- by
decreasing maser life time due to great beam density.

The experimental investigations have shown, that
R factor value equal t o 0.5-0.7 is achieved at a beam
density variation by 3-4 times.
In the line quality modulation by bringing
inhomogeneous magnetic field into a storage bulb R
factor value is limited by maser power decrease and
frequency shifts. The experiment has shown, that
maximum R value, which is achieved in this method,
is 0.3-0.5, and a maser tuning frequency by this
method differs from that by the beam density
modulation method by (0.5-3) .lo-13 (for different
masers).
The advantage of this tuning method is simplicity
of modulation implementation.
R factor value may be increased by 1.5-2 times, if
the combination of two line quality variation
methods is used - increasing the beam density and

bringing the inhomogeneous magnetic field into the
bulb together.
The above described changes in ACFC system
the increase of count time of reversible counter and
the combined method of atom line quality
modulation - have been implemented in the hydrogen
maser C H 1-75 and frequency stability measurements
have been made. The frequency instability oy ( 2 , ~ )
equal 6.10-15 and 2.10-15 per 1 h was achieved at
~ = 1 0 s0 and 1000 s respectively.
The results of two masers CHI-75 frequency
instability (per 1 day) measurements for different
modulation methods and for different count time
intervals of the ACFC system reversible counter are
shown in Table 1.

-

Table 1
The results of two CHI-75 masers (serial numbers 27 and 28) frequency instability (per day) measurements.
T, s

loo

loo

1000

1000

1000

Modulation
type
R 27

magnetic field

beam

magnetic field

beam

0.50
0.3 1

0.52
0.46

0.50
0.31

0.52
0.46

magnetic field+
+beam
0.84
0.64

15

17

13

18

12

4.5

4.1

2.5

2.0

1.5

R2s

Observation
time, days
oy(2,"t).10-l5
(T=1d)

Measurements of frequency instability of C H 1-75
masers (serial numbers 39 and 46) with modulation
by magnetic field plus beam (R39 = 0.72, R40 = 1.02)
have shown, that oy(2, T) = 0.7.10-15 per 1 day on
the
observation
time
interval
10 days.
Thus, frequency stability improvement per time
interval Ih-ld by 3-4 times is achieved. The obtained
results are shown in Fig.3 (curve 3).
3. DEVELOPMENT OF THE NEW MODEL OF
PASSIVE HYDROGEN MASER

At present IEM ccKvarz>) is producing the passive
hydrogen maser CHI-76, which is successfully used in
various laboratories both in Russia and in other
countries. Further investigation in this area has
resulted in the development of the new model of the
passive hydrogen maser CHI-86.
The block diagram of the new model is similar to
that of the CHI-76, however differences in design and
engineering solutions have allowed to reduce
dimensions, weight and consumption power with
some improvement of metrological characteristics.
In the CHI-86 physics package the qudrz
cilindrical storage bulb with 0,45 1 volume covered
with fusible ftorpolimer is used.

The cavity with diameter of 115 mm (instead of
132 mm in the CHI-76), 3 magnetic screens made
from 81 NMA pennalloy with thickness of 0.5 mm,
located inside a vacuum chamber, and the 4-th
external magnetic screen from 79 NM permalloy with
thickness of 1 mm are used. The influence of external
magnetic field variations on the maser frequency is
reduced due to reduction of size of shielded area
(1.5. 10-14/Oersted instead of
2.5.10-'4/Oersted
in the CHI-76).
To increase the reliability of atomic hydrogen
source the high frequency oscillator with automatic
pulse excitation of discharge in the source bulb is
used. This design developed for the C H 1-86 is used at
present in the serial maser CHI-76 as well.
In designing electronic part of the device the
special attention was paid to reduction of
temperature variations influence of electronic units on
maser
frequency. The basic units influencing
frequency with temperature change are receiver,
frequency multiplier and modulator. The Butterwort
passband filter of the 3-rd order with a passband
25 MHz and with passband flatness 0.1 dB is used.

The spurious modulation in the modulator and
frequency multiplier has been reduced to a level
-1 10 + -120 dB. All this has allowed to considerably
reduce frequency shifts due to electronic units and
temperature frequency coefficient, which equals
1.10-I4/grad.
The operating temperature range has been
extended to 0-40 OC,the weight has been reduced to
38 kgs (instead of 55 kgs in the CHI-76), volume to 53 1 (instead of 75 1 in the CHI-76). There is the
built-in accumulator battery in the maser, whose
capacity is sufficient for device operation during
1 hour.
The rather rigid design of the device allows to use
it as a transportable clock. The photo of the CHI-76
and the CHI-86 masers is shown in Fig.4.
The frequency instability of the CHI-86 maser
may
be approximated
by
expression
8.5.10-13/

4. CONCLUSION
Thus, thanks to the latest achievements in the
development of the hydrogen masers at IEM c(Kvarz)>
the following results are obtained:
- the frequency stability of the active hydrogen
maser CHI-75 in an ACFC mode 2.l@I5 per 1 h,
(0.7- 1.5) 10'15 per 1 d is achieved, i.e. the frequency
stability is improved by 3-4 times;
- the experimental prototype of passive maser with
frequency stability 6. 1@15 per 1 d, small weight
( 38 kgs ) and
dimensions, suitable for using as
a transportable clock, has been developed.
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+ 6. 1 0-l5(see Fig.3, curve 1).

I
Cavity

Modulator

control

Ft-rl
Reversible
counter 2

+

A

-

4

w

Hydrogen
maser CHI -75

100 MHz+Af
b

Frequency
comparator

1 Hz+Af
b

Reversible
counter 1

A

Reference signal 100 MHz
(from the second maser)

Fig. 1. The block-diagram of the ACFC system in the hydrogen maser CHI-75

t

Fig.2. Photo of the CH 1-75 hydrogen maser

Fig.3. CH 1-75 and CH 1-86 masers frequency
instability:
1 - CH 1-86,
2 - CHI -75 (ACFC mode, T= 100 s, magnetic field
modulation),
3 - CHI-75 (ACFC mode, T=1000 s, magnetic field
plus beam modulition),
4 - CH 1-75 (free running cavity mode).

Fig.4. Photo of the passive hydrogen masers
CH 1-76 (on left) and CH 1-86 (on right)
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central fringe as a function of the microwave power.

ABSTRACT
Most frequency standards in which Ramsey's separated oscillatory fields method is used apply two
microwave pulses of identical duration to the atoms.
Recent proposals to use a continuous beam of laser
cooled atoms in frequency standards may, however,
result in devices where the interactions are of unequal duration. The purpose of this paper is to establish the symmetry of the Ramsey fringes in such
a case. The demonstration is based on properties of
the Bloch equations without any assumptions about
the temporal dependence of the rf-field. This very
general result can therefore also be used for different types of interrogation. In addition, the behavior
of the contrast and the width of the central Ramsey fringe as a function of microwave power for both
equal and unequal interaction times is also investigated.

li'eywords: Ramsey fringes, Cesium standards,
Atomic clocks
'

1

INTRODUCTION

Most cesium frequency standards use the separate
oscillating field method first proposed by Ramsey in
1949 [I]. Two microwave pulses separated by a period without rf-field are applied to the interrogated
atoms. In a conventional thermal beam tube the
two pulses occur in two different regions while the
atoms pass through the Ramsey cavity [2, 31. In
atomic fountains the atoms perform a ballistic flight
and experience a single rf-field twice, once on their
way up and once on their way down [4]. In either case
the length of the two microwave pulses is the same.
Recent proposals for new designs of frequency standards based on a continuous beam of cold atoms [5,6]
may however result in different interaction times. It
is therefore important to establish that the Ramsey
fringes remain symmetric with respect to the detuning even if the interaction times are different. In the
following section it is shown under what conditions
this result is true. The third section contains a study
of the behavior of the contrast and the width of the

2

SYMMETRY OF THE FRINGES

The evolution of a two-level system in interaction
with an external oscillating field can be described
by the Bloch equations [3], a system of first order
differential equations.

=
= - 6,
2ir = - Sl,u
li

= { u

+
+

SV

+

R,w

- Slu w
Ruv

(1)
The three elements u, v and w are often regarded as
the components of a fictitious spin ti?, each of them
having a clear physical meaning: u and v are related
to the components of the dipole oscillating respectively in phase and with 7r/2 phase lead; w is proportional to the population difference between the levels
involved (w = i[pbb- pao] with pii the probability
of finding the atom in level li >). The amplitude
B of the external oscillating field enters the formula
through the Rabi frequency hR(t) = p ~ B ( t where
)
p~ stands for Bohr's magneton. Ru and R, are kept
in Equation (1) to allow for an end to end phase shift
between the two microwave pulses (S12 = R;
52;).
Finally, 6 designates the detuning between the frequency of the external field and the atomic resonance
frequency: 6 = w d - w,t .
Equation 1 is a special case of the more general
system given in [3] which includes longitudinal and
transversal relaxation. For the present purpose the
relaxation has been neglected, 2.e. TI + ca,Tz +

+

03.

The Ramsey fringes are related to the third component of the fictitious spin ti?. TO have a symmetrical pattern with regard to 6 means that the third
component of G has the same value after an evolution
with 6+ = +So as after an evolution with 6- = -60.
For the purpose of the demonstration it is helpful to
rewrite Equation (1) in terms of &do.

Two systems are contained in Equation 2 which can
be combined by computing GA = 2u'+ -5- and 2 u ' ~=
2u'+
3 . Two independent systems of differential
equations can be obtained if the resulting systems
are rearranged in the following way:

+

Figure 1: Illustration of the condition .u = 0.

The two systems are only independent if Sl,(t) =
0, i.e. if there is no phase shift between the two
microwave pulses. It is easy to show that with this
condition the norm of the two vectors r' and .?does
not change in time, i.e.

For the rest of this section it is assumed that
is
zero for all times.
The requirement for identical evolution of the third
components of
and w'- becomes clear if the initial
conditions of the fictitious spin are fixed and the corresponding auxiliary variables r'(t = 0) and .?(t = 0)
computed.

In the event of uo being zero at t = 0 the norm of
r' is zero. On the other hand, as mentioned above
(Equation ( 5 ) ) , this norm does not change with time
and will thus remain zero. In particular this means
that the third component of r'(r3 = W A = w + - w - )
which gives the difference of the population differences between the case +60 and -60 is always equal
to zero. It is therefore established that - so long as
the first component of the fictitious spin is initially
zero - the Ramsey fringes are symmetric with respect to 6. This result is surprisingly simple and
requires two remarks. First, it must be emphasized
that there is no restriction on the initial value of v or
of w. The only conditions to be fulfilled are no phaseshift between the two microwave pulses (R, = 0)
and uo = 0. Secondly, it is worthwhile pointing
out that the proof relies directly on the differential
equation and does not assume any particular interrogation scheme. The symmetry result is therefore
correct whatever the particular time dependence of

the rf field. It is valid for equal or unequal interaction times (with equal or unequal Rabi frequencies)
in any kind of Ramsey cavity (or E-bend or H-bend)
as well as in the so-called "multilambda" cavities.
Figure 1 illustrates the condition for symmetrical
Ramsey fringes. Both pictures show the evolution of
the fictitious spin w' for 6+ = +60 and 6- = -do.
The fictitious spin precesses around a vector a' in the
(uw) plane describing thereby a cone the aperture
of which is determined by the angle between Goand
a'. The vector a' defining the axis of precession has
a u-component related to the rf-amplitude and a wcomponent proportional to the detuning. In Figure 1
a) the condition uo = 0 is fulfilled whereas in b) uo #
0. In the first case the fictitious spin describes cones
with equal aperture for 6+ and 6-. The angular
frequency of the precession motion being the same in
both cases it is easy to see that at all times the third
components of 2u'+ and 20'- are identical. In contrast
to this, the cones for positive and negative detuning
have different apertures in Figure 1 b). Although
the angular frequency of the precession is again the
same the third component of the fictitious spin is in
general not equal for the two cases.
3

WIDTH AND CONTRAST OF THE
CENTRAL RAMSEY FRINGE

Both the width and the contrast of the central Ramsey fringe depend on the amplitude of the interrogating rf-field. The aim of this section is to analyse
the variation of these two parameters as a function of
the microwave field. Although an overall n-pulse is
commonly used to interrogate the atoms, this study
gives a useful insight into interesting features of the
Ramsey fringes. The following discussion focuses on
an E-bend cavity since an analytical solution can be
elaborated in the case where the amplitude in each
interaction region is constant. Numerical integration
of the Bloch equation for an H-bend cavity have however led t o analogous results.
The starting point for the analysis is Equation
(7), which gives the third component of the fictitious spin after two microwave pulses of length (Rabi
frequency) T1(Sll) and T2(S12) respectively, separated by an interval TL;Equation (7) is obtained

by integrating system (1) with as initial condition
uo = vo = 0, wo and the two Rabi frequencies Rl
and R2 constant but not nececessairly equal. As in
the previous section the detuning of the rf-field from
the resonance angular frequency is denoted S:
wf = wo {K cos (STL)

+ a sin (STL)+ q )

(7)

most intuitive if the individual angles are expressed
in terms of their average ~$0 and difference cp:

Since the discussion applies to the central fringe
(S2 << R2) further approximations can be made.

The coefficients n, a and 11 stand for the expressions:

- sin f i 1 ~ sin
1 fiZT2

(8)

Using these approximations and the previously introduced notations for the nutation angles, the coefficients K and a can be rewritten, yielding - according to Equations (12) and (13) - expressions for the
contrast and the width.
For equal nutation angles (TIR1 = T2Q2),K and a
take simple forms.

1 - cos fi2T2
sin fi1T1
a 2

+ sin fi2Tz1 - cosfi1T1

For small detunings the contrast as a function of
rf-amplitude therefore simply oscillates between -1
and 0 (Equation (18)). While the absolute sign of
the contrast is not relevant, it is important to note
that in the present case the sign never changes.
As far as the width is concerned, the variable $
must first be calculated.

fi1

26 1 - cos do
tan$ = -R sin do
In order to define the contrast and the width of the
central fringe it is convenient to approximate Equation (7) by the expression:

The new variables

C and $ are related

to

K

and a:

The contrast of the central fringe is defined by the
amplitude C of the cosine in Equation (11) whereas
the width is equal to twice the detuning for which the
argument of the cosine is equal to n/2: STL-$ = n/2
(note that $ is an odd function of S (19) and does
not imply any shift of the central fringe).
Without restricting the generality of the discussion it is possible to assume identical rf-amplitudes
for both pulses. Indeed, Equation (7) contains only
the angles of nutation di = x R i and the interaction
times have not yet been fixed.
After the two microwave pulses the overall angle
of nutation will be 240 = dl 42. The result is

+

This term is in general small except for values of do
close to an odd multiple of n. By excluding these
regions, tan $ can be replaced by its argument thus
allowing the width of the central fringe to be calculated as a function of microwave amplitude.
Figure 2 summarizes the results of contrast and
width as a function of the rf-amplitude. The horizontal scale is normalized to the power producing
an overall nutation angle equal to n , i.e. Cl = lRO
means that 240 = ,T. The vertical axes show on
the right the normalised contrast and on the left the
full width at half maximum for the given configuration. The geometry is chosen to have interaction
times TI = Tz = 5.8 ms separated by an interval of
TL = 66.8 ms. The grey zones in the figure indicate
where the approximation tan $ $ is invalid.
The variation of the width of the central fringe can
be interpreted as a change of the time between the
two microwave pulses. In order to make this modulation clearer, the expression for $ is substituted in
Equation (11). The result reads

--
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Figure 2: Variation of the width and the contrast of
the central Ramsey fringe

Figure 3: Variation of the width and the contrast of
the central Ramsey fringe

1C,

Figure 3 summarises the results for contrast and
width in this case.
Two new features can be observed as a result of
the two oscillation frequencies. First, in opposition
to the case before, the sign of the contrast changes
with increasing rf-amplitude. Ramsey fringes for different signs are displayed in figure 4. Secondly, the
combination of the two oscillation frequencies may
transform a fringe that had minimal contrast in the
equal interaction time case to a fringe of maximal
contrast (compare the contrast in Figure 2 and Figure 3 at R = do0). In Figure 4 calculated Ramsey
patterns for three different microwave powers are displayed. The interaction times are TI = 7.0 ms and
T2 = 4.7 ms, separated by 66.8 ms. The atoms are
assumed to be prepared in the state F = 3. If the
power is adjusted to produce an overall n-pulse (plain
line R = 100) the contrast of the fringe is maximum
and the atoms are in F = 4 after the interactions.
Similarly, for R = 400 (dashed line) the contrast is
also maximal but the atoms are in the F = 3 state at
6 = 0. The difference of the width between the two
cases is easily seen around the detuning 6 = 40 Hz
where the Ramsey patterns are clearly out of phase.
The third case displayed in Figure 4 corresponds to
R = 5Ro (dotted line). As predicted, the contrast
for the central fringe is zero. It is obvious that for
this case it makes no sense to predict the width of
the central fringe.

For values for which the approximation tan 1C,
holds, one can define Teffsuch that
Teff= TL

2T0 1 - cos 40
+40 sin40

11

(21)

This time is modified if the microwave amplitude
(and hence 40) is changed and leads to the interpretation of the variation of the width of the central fringe, a phenomenon which has already been
recognized earlier [7]. The width is related to the
total angle of precession the fictitious spin accumulates between the two microwave pulses. The precession angle itself is connected to the integral over
time of the dipole. As soon as the atom enters the
first cavity the dipole is slowly built up and the spin
immediately starts to precess. By the time the atom
leaves the first cavity the fictitious spin has already
precessed by a certain angle. For the second cavity
the process is inverted: the precession does not stop
when the atoms enters but continues until the dipole
has completly vanished. It is clear though that the
width does not only depend on the time spent between the two microwave pulses but also on the way
the dipole is created and canceled in the cavities. For
the calculation of precession angle in the microwave
cavities one can replace the growth or decrease of the
dipole by its average, multiplied by the time spent in
each arm. In the case of an E-bend Ramsey cavity
with microwave power producing an overall n pulse
Ten = TL 4To/n. With an amplitude yielding an
overall 3n pulse TeR= TL - 4To/37r, i.e. a shorter
time.
For unequal interaction times the result is more
complex. Instead of showing a simple oscillation, the
contrast is here the combination of a slow and a fast
periodic function,

+

Cuneq

= - sin 41 sin 9 2 .

(22)

4

CONCLUSION

This paper presents a theoretical study of the Ramsey fringes for unequal interrogation times. The main
purpose is to demonstrate under what conditions the
Ramsey fringes are symmetric with respect to the
detuning 6. It is shown that as long as the first com-

[7] P. Thomann, In Proceedings of the 22nd P T T I ,
Vienna, VA, USA, 331 (1990).

0
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40

50

detuning [Hz]

Figure 4:. Examples of Ramsey fringes for different
rf-powers in the case of unequal interaction times:
TI = 7.0 ms, Tz = 4.7 ms, TL= 66.8 ms.
ponent of the fictitious spin is initially zero (uo = 0)
and no phase-shift exists between the two microwave
pulses (a, = 0) the fringes are an even function of 6.
Furthermore a study of the contrast and width
of the central Ramsey fringes has been presented.
Although most interrogation schemes work with an
overall T-pulse this investigation gives some interesting insights of the pattern. Ramsey fringes for unequal interaction times and higher microwave power
have been computed.
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[ABSTRACT]
We discuss the efficiency of polarization gradient cooling of a Cs atom with a laser, red-detuned from the Fg=
4 3 Fe7=5 transition. The time of flight experiment shows that the polarization gradient cooling works effectively
when the detuning is larger than 200 MHz, while i t is not effective when the detuning is around 170 MHz. This
result is explained considering the influence of the Fg= 4

-+Fe'= 4 transition.

We have performed

numerical

analysis of polarization gradient cooling effect, taking into account two excited states.

1. INTRODUCTION

In this paper, we discuss the cooling efficiency of

With the development of the diode laser

PGC with an actual Cs Fg= 4

+FeJ= 5 transition.

operating in the near-infrared region, the Cs atom has

The characteristic of PGC can not always with the

become one of the most advantageous samples for

previous simplified model.

demonstrating laser cooling, mainly because of its
large mass[l].

Furthermore, the development of the

2. EXPERIMENT

laser cooling technique using the Cs atom has been

We measured the temperature (T) of cooled atoms

helpful in improving the accuracy and stability of the

by using a time of flight (TOF) method with various

atomic clock, because the present frequency standard

values of laser detuning. Cs atoms were cooled and

is defined by the hyperfine transition of Cs [2,3].

trapped by a magneto-optical trap (MOT) which was

Employing polarization gradient cooling (PGC),

made with three mutually orthogonal pairs of

the lowest temperature of a Cs atom becomes much

counterpropagating trapping beams having opposite

lower than the Doppler limit. Previously, the PGC has

circular polarizations and a n inhomogeneous magnetic

been discussed mainly in the case in which the ground

field. Our experiment was performed in a low Cs vapor

state is doubly degenerated. The deceleration by the

pressure cell as in [4]. The trapping beams were

~ , and
/ 6the ~equilibrium

derived from a stabilized extended-cavity laser diode

temperature is in the order of R2/6, where R and 6

and are detuned a few linewidth to the red of the Fg=4

denote the Rabi frequency and the

+Fey=5 transition. These beams were cut off with an

PGC is proportional to ~

respectively.

detuning,

acousto-optic modulator. The laser is offset locked to

TIME [msec]

TIME. .[msec]
....

Fig.1: Time of flight (TOF) signal observed with different values of detuning (6). Here t denotes the time after
the cooling laser is turned off.

6 (Laser detuning : in MHz)

Fig. 2 Atomic deceleration a s a function of 6, assuming
cmls (dotted line).

= 7 MHz, for example velocity is 4 cmls (solid line) and 15

transition.

this transition by using a saturated absorption
3

Taking the sublevels of ground state and two excited

ground state we also excite the Fg= 3 -+ F,' = 4

states into account, we have performed a numerical

transition by a n another laser diode. To perform a PGC,

analysis of PGC. To our knowledge, this is the first

the locked point of the cooling laser frequency was

trial taking two transitions into account. We discuss

switched to make detuning much larger. The laser has

this

a power of 13mW with a beam diameter of 12mm (R

configuration.

spectroscopy. To prevent optical pumping to the

Fg=

=16MHz). After PGC was performed for lomsec, the

using

a

1-D model

with

linear

linear

The PGC is caused by the difference of the optical

cooling laser is turned off. The probe laser beam for

potential a t each sublevel.

TOF method is put 50 mm under the molasses. We

approximation, the optical potential of ground state

measured the population of the atoms passing through

atoms concerning two transitions is the sum of

the TOF detection region as a function of the intensity

potentials calculated with single transitions. Also the

of absorption.

transition probabilities to Fek5 and 4 should be
calculated independently.

As the first order

Note

that it can be

3. RESULTS AND DISCUSSION

transformed by spontaneous emission not only to Fg=4

3.1 Experimental results

but also to F F ~ ,when the atom is excited to FeL4. If

Figure 1 shows the experimental result. The TOF

it is transformed to F e 3 , i t is repumped by another

signal drastically changes. I t is gradually broadened

laser that is resonant with the Fg= 3 -+

from a detuning is

transition.

--145MHz to --170MHz. I t seems

Fe'

= 4

Once a transition to FeL4 occurs, the

that the temperature of the molasses increases in this

recoil is caused by more than one photon (in average

region. Moreover, the peak of the TOF signal shifts to

1217 photons), while the recoil after the transition to

later time. On the other hand, over -170MHz region,

FeL5 is caused by one photon.

the temperature of the molasses seems to decrease

efficiency of the PGC, the actual change of kinetic

until the detuning is --220MHz. The peak of the TOF

energy was calculated by solving equations given in

signal again moves to the earlier time. I t is noticeable

Ref. [5] numerically.

To discuss the

phenomenon. These results cannot be explained by the

We have calculated the atomic deceleration

previous model considering one excited state and the

taking R = 7 MHz and the initial velocity v ( for

ideal model of the PGC.

example, a t the two cases of the initial velocity is large
( v =15 cm/s) and small ( v = 4 cmls) ). Figure 2 shows
the deceleration as a function of 6. The deceleration is

3.2 Theory and interpretation
In the case of the Cs atom, the theoretical

minimum with 6 = 160 MHz. Figure 3 shows the

treatment is much more complicated than the previous

equilibrium temperature a s a function of 6 with

treatment, for the following two reasons.

R=7MHz. Taking the detuning larger than 180 MHz,

(1)
(2)

The ground state is formed by nine sublevels.

also the equilibrium temperature becomes lower,

With PGC, the detuning of the laser is much

because the heating effect by the photon recoil becomes

larger than the natural width. At a detuning of

small [5].

larger than 150 MHz, the laser light functions
also as a blue-detuned light of a Fg=4

+ Fe'=

4

From the experimental result, we observed that
the deceleration by the PGC becomes minimum at

100

150

ti (Laser detuning : in MHz)

Fig. 3 Equilibrium temperature a s a function of 6 , assuming R =7 MHz. Theoretically, it is preferable to use a
detuning larger than 200 MHz, to get both a high deceleration and low equilibrium temperature.

TIME [s]
Case 1

TIME [s]
Case 2

Fig.4 Calculative T.O.F. signal assuming that the initial temperature is 500 pK. Here it is also assumed that the
upward velocity is 15 cmls. The deceleration by the PGC is described by dv,where v is the atomic velocity and a
is a constant. For example, case 1 and 2 show the result with a = lo5 m2/s3 and a =200 m2/s3, respectively. If the
deceleration is large (case I), the TOF signal is sharp. The deceleration is small (case 2), the peak of the signal shifts
and widens.

around 6=170MHz. At this detuning, the temperature
does not establish to the equilibrium while the cooling
laser is on (10 ms). Therefore, it is considered that the
TOF signal becomes sharp when 6<- 140MHz or 6>200MHz, while it is broadened a t around 6=170MHz.
Furthermore, figure 1 shows that the peak of the
TOF signal shifts when 6 is around 170MHz. To
explain this phenomenon, we considered that the

4. CONCLUSION

We have investigated the PGC characteristics of
the Cs atom. We have measured the temperature of
cooled atoms with PGC by using a TOF method. The
temperature

is

low

(in

the

order

of

several

microKelvin) when the laser detuning is larger than
200MHz or smaller than

- 140MHz,

-

while the

temperature is high when the detuning is around
170MHz. To explain this phenomenon, we considered

atoms have a initial velocity of the upward direction ;

the influence of the neighboring transition. I t was

that is possible if there is power imbalance between up

shown that the PGC is effective when the detuning is

and downward laser beams. At our experimental setup,

larger than -200 MHz, while it is not effective when

Cs vapor cell is long to the vertical direction. Therefore,

the detuning is around 170 MHz. Theoretically it was

the trap beam is strongly influenced with the

shown that it is preferable to use a detuning larger

absorption. Figure 4 shows the calculative TOF signal,

than -200 MHz, to get both a high deceleration and

assuming that initial upward velocity is in average

low equilibrium temperature.

15cmIs and the initial molasses temperature is 500 ,u
K. This signal includes two components. One of the
component is a signal of atoms that establish to the
equilibrium while the cooling laser turn on (for
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ABSTRACT
We observed that Cs atoms can be trapped even
in the region where the molasses is not directly
influenced by the electric field of the repump beam.
With increasing distance between a narrow repump
beam and the trapped atoms, the population of
trapped atoms gradually decreases. The limit of the
beam separation which can still trap atoms is
determined by the molasses size.

Keyword: repump, molasses size, magnetooptical trap

1. INTRODUCTION
The trapping of some neutral atoms by a
magneto-optical trap (MOT) has been
investigated.[Ref. 11 The MOT of Cs atom is
one of the important task. The reduction of
the speed of the atom by using a MOT or
some other technique is important to improve
the accuracy of frequency standards.[Ref. 21
The transition between the two ground
hyperfine states (F=3 -- F=4) of Cs is used to
define the standard of frequency. It is the so
called clock transition. The optical transition
between the 6S,,, F=4 ground state and the
6P3,, F'=5 excited state (cyclic transition) is
used for laser cooling. This laser cooling is
disturbed by collisions etc. In the weak

intensity region of trapping light or by a
slight misalignment, it is reported that
hyperfine transitions between ground-state
atoms is caused.[Ref. 31 If the ground state of
the atoms changes to F=3, the optical
transition no longer occurs. Therefore, the
F=3 ground state is not affected by the
cooling process. In order to prevent this
phenomenon, we need additional light to
return atoms to the F=4 ground state. This is
called the repump beam. The characteristics
of the repump beam have not been
investigated yet. In this paper, we discuss a
new feature of the repump beam.

-

2. EXPERIMENT
The experimental setup is shown in
Fig. 1. The MOT experiment was performed
in a handmade glass cell. Extended-cavity
laser diodes were used as the excitation light
sources. The linewidth of these laser diodes
was less than 1MHz. We performed two
experiments with the repump beam. One was
narrow beam excitation. In this case, the
repump beam was incident on the cell
uniaxially and in a different direction from
the trap beams. The other was the
measurement of the molasses size. In this case,
a wide repump beam was used coaxially with
one of the trap beams. In this paper, we call

the former case NU (narrow uniaxial)
repumping and the latter case WC (wide
coaxial) respectively. The NU repump beam
was moved into the trap beam region. The
magnetic-field gradient was 20GIcm. The
profile of the molasses was observed by the
CCD camera. The fluorescence from the
molasses was collected by a photo-multiplier.
In order to increase the signal to noise ratio of
the fluorescence intensity, one of the trap
beams was chopped and the signal was
detected by the lock-in amplifier. The
frequency of the trap beam and repump beam
were red-detuned from the resonant energy of
FY=5transition and the F=3
the F=4
F'=4 transition respectively. The temperature
of the cooled Cs atoms was =300 pK,which is
measured by the time of flight method.

-

-

3. RESULTS AND DISCUSSION
We increased the power density of the
repump light by decreasing the beam size. In
the coaxial incidence case, the power density
of the repump beam is less than 1 mWlcm2.
We have observed that the Cs atoms are still
trapped when the power density of the
repump beam is increased up to 15 mWlcm2.
This is the maximum density of our system.
In this case, the radius of the repump beam is
= 0.35 mm. Moreover, we moved this NU
repump beam away from the center of the
molasses. It is noticeable that the Cs atoms
seem to be trapped even in the region where
the molasses is not directly influenced by the
electric field of the repump beam. The picture
taken by a CCD camera is shown in Fig.2.
The narrow white line is the repump beam
and the white dot besides the line is the
trapped atoms. The radius of the molasses is =
0.4 mm.

In order to quantitatively observe this
phenomenon, we measured the intensity of
the fluorescence from the molasses as a
function of the beam separation. The beam
separation means the distance between the
repump beam and the molasses. The result is
shown in Fig.3. With increasing separation,
the population of trapped atoms gradually
decreases. Even 3mm from the center, we can
observe the fluorescence of molasses. Taking
the size of NU repump beam into
consideration, it becomes clear that the atoms
are not trapped by the residual electric field
of the repump light. The Cs atoms are trapped
outside of the repump beam.
The trapping region depends on the trap
beam intensity.(Fig.4) As the trap light
intensity is increased, the region over which
atoms can be trapped becomes larger. It also
depends on the magnetic-field gradient
generated by the anti-Helmhortz coil.(Fig.5)
By decreasing the magnetic-field gradient, the
trapping region becomes wider. When we
change the detuning of the trap light, the
trapping region does not change significantly.
Wealso estimate the size of the molasses
in the case of WC repumping by measuring
the absorption of the additional probe light.
The molasses size increases as the trap laser
intensity increases (Fig.6) and the magneticfield gradient decreases (Fig.7). It does not
depend on the detuning of the trap light.
These results are reported theoretically by
Steane et al. [Ref. 41 The radius of the
molasses is given by

where SZ is the Rabi frequency, r the
transition linewidth, and 6 the laser detuning.

It is found from this equation that the radius
of the molasses depends on the magnetic-field
gradient and the intensity. Moreover, it does
not depend much on the detuning. Our results
are in good agreement with this theory.
By comparing the result of the trapping
region of the NU repump beam with the
molasses size in the case of WC repumping,
both results tend to show the same behavior.
The trapping region measured by the
scanning of a NU repump beam is nearly the
same as the molasses size. Therefore, it can be
said that the limit of repumping by a NU
beam is determined by the molasses size. It
can be also said that we directly observe the
trapping region in various experimental
conditions by using the NU repump beam.

4. SUMMARY
We have observed that Cs atoms can be
trapped outside of the repump region. It
means that the molasses is not directly
affected by the electric field of the repump

light. We also measured the molasses size. The
trapping region in the case of the NU
repumping shows the same tendency with the
variation of the molasses size in the case of
WC repumping for different trapping
conditions. Therefore, the trapping region is
determined by the molasses size. The
mechanism of this trap is not clarified yet
under present conditions. We need more
information to do that.
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FIG. 1. Experimental setup. The repump beam is incident on the cell in a uniaxial
configuration.

Beam Separation (mm)
FIG.2 Cs atom trap outside of the repump light.
The white line is repump beam and white dot is
molasses. Two crossed wide white lines are trap
beams. The radius of repump beam is 0.35 mm
and molasses 0.4mm. The trap beams are 12@.

FIG3 Fluorescence intensity from the
molasses as a function of separation of
repump beam from the molasses.

Beam Separation (mm)
FIG.4 Fluorescence intensity for different
trap light intensities.

Beam Separation (mm)
FIG.6 Absorption of the additional probe
light to measure the molasses size as a
function of separation of probe. Intensity
dependence of trap beam light. The zero
point of the abscissa represents the highest
intensity of the fluorescence from the
molasses.

Beam Separation (mm)
FIGS Fluorescence intensity for
different magnetic-field gradients.

Beam Separation (mm)
FIG.7 Variation of the absorption for
different magnetic-field gradients.
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ABSTRACT
Single ions confined in radiofrequency traps offer the
best performances for the realization of an atomic
frequency standard in the visible domain. We
concentrate on the study of the ~a'-ion, which is one of
the most interesting candidates for a metrological
application. Preliminary experiments concerning lasercooling, optimization of experimental condkions and the
systematic evaluation of the different neutral gases for
line broadening are presented.
Keywords: Ion trap, laser cooling,
collisional de-excitation, j-mixing.

) an
Additionally, calcium has an isotope ( 4 3 ~ awith
odd nuclear spin (1=7/2) which will allow for applications
of extremely high precision to work with atomic
transitions which - in first approximation - are
independent of magnetic field.

diode lasers,

INTRODUCTION
Single ion experiments promise to be among the
best candidates for the realization of an atomic
frequency standard (ref.1). Most of the proposed
elements belong to the earth-alkaline group, the ion has
then only one outer electron. This gives rise to a simple
A energy level scheme, where the ion's resonance line
(nS-nP) can be used for laser cooling while the
(forbidden) clock transition relates a metastable (n-I) Dlevel to the ground state. Due to a non-negligible
(nP-(n-I)D)l(nP-nS) branching ratio (usually a few
percent), this configuration requires the recycling of the
ions by back pumping of the nP-(n-l)D transition.
The Paul (or radiofrequency) trap has turned out to
be the best adapted tool for this kind of high-resolution
laser spectroscopy. It offers very long interaction times
(hours to days), allowing to neglect transit time
broadening effects. There are no interactions with the
walls. The influence of collisions with the background
buffer gas - even under ultrahigh-vacuum conditions has to be taken into account, but it can be evaluated
(ref.2). Laser cooling which is needed if the clock
transition is in the visible domain, allows access to the
Lamb-Dicke regime for which the first order Doppler
effect vanishes.

THE ~ a ION
+
We started to study a possible use of the ~ a ion
*
confined in a Paul trap. The proposed clock transition
4Slr~3Dsnwith a wavelength of 729 nm has a natural
linewidth inferior to one Hertz (ref.3). This gives rise to a
theoretical line quality factor VIA: of about 2x10'~.One
of the main advantages of the Ca -ion is the fact that all
the wavelengths needed for the laser cooling and the
probing of the transitions can be obtained from laser
diodes either directly or by frequency-doubling (Figure
1). A small and compact design for the experimental
set-up may then be imagined.

Figure 7: Lowest energy levels of ~ a '

EXPERIMENTAL SETUP
The experiments described in the following have
been carried out in a medium-size Paul trap
(ro=7.2mm). The endcaps of this trap are made from
molybdenum mesh with a transmission of 8676,
necessary for the observation of the fluorescence of the
ions, the ring has been made from stainless steel. The
trap is placed in an ultrahigh vacuum vessel at
pressures below 7x10''~mbar.

Grating stabilised
diode laser

\

.......

,

Electron
gun

Lens

I ,N

Oven

Figure 2 : Experimental set-up

The lasers used for the preliminary laser-cooling
experiments are a commercial intra-cavity frequencydoubled titanium-sapphire laser (Coherent 899-21) and
a SDL diode laser placed into an external cavity. The
TiSa-laser provides up to 15mW of singlemode output
power at 397 nm - the wavelength necessary for the
laser-cooling of the calcium ions. The diode laser at 866
nm is used to repump the ions which relax into the
3Dm-level. It is stabilized on a 300 MHz Fabry-Perot
cavity using an electronic feedback method giving a
stability better than 200 kHz, the output power used is
lower than 2 mW. Both lasers cross the trap diagonally
(Figure 2).

OPTIMIZATION OF TRAPPING PARAMETERS

models taking into account anharmonities, either from
the trapping field or due to space charge.
Loci of the fluorescence maxima obtained for both
clouds are represented in Fig.4 where all the data are
put in together. It was checked that for each point the
cloud temperature was kept constant (T = 100 k 20K).
For a given cloud, the observed maxima close to one of
the boundaries lie almost isobeta lines.
By using a method similar to this one described in
ref.5, the ox and oz secular frequencies of the motion
can be measured for each maximum. An additional
alternating voltage (so-called cc tickle n) of small
amplitude is applied to the end caps of the trap (dipolar
mode). When the frequency of this tickle is close to one
of the motion-frequency spectrum of the axial
component, their excursions and their kinetic energy will
increase.

While looking for the best conditions in the stability
diagram for the observation of a cooled-ion cloud, we
observed that maxima of fluorescence lay on curves
almost parallel and close to the experimental limits of
the stability. Experiments were carried out on two
slightly laser-cooled clouds (TsIOOK, ion number close
to 20, for a small cloud, and to 200 to 500 for the big
one). While moving the working point, it was observed
that the ion number was kept (for each experiment we
checked that the height of the maximum were not
changed, moving back to the point where this maximum
was found). However, the fluorescence signal changed
as a function of the working point, the variations could
reach up to a factor of ten. ,4s mentionned above, the
maximum fluorescence points were always found near
the boundaries of the stability diagram (~FO,for Fig.3).

Figure 4 : Lines of maximum fluorescence in the
Mathieu stability diagram. The measured limits of the
stability diagram for a small ion cloud are represented
as (O), the loci of maximum fluorescence differ for a
small (A) and a big ion cloud (0).Both clouds have
approximately the same temperature (Trr100K).

Figure 3 :Fluorescence signal of a small ion cloud as a
function of az (qz=0.65).

The real limits of the stability diagram were
measured. These limits are defined as the points where
the ions are definitively lost. While approaching the
limits, the fluorescence signal of the ions drops abruptly
(Fig.3 : az>0.04), but no ions are lost. The whole ion
cloud is lost suddenly for one given az-value. This is
due to the low temperature of the ion cloud, inferring a
kinetic energy very small in comparison with the
potential depth, making possible the confinement even
in a very shallow potential. The measured limits of the
stability region are found inside the theoretical diagram.
This behavior has been systematically observed before
in various experiments (ref.5) and is foreseen by all the

During a resonance, ions absorb energy in a
quantity depending on the duration andlor the excitation
of the tickle, the corresponding increase of the cloud
size leads to a decrease of the density. While scanning
the tickle frequency minima of the fluorescence will
permit, the location of the motion frequencies (Fig.5).
The slight quadrupole contribution allows to excite also
the radial frequency (300mV for ox, while 10mV are
sufficient to evidence or)To monitore the tickle heating
and keep the same ion number, the cooling laser was
applied red-shifted of 200 to 300 MHz.
Understanding our fluorescence measurements
requires the knowledge of the dynamic properties of the
cloud. The power for the cooling laser (1 to 4mW) and
for the back pumping diode laser ( ~ 2 m W were
)
high
enough to saturate both transition and make sure that
the limit temperature is the same, as probed with the
Doppler profile measurements done at each involved
working point.

other one, they varied a little, maxirnas shall be lain on
the corresponding isobetas.
When the ion number is bigger, the spatial
dimension of the cloud will be also bigger. Actually, for
a bigger cloud, cooling the ions will increase the
Coulombian interactions more efficient. The cloud
dimension will exceed waists for points farer from the
boundaries of the diagram. That can be seen in Fig.4,
on the side of the Px=0line.
Space charge is not big enough (in comparison with
the anharmonicities) to render the boundaries really
depending on it, as cornfirm the measures described
above. In the case of the small cloud no maximum were
observed near the Pz=O line. Indeed, the cloud
dimensions versus the isobetas z lines are smaller
and they will not reach the threshold of the waist when
moving towards the limit.
These measurements show that it is possible to
have a good information on the geometric dimensions
of the ion cloud, as well as optimal points for the best
fluorescence signal exist.

-

QUENCHING AND J-MIXING

Ticklefrequency [ kHz ]

Figure 5 : Fluorescence of an ion cloud as a function of
the ticklefrequency applied to the endcaps. The
variation of with the working point is clearly resolved.
The measurements were carried out at V~c=402V
(qz=0.65).
Generally speaking, the laser waists are almost or
slightly smaller than the ion cloud dimensions (170200pn for the Ti-Sa laser, 500pm for the diode laser).
Because the lasers are oriented oblique regarding the
principal axes of the trap, the number of excited ion
number decreases when the axial andlor radial cloud
dimensions increases, as soon as these dimensions are
bigger than the corresponding projection of the waists.
This leads to a fluoresoence decrease due to the ion
density one. Previous studies in our laboratory show
that the cloud dimension (ox, resp os) increase when
approaching the diagram borders (Px=O, resp PB=O).
This remark allows us to predict the signal decrease
when
is increasing, as for example in Fig.3. On the
other hand, during the deplacements of the point where
the fluorescence is measured, the occular frequencies
(ax resp.az) vary oppositely considering the geometric
parameters. Then, ions will oscillate slowly and will be
seem longer by the laser beams. Moreover their velocity
will longer compatible with laser frequency (belonging to
the ion cloud Doppler profile). The fluorescence will
then increase, while moving to the stability limits.
Two effects, the geometric effect and the secular
frequency variations are superimposed. Globaly, the
fluorescence will increase until the cloud dimension
exceeds the laser beam ones, provoking the signal
decrease. This geometric factor plays a more important
role (effect of ZD), the decrease is faster then than the
increase (due to the secular variation frequencies).
Since secular frequencies and spatial dimensions
follow, for a given component, isobetas, while for the

Collisions with the particles of the background buffer
gas are one of the major reasons for line broadening
under extreme conditions (ref.4). It is therefore
necessary to know the rate constants of the different
gases present in the ultrahigh vacuum vessel to be able
to evaluate systematic effects. Former, we started to
look at the influence of the different neutrals (ref.2). We
considered two kinds of neutral gases: noble gases like
helium, neon and argon, as well as molecular gases
(nitrogen, methane and hydrogen).
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Figure 6 : Excitation of the forbidden 4Sip3Dsn
transition at p(CH4)= 6 . 1 0 ~mbar. Laser power at 729
nm is 1060 W.

We directly populate the considered 3D-level, that is
we excited one of the forbidden 4s-3D transitions using
the fundamental mode of our TiSa-laser (Figure 6).
After a given delay the level investigated is probed by
excitation of the corresponding 3D-4P transition and
observation of the fluorescence in the near ultraviolet
(4P-4s). This method assures that only the level
investigated is populated while the other atomic states
are kept empty. Initial conditions are thus well defined.
The obtained decay curves can be fitted with the
theoretical equation describing populating and
depopulating mechanisms. The applied technique is
described in detail in reference 2.
For each of the above mentioned gases we
measured the rate constants for quenching (collisional
deexcitation of the metastable 3D-doublet to the
ground state) and j-mixing (collisional population
transfer from Dm to DW level or the inverse). As the
pressure in the ultrahigh vacuum vessel is a
composition of different gases, each measurement is
defined by a set of partial pressures. A multilinear fit
can then determine the relative influence of the different
gases on the reduced lifetime of the atomic state.
The values found for the collisional deexcitation of
the ca' 3D-doublet towards the ground-state are
represented in
Table 1. Due to the small energy difference between the
3Dm and the 3Dmlevel, the rate constant of both
states are considered as being identical. Here it is most
evident that molecular gases play a very important role
for quenching the 3D-doublet. On the other side, atomic
gases as helium or neon tend to provoke mostly elastic
collisions while having a minor influence on the inelastic
de-excitation process.

Y3s
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Table 2 :j-mixing values for the 3D-doublet of the
calcium ion. y35 stands for the 3D3a versus 3D5n mixing
rate, and y53 for its inverse,
The principle of detailed balancing gives a
theoretical value for the ratio of y35 to ~ 5 3of 1.5. A
detailed discussion of the values obtained as well as
comparison with existing ewperimental an theoretical
work is given in Ref.7
OUTLOOK

Gas

m

r

[amul

[ l0'12cm3s'1]

Table 1 : Quenching rates for the ca' 3D-doublet for
different atomic and molecular gases.
The caracteristics found for the quenching process
are confirmed for the j-mixing collisions. In any case the
j-mixing rate constants are at least one order of
magnitude higher than the quenching rates. This is in
part explained by the energy difference of the levels
involved (see ref.2), a rough estimation can be made
using the Landau-Zener model. The measured j-mixing
values are reported in Table 2.

To realize the probing of the clock transition, we
start to stabilize a laser diode at 729 nm. Unfortunately,
in this wavelength range, only multimode laser diodes
are commercialized, which requires to mount the diode
in a grating-stabilized external cavity (ref.8). It is the
only possibility to render the diode output singlemode
and to obtain the desired wavelength. Further
stabilization of the diode is important once the ion
stored in the radiofrequency trap has attained the
Lamb-Dicke regime (see below). An additional
electronic feedback stabilization on a 300MHz FabryPerot reference cavity has given stabilities below 1MHz.
Optical feedback on the same cavity is a more difficult
technique, due to mode competition between the
different
cavities.
Nevertheless
the
stability
performances obtained are of the same order of
magnitude as for the electronic feedback. For future
applications we plan to use the FM sideband
modulation stabilization technique (ref.9) which should
allow to attain the laser linewidths necessary for a highresolution application.
The challenge of a metrological ion trap experiment
is the reduction of the observed linewidth, which is
mainly due to first order Doppler broaden~ng. One
important advantage of the radiofrequency storage is
the fact that it opens the way to the Lamb-Dicke regime:
If the ion's excursion amplitude in the trap becomes
smaller than the emitted wavelength a frequency
modulation effect will lead to a discrete frequency

spectrum (ref.10). This will suppress the influence of the
first-order Doppler effect. The emitted spectrum is then
composed by the center wavelength (vo) as well as
side-bands separated by integer multiples of the ion's
...). These
frequency of motion (vo+o, vo-o, vo+2o, VO-2o
frequencies will only be broadened by the second order
Doppler effect (-v2/c2). One of the practical conditions
of attaining the Lamb-Dicke regime is to have high
frequencies of motion (2 5 MHz) and a cold (single) ion.
For technical reasons this is easier to fulfill by reducing
the dimensions of the trap.
We are now building a miniature ion trap system
(2r0=1.4mm) to be used for high-resolution
spectroscopy. The reduced dimensions do not permit to
machine an ideal (hyperbolic) trap. For reasons of
simplicity we chose a ring geometry which has been
tested successfully elsewhere (ref.11). It has the
advantage of being a very open structure allowing to
pass the different laser beams and to collect the
fluorescence signal of the ion within a very large solid
angle.
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1. ABSTRACT
A compact and highly reliable Rubidium frequency
standard has been developed for the Doppler Wind
Experiment (DWE) of the joint NASAlESA deep
space mission CassiniIHuygens to Saturn and its
moon Titan. The primary scientific objective of the
experiment is to measure the direction and strength
of Titan's zonal winds with an accuracy better than
1 mls. The Probe's wind-induced horizontal motion
will be derived from the residual Doppler shift of its
S-Band radio link to the Cassini Orbiter. The DWE
instrumentation consists of a Rb-based UltraStable Oscillator (USO) used to generate the
transmitted signal from the Probe, and from
another US0 used to extract the frequency of the
received signal on the Orbiter. The capabilities of
these USOs under the rugged environmental
conditions on Titan and some results from the
DWE-US0 acceptance tests and Huygens prelaunch test program will be described.
Keywords:
Rubidium frequency standard, Ultra-Stable
Oscillator, Doppler Wind Experiment, deep space
mission, rugged environment, test results.

2. INTRODUCTION

orientation of the Huygens probe at and after
impact on Titan and to determine strength and
spatial scales of turbulences in the atmosphere by
measurement of Doppler modulation, Doppler
variations and fluctuations.
The most severe constraints on the accuracy of the
DWE wind measurement are trajectory errors and
instability of the probe oscillator used to generate
the PRL signal. It is expected from tolerance
analyses that a zonal wind height profile can be
recovered with a mean error less than k 1 mls.
This can be achieved only with a highly stable PRL
signal (dfolfo I 2e-10 or dfo I 0.4 Hz at S-Band)
over the duration of the descent in order to exclude
contamination of the measurement by oscillator
drift. The frequency stability of the transmitter is
guaranteed by using an Rb-based US0 (TUSO) to
generate the PRL carrier signal. In addition to this
transmitter USO, it is necessary to incorporate an
additional US0 as local reference oscillator into the
receiver (RUSO) on the Cassini Orbiter, where the
frequency measurement is recorded.
The TUSOIRUSO combination represents the first
use of Rubidium based oscillators on a deep space
planetary mission.

-

3. DOPPLER WIND EXPERIMENT DWE

DWE is one of six investigations to be performed
during the Titan atmospheric descent of the ESA
Huygens Probe. DWE is a high-precision tracking
investigation to determine the direction and
magnitudes of the winds in the Titan atmosphere.
The prime science objective, a height profile of the
wind velocity, will be derived from the Doppler shift
of the Probe Relay Link (PRL) signal from the
Huygens Probe to the Cassini Orbiter. After
correcting for all known Doppler shifts due to orbit
and propagation effects, the wind-induced motion
of the Probe will be determined to an accuracy
better than 1 mls, commencing with parachute
deployment at an altitude of ca. 160 km down to
impact on the Titan surface.
Secondary scientific objectives of the experiment
are to monitor the probe descent dynamics like
spin and parachute swing, to establish position and

The Huygens descent mission on Titan is presently
scheduled to occur on 27 November 2004, about
five months after Cassini arrives at Saturn and
seven years after launch. Approximately 22 days
prior to its mission, the Probe is separated from the
Orbiter and targeted for entry into Titan's
atmosphere. Fig.1 shows the Probe descent
profile. The Probe is decelerated at atmospheric
entry up to a maximum of 16.1 g at an altitude near
250 km. Parachute deployment at a speed near
Mach 1.5 marks the start of the descent phase
(time = to). A smaller drogue parachute is deployed
at to + 15 minutes in order to decrease the descent
time. DWE measurements commence upon
establishment of the radio link shortly after the
parachute is deployed, and the decelerator and the
nose cap are released. The link will continue for at

least 135 & 15 minutes until touchdown on Titan. In
case of an impact on a solid surface, an impact
deceleration of 40 g (approximately 10 g if in a
liquid) is expected.
The DWE experimental configuration is shown in
Fig. 2. The TUSO is used to generate the radio
signal of Transmitter A. An internal TCXO oscillator
serves as back-up in the event of a TUSO failure.
The TUSO output frequency at 10 MHz is
multiplied by 204 to S-Band and transmitted to the
dedicated Probe receiver A in the Orbiter. The
semiannual cruise checkouts can be conducted via
the RF-BITE across the umbilical separation
mechanism (USM). At Titan the signal is amplified
(HPA) for free-space transmission via the Probe
Antenna (PTA) to the Orbiter's high gain antenna
(HGA).
Timing and signal generation for the Receiver A
are controlled by the RUSO. In order to maintain
interchangeability, the RUSO was fabricated as an
exact clone of the TUSO. Consistent with the
Probe strategy, an integrated TCXO can be
substituted for the RUSO if needed. The phaselocked loop control in Receiver A is monitored by a
numerically controlled oscillator (NCO), the output
of which is recorded to provide the DWE frequency
measurement at a sample rate of 8 Hz. The signal
level is monitored via the AGC in parallel at the
same sample rate. In addition to these DWE
"science data", temperatures and internal lock
status of TUSO and RUSO are recorded as
housekeeping data.
The TUSO will be powered well in advance of the
start of transmission from the Probe (= 30 minute
head start), in order to warm-up and achieve the
required frequency stability. The RUSO will be
switched on even earlier, together with the rest of
the receiver on the Orbiter.
The USOs are designed to withstand the
CassiniIHuygens launch accelerations and
vibrations, a 7-year interplanetary cruise phase
leading to a total radiation dose of more than
10 krad, the above mentioned decelerations during
Probe entry as well as significant changes in
temperature (AT = 15OC) and pressure (AP = 1.6
bar) during Probe descent.
The most critical factors for the TUSO, and major
drivers in the selection of an Rb-based USO, are
the peak deceleration of up to 16.1 g during the
entry phase, the pressure variation during descent
and the short warm-up time of 30 minutes to reach
and maintain a frequency drift stability better than
2e-10. The robustness against mechanical
stresses and the quick achievement of frequency
stability cannot be guaranteed with quartz crystal
oscillators. The high mechanical load during entry
might cause a deformation of the internal quartz
fastening system in combination with an
unpredictable frequency offset and an unknown

frequency relaxation time. A similar problem exists
with continuously varying mechanical stresses on
the quartz housing.
The total frequency drift stability dfolfo under the
rugged environmental conditions on Titan is
assumed to be given by the root sum of squares of
the frequency drifts from each individual source.
The four specific factors affecting the frequency
stability are changes in temperature, pressure,
acceleration and magnetic field. With the worst
case excursions expected during the Huygens
descent phase (see Table 1) and the
environmental sensitivities given in Table 2, the
total frequency drift stability of the DWE TUSO and
RUSO can be calculated to be less than 1.9e-10,
which is still within specification.
More details on the DWE concept and mission are
provided in Ref. 1.
Temperature: AT
Pressure:
AP
Acceleration: AA
Magnetic Field: AG

TUSO
15 OC
1.6 bar
2g
1 mG

RUSO
5 OC
0 bar
0.1 g
0.1 mG

Table 1: Worst Case Environmental Variations
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4. ULTRASTABLE OSCILLATOR US0

The DWE USOs are compact, atomic resonance
frequency-controlled oscillators. The highly
frequency-stable output signal is obtained from a
10 MHz voltage controlled crystal oscillator (VCXO),
whose frequency is referenced and locked to the
atomic resonance frequency at approximately
6.834 GHz provided by the ground-state hyperfine
transition of 87Rb. Figure 3 represents the detailed
block diagram of the DWE US0 with the functional
blocks on circuit board level.
Core of the US0 is the Physics Package with the
functional elements
a) Rb-lamp with lamp coil and heater
b) resonator containing Rb-cell, frequency
multiplier, microwave couple loop and photo detector
c) magnetic-field coil
d) common heater for resonator and quartz crystal
e) and the crystal itself
all mounted in a common magnetic shield made
from Mu-metal.
The Rb-lamp, which provides light by an
radiofrequency-excited plasma discharge is
mounted in a temperature-controlled (=113OC)
housing. The coil located around the lamp is part of
the exciter circuit. The remaining elements of the
lamp oscillator, which operates at a frequency of
about 83 MHz, are placed on the lamp board. The
Rb-cell filters and resonates with the light from the
lamp. The corresponding dip in the light intensity is

detected by the photo cell which provides the loop
error signal to the servo board. The resonator and
the stress compensated (SC-cut) crystal oscillator
are operated at 78°C. Lamp and cell are actively
heated, whereas the crystal is slaved to the
resonator. However, independent thermal sensors
are provided for all three components.
A frequency compensating magnetic control loop
has been implemented to improve and speed-up
the frequency stability during warm-up (see Fig. 6).
Significant improvement was achieved by adapting
the magnetic field strength via a feedback loop
using the thermal sensor in the crystal oscillator
housing.
Starting at the upper left and moving clockwise in
Fig.3, the other functional blocks alongside the
Physics Package are:
a) Lamp Board: controls heating of the Rb lamp
and provides RF energy for the lamp excitation
b)Oscillator Board: provides the 10 MHz
sinusoidal output signal via VCXO through a
buffer am~lifier
c) Servo ~ d a r d :synchronously demodulates the
photo detector current and generates the error
signal for the VCXO control. Additionally, lock
status information is provided.
d) Synthesizer Board: generates all frequencies
required for signal processing from the VCXO
output, and performs phase modulation of the
input signal to the step recovery diode of the
frequency multiplier.
e) DCIDC Converter Board: converts the primary
supply into secondary voltages and provides
floating supply lines and insulation between
primary and secondary voltages. The converter
switching frequency is synchronized to the US0
10 MHz output signal.
The small volume, low mass and low power
consuming USOs have been realized by the
application of advanced technological concepts.
The Physics Package, shown in Fig. 4, is
encapsulated by a low thermal conductive foam
within a two-layer inner housing of the USO. The
inner housing forms the second magnetic shield
required for the Physics Package. Proper stiffness
of the inner box and simultaneously low mass is
achieved by using only a thin Mu-metal layer which
is mechanically supported by a second layer made
from aluminium. The electronics, grouped into
functional blocks, are arranged on five printed
circuit boards. The physical arrangement with the
printed circuit boards surrounding the inner housing
of the US0 can be seen in Fig.5. Radiation
sensitive parts like bipolar transistors and MOSfield-effect transistors are encapsulated by
tantalum caps that provide shielding in addition to
the structural elements of the USO.
More details on the US0 functional design and
operating principles are given in Ref.2.

The actual physical and electrical characteristics of
the DWE-US0 are presented in Table 2.
Long term frequency stability
Freq, drift 30 rnin after switch on
Freq. Setting Accuracy
Short term stability
Phase Noise [dBc/Hz]

< 2e-1llmonth
< k 2e-10
< le-8
< 2e-11 forz = Is
< 6e-12 for z = 10s
< -80 for df=1Hz
< -110 fordf=IOHz
< -130 for df2100Hz

Frequency Variations with:

- temperature from -10 to +40

- pressure
- acceleration
- magnetic field
- radiation

O C

< k 3e-121 K
< le-13 1 mbar
< k2e-12lg

+

< k 3e-12/G
< k le-14 Ifad

+ 2 into 50 Ohm

Output Signal Level [dBm]
Harmonics [dBcj
Spurious [dBc]
Return Loss [dB]

0

Supply Voltage [VJ
DC current [mA]
Warm-up Power
Steady state Power DNJ
at -30°C in air
at 25°C in air
at -30°C in vacuum
at 25°C in vacuum
Warm-up time at 25°C [min]
at 25°C in air
at 25°C in vacuum

22 to 43
< 675
< 18.4 for t~30min

Mass [gl
incl. 1509 for radiation shielding
Dimensions [mm]

1898 k 2

[w

< -36
< -60 UP to 50 MHz
< -30

170x117~118
( 2.3 Itr.)

Table 2: DWE-US0 Characteristics
5. DWE- US0 TEST PROGRAM
A total of six Rb USOs have been developed and
built by Dornier Satellitensysteme (DSS) in Ottobrunn
(near Munich), Germany. The Rb glassware, lamp
and cell, has been supplied by Efratom Elektronik,
also a German company, after a burn-in and aging
performance test.
A single structural .and thermal model (STM) was
delivered in April 1994. Two engineering models
(EM), one TUSO and one RUSO, were delivered in
November 1994 to the Huygens ICassini program
for system testing. Three interchangeable units of
flight models (FM), TUSO and RUSO FM and one
qualification flight spare (QFS) were delivered in
March 1996.

Some examples of measurement results achieved
during the acceptance and qualification test
programs at unit and system level are displayed in
Figures 6 8.
The behaviour of the US0 output frequency as a
function of time from switch-on is shown in Fig. 6
for two engineering test models, one with and one
without a temperature-compensating magnetic
control loop (refer to section 4). After reaching its
asymptotic value, the output frequency of both
models easily stays within the 2e-10 tolerance
band. However, the model without magnetic
compensation was found to require too much time
to warm-up.
Figure 7 shows a short-term stability result from a
typical test run at unit level. Running
measurements of the Ailan variance are made with
integration times of 1 and 10 sec., respectively.
Each point in Fig. 7 represents 100 such
measurements.
An example from the system end to end tests is
shown in Fig.8. The radio link frequency derived
from the recorded NCO control word is shown as a
function of time from start of the test. The first part
of the test was performed using the internal TCXOs
in the transmitterlreceiver chain A. The
TUSOIRUSO combination was switched on from
standby to operation at the time t = 104 min until
t = 168 min. The characteristics of the received
frequency change significantly in this time interval
from a series of discontinous jumps (dfolfo ~s le-7)
and unpredictable drifts to a stable value near zero
frequency offset.

-

Unlike precision quartz oscillators, which suffer
frequency stability degradation in such hostile
environments, the DWE USOs have been
demonstrated to withstand rigorous qualification
and acceptance testing.
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6. CONCLUSIONS

The Huygens Doppler Wind Experiment is
designed to determine the velocity of Titan's zonal
winds. The wind is measured over a height range
from 0 - 160 km from ist Doppler signature on the
Probe's radio relay signal to the Cassini Orbiter.
Rubidium USOs have be selected as reference
oscillators for the Huygens transmitter and for the
Cassini receiver due to their excellent frequency
stability (dfolfo < 2e-10) and insensitivity to their
environment. The DWE USOs are able to cope
with rapid variations of the ambient conditions, like
temperature,
pressure,
acceleration
and
mechanical shocks during the 3-hour Huygens
Probe mission on Titan. Minimum aging under
heavy cosmic ray dosages (10 krad) is expected
during the cruise phase of 7 years from Earth to
Saturn and Titan. A warm-up time shorter than half
an hour can be achieved with warm-up
and
steady state dc power limited to 19 W and 12 W,
respectively. A sophisticated thermal, mechanical
and electrical design resulted in low mass (1.9 kg)
and volume (2.3 ltr).

-

Figure 1: Huygens Probe Descent Profile
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ABSTRACT
We focus on the use of different approaches to determine the
Time Of Flight (TOF) distribution of the atoms in frequency
standards in order to reduce the uncertainty on the
determination of some frequency shifts that influence the
accuracy of a standard. We present a new method to compute
the TOF from a transient response of the beam to a frequency
step in the interrogation microwave (MW) signal. We propose
a comparison criterion to evaluate the accuracy of the
estimated TOF distribution and apply it to some existing
methods.
Keywords : Time of Flight, Transient response, Atomic
Frequency Standard.

1. INTRODUCTION
Using one method to determine the TOF distribution may lead
to a biased estimator of the actual distribution. This bias may
be due to a systematic error in the method. The constancy of
one method to many data sets does not yields necessarily the
accuracy of the method, it revels the repeatability of the
method rather than its accuracy.
In this paper we propose a new method to deduce the TOF
distribution from the transient response of the beam to a
frequency step in the MW signal. In the next section we show
how to compute this transient response and we compare it
with a measured one. Finally, a comparison between some
existing method is established.

2. THE TRANSIENT RESPONSE
We suppose that the interrogation angular frequency at time t
< 0 is w , . At time t = 0, we apply a frequency step from wl to
y. For any time t, we can write :

~ ( t= )0,
+d ( t )

for t < 0
fort > 0
Figure 1.a shows the frequency step and figure 1.b shows the
corresponding shape of $(t) and d(t).

(a)
(b)
Fig.1 :(a) frequency step, (b) the corresponding phase.
In standards which use a Ramsey cavity with drift lenght L
and interrogation lenght 1 , 1 << L, (Figure 2), the signal y(t)
measured by a detector located at distance D from the MW
cavity is written [I]:
m7

+

y(t) = yo + f (r)sin2(br)cos[w,a,t @(t,s)]

(4)

0

where :

* zis the time of flight in one arm of the cavity
f (z) is the TOF distribution.
* b is the Rabi angular frequency.
Q ( ~ , T is
) the phase difference seen by an atom of a TOF T
and arriving to the detector at time t.
If we neglect the electrical phase shift between the two arms of
the cavity, then Q ( ~ , could
~ ) be written as :

(1)

where :
for t < 0
fort>O

(2)

# ( t ) is the phase of the interrogation signal and d ( t ) is its
derivative with respect to time. Integrating (2), the phase in
the case of a frequency step is written as :

where T, = a,r is the time spent by the atom from the second
arm of the cavity to the detector, T = a,T is the time spent
between the two arms ( Figure 2).
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Fig. 2: Ramsey configuration.
Using equation (3), @(t,r) could be written for a fixed TOF

y,(t) =

sin2(br)cos[o,a,r]di

0

Figure 4 shows the four terms of Equation (9) in the case of
frequency step from -50 Hz to 50 Hz ( The Ramsey linewidth
of our standard is 100 kHz) for b = b,,,,, (the Rabi frequency
that maximise the signal at resonance). They were computed
with the functional parameters of our standard and a
theoretical weighted by zmaxwellian TOF distribution.

'r

In order to calculate the measured signal y(t), we need to write
@(t,7) versus zfor a fixed time t. Equation (6) leads to:

Fig. 4 :The four terms forming the transient response.
Figure 3.a shows ~ ( ~ , versus
z ) the time t for a fixed TOF r
and figure 3.b shows the same function versus the TOF z for a
fixed instant t. This last form of @(t,r) (Fig 3.b) will be used
to compute y(t).

..

o

.,

AwT
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In our standard at LPTF, we measured this transient response
for many different frequency steps. The measurement were
made using an acquisition card which samples the signal with
a period of 60 ys. For each configuration (frequency step) we
averaged over 100 measurement to have a good Signal to
Noise ratio. The experimental results fitted well with the
theoretical ones. Figure 5 shows a measured transient response
compared to the computed one in the same conditions as
before. ( In our set-up we have L = 1000 mrn, 1 = 10 mm and
D = 250 mm).

w

(a)
(b)
Fig. 3: @(t,7) (a) versus the time t, (b) versus the TOF z.

Transient Response ( -50 to 50 Hz, h= h,,,, )

The integration in (4) can be decomposed in the form

substituting (7) in (8), we obtain :
~ ( t =) YI(t)+ y,(t)- Y&)where :

Y,(t)+C

(9)

,. ,

Fig. 5 :Transient response of the LPTF standard.

3. THE TOF COMPUTATION
Equation (9) is the sum of four terms. Each term is a Volterra
integral so y(t) could be seen as a Volterra equation with the
general form :

where K( ...) is the known kernel of the equation (see equation
(9)), y(t) is the known (measured) left-hand side and f(z) is the
unknown solution.
The discretization of (10) in t and z leads to linear system of
the form:

Where :
Y is a vector of N measured data (discretization of y(t))
X i s a vector of M (M < N) points of the unknown solution
(discretization offlz)).
A is a matrix (NxM) representing the discretization of the
kernel K( ...).
The linear system (1 1) is generally ill-conditionned. In order
to determine its solution, here we applied the regularization
technique already applied to compute the TOF from one
Ramsey pattern 121. Figure 6 shows the TOF distribution
deduced of the data of figure 5. We used N = 300 data points
spaced by At = 100 ps, and computed the TOF distribution in
M= 250 points spaced by AT= alAt = At I125 = 0.8 ps. In the
same figure we showed the theoretical weighted maxwellian
distribution for comparison.

to an approximate model in some methods or to the effect of
noise in all the data processed by these methods. In order to
adopt a method for our standard we need a criterion to
compare these methods.
We have shown before [3] that the frequency shift due to the
second order Doppler effect can be computed directly from
one measured Ramsey pattern without knowing the TOF
distribution Az) or the Rabi frequency b with a very good
approximation. S o we choose this method (we call it the
Direct method) to compute the Doppler effect as a reference,
and we will compare the computed Doppler shift by the TOF
estimated by some proposed methods with the value obtained
by the Direct method.
The selected methods are:
1) REGULARIZATION : Data in frequency domain, No
approximation, One Ramsey Curve, [2].
2) SHIRLEY : Data in frequency domain, Approximation,
Three Ramsey Curves, [4].
3) BOULANGER : Data in MW level domain, No
approximation, One I(b) + One Ramsey curve, [5].
4) HIGH MW : Data in frequency domain, Approximation,
A part of one Ramsey curve at very high MW level, [3].
5) TRANSIENT : Data in time domain, Approximation, one
transient response to a frequency step, this paper.
Figure 7 shows the value of the relative Doppler shift
computed by the precedent methods. The straight line (Direct
method) shows the value computed directly from an
experimental Ramsey pattern without the use of a TOF
distribution.
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Fig. 6 :TOF distribution deduced from the transient response
offgure 5.

Fig .7:The Relative 2"brder Doppler shift computed by the
TOF distribution estimated by some existing methods.

4. COMPARISON

The deviation of the Boulanger method from the others may
be due to a miss of accuracy in the measurement of the MW
level or to a the influence of the neighbouring transitions
level.

Many methods were proposed to calculate the TOF
distribution. When applied to calculate the Doppler effect shift
using many data sets, each of these methods showed a
repeatability of some 10-l5 when the data sets were changed.
But the difference between two methods was sometimes more
than 10-14. This led us to think that there was a systematic
error or bias introduced by each method. This bias may be due

The deviation of the transient method may be due to a time
jitter when repeating the same frequency step in order to make
an averaged measurement or to the detector or syntheziser
response which were neglected.

From figure 7, we can see that the second order Doppler effect
is estimated with an accuracy of 2 . 6 ~ 1 0 . at
' ~ worst using four
different methods.

5. CONCLUSION
We have shown how to compute the transient response of the
beam to frequency step in the interrogation signal. The
experimental transient response fitted well with computed one.
We used this transient response to deduce the TOF
distribution in our standard. The computation of the TOF
distribution is based on the solution of integral Volterra
equation by the regularization method. Finally, we compared
some existing methods of evaluation of the TOF distribution.
The comparison is based on the computation of the Doppler
effect. We showed that using four different methods we can
estimate the Doppler shift with an uncertainty less than
2.6x10-'%nd consequently reducing the uncertainty on the
evaluation of some frequency shifts.
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ABSTRACT

-

The goal of our work in INFLPR Romania is to
develop a cesium magneto-optical trap and finally
to realize an atomic clock using cold Cs atoms. We
investigated how the size of a ring-shaped cloud of
cold, magneto-optically trapped cesium atoms
depends on the trapping parameters. We have
studied numerically the capture process in a
magneto-optical trap. When the optical Bloch
equations are combined with the dynamical
equations that describe the motion of the center of
mass coordinate of the atom in the semiclassical
approximation, a set of nonlinear ordinary
differential equations in 406 real variables is
obtained. The results show surprising features, as
an atom being launched with a velocity towards the
center of the trap deviates from the trajectory which
passes through the center. This could lead to a
decrease of the capture rate for slow atoms.
Keywords :

The cesium reservoir is attached to the glass
envelope in a "cold finger" configuration . All the
trap cell (including theUcoldfinger" of cesium) is
attached to an ionic pump. Two anti-Helmholtz
coils, disposed on the main cylinder are able to
produce a magnetic gradient field between 5 and 15
Glcm, while three pairs of Helmholtz coils are used
to compensate the earth magnetic field. To obtain a
magnetic field gradient of 10 Glcm, it is enough to
inject a current of 375 mA in the two antiHelmholtz coils. The trapping beams come from an
SDL 5402 laser diode in an extended cavity
configuration (cavity length 4 cm) (Ref. 1). Various
components and special devices necessary to the
test of these components have been realized in our
laboratory, as follows : the laser diode driver with
a noise 0.6 nA/&
(between 100 Hz and 100
kHz) ; -a modulation laser device ; a current
source for the Helmholtz coils; - a laser diode
characterization device .

-

-

cesium clock, cold atoms, magneto-optical trap
1. INTRODUCTION
The experimental device developed in INFLPR for
cooling and stopping the cesium atoms is quite
simple : a main ksed silica cylinder ( 50 mm
diameter) with four orthogonal arms (18 mm
diameter), and, at each end, optical windows (fig. 1).
2

'

The acquisition system coupled to the computer is
able to analyze the experimental data.

SIZE OF CLOUDS OF COLD CESIUM
ATOMS
If we have N atoms in a stable ring-shaped spatial
distribution of radius r and the trapping laser beams
misaligned, the atom is subjected to a motion given
by the equation (Ref. 2 ):
2.

where the spring constant K, is:

Fig. 1

and is the Rabi frequency; doldx is the change
of the atomic frequency due to the magnetic field; y
= kK / ( do/dx) is the damping constkt due to the
Doppler shift.

The third term arises from the strong range
coupling between the atoms . The last term is the
macroscopic vortex force Fv, which arises because
of the imbalance between the two spontaneous
forces acting in opposite directions in the case of
misaligned Gaussian laser beams. With this
assumption we obtained the radius ring for of stable
ring trajectory :

on the misalignment. For N > 10' the radius
depends strongly on the number of trapped atoms
(fig 2 and fig.3).
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For the detuning A > 20 MHz, the radius does not
depend on the misalignment. For an misalignment
of 1 mm, the maximum of ring radius is obtained
for a detuning A= -1,65 MHz.We see also that the
ring radius depends on the number of trapped atoms
(fig.4)
25

We investigated how the size of a ring-shaped
clouds of cold, magneto-optically trapped cesium
atoms depends on the trapping parameters :
magnetic field gradient (dB/&), laser intensity,
detuning (A) and misalignment. We investigated
the size of the radius ring-shaped clouds for the
following values : dB/& between 5 and 20 Glcm, A
between -1 and -165 MHz and the misalignment
between 0,l and 2 mm.
When the number of trapped atoms is small and
also for the small detunings the radius of atomic
ring depends strongly

.

........, ......., ........, ........
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I A= -1 MHz
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3 A= -2 MHz
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15
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A

r=lmm

Fig .4
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We have found also that the ring radius decreases
with the magnetic field gradient. This is expected
because an increase
in dB/dx produces a trap with a stronger spring
constant.. For a magnetic field gradient of 10GIcm
the number of trapped atoms is maximum.
3.3-D MOTION OF CESIUM ATOMS

We have performed numerical computations taking
into consideration the actual sublevel structure of
the F=4+ F=5 transition in Cesium, the gradient of
magnetic field and the exact structure of the laser
electric field (the phase difference of the three pairs

hyperfine splitting. The internal state of the atom is
described by the density matrix o(t) in the rotating
frame. This density matrix has as dimension the
sum of the number of sub-states of the lower level
and the excited level. Here we chose as the basis
states the sub-states MF= -4 to 4 of the F = 4
ground state and the MF= -5 to 5 sub-states of the
F = 5 excited state with respect to the Oz axis.
Other states do not enter our problem because the
excited state (F=5) decays only to F = 4 and even if
collisions or side wing pumping by the trap lasers
succeeded in bringing the atom in the F = 3 ground
state, the repurnping laser would quickly return the
atom to the F = 4 + F = 5 cycle. If we separate this
matrix into four blocks corresponding to the two
levels, we obtain the submatrices o,, and o
, for
the excited-state and lower-state manifolds, and the
submatrices cr,, and cr,, containing the optical
coherences. Likewise, we separate the electricdipole operator of the atom as :
P=&,+Ae
(3.3)
into its raising and lowering part.
In the rotating-wave approximation, the atom-field
coupling is governed by the Rabi operator :
%=bg.E+Ih
(3.4)
which generalizes the Rabi frequency. Obviously,
this operator % has nonvanishing matrix elements
only between a lower and an upper substate.
The evolution equations for the submatrices of a
may be put in the form (Ref.7,8) :

The Liouville operator L accounts for the level
splitting within the two manifolds e and g and is
basically the commutator with the Zeeman (or
hyperfine) Hamiltonian. In the case of weak
coupling of the magnetic field, which, in the case of
Cs @=, = 0.550 , g ~ = 4= 0.25 I), goes up to about
10 Gauss due to the hyperfine structure intervals of
about 100 MHz of the excited state, we can write

within the ground- and excited state manifolds.
Finally, we have introduced the dimensionless
dipole operators Qpto account for the anisotropic
repopulation of the lower level by spontaneous
decay. These operators are defined by their matrix
elements as Clebsch-Gordan coefficients (Ref.7,9) :

for j3 = -1, 0, 1,where F, and F, equal 5 and 4.
Contrasting with (Ref.7,10), we do not
adiabatically eliminate the optical coherences (since
kv > I?), nor perform the low intensity
approximation (since the Rabi frequency is of the
order of r).The electric fields E* inherent in the
operators % and %+ should be taken at the timedependent position R(t) of the atom. Since, in the
spirit of the semiclassical picture, we assume that
the atom moves with the given velocity v, this
position must be taken as :

For an atom in a radiation field, the Heissenberg
operator for the force f is determined by f?tp
commutator of the momentum operator with the
Hamiltonian. This gives :

For the component j of the force F this gives :
Fj = 2 R e p + . V j E .
(3.10)
where p+is the positive frequency part of the mean
dipole :
The spontaneous decay rate is indicated by , and
A= w-oo (where 00 is the average atomic
frequency) is the detuning of the light frequency.

(p(t) ) =

given by :

e-'Ot +p eiat

(3.1 1)

of a+- a- beams being equal to 0, in the sense that
at x = y = z = 0 the z - pair produces a linearly
polarized electric field along % with a phase of -x /
2, the x-pair a field along $ with the same phase
and the y - pair a field along $ again with the same
phase). In the upper range of velocities that are
important for the capture process (1-10 m/s) the
sub-Doppler cooling mechanisms like polarization
gradient cooling can be ignored because the atoms
traverse the gap between two successive identical
field polarizations in a time much shorter than the
ground-state sublevel pumping time. Anyway, in
our model they are taken into account as we have
used the Optical Bloch Equations (OBE) which
contain the effects of the light-shift and population
pumping (Ref.3). Also, we have tested the usual
hypothesis which is made in the usual onedimensional model of the capture process (Ref.4,5),
which is that the different MF sublevels are equally
populated, and we can state that even though that
the relatively strong magnetic field at the outskirts
of the trap mixes the various sublevels, in the mean
and at each instant there are substantial population
differences between these levels. In the end, even
considering all the possible simplifications (like the
hermitian nature of the density matrix), a system of
ordinary first-order nonlinear differential equations
in 406 (real) variables has to be solved, with a
characteristic time of evolutiori of about 10 ns (due
to the value of the Larmor frequency and the
strength of the laser-atom coupling on one side,
and the dependence of the Iaser field with position
on the other side). Essentially, we have used a
semiclassical description of the interaction between
the translational degrees of freedom of the atom and
the laser field excited internal state variables. This
is fully justified for the capture process, as both the
velocity is greater than the recoil velocity for
cesium (3.49 mmls) and the recoil energy is much
smaller than ( h times) the spontaneous decay rate
r. Moreover, in this initial attempt, we have not
incorporated the velocity diffusion process due to
mainly two reasons : firstly, in contradiction to onedimensional models, to account for difision either
the motion of the atom has to be known beforehand
or one deals with a velocity distribution which
changes little over a recoil velocity (this would
apply to the final stages of trapping) and secondly
one does not need to obtain a Fokker-Planck type
equation in order to obtain the final velocity
distribution (and temperature) but rather is
interested if the atom is captured or not. We can
(and shall) add the diffusion effect by superposing a

small random velocity kick to the velocity as
obtained from our deterministic equations (keeping
track of the various angular distributions involved).
We are aware of (Ref.6), where a Monte Carlo
wave-function approach was applied in the case of
the 3D optical molasses with a discretization step of
the atomic momentum of one recoil momentum and
a range of the order of a few tens of atomic recoil
momenta. Evidently, a full quantum-mechanical
treatment would be desirable, but the amount of
computation required, even with the Monte Carlo
treatment (which instead of the solution of NZ
OBE's requires the (stochastic) evolution of N
variables, averaged a number of times to obtain
good enough statistics, where N is the number of
states (in our case 20 times the number of points on
the momentum grid, which, for an initial velocity of
10 c d s , is about 188,000). Moreover, as we
suppose that the evolution of the dynarnical
variables is strongly dependendent of the initial
condition, the number of averages needed to obtain
convergence can be large.
3.1. Equations of motion

We consider the situation when a Cesium atom is
entering the region of interaction with the laser
beams (of frequency a) of a MOT with a velocity
v. The electric field of the lasers (we work in the
dipole approximation of the interaction Hamiltonian
which is excellent for allowed transitions as the
cesium 6Sln I F=4 + 6P3n I F=5 transition at 852
nm)can be decomposed as :
E(R, t ) = E+( ~ ) e +- E~ (R)ei'
~
(3.1)
In the case of the MOT :

(3.2)
The field drives the transition between a lower level
indicated by the index g (for ground state ) and an
excited level indicated by e. Both levels may consist
of a manifold of degenerate or nearly degenerate
sub-states, corresponding to Zeeman degeneracy or

In order to solve together the Bloch equations (3.5)
and the kinematical equation (3.8), all that is now
needed, besides Newton's second law, is to write
down the expression of the cuadrupolar magnetic
field, which is :

3.2 Results

Due to the fact that the density matrix must always
be hermitic, we can choose as variables in our
system of ODE's the three coordinates x, y, z and
the three components of the velocity of the atom
together with the superior diagonal components of
the density matrix.

This, for smaller velocities, could lead to the fact
that even at velocities that traditionally are
supposed to lead to capture, the atom may escape
from the trap. To check the consistency, we
repeated the calculations with different tolerances
(and thus time steps) and found excellent
agreement.
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As the MATLAB routine for solving ODE's we are
using deals only with real numbers, and the
coherences really are complex, we are left with 406
variables. To speed up the solution, we have
vectorized the equations and also used some tricks
in order to insure that the populations always
remain positive and the trace of the density matrix
stays equal to one. The solutions (Figs. 5 and 6)
show, on the small scale, oscillations of the velocity
due to the dipole force (with a period of about 0.4
pm) and another, more pronounced oscillation with
a temporal period of 0.4 ps, which we, up to now,
failed to interpret. It may be due to oscillations in
the density matrix as it relaxes from the initial
condition. Anyway, it is far from the Lamor
frequency. On the large scale, things are even more
dramatic, in that the uniform deceleration we
expected to observe is replaced by an interesting
dynamics, with different decelerations on the three
axes and periods of acceleration after a long period
of deceleration.
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OPTIMIZED OPERATION OF THE PASSIVE HYDROGEN MASER
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PO Box MG 7, Bucuregti-Migurele, Romania

ABSTRACT
A theoretical method for the passive Hydrogen
maser optimization of the operating conditions:
interrogation signal level and atomic beam
intensity, and of the designing parameters: the
input and output coupling factors, is introduced.
The method do not depend on the modulation or
the locking technique (Ref. 1). Some new
notations and quantities of interest are introduced,
the results calculated numerically are plotted, and
the relations required to determine other quantities
of practical interest are provided. A normal size
maser and a reduced size one are calculated as
example.
Keywords:

passive Hydrogen maser
optimization

1. A BRIEF THEORY OF THE PASSIVE
HYDROGEN MASER
The Hydrogen Maser is a primary time1.1
frequency standard with an outstanding frequency
stability. As physical principle, this maser uses the
atomic Hydrogen resonance at the hypertine
splitting frequency (vo=l.42 GHz) of the Hydrogen
atom fundamental level. This transition is used
due to the high quality factor of this atomic line
(109. The atomic resonance is detected by
stimulated emission of radiation in a microwave
resonant cavity (of Qo quality factor and Vc
volume). Within the cavity, the H atoms are
confined in a constant phase region (of Vb volume,
q' filling factor and Tb storage time) (Ref. 2:
6.2.320). tn the storage region a r n a g w y
selected atomic beam (of total intensity It, having
an r proportion of atoms in the useful level IF=l,
mF=O>, representing a net intensity I = rlt, the rest
being in the level IF=l, mF=l>) is collimated. The
stored atoms get relaxed through non-radiant
processes with the Ti longitudinal and T2
transversal relaxation times. In the passively
operated maser, the resonant cavity is coupled
with an input circuit with a coupling factor pi, and
an output circuit) with a coupling factor P2. The
input circuit contains a Vg interrogation voltage
generator with a & matched internal resistance.
The output circuit has as load ~esistance the

matched Zo input resistance of the amplifier, on
which is collected the VOut voltage. The total
coupling factor becomes p=P1+p2,that reduces the
cavity's quality factor to Qc=Qd(l+P) (Ref. 2:
6.3.26).
1.2
Considering that the interrogation voltage
has the pulsation 01=2nv,with a h = w o - w mistuning
correction, and that the cavity resonance pulsation
of the is a,, with a h,=oo-wc mistuning correction,
than the relation between Vg and Vo,t is:
7

vout
(h)
=

JPi

.

l+p+~,(h)+j.

P2

.v,

60,-6w
OI

(1)

.Qo

where p, is the coupling factor with the atomic
medium, and it is a negative quantity due to the
signal amplification by stimulated emission.
1.3
For the quantitative description of P, one
should define the quantities related to the effects
of spin exchange relaxation and transition
saturation.
Since the threshold intensity that has been
introduced for the active H maser has no more
physical meaning for the passive maser (Ref. 2:
6.3.33 & 37), another reference and normalized
atomic beam intensity are introduced to simplify
the definitions:

It, has the physical meaning of the total atomic
beam intensity at which the spin exchange
longitudinal
relaxation
time
is

-/,

Tt =

(the geometrical mean of the

longitudinal and transversal relaxatian times
without spin exchange effect); E, is the spin
exchange mean cross section; v, is the mean
relative velocity between H atoms at the cavity
temperature 0,=313K, ( E , z 23.3.1 0-20.m2 , V, =
3626 mls).
In respect to the above mentioned definition, the
relaxation times with spin exchange effect can be
described in the easiest way:
T,-' = (T,)~-'
+~.T.T;' , for i = 1...2
(3)
(Ref. 2: 6.3.29 & 30)
Another quantity that should be introduced is the
specific quality factor of the Hydrogen maser,

introduced for the unloaded cavity, with a "0"
subscript:

A further simplifying notation is introduced (Ref. 2:
6.3.39):

The coupling factor with the atomic active medium
becomes:

The unsaturated coupling factor at resonance is
defined by:

emphasizing the relation with the previously
introduced oscillation parameter a (Ref. 2: 6.3.38)
that describes the maser's capacity to enter in
oscillation for a > l .
The saturation factor at resonance is:
So =

v0ut2

2.p2.z0 .P,.~, .(i+c.T+2.T2)

(8)

The power PI has the physical and direct meaning
of the potential power brought into the cavity by
the magnetically selected atomic beam with the
intensity It,, and it's use simplifies all the relations.
1.3.8 The voltage gain produced by the active
medium is:

Added to the real mistuning voltage, the
2.2
coupled cavity produces also a noise voltage that
has the followina value at resonance:

where f is the Fourier frequency band of the
filtered noise. It should be mentioned that this is
only the thermal white frequency noise of the
loaded cavity and it does not contain any other
noise source (e.g. intermodulation noise induced
by the modulation technique (Ref. 3), electronic
components flicker noise etc.) that have to be
evaluated separately. The white frequency noise
approximation is valid for medium time intervals.
As for the white frequency noise produced by the
phase locking loop, it is to be considered through
the amplifier's noise figure, that can be measured
without any special problem. This approach will be
used bellow.
2.3
The stability of the VCXO locking, in the
assumption that the control loop operates without
error, is:

due to the presence of the noise voltage V, that
induces a false error signal equal to mod in the
control loop, shifting the frequency by do. In the
time domain, for white noise, the Fourier
frequency f transforms to (22)", z being the
integration time in a stability measurement.
The stabititv's ex~ressionbecomes:

~ ( aso), r-%
(13)
where the quantity X(a,Sa) is the adimensional
function:

with Gobeing noted the gain at resonance (Ref. 2:
6.5.16).
2. THE OPTIMIZATION THEORY

2.1
In any of the modulation and locking
techniques that one might use, the physical
quantity whose variation is detected in the passive
Hydrogen maser is the output voltage V.t,
Considering this reason, the meaningful quantity
for the stability evaluation is the dispersion value
at resonance:

This result is similar with the relation 6.6.66 of Ref.
2, for the power spectral density of the fractional
amplitude fluctuations, since it accounts for the
envelope detection and amplitude integration of
the mistuning voltage.
This quantity is the stability indicator of the
interrogation signal level, through the saturation
effect, when all the other parameters are kept

constant. The first level of optimization is to
minimize the X value by finding the optimum
saturation for a given oscillation parameter a.
2.4
The study of X, as a function of So having
parameter a, shows the minimum of this quantity.
This minimum is given in two disjunct domains of
a values, by two roots of the equation dX/dSo = 0 ,
providing the optimum relation between Soand a:
8
ifas8 (15)
-.a-l+l.JiGZG;
ifa>2
9
By setting the saturation factor according to (15)
the number of variables is reduced by one, as in:

derivative discontinuity. As a comment, it would
worth to mention that this result is smaller then
Ref. 2: 6.7.51 that predicts a optimum of 0.845.
The same threshold appears for the stability
indicator Y, but, for qs0.188, the dependence
becomes nearly linear, as predicted by Ref. 2:
6.7.52.
With the second level of optimization one should
detefmine the optimum normalized beam intensity
from Fig. 1 and proceed with the first level of
optimization, as described above.

x(a) = 4,so(a)]

leaving the stability to depend on the atomic beam
intensity and the maser quality factor q.
For an already existent maser, with ionic pumps
that do not support an atomic beam intensity as
high as the optimum level, and with fixed
couplings, the optimization stops at this first level.
The optimum saturation factor is to be determined
through (15). The output resonance voltage results
from (8), and the carrier voltage amplitude V, of
the interrogation signal generator is to be
calculated by (1).
2.5
Since the oscillation parameter a is a
function of the beam intensity and of the quality
factor:
.CI

Fig. I Calculated optimum normalized intensity
for masers with quality factors qc0.8 and
c=3

and a parameter of the X stability indicator, the
following stability indicator is defined:

to account for the atomic beam intensity influence
on the maser stability.
The second level of optimization is realized by
varying the beam intensity to obtain the minimum
value of Y, keeping q and u as parameters
independent on the operating conditions. This
minimum is numerically calculated in the equation:

a7

(19)

The calculated dependence of the normalized
beam intensity 7 and the indicator Y, for c=3 (i.e.
(Tl)o=(T2)o), are plotted in Fig. 1 and, respectively,
Fig. 2. For lower values of c, the calculated values
of the normalized beam intensity and of the
indicator Y are reduced by up to 15%.
The optimum normalized intensity takes values
nearby 0.5, with a threshold at q=0.188, when
a=8/9, where the (15) solution has its first

Fig. 2 Calculated optimum stability indicator Y
for masers with quality factors qc0.8 and
c=3
For an already existing maser whose coupling
factors cannot be modified, the optimization stops

at this level, restricted to the operating conditions:
interrogation signal level and atomic beam
intensity.
The intrinsic stability of the maser can be
determined at this optimization level because the
external noise is not introduced yet.
2.6
In order to determine the optimum
coupling factors, the external noise should be
considered. The maser stability, including the
external noise, is defined by the following relation:
0; =
(20)
using the total input and output noise figure F of
the lucking loop.
Assuming that P, is negligibly small compared to
p2 (Ref. 2: page 1124, par. 2),and considering the
equivalent noise temperature (reflected in the
output circuit of the cavity) of the amplification
chain a, the noise figure, at resonance, is:

in order to obtain the threshold value q=0.188
mentioned in sect. 2.5, and this optimum value
does not depend on 0,.
For ~ p 0 . 1 5 , the optimum j3 is numerically
calculated from the equation:

S.0,

It is easy to observe that low coupling factors
increase the noise figure while high coupling
factors increase q factor and the Y value. Also, the
variation of q implies changes of the optimum
value of the gain Go. There is an optimum
coupling between these two extreme situations,
where a third stability indicator named Z

takes the minimum value possible. This optimum
total coupling factor is plotted in Fig. 3:

Fig. 4 Calculated optimum stability indicator Z for
masers with quality factors qo<0.5, c=3,
and ratio 0,/0,=0.1,0.2. -0.5
Despite that the optimum P has a first derivative
discontinuity, the stability indicator Z does not
present this discontinuity and tends to Y for 0,
tending to zero.
This third level of optimization is usable to masers
where the coupling factors can be modified to
optimally match them with the control loop noise.
With the coupling factor determined through this
last crptimisation level of the designing parameter
p, the previous levels are appliable.
Also, the stability of the maser could be predicted.
An experimental iterative method to set the
optimal values of the operating conditions involves
stability measurements and is very difficult.

0

0,l

0,2

0,3

0,4

0,5

Fig. 3 Calculated optimum total coupling factor J3
for masers with quality factors qo<0.5, c=3,
and ratio O,/Oc=O.l ,0.2..0.5
For qoe0.15, the optimum J3 is:

3. EXAMPLES
As an exemplification of the above optimization
theory, the algorythm was applied to a normal and
a reduced size types of maser cavities, token from
Tab. 1 of Ref. 4.

The first two examples are for a normal size cavity
maser. For all the examples (Tl)0=(T2)0 and @=,
75 K were supposed.
In the first example, the atomic beam intensity was
left unchanged and only the saturation factor was
optimized.
In the second example the atomic beam intensity
was optimized, with a notable improvement of the
predicted stability.
In the third example, was considered a reduced
size cavity maser. A full optimization of the
coupling factor, beam intensity and saturation was
calculated.

noise of the entire amplification, detection and
feed-back loop reflected in the output circuit of
the cavity; this level is to be followed by the
second one.
The calcutated optimal stabilities for maser
cavities taken from literature (Ref. 4) have proved
to be better then the results of the quoted
reference.
All the other practically interesting quantities, such
as the voltages, could be easily calculated with the
provided relations, in any particular case of
specific proportion between PI and p2.
5. REFERENCES
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4. CONCLUSIONS

The stability of the output error signal was used as
performance criterium for the optimization
problem. For the definition of the stability was
used the power spectral density of the fractional
thermal amplitude fluctuations, because it is the
quantity that affects the envelope detection and
amplitude integration of the mistuning voltage.
A three level optimization algorythm was
developed:
1. the saturation factor optimization: for the
masers were the atomic beam intensity and the
coupling factors are given; this level provides
the optimum interrogation generator voltage
and the corresponding output voltage;
2. the atomic beam intensity optimization: for the
masers were the coupling factors are given;
this level is to be followed by the first one;
3. the total coupling factor optimization: for the
masers were the couplings are to be designed,
or could be changed; this level takes account
on the equivalent noise temperature of the
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p. 563 (1979)
Audoin C., Vanier J. The Quantum Physics of
Atomic Frequency Standards Adam Hilger,
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CURRENT PROGRESS WITH THE NPL CAESIUM FOUNTAIN
FREQUENCY STANDARD
M. Zucco, G. Dudle, P.B. Whibberley, S.N. Lea and D. Henderson
National Physical Laboratory, Teddington, Middlesex T W l l OL W, UI<

ABSTRACT
We report progress on NPL's prototype caesium
fountain frequency standard. The vacuum chamber, microwave cavity, and laser systems are complete and we anticipate obtaining our first Ramsey
fringes this spring. In this paper we outline .the design of our device and discuss our Raman velocity
selection scheme.

A

solenoid

-2
2

1

INTRODUCTION

A microwave frequency standard based on an atomic
fountain of laser-cooled caesium has now been
demonstrated to be amongst the best available primary frequency standards and has been used to provide steering corrections to TAI with estimated accuracy exceeding that of thermal beam standards
[I, 21. We are engaged in the construction of a device of this type at NPL. A demonstration device was
constructed in collaboration with NPL by C.J. Foot
and co-workers in the Clarendon Laboratory, University of Oxford, as reported at the last Neuchiitel
EFTF [3]. As our intention is to produce a wellcharacterised working standard, we have adopted a
design similar to that implemented at LPTF. An
analysis of the expected performance of this design
has been presented by several authors [4, 51.
2

FOUNTAIN DESIGN

The NPL fountain is housed in the basement of
Bushy House, the 17th century mansion at the focus
of the NPL site. This location is reasonably thermally stable and is well isolated from sources of vibration, enabling the fountain and associated lasers
to sit on an optical table which bears directly onto
the floor. One of NPL's two Sigma-Tau hydrogen
masers will be installed in an adjacent room, forming a convenient reference for our local oscillator.
The design of our fountain is generally similar to
that at LPTF (figure 1). After trapping, cooling
and launching, a cloud of cold caesium atoms passes
through a microwave cavity 28 cm above the trapping
region, continues its ballistic flight above the cavity
for around 0.5 s in a weak magnetic field (C-field) re-
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/--- J
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Figure 1: Schematic section of the NPL fountain.
gion, falls back through the microwave cavity to complete the Ramsey interaction and finally undergoes
state-sensitive detection in a region 21 cm below the
trapping region. The cooling beam geometry is such
that one pair of beams (2-beams) is aligned along the
vertical axis of the fountain. The trapping chamber
is a ten way cross of low-permeability stainless steel
(316LN). The ports at 45' to the x , y cooling beams
will be used for Raman velocity selection. AntiHelmholtz coils for MOT operation and Helmholtz
coils for magnetic sub-level separation are wound on
formers about the vertical axis of the chamber. The
longitudinal C-field is formed by a solenoid wound on
a titanium tube which also forms the vacuum vessel
for this part of the fountain. The C-field region is
enclosed within three layers of mu-metal magnetic
shielding and will be temperature-stabilized to control black-body shifts. Above the C-field chamber is
a four-way cross providing access for pumping whilst
the detection region is a six-way cross attached below
the trapping chamber. The vacuum chamber is supported on an aluminium structure which also carries

the trapping and cooling optics, detection optics, and
magnetic field compensation coils and is completely
enclosed in a further layer of mu-metal shielding. Local magnetic field fluctuations (= 100 nT) are caused
by ground return currents between local railway lines
and may require active servoing of the compensation
coil currents.
The microwave cavity is a cylindrical TEoll cavity [6] carefully tuned and temperature-stabilised to
be in resonance with the caesium frequency. The Bfields of the microwave cavity and C-field solenoid
should be accurately parallel to avoid Majorana
transitions. The cavity axis has been mechanically
aligned to better than 1 mrad of the axis of the Cfield chamber.
Master and repumper extended-cavity diode lasers
(SDL 5412, SDL 5422) are locked to the F = 4-F' =
5 and F = 3 - F' = 3 components respectiveljr of the
D2 line in a saturated absorption scheme in thermal caesium vapour cells. The master laser provides
the detection beams, whilst the cooling beams are
produced by two diode lasers (SDL 5422), injectionlocked to the master laser with appropriate detunings provided by AOMs. The repumper beam is
shifted to the F = 3 - F' = 4 transition by a
double-pass through an AOM. As a result of the
locking scheme, all the beams are frequency modulated at 80 kHz with peak deviation of 400 kHz. A
PC running LabView generates the timing sequence
for laser frequency switching and intensity control
via the AOMs, magnetic field switching, mechanical
shutters on the cooling beams, and detection signal
processing as well as tuning the local oscillator frequency between fountain cycles.
Fluorescence from the detection beams is collected
by large numerical aperture aspheric lenses on both
sides and focussed onto large-area photodiodes. Analogue Modules low-noise amplifiers are used to ensure
good signal-to-noise.
3

TRANSVERSE VELOCITY
SELECTION

The density of atoms in the fountain is much greater
than in an atomic beam and hence collisional processes are of greater importance. In particular, the
spin-exchange shift due to collisions between cold
ground-state atoms [7, 81 is likely to be one of the
limiting factors in the realisation of the potential
precision of the atomic fountain, since it is particularly large for ultra-cold atoms. The shift has been
measured [8,9] and it has been shown that for a realistic atom density using optical molasses with atoms
selected in M F = 0, the frequency shift is at the
10-l5 level. The shift can be further reduced to the
10-l6 level, without degrading the fountain's performance, by transverse velocity selection. The cloud

Figure 2: Optical set-up for Raman velocity selection.

of launched atoms thermally expands as it performs
its ballistic flight. Atoms in the wings of the transverse velocity distribution, which undergo the first
microwave interaction, will not pass a second time
through the cavity, thereby contributing to the collisional shift but not to the detected signal. For typical fountain parameters, more than 90% of the atoms
are lost. By rejecting these atoms from the fountain
before the first microwave interaction, the collisional
shift can be reduced without reducing the detected
signal. Building on work started a t LPTF by one
of us [5] we will perform this velocity selection by
means of stimulated Raman transitions [lo, 11, 121.
The set-up being used on the NPL fountain is
shown in figure 2. To drive the Raman transition we
require counter-propagating laser beams whose frequency difference is accurately controled and tunable
at around the hyperfine transition frequency. This
is achieved by a method previously implemented at
LPTF by K. Szymaniec and A. Clairon. A laser
diode mounted in the extended cavity configuration
is directly modulated at 1.532 GHz. The length of
the extended cavity is chosen such that the modulation sidebands are resonant, leading to efficient
power transfer [13, 141 (figure 3). The third order sidebands are selected by Fabry-Perot filters and
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beams. The frequency offset between the slave lasers
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optical power. A Pockel cell together with a polarising beam cube selects the direction along which the
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CONCLUSION

Construction of the NPL prototype caesium fountain
frequency standard is nearly complete and Ramsey
fringes will shortly be obtained. Once operational, a
full programme of evaluation of systematic shifts will
be undertaken, enabling a primary standard to be
constructed. The fountain has been designed to include transverse velocity selection to reduce the cold
collisional shift; a laser system for driving Raman
transitions has been developed.
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A potassium vapor magnetometer optically pumped by
diode laser.

E. Alzettaa, N. Beverinialc, C. Carmiscianoc, A. ~onatib,0 . Faggionic, E. Maccionia,
E. Simeonib, F. Strumiaa
aDipartimento di Fisica delllUniversitd di Pisa ,Pisa (Italy)
bKayser Italia SPA, Livorno (Italy)
CConsorzio Universitario della Spezia, La Spezia (Italy)

Geophysical investigation, both in regional scale in order to model crustal
composition, and in local scale, like the prospection in archeological sites, needs of
magnetometer instruments with high sensitivity and accuracy.
Optically pumped magnetometer is the current choice when the highest
sensitivity is needed. Optical pumping by circular polarized resonance radiation
allows the detection of the Zeeman resonance frequency in alkali ground state
atoms, giving the scalar value of the local magnetic field.
Commercial instruments make use of Cesium atom, and of a radiofrequency
resonance lamp as pumping source. The use of Potassium, in particular the isotope
41, can however be advantageous. It has a nuclear spin of 3/2 (in spite of 7/2), a value
of gyromagnetic ratio two times larger (7 Hz/nT) and a very small hyperfine
structure (242 MHz). This means a smaller number of Zeeman transitions, that are
more easily resolved: at the typical geomagnetic field of 50000 nT, Cs presents 14
transitions at about 6 Hz of distance one from the other, while Potassium 41 presents
only 6 transitions separated by about 960 Hz. The choice of Cesium was dictated by
the difficulty of realizing reliable K lamps.
We present here the experimental work performed in order to build an
optically pumped potassium magnetometer, where the pumping source is a diode
laser emitting at 770 nm, corresponding to the Dl line of the potassium spectrum.
From the analysis of the signal to noise ratio it is possible to predict a sensitivity
better than 1 p ~ / dHz.
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Diode laser noise conversion in optically thick atomic sample
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Diode lasers from the visible to the near infrared have opened the way to important
developments in frequency standards and atomic spectroscopy. The frequency performances of
such optical standards critically depend on the quality of the optical reference signal which may
be an absorption signal or a laser-induced fluorescence signal. In many applications, it becomes
of interest to understand the characteristics of the noise of the transmitted light through the
absorbing medium. Recent experiments [I] have found that the intensity power noise spectrum
in absorption of an atomic vapor contains all corresponding hyperfine-splitting resonances. A
related experiment has been performed [2] using a broad-bandwidth laser beam which had
passed through a Rubidium vapor cell. All these studies are related to weakly saturating laser
field.
In our experiment a broadband diode laser beam is directed through an optically-thick
Cesium cell and detected with a large band and fast photodetector. The detector output is sent
to a spectrum analyzer that is set to a single frequency. Oscillating noise spectra depending on
laser frequency tuning from resonance and Cesium cell temperature were obtained. Similar
spectra were observed using Rubidium vapor cell [3]. For high Fourier 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. Our experimental noise spectra are in good agreement with a simple theory
[3] based on the ideas of FM spectroscopy. This model assumes that the laser field is consisted
of a strong saturating carrier and weak white frequency noise sidebands. The theory takes into
account the laser linewidth, Doppler broadening effect, Cesium natural linewidth, hyperfine
structure and Cesium cell temperature. The power noise spectrum of the transmitted beam for
high spectrum analyzer frequency was found to be extend as far as several Doppler widths.
In conclusion, a significant amount of excess noise is acquired by a diode laser beam after
passing through an optically-thick Cesium vapor cell. This noise exhibits an oscillating behavior
and depends besides technical noise of the laser, on the dynamics of the dense medium.

References

[I] T. Yabuzaki, T. Mitsui, and U. Tanaka, Phys. Rev. Lett., 67,2453 (1991).
[2] D. H. McIntyre, C. E. Fairchild, J. Cooper, and R. Walser, Opt. Lett., 18, 1816 (1993)
[3] L. Hollberg et al, to be published in Opt. Lett.

11 TH EUROPEAN FREQUENCY AND TIME FORUM

NEUCHATEL

- 4 - 5 - 6 MARCH 1997

SECOND-HARMONIC-GENERATIONOF Nd:YAG LASER
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Abstract
This work deals with the realization of
Second Harmonic Generation (SHG) of a Nd:YAG
continuos wave diode pumped laser operating at
1064 nm and 100 mW. The laser frequency is doubled
by using a MgOiLiNbOs heated to its phase matching
temperature of 53.9 "C,placed inside an external built
up resonant cavity. With 55 mW of fundamental power
0.8 mW of green light has been obtained.

higher than a monolithic resonator (Ref. 7), does
not allow high efficiency, but it can be used in
different configurations with the same crystal and,
for high circulating power, thermal-lensing effect
can be compensated.

1. INTRODUCTION
Owing to their intrinsic characteristics of short term
frequency stability (improved by stabilization to
resonant cavity), high reliability and potentially high
power, monolithic diode-pumped Non Planar Ring
Oscillator (NPRO) Nd:YAG lasers are attractive
sources for applications in optical communications,
spectroscopy (Refs. 1,2) and metrology (Refs. 3,4).
However, for these applications, long term stability
has to be improved. For Nd:YAG laser at 1064 nm
an efficient absolute stabilization needs second
harmonic generation to lock the double~2frequency
to a suitable rovibrational transition of
l2at 532
nm. For power level lower than 1 W, efficient SHG
requires some method of increasing the intensity in
doubling crystal. The use of an external resonant
cavity to enhance the fields present in the non
linear material represents a good solution. It was
first demonstrated by Askhin et al (Ref. 5) and
subsequently other experiments have produced
optimal results (Refs. 6,7).
The stabilized source could then be used for
frequency measurements in both fundamental and
second harmonic regions.

Figure 1. Scheme of the symmetrical ring cavity used.

The SHG conversion efficiency of an external
cavity doubter may be determined from the theory
of Boyd and Ashkin (Ref. 5).
Let q=P21Pi be the total SHG efficiency, where Pi
and Pp are the fundamental incident power and
harmonic output power. It can be expressed as:

where yshg,yl, T1 and K are respectively the singlepass SHG efficiency function of the non linear
material and of the focusing parameters
(scattering, absorption and diffraction), the roundtrip power loss (not inherent the process of
duplication), the input mirror trasmissivity and the
mode-matching coefficient that takes into account
a possible mode mismatch.
The total efficiency is optimized at the value q0
when T, is:

2. THEORY AND EXPERIMENT
The experiment consists in keeping the frequency
of a NPRO Nd:YAG diode-pumped laser at
1064 nm locked to the external doubler cavity
shown in Figure 1.
The cavity has four plane mirrors (MI has T1=5%),
two lenses (f=50 mm) and a 12 mm long
MgO:LiNb03 crystal, with a nominal 7% of MgO
and with surfaces antireflection coated for both
wavelengths. This type of cavity, because of losses

17"
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It is straightforward to show that T~=T,'
corresponds to an impedance-matched cavity
condition.

The cavity losses was evaluated to be 4.2%, hence
the trasmissivity of the input mirror was chosen as
T1=5%.
MgO:LiNb03 (7%) was selected as nonlinear
material for this experiment because of its large
nonlinear coefficient for non critical phasematching doubling of 1064 nm radiation (at
temperature of 53.9 "C)and low photorefractive
effect. The temperature of the crystal was
maintained by a small oven and temperature
controller. In such conditions we have measured
yShg=0.938w', yl=4.5 % and ~=0.7.
The locking between the laser frequency and the
cavity resonance is obtained through two different
techniques either by frequency modulation
technique (Ref. 8) using an electrooptic modulator
and the piezoelectric transducer bounded on the
Nd:YAG crystal (figure 2), or with the polarization
spectroscopy exploiting the cavity anisotropy
(figure 3) (Ref. 9).

Such efficiency was limited by the cavity losses and
the modal mismatch. We are analysing different
cavities geometry (either ring or linear) and
combined locking techniques to reduce the roundtrip losses and to improve the reproducibility.
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Figure 2. Optical and electronics set-up used to lock the
fundamental frequency to the resonant cavity: frequency
modulation by mean of piezoelectric -a- or by an external
electrooptic modulator -b-.
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Figure 3 Optical and electronics set-up used to lock the
fundamental frequency to the resonant cavity by mean of
polarization spectroscopy technique. PBS polarization beam
splitter.

From the measured value of yshg, yl, K and with
T~=T~
the
' theoretical result for total efficiency and
output power are shown in figures 4a and 4b as a
function of incident power. Also plotted in the
figures are our experimental results for rl and PP
versus Pi.
In these configurations we have obtained a
maximum output power of 0.8 mW with 55 mW of
incident fundamental power.

Figure 4. a) Total SHG efficiency and b) SHG power versus
the fundamental input power Pi. The measured cavity loss are
4.5%, single SHG efficiency in unit of power is yshg=0.938.10.3
W" and ~=0.7.

3. SOME APPLICATIONS
This type of source will be absolute frequency
stabilized respect to a rovribational transition of
lZ7l2with the methods of the transfer modulation
(Ref. 4) and frequency modulation (Refs. 1,3)
Doppler free spectroscopy shown in figure 5.
This stabilized source in addition to a commercial
doubled Nd:YAG will be used in our laboratory to
extend frequency measurement capabilities around
532 nm.
The sum frequency of the standard He-Ne CH4 (at
88 THz, 3.39 bm) and He-Ne '"12 (at 474 THz, 633
nm) lasers is only 1.5 THz from the frequency of
the doubled Nd:YAG laser.

I

Frequency
ActuaPon

I
FMS

C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 5. Experimental configuration for frequency stabilization
of Nd:YAG laser at 532 nm to a rovibrational transition of "'12
by mean of frequency modulation frequency and transfer
modulation techniques (dashed line). AOM acoustic optic
modulator, EOM electrooptic modulator, PBS polarization beam
splitter and BS beam splitter.

Using a frequency comb generator (Ref. lo), built
with an electrooptic crystal placed inside a resonant
cavity where the modulation frequency (some GHz)
is a integer of the free spectral range of the
resonator,
we
could
make
absolute

frequency measurements of several line of '2712 in
the spectral region of 532 nm following the scheme
shown in figure 6. In this way it could be possible to
measure the frequency of the transition R(56) 32-0
of 12712 (a probable candidate for the realization of
the meter) with an uncertainty of 50 kHz. This
measurement will be performed in cooperation with
the Italian Institute of Metrology IMGC and IEN
where the He-Ne standards are available.
Moreover it will be possible a comparison between
our laser and the green sources available at
metrology institute IMGC.
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1. ABSTRACT
Since a previous compilation of accurate frequency
measurements at laser frequencies (Ref.1) there have been
many new measurements, and a new "Mise en pratique" for
the definition of the metre has been published (Ref.2). A short
list of accurate frequency measurements, including some on
cooled atoms and ions, is presented, together with the
recommended frequencies from the "mise en pratique".

measurements and standards have uncertainties smaller than 1
part in lo", and these are shown in bold type. Apart from the
entries in this Table, many additional laser frequency standards
exist, such as have been listed up to 130 THz, 2.3 pm, for
spectroscopic calibration (Ref.5) and in the 190-240 THz, 1.61.25 pm, region for optical communications etc. (Refs.6,7).

Keywords: lasers, frequency standards, accurate, list

2. INTRODUCTION
In recent years there have been a number of accurate
frequency measurements on reference systems for stabilised
lasers, with uncertainties as small as 3 parts in 1013 (singlesigma), which amount to a substantial set of new frequency
standards. Further, frequency measurements on laser-cooled
atoms and ions are beginning to be made at accuracies which
exploit the advantages of near-stationary systems for frequency
standards, avoiding the kmls velocities of atoms or ions in
gases or plasmas at room- or higher-temperatures. Shortly the
accuracy of such systems may challenge the accuracy of
frequency measurement against conventional primary caesiumbeam standards, presently about 1 part in 1014.Nonetheless, the
application of laser cooling and e.g. fountain geometry to the
caesium microwave standard already produces an accuracy of
3 parts in 10" (Ref.3), keeping it ahead of the optical
standards. Highly accurate measurements have also been made
on the more calculable atomic and sub-atomic systems, and
these are concentrated at the higher frequencies.
This paper presents a list, Table 1, of the more- accurate
optical frequency standards, or those which are potentially
more accurate, and is mainly concerned with frequency
measurement at frequencies above about 100 THz, 3 pm
wavelength. A schematic diagram of the main routes of
frequency measurement from the caesium standard to these
:iequencies is shown in Figure 1. Cooled-atom or -ion
frequency standards at lower frequencies are also included,
together with high-accuracy transfer standards such as OsO,
near 30 THz, that remain outside the "mise en pratique" for the
metre. Some information is drawn from a previous list (Ref.l),
and transitions of interest for frequency standards are covered
(Ref.4). Stabilised lasers listed in the 1992 revision of the
"mise en pratique" of the definition of the metre (Ref.2) are
listed at the foot of Table 1, with their recommended
frequencies and their uncertainties when operated as
prescribed. All uncertainties in this table are single-sigma, but
those of the recommended standards are more conservative
than those in the measurements table, which each reflect one
particular measurement. It is notable that a number of

Figure 1: Frequency standard links

3. THE LIST FORMAT
The list in Table 1 is intended for transmission as a text file,
or for use as a computer data file, with space to accommodate
the frequency to 16 or more significant figures, together with
its uncertainty. Engineering exponential notation is used. There
is space for up to 3 references, also a brief note on the
frequency measurement route used. There is not room however
for the wavelengths in addition, except that for multiple gas
reference lines, such as in I, or Te,, the lines are given a

TABLE 1: FREQUENCY STANDARDS FOR LASERS
system

uncert. notes
(line;) std used; etc

reference(s)
frequency/Hz
label

~ P*P

H
B Ud97
2466.06141318734
muonium-B Sch95
2455.529002
Ps#
-B Ch84
1233.607185
D
B deB97
770.8592528515
4He
G Pav94
770.732839058
H
B Nez93Nez95deB97 770.6495615850
172Yb+ T Gi95Tay97
729.4688689
172Yb+ T Gi95Ro97
642.1167853
130Te2 G Ro97
467Te2 642.1165136
130Te2 G Ba85
486'Te2 616.6788575
130Te2 G Bag1
488Te2 613.8811491
12712
G Jun95
53212 563.260223480
12712
G Ed96
63712 470.76645546
40Ca
TRi96
455.98624049407
Sr+
T Mad96Mar96
444.77904414
88Sr+
T Ba95Ba97
444.77904398
85G To97
778Rb 385.28514237828
87%
G Bag3
780Rb 384.22798187
780Rb 384.2279818773
87Rb
G Ye96
795Rb 377.10627149
85Rb
G Bag3
B Av86
852Cs 351.7257682
Cs
G We96Er64 895Cs 335.116095
Cs
C2HD
G Ye296
281.635363961
20Ne
L Po83
260.10324926
20Ne
LSas92
196.7803338
12C2H2 G Nak96
197.75046656
13C2H2 G Nak96
196.92974592
12C2H2 G Nak96
194.91619955
13C2H2 G Nak95Nak96
193.22000472
192.6224469
HCN
G Nak95
192.113068
CO
G Kni95
CO
G Po283
129.019381761
CO
G Po283
128.360848969
CO
G Po283
127.598179703
CO
G Po283
126.990495584
CH4 E
G Do81
88.3731490330
88.3731490312
CH4 E
G Za83
172Yb+ T Be92
87.360087
Os04
G Ac93
29.37081407841
Os04
G CL85CL88Ac93
29.05405744666
1920804 G Do87
28.464676938787
138Ba+ T Mad96
24.01204831717

BGo87
24Mg
199Hg+ T McG78
199Hg+ T Poi96Ber97
113Cd+ T Tan96
171Yb+ T Bau96
171Yb+ T Se95Fi96

Some CIPM Recommendations
12712
G Qu93
51512
54312
12712
G Qu93
12712
G Qu93
57612
12712
G Qu93
61212
12712
G Qu93
63312
64012
12712
G Qu93
40Ca
B Qu93
CH4 F G,B Qu93
CH4 F G,B Qu93

601.277157860
40.5073479978
40.507347996496
15.199562858
12.642812118471
12.642812118468

+12 3.4 -13 18-25 TP;Cs via CH4
+12 2.3 -08 1s-2s TP; 488Te2 d4
+12 1.2 -08 1s-2s TP;D beta viaTe2
+12 5.7 -12 281/2-8D5/2TP;Cs/778Rb
+12 2.4 -10 2\3S1-3\3P0;778Rb
+12 6.4 -12 281/2-8D5/2TP;Cs/778Rb
+12 5.5 -10 63312 via lm FP
+12 1.1 -09 octopole;63312/467Te2
+12 9.3 -10 63312
+12 4.0 -10 b1;63312; also b2
+12 7.6 -10 d4;63312;+b2,bl,e3,i3
+12 1.24-10 2£1064,a1;780Rb,63312
+12 2.2 -10 a4;63312
+12 8. -13 3P1-180; CS
+12 8.8 -10 63312
+12 1.3 -10 63312
+12 5.2 -12 58-50 F=3-5 TP; Os04
+12 1.5 -10 D2,d/f; 63312
+12 1.4 -11 D2,d/f; 778'Rb
+12 1.5 -10 Dl,cf;63312
+12 3.5 -08 D2;63312;1-m,hyp.res.
+12 9. -08 Dl;
+12 1.2 -10 53212; 1.3Pa
+12 3.1 -10 CH4 F
+12 1.6 -08 63312,l-m; 387Pa
+12 7.6 -10 vl+v3 R(18)high;778Rb
+12 7.6 -10 vl+v3 R(23)high;778Rb
+12 7.7 -10 vl+v3 P(21)low;778Rb
+12 5.7 -10 vl+v3 P(30)10~;778Rb
+12 5. -10 2vl P(27); 778Rb
+12 2.i -08 0-3R(21);780Rb;40torr
+12 5.4 -10 R12; CH4 F
+12 5.5 -10 R05; CH4 F
+12 6.3 -10 Pol; CH4 F
+12 6.3 -10 P06; CH4 F
+12 1.9 -11 Cs via CH4 F; 0.26Pa
+12 1.4 -11 Cs via Rb; 0.27Pa
+12 5. -08 51512, 63312
+12 2.7 -12 C02 R26; 0 ~ 0 4R10
+12 2. -12 C02 R10; Cs
+12 3.3 -12 C02 P14; CS
+12 1.8 -11 CS

+09
+09
+09
+09
+09
+09

3.
2.5
1.
1.3
7.
1.3

-11
-11
-13
-10
-13
-13

Ramsey; Cs
uncooled; Cs via Rb
Cs
rf trap; Cs
CS
Cs

582.49060337
551.57948296
520.2068084
489.8803549
473.612214705
468.2183324
455.9862405
88.3761816005
88.37618160018

Notes
(i) All uncertainties are 1-sigma.
(ii) Labels of I2 and Te2 lines have 3-digit wavelength in n m f e.g. 63312.
Primes on e.g. 486'Te2 indicate differing lines.
* : app: apparatus:- B: in beam; G: in gas; L: in laser Lamb dip; T: in trap.
# : positronium (Ps)
lm FP: 1-metre Fabry Perot; hyp.re.5.: hyperfine resolved; 1-m: lambda meter; TP: two-photon.

wavelength-based label placed in the 'reference' column, and
which is used to identify it in the 'notes' column. Apart from
the 'system' column at the left, for which transition
information can appear as the first item in the 'notes' column
at the right, there is a single-letter column 'app.', for
'apparatus' which indicates how the system was interrogated:
B: beam; G: gas; L: gas laser Lamb dip; or T: trap. ('-B' is
entered for thermal evaporation from a nearby surface into
vacuum.) This broadly correlates with increasing potential
accuracy in the order L, G, B and T. All standards listed,
except CO at 196 THz, use a method such as saturated
absorption or two-photon excitation (TP) to eliminate the
Doppler effect to first order. The Table references have codes
in the form of two or three letters for the start of the first
author's name plus two digits for the year, and are listed in
Section 5.

4. DISCUSSION OF THE MEASUREMENTS
4.1 The entries
The uncertainty range of the measurements in Table 1 lies
between about 1 part i n l O h n d 3 parts in loi3. It is notable
that one of the high-accuracy measurements is for the highest
frequency listed - for the H 1s-2s two-photon transition.
Measurements made primarily to test the theories of physics,
such as to compare with quantum electrodynamic calculations
for such atoms as Ps, muonium, H, D and He contribute to the
recent high-accuracy data. The trapped-ion or cooled-atom
measurements do not yet fully exploit the possibilities of the
method, e.g. for the octopole Yb' transition at 642 THz, which
has an exceedingly narrow natural width, having a measured
lifetime of 3700 days (see Ro97). In the latter case technical
trade-offs exist, e.g. between signallnoise ratio and minimising
the state perturbation, and there is the need to synthesise
frequencies in very specific parts of the spectrum. (This list is
constructed partly to aid future synthesis for frequency
measurement.) Progress with cooled-atom or ion measurements
is of interest, so that more than one measurement can be listed
for the same transition, if by different groups or with respect
to different standards.

A new standard in the list is the simple and accessible twophoton transition in Rb at 385 THz, 778 nm. Now measured
to 5 parts in 1012 via OsO, and exhaustively tested, the
standard comprises a gas cell interrogated by a readilyavailable diode laser. One well-researched and potentially
very accurate ion-trap standard is omitted for want of a
frequency measurement: the Hg' clock transition near
1065 THz, 281.5 nm (Ref.8). Recent investigations into
30 THz standards using C 0 2 gas lasers indicate room for
improvement (Refs.9,lO) towards the accuracies achieved by
portable hyperfine-resolved methane-stabilised lasers.
4.2 Technological advances

In the past decade, work on frequency standards has taken
advantage of the long life and low cost of solid-state lasers,
such as the diode laser, the Ti-sapphire laser or for low noise
the Nd3'-YAG laser at 1064 nm. Also for the new highaccuracy experiments, not forgetting high-stability systems
used for gravitational wave detection experiments, lasers are

being spectrally narrowed by locking to ultra stable, ultra-highfinesse cavities suspended in vacuum, to reach the spectral
widths and frequency stabilities needed to interrogate ultranarrow resonances (Ref.8).
4.3 Dissernination/transportation of optical frequency standards
For the intermediate accuracies of the Table, gas-cell
standards, such as using I, or Te,, have been measured in
frequency-standards laboratories, and then transported to the
experimental laboratory to use as a local reference (see e.g.
Sch95). However, for the highest accuracy, complete
stabilised-laser systems have had to be transported e.g. from
Braunschweig to Munich and back (see Ud97). However,
where distances of a few km have permitted installation of
dedicated optical fibre, similar stabilised lasers in the two
laboratories have been continuously compared over the fibre
link. It is notable that at 385 THz, 778 nrn, the fibre introduces
frequency errors of only a few Hz, although contributing some
added noise from e.g. vibration (see deB97).
4.4 Towards optical clocks
The new systems are also moving towards solid-state
heterodyne mixers and frequency-combining elements, giving
long-term reliability, which should offer the possibility of
continuous operation, leading to experiments on the use of
such systems as clocks. This is already the case for some of
the standards listed in the microwave region, for example, the
mercury ion standard at 40.5 GHz, although not yet in a lasercooled form.
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Abstract

In 1995 L. Maleki proposed an electrooptic oscillator made of a loop with a delay line realized by
a simple optical fiber.
A new version of the same idea is illustrated in this paper. It includes a DFB laser and an Er+doped optical amplifier.
We found a phase noise power spectral density that shows f - 2 and f - 3 contributiorls instead of
the simple f e 2 measured and calculated by Maleki.
In consequence of this we made a more accurate analysis of all noise sources of the loop, with
special attention to the optical components.
In fact optical FM noise (like laser noise or optical amplifier noise) can make FM or PM contributions to electrical signal noise.
A prototype of it was realized and characterized.

1

Introduction

In recent years a new kind of oscillator based on a hybrid electro-optical approach was presented. These
Light Induced Microwave Oscillators (LIMO) use a
delay line in the loop and in order to obtain the long
delay times which are necessary for frequency discrimination, optical fibers with their low losses are used.
Experimental results [I] show noise performances
comparable with DRO and quartz oscillators without working at cryogenic temperatures, and with a
phase noise that seeks to be indipendent from the
oscillator frequency.
The presence of the fiber as a selective element allows
high tunability: band limits come from devices that
couple optical signals with electrical ones and they
are from hundreds of kHz up to tens of GHz.
The translation between R F signal and amplitude
modulation of the light can be done by an electrooptic modulator or by direct modulation of a semiconductor laser current; the conversion back into electric

"'=
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Figure 1: General experimental setup for LIMO
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Figure 2: Measurement setup for oscillator's noise
signal is made by a photodiode.

2

frequency noise:

The LIMO

The experimental setup of the oscillator is shown in
fig.1. A DFB laser in the 1.55 pm. band feeds a
Mach-Zehnder electro-optic modulator, then the light
continues through an optical amplifier followed by the
fiber delay line and is converted into an R F signal by
a photodiode.
The R F signal is then filtered, amplified and sent to
the modulator's R F input to close the loop. A
polarization control is used t o make amplitude modulator.
The microwave filter allows to choose among modes
of the loop that are separated by tens or hundre& of
kHz. In order to obtain this kind of selection a filter
with a Q factor of about 1000 is sufficient.
Finally, for the fine tuning of oscillating frequency,
there is an electrical delay line working as a phase
shifter. A microwave amplifier with high gain is
needed to reach unity loop gain.
The use of a DFB laser with a power level around
0 dBm, cause the presence of the optical amplifier
trying to recover some power before downconversion
to R F domain.

4

3
T~

Figure 3: Phase noise of LIMO with optical amplifier
and a 100 m. of loop fiber. DFB threshold current:
11.8 mA (ASTROTEC).

Oscillator's noise

the oscillator without a reference sigrial we use the delay line method 141, which measures

and we obtain phase noise by simple calculations:

A delay line 2.2 km long keeps the measurements valid
up to 20 kHz.
The measurement setup is shown in fig.2: the delay
line is an optical fiber 2.2 km long that takes via a
coupler a fraction (about 30 %) of the optical power
of the oscillator. By a photodiode we obtain the reference signal that is compared with a fraction of the
R F oscillating power, taken by a directional coupler
just before the electrical input of the modulator. In
fact, a t that point of the loop there is the maximum
available R F power (about 20 dBm).
Comparison of the two signals is made by a double
balanced mixer working as a phase detector.
The power spectrum Sv( f ) is then measured with an
F F T dynamic signal analyzer.
We measured the frequency noise of the LIMO with
different bias currents of the laser and we found
changes of slope in S + ( f ) : by increasing the current we saw more frequency flicker noise.
Possible reasons for this behavior: different lineshapes of the laser and/or increasing noise level of the
optital amplifier due to working in saturation with
higher power levels of the laser.
In order to understand better we made different measurements.

spectrum analyzer
-140
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Figure 4: Phase noise of LIMO without optical amplifier and a 4.4 k m . loop fiber. DFB threshold current:30 mA (ASTROTEC).
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Figure 6: Experimental setup for noise measurements
on optical link
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Figure 5: Phase noise comparison between LIMOS
with and without optical amplifier and a 4.4 km.
fiber.
DFB threshold current: 12 mA (MITSIJBISHI).
In fig.3 the phase noise of a LIMO with a power optical amplifier and a fiber 100 m , long in the loop is
shown. The DFB laser used has a threshold current
of 11.8 mA (ASTROTEC).
In fig.4 noise of a different setup with longer loop
fiber (4.4 km.) and without the optical amplifier is
shown.In that case a DFB laser with threshold current of 21 mA is used (ASTROTEC).
In fig.5 the comparison between measured noise of
setups with and without optical amplifier is shown
, keeping the same bias current for the same laser
(MITSUBISHI).
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1.E+03

1 .E+04
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Figure 7: Optical link's phase noise without optical amplifier.DFB threshold current: 21 mA (ASTROTEC).

4

The optical link

The general setup used for all measurements of phase
noise on optical link is shown in fig. 6. This kind
of measurements implies absence of the optical fiber
into the optical link to avoid measurement of source
phase noise.
The modulator is biased in the middle of its transmission characteristic and the microwave power a t its RF
input is about 20 dBm.
The first group of measurements is without optical
amplifier for different bias currents of the laser, and
we obtain the curves shown in fig.7.
For the second group of measurements, we added the
optical amplifier.- Results of comparisons between the

1.E+OS

crowave Oscillator", T D A Progress Report 42123, Jet Propulsjon Laboratory, pp. 32-42 (1995)
http://tda.jpl.na~a.gov/progress~eport
[2] R.Logan, L.Maleki and M.Shadaram, " Stabilization of oscillator' phase using a fiber optic delayline", Proceedings of 45th Annual Frequency
Control Symposium, May 29,31, Los Angeles,
CA, 1991
-110
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Figure 8: Phase noise comparison between optical
links with and without optical amplifier. DFB threshold current: 21 mA (ASTROTEC)
two cases with the same current are shown in fig.8.
To verify that different optical power levels on the
photodiode cannot make any significant difference,
we made measurements with insertion of an optical
attenuator that keeps the same quantity of light on
the photodiode for different laser currents. Results of
these measurements don't differ from these shown in
this paper.

5

Conclusions

A preliminary analysis of influence of FM optical
noise on microwave phase noise in electro-optical oscillators has been made.
The noise contribution of the optical amplifier makes
its presence in the loop not positive.
Comparisons between different lasers and different
bias currents indicate the necessity of further investigation about lineshape of lasers used to build this
oscillator.
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Piezoelectric effect in coaxial cables
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Abstract
This paper report8spreliminary results of some experiments in which the effects of vibrations on
cables, incl~~cling
I~ot~h
piezoelect,ricity and t8riboelectricity,are measured. Cables with different
shapes and dielect,ric rnat,erials are tested.

1 Introduction
The next generation of supercloks, as well as some
applications of precision electronics, require an improvement of knowledge on the behaviour and the
stability of basic components, taking into account effects that are traditionally neglected. Some recent
papers, such as [I], deal with the stability problem.
Working in this direction, we made an experimental study of the piezoelectric effect in coaxial cables,
which could affect the stability of many circuits.
PTFE coasial cables are widely used when high stability is to be achieved. PTFE is a.n excellent dielectric
from many points of view: it is suitable for high frequency applications in the microwave range because
of its low diele~t~ric
losses, it is chemically stable, and
it shows extremely high D C resistivity, which can be
1016 Rm or more. Other dielectric materials are also
frequently used, mainly P E and P E foam, and sometimes alumina.
PTFE shows both piezoelectric a.nd trriboelectric effects, because of the strong distortion of the molecula,r electric field due to the presence of fluorine atoms.
This means that a PTFE cable converts st,ress and vibrations int,o electric signals that can perturb electronic circuits either directly or by modulating some

Sensitivity: 50 mV/div
Timebase: 200 p / d i v
Pretrigger: 500 ps

parameter. Other dielectrics show piezoelectricity
and triboelectricity, although the effect in our experience is less relevant than that of PTFE. In order to
give a practical idea of the relevance of the phenomena here considered, we made a simple experiment
in which a small mass falls with a kinetic energy of
about 1 mJ on a 0.5 m PTFE UT-85 semirigid cable
connected at the input of an oscilloscope. This shock
induces a 300 mV peak to peak signal, as shown in
Fig. 1.
Although people from the DC precision measurement community are aware of these phenomena [2],
we found it only superficially and qualitatively mentioned in the literature.
The main purpose of this study is to give some
practical hints to be used as guidelines for designing
precision electronics and clocks. We have measured
a number of cables (see Tab. I) of different origin, including some from old instruments. In the following
sections the measurement method will be illustrated
and the experimental results will be discussed.

2

Measurement method

Piezoelectricity is formally described by the costitutive equations which couple the mechanical stress T

\\\\\
spring
TORS

Figure 1: elect,ric effect of a shock on a UT-85 cable.

C'IIIIIC

Figure 2: mechanical arrangement of the test cell.

and strain

S to the electric vectors E and D

(vector and matrix subscripts are omitted) through
the ela.stic stiffness c, the piezoelectric constants e
and the permettivity 6, as described in [3].
Unfortuna.t,ely, the piezoelectric constants are not
so useful to describe the behaviour of a cable in a
circuit. For instance, in a typical situa.tion we have
niaily coa,x cables linking the parts of a system: each
cablc follows its own bended path, which is not well
defined; the ~necha,nicalcoupling of the cables to the
environment are not sufficiently defined as regards
the vibration problem and the mechanical resonances
of the cables are not known at all; finally, in our
case piezoelectricity ca.n not be divided from triboele~t~ricity.
This last effect is clue t80electric charges
ge~lerat~ed
11y tubbing a dielectric surface; unfortunat,ely, we haven't been able to find in t,he literature
any specification for poiylners like P E or PTFE. Since
in the described scenario mTecan only have a basic
spectrum, either formal
knowledge of the ~ibrat~ioil
or numerical analysis are out of reach in ally rea.sonable resource budget of a project. Finally, we got to
t.he conclusion that t,he electric phenomena and the
mechanical coupling of the cable to the environment
must be considered t,ogether. Consequently, we have
identified a typical situation, intended to be representative of many practical cases, in which the cable is
mouilted on a vibrating plate; between the cable and
the plate there is one or more stiff layer, i. e., enamel,

glue, the insulation cladding of the cable itself, or
anything else. Then, we have designed a mechanical
arrangement for a test cell imitating this situation, as
shown in Fig. 2.
The displacement x produced by the piezo transducer has been measured with the scheme of Fig. 3.
The effect of the signal sent to the transducer is a parallel A C translation of the laser beam, which is measured by the split detector and compared to the DC
translation manually imposed through the micrometer; the detectors and its electronics are described in
[4]. The response of the transducer is roughly flat,
x,,, 2 8.8 p m for a driving voltage of 8.5 V , in the
100 Hz to 100 kHz region.
The complete experimental setup is shown in Fig. 4.
The computer sets the drving frequency scanning the
100 Hz - 100 kHz range and reads the piezoelectric
signal through a lock-in amplifier which has a bandwidth of 10 mHz or 1 Hz, depending on the needs.
The transresistance amplifier shows negligible input
impedance (virtual ground), which shorts the cable;
moreover, there is no external electric field applied
to the cable ( E = 0). Hence the amplfier output
voltage V is proportional to the piezoelectric current,
which is the time derivative of the electric displacement D integrated over the stimulated region of the
cable. This scheme makes V independent on the cable capacitance, which is proportional to the cable
length.
In principle, our experimental arrangement can't
distinguish between the piezoelectric and the triboelectric effects. Therefore, we believe that this latter is less relevant because the mechanical stimulus
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Figure 3: calibration of the piezo transducer.
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Figure 5: examples of the measured piezoelectric behaviour: cable #2 (top), #5 (middle) and #4 (bottom).
The response plots are rather uneven becase of the
presence of many resonant modes. Therefore, fitting the experimental data with integer-slope straight
lines we recognize two types of asymptotic behaviour:
1. slope 1 .(see cable 4, Fig. 5),

2. slopes 2 and 0 (see cables 2 and 5, Fig. 5).

<
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>

-....................... .................... -....... computer

Figure 4: Experimental setup for the cables piezoelectricity measurement.
is orthogonal to the cable surface; in this condition,
rubbing the dielectric surface is a second order effect.
Some measurement runs have been made after setting the synthesizer output to zero amplitude. In this
condition the measured signal represents the system
noise, both electric and acoustic.

3

Experimental results

The available cables were measured with the above
described equipment. Using these data, we obtained a
series of plots in which the piezoelectric current is reported as a function of the vibrating frequency. Fig. 5
reports three examples of cable responses measured
with an equivalent bandwidth of 1 Hz and a frequency
resolution of 300 points per decade; in the left part
of these plots the equipment noise, which is about 30
pA at 100 Hz with slope f - l , is evident.

The results of the straight line fitting are reported in
Fig. 6. This picture should be considered carefully because of the complexity of the reported information.
Most of measurements (solid lines) are taken with a
frequency resolution of 300 points per decade and an
equivalent bandwidth of 1 Hz. Others (dashed lines)
are taken with 5-10 points per decade and a bandwidth of 10 mHz. These latter ones were taken after
realizing that the poor S I N made doubtful the previous results (1 Hz bw).
Observing the results of Fig. 6, 'it turns out that
most of semirigid and rigid cables show type 1 behaviour, while type 2 is rather frequent in the flexible
ones. The physical origin of the experimentally observed slopes will be discussed below.
Let's first consider the semirigid and rigid cables,
which show a $1 slope. The displacement x of the unloaded piezo transducer is independent of frequency,
as pointed out in Section 2 (x,,, 2: 8.8 pm).
At high frequencies the transverse string mode
can't be excited. Instead, we expect that the piezo
transducer excites volume vibrations inside the cable. In these conditions, the inertial mass turns
the acceleration into a force F cc d2x/dt2, which is
proportional to f 2 . Since we measure the current
I = dQ/dt, we would expect I qc f 3 . However, a
slope $3 has never been observed. We believe that
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Figure 6: asymptotic straight-line approximation of the measurement results.
this is due to the enamel coating of the piezo transducer, which is a thin stiff layer (see Fig. 2). The
mechanical coupling of the piezo transducer to the
cable is equivament to a mass-spring damped resonator that acts as a second order low pass filter
with slope -2. This hypothesis explains the observed
slope, which is still $1.
The other type of asymptotic behaviour is not easy
to explain. Its modelization probably requires a more
complicated analysis of the mechanical system.

4

Conclusions

Experimental evidence of piezoelectric effects in commonly used coaxial cables was collected.
It was shown that care must be taken in selecting
coaxial cables when extra low noise measurements are
being planned.
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Abstract :
Colds collisions constitute a crucial effect at high densities in a laser cooled atomic
fountain [I]. That is because the collisional cross sections become sufficiently large at
thepK temperature regime to induce a relative spin exchange frequency shift of the order of
10-l5measured against a Hydrogen maser reference [2].
On the other hand, because of the thermal expansion of the atomic cloud, only a fraction of
the atoms, few percent, passes a second time through the lcm microwave cavity aperture and
undergoes a second Ramsey interaction.
Whereas all the atoms contribute to the collisional shift, the major part of them are lost for the
detection signal and can be eliminated from the fountain with transverse velocity selective
pulses via Raman transitions [3].
We will present our experimental set-up using an electro-optical modulator to generate the
two Raman beams with a frequency difference of 9.19...GHz and the 2D velocity selection
results. We will discuss the possibility of applying a Raman cooling to reduce the transverse
temperature, the technique being limited by the time that launched atoms spend in the cooling
region.
The potential improvements for atomic fountain frequency standards will be given.

References :
[1] : A. Clairon et al, IEEE Trans. Instrum. Meas., Vol. 44, 128, April 1995.
[2] : S. Ghezali et al, EuroPhys. Lett., Vol. 36, 31, October 1996.
[3] : S.Lea et al, Phys. Scr., Vol. T51,78, 1994.

WORKSHOP
NEW GENERATION OF SPACE CLOCKS

SESSION 1
Chairman:

G.Busca

WORKSHOP "New Generation of Space Clocks"

- NeuchQtel - 7 March 1997
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1. ABSTRACT

A review of techniques available for making high
precision time and frequency transfer between high
stability atomic frequency standards. Methods for
cancelling of firstorder Doppler shifts owing to relative
motion and for removing propagationdisturbances in
coherent microwave systems for frequency comparisons
and in phase-modulated microwave systems for time
transfer. Newly developed high precision timing
equipment for operating pulsed laser time transfer from
space to earth will be described.

techniques, the H maser performance data in this figure
will be used as a basis for numerical examples.
4. EFFECTS OF OSCILLATOR INSTABILITY ON
MEASUREMENTS OF DISTANCE, AND RANGE-RATE
USING DOPPLER DATA

In the case of distance measurements made from the
one-way propagation of light we can obtain an estimate of
range dispersion from time dispersion given in Equation 1,
by writing

Keywords: highprecision time transfer, atomic clocks
2. INTRODUCTION

One of the most significant scientific improvements in
our era is the uparalleled precision of measurement made
possible by atomic clocks. In making frequency and time
transfer. Use of electromagnetic signals (micro wave and
laserlight) for high precision range, range-rate and angle
measurements requires us to include appropriate
corrections for gravitational and relativistic effects.
This discussion is meant to provide a picture of where
we stand in the present state of techniques for clockrelated space experiments involving high precision
frequency and time transfer. Please note that some of the
figures referred to appear in the EFTF paper "Applications
of Highly Stable Clocks in Space" (AHSCS)
3. PRESENT STATE OF CLOCK TECHNOLOGY AND

SYSTEMS FOR SPACE EXPERMENTS
The most commonly used definition of frequency
stability is the Allan (standard) deviation, oy(7). This is the
one-sigma expectation of the fractional frequency
difference Af/f (designated by the subscript y), between
time-adjacent frequency measurements, each made over
time intervals of duration, s. The functional relationship of
oy(7) versus (7) depends on the Fourier spectrum of of the
phase variations.1
An estimate of the time dispersion of a clock or
oscillator for a future time interval, 7 , can be obtained from
the relation

Representation of oscillator performance and of
propagation disturbances by sy (t) makes possible
statistical estimates of the limits imposed by clock
performance on measurements made with
electromagnetic signals.
Figure 1 shows o(s) versus splots for stored ion devices2,
atomic hydrogen masers3, and for the binary pulsaP.
This figure also includes the Allan deviation of
disturbances caused by the earth's troposphere and
ionosphere on S-Band (2GHz) signals traversing
vertically. In the following discussions of experimental

where c is the velocity of light.
The one-way Doppler frequency shift of signals from
an oscillator transmitting at a frequency, f, moving with
velocity vr toward the receiver is

The contribution of the oscillator to the imprecision of
determining range rate, vr, during measurement intervals,
7: , is given by

Figure 2 is a nomograph of range-rate error and range
distance error based on the H-maser data in Figure 1. On
the left hand axes are scales for cry(%)and the
corresponding one-way range-rate measurement error,
ovr(7). On the right hand axes are the scales for time
dispersion, OAT(T),and the corresponding one-way range
measurement error.
5. EFFECTS OF OSCILLATOR INSTABILITY ON
MEASUREMENTS OF ANGLE USlNG VLBl

High precision measurement of the angle between the
propagation vector of a signal and the direction of a
baseline, defined as the line between the phase centers of
two widely separated radio telescope antennas, can be
made with VLBl techniques5 shown in Figure 6 AHSCS
Here, two radio telescopes, separated by a distance, L,
each detect the arrival of radio noise sianals from a distant
radio star. After heterodyning to a lower frequency the
noise signals are recorded as a function of time and the
two sets of noise data are subsequently time-correlated.
The observable quantities from the correlation process are
the correlated amplitude and the relative phase of the
signals detected at the widely separated points on the
wavefront. VLBl measurements have been used in light
deflection tests of relativistic gra~itation.~
The stability limit on the successive measurements of
angle imposed by the oscillator instability on successive
measurements of angle taken 7 seconds apart is

where 9 is the angle between the propagation vector
and the baseline. The result of correlating the noise data
obtained from a common source by the two stations is the
production of fringes analogous to those observed from
two-slit optical diffraction. The spacing between the
fringes is M Sing, where h. is the average wavelength of
the signals arriving at the antennas. The visibility of the
fringes depends on the extent to which the signals arriving
at the antennas are correlated.
The angular resolution of the interferometer is given by
the change of fringe phase, I$, with 9

The error in successive angular measurements owing
to the instability of the clocks in a terrestrial system with

L = 6000 km, assuming oy (lo3 sec) = 1 x 10-15, and
9 = d2,is given by

o ~ (lo3
g sec) = 5 x 10.'

rad or 2 p arcsec.

This is far smaller than the present actual limit of 100 p
arcsec level from terrestrial stations with an 8000-km
baseline operating at 7 mm wavelength.7 The effects of
tropospheric and ionospheric fluctuations impose limits
that are far more serious than clock instability.
By operating VLBl stations in space, limits in angular
resolution owing to tropospheric and ionospherii
propagation and baseline distance, imposed by the size of
the earth, can be overcome .
As an example of the limits that a spaceborne two station
system could achieve, let us consider a spaceborne
system where L 5 x106 km,

oy (104 sec) = 4 x 10-I,' and 9 = V2. In this case.
4
D A (1
~ 0 ) 2 x 10.'
rad or 0.05 parcsec .

-

For A= 1 mm we have AIL = 2 x 10-l3 rad and we
4
see that the limit imposed by clock stability with 10 sec
integration time is capable of resolving fringes at 1-mm
wavelengths in a spaceborne system with baseline

6

distances of 5 x 10 km.
6. SYSTEMS FOR CANCELLING FIRST-ORDER
DOPPLER AND SIGNAL PROPAGATION EFFECTS

The one-way and two-way Doppler measurement
technique was used in a three-link Doppler-cancelling
system developed for the 1976 SAOMASA Gravity Probe
A test of the gravitational r e d ~ h i f t . ~ This "Doppler
cancellation" scheme was pivotal to the success of the
experiment By measuring the Doppler effects in a
separatetwo-way system and subtracting one-half the
number of the two-way cycles from the phase of the
received signal from the phase of the one-way microwave
link connecting the space vehicle clock to the earth

station, the propagation effects were systematically
removed.
Figure 1 AHSCS describes the phasecoherent analog
system that was used in the 1976 SAO-NASA test of the
gravitational redshift. The fractional output frequency is

where fo is the clock downlink frequency. The term
(QS-oe) is the Newtonian potential difference between the
-a

-a

spacecraft and earth station, Ve and VS are the velocities of
-a

the earth station and the spacecraft, rse
is the vector

-.
distance between the spacecraft and earth station, and ae
is the acceleration of the earth station in an inertial frame.
The first term is the gravitational redshift resulting from
the difference in the Newtonian gravitational potential
between the two clocks, the second term is the second-order
Doppler effect of special relativity, and the third term is the
result of the acceleration of the earth station during the light
time, rlc, owing to the earth's rotation. During the two-hcur
- the first-order Doppler shifts were as
near-vertical flight,
and the noise from i O n 0 ~ ~ h eand
ri~
larae
as
*2
x
"

tropospheric propagation effects was about 1 x 10.'
at s
-100 sec, as shown in the top left curve of Figure 1. After
the frequency variations predicted in Equation 6 were fitted
to the data, the error in the fit of the data was within (+2.5
of Einstein's prediction.10 The residuals were
70) x
analyzed after subtracting the predicted frequency variation
over the time of the mission. The resulting Allan standard
deviation of the frequency residuals is shown in Figure 3.
Here we see that the stability of the frequency comparison
made through the three-link system over signal paths of
10,000 km, in the presence of Doppler shifts of magnitude
44kHz, plus the ionospheric and tropospheric noise shown in
Figure 1, is comparable to the frequency comparison made
between the two reference masers in the same room.
reaching 6 x 10-I stability at about 103 sec.
Figure 1 AHSCS shows how phase coherence
throughout the system was provided by ratio frequency
synthesizers. As there was a considerable difference in
the S-band frequencies, owing to the transponder's turnaround frequency ratio, 240/221, the ionospheric electron
content in the signal path, could have caused serious
problems from phase delay in the three microwave links1l
This error was removed by choosing the frequency ratios
so that the ionospheric effects in the three signal paths
were cancelled at the output of mixer M3. 2.

*

*

By providing a transponded signal back to the
spacecraft, as shown in Figure 2 AHSCS, we can obtain
one-way, two-way, and Doppler-cancelled data at both
stations of the system in terms of the proper time scale
kept by the station's clock. When the light time between
stations is long compared, for example, to the intervals
required for measurements, a dominant, spatially localized
noise process can be cancelled systematically by time

correlating the data obtained from the two stations. Figure
3 AHSCS shows the space-time paths of the four signals
in Figure 2 AHSCS. Here the dots signify the clocks, and
the arrows, E l (t) and E2(t), signify signal outputs
representing earth-based one-and two-way data at a
particular epoch in the continuum. S l (t) and Sg(t)
represent one- and two-way data recorded in space. By
timecorrelating the Doppler responses we can
systematically cancel a strong localized noise source such

.
as from the earth's troposphere and
We see that the iono-tropo noise pattern received from the
the spacecraft transmitted at time ti and received at earth
at time ti+Wc is the same as the noise from earth and
received at the spacecraft at time (ti+2Wc). By advancing
El (t) by time Wc with respect to S l (t) and subtracting the
two data sets we can systematically remove the noise in
the S1 (ti+2Wc) E l (ti+Wc) combined data set at the
small exhnsa of increasing the random noise in the data
by 62 . In situations where the localized dominant noise is
substantially larger than the nonlocalized random noise,
this process can be highly effective.
Note that in the case where there is a substantial lighttime delay between earth and space, the Doppler
cancellation, made by subtracting one-half of the two-way
Doppler cycles from the one-way cycles, will be very
effective in the spacecraft system. Here, the signal
transponded from earth at time ti+Rlc travels through the
same noise-producing lono-Tropo disturbances as the
one-way earth-to-space signal, received in space at time
ti+2Wc. However, this is not the case for two-way signals
transmitted to space and transponded back to earth. For
tracking a close-approach solar probe, where there will be
about 103 seconds of go-return transponder delay , the
lono-Tropo conditions could change and cause problems
in the Doppler cancelled data.

-

7. CARRIER MODULATED SYSTEMS FOR
MICROWAVE TIME TRANSFER

At SAO, during the early 1980%we were involved in a
project called STlFT (Satellite Time and Frequency
Transfer)
l7 The objective was to compare both
frequency and time information from the NASA shuttle
using the same basic microwave system as in Figure 1
AHSCS .This system used PRN phase modulation of the
uplink-to transponder signal that was phasecoherently
transponded to earth and correlated to determine tha twoway signal delay. A different PRN modulation was applied
to the one wat time transfer signal from the space clock.
Figure 4 shows the light-timediagram of the modulated
signals and Figure 5 shows a block diagram of the
proposed system. We expected that, for each pass of the
shuttle, precision of better than 1 nanosec would be
possible in time transfer and that 1 part in
in
frequency comparison should be possible. With the
present positioning capability made possible by GPS, that
is comparable to the signal wavelength, it is not out of the
question that the accuracy of frequency comparison could
be extended by recovering, from orbii to orbit, the phase
of the signal from the microwave system.

.

8. PULSED LASER TIME TRANSFER

Pulsed laser time transfer between the earth and a
moving vehicle is not a new idea. The first transfer I am

aware of is a test relativistic gravitation that was done by
with clocks on propellor driven aircraftA9 In the late
1970s, development began at SAO on a Satellite Time
in which pulsed laser
and Frequency Transfer (STlFT) l8
time transfer would compare of the timing accuracy of
laser and microwave techniques. The first actual test of
pulsed laser timing from space to earth I know of was
done by the LASSO~O project.
The HMC retroreflector array, shown in Figure 6,
consists of 20 fused silica cube corners, each 1 cm in
diameter, mounted in a 65 mm diameter hemispherical
base.21 This shape provides a hemispherical field of
view, permitting reflections independent of spacecraft
attitude. Laser pulses impinging on the retroreflector array
are brought to a photomultiplier tube by an omnidirectional
fiber optic light collector. The collector consists of a 22-cm
long bundle of 127 optical fibers, each 100 pm in
diameter. At one end of the bundle the fibers are splayed
out into a hemispherical pattern and inserted through
holes drilled in a 1.5-cm diameter hemispherical shell that
is mounted at the apex of the retroreflector array. The
hemispherical fiber array ensures that at least one fiber is
illuminated by light coming from anywhere in a
hemispherical field of view. The other end of the fiber
bundle connects to a photomultiplier tube (PMT) that
detects the laser pulses.
The time transfer system's ability to resolve subnanosecond intervals results from a high-precision spacequalified event timer developed at the Los Alamos
National Laboratory that is capable of timing with a
resolution of 10 ps.22 The output pulse from the PMT's
preamplifier is sent to a constant-fractiondiscriminator
(CFD), which produces a pulse whose sha e is largely
independent of the input pulse amplitude. $3-25
The CFD output pulse goes to the t i m e i n t e r p o ~ a t o r , ~ ~ * ~ ~
which is a combined digital and analog hybrid circuit that
has the effect of subdividing the period of a 100 MHz clock
signal by a factor of 1000. Measurements of the
interpolator's integral linearity, which measures the total
timing error for any bin compared to a perfectly linear
interpolator, are shown in Figure 7. The maximum
excursion of the integral linearity is less than 10 ps, with
test-to-test repeatability of less than 1 ps, and variation of
less than 5 ps in any bin from 10°C to 30°C. The resulting
systematic variations in measured time are repeatable and
can be calibrated to a few picoseconds.
9. CONCLUSION

The time keeping accuracy of newly developed
primary frequency standards in various nation's standards
labs appears to be beyond our present time comparison
capibility It is clear that presently available technology
using space techniques, and spaceborne high stability
clocks, once implemented, would permit global
synchronization at levels of a few picoseconds.
The question is how to support the realization of these
technologies. While at present, there are few actually
stated requirements, as in many previous situations, once
a new technology becomes accessible, we can expect a
strong effort toward implementing it in many new ways.

.
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ABSTRACT

W e describe a compact cold atom
cesium frequency standard designed as a
prototype of a space device. It will be tested in
the reduced gravity of aircraft parabolic flights.
On earth, the experimental resonance
linewidth is 14 Hz with a preliminary signal to
noise ratio around 300. The main advantages
of this clock are its transportability and
reliability. This is a major step toward a space
clock using cold atoms. Minor changes would
optimize its performances in presence of
gravity and lead to performances comparable
to those of the BNM-LPTF atomic fountain. It
would then be an ideal tool the comparison of
distant ground based clocks.

I Introduction
Laser cooling of neutral atoms has
drastically improved cesium clocks in the last
few years. The very low atomic velocities
easily obtained with this technique (-1 cmls
for
cesium [I]) allow
much
longer
interrogation times than in classical devices.
The resonance is proportionally narrowed and
hence the short term stability can be improved.
Furthermore, most systematic effects which
shift the atomic resonance are reduced with the
atomic velocity. The first frequency standard
operating with laser cooled atoms, the BNMLPTF atomic fountain, indeed shows the best
performances ever obtained with cesium
frequency standards. The stability is 2 x l 0 - ' ~on
a few hours of integration time [4]. For longer
integration time, the stability is limited by the
H-maser used as a reference oscillator. The

accuracy is presently 2 x l 0 - ' ~ [2]. In the
fountain, the interrogation time approaches one
second and is limited by gravity. It is predicted
that microgravity conditions should enable a
further factor of ten improvement in the
interaction time with a simple and compact
device [3]. The objective of the PHARAO
project is to develop such a space clock using
cold cesium atoms.

I1 PHARAO project
In 1994, the French space agency
(CNES) decided to support a preliminary
research program on a space frequency
standard using cold atoms. Three laboratories,
the BNM-LPTF, the ENS-LKB and the LHA
are cooperating for the construction of a
prototype. Simultaneously, studies on local
oscillators, frequency synthesis chains,
microwave cavity modeling and timefrequency transfer are being performed.

The aircraft prototype
The main progress in laser cooling
were achieved in the last few years. Although
well understood and quite easily reproduced in
laboratories with the recent development of
diode lasers, these experiments are far from
being compatible with space requirements. The
weight of the atomic fountain is about 2 tons,
with some hundreds of optical components.
The device has to operate in a quiet
environment.
We constructed a much smaller and
reliable prototype. We want to record the

microwave resonance during the reduced
gravity of aircraft parabolic flights. This device
is also designed to be transformed to a high
performance transportable frequency standard.
The experimental set-up is shown on
figure 1. As the atomic fountain [4], the
prototype operates in a pulsed mode. In a
vacuum chamber, typically lo7 atoms are first
captured and cooled from a vapor at the
intersection of the six beams of an optical
molasses. This capture process takes between
100 and 500 ms, depending on the desired
number of cold atoms and on the vapor
pressure. The atoms are launched and cooled
further in 3 ms. They experience a microwave
interaction in a cylindrical TEOl3cavity and
finally, are optically detected. Due to the
absence of gravity in the plane, only a single
pass in the cavity is possible. All the laser
beams are generated by a separated optical
bench. A frequency chain synthesizes the
9.192 ...GHz microwave field from a 10 MHz
ultra stable quartz oscillator. A computer
generates the timing and processes the data.

Optical bench
The optical bench has been designed as
a separated and closed box. Thus, no stray
light disturbs the operation of the experiment.
Its temperature is servo controlled at -30 "C.8
optical fibers link the bench to the vacuum
tube : six for the optical molasses, two for the
detection. They are monomode polarizing
optical fibers. The output power of each fiber
is servo controlled by means of voltage
controlled retarder plates. The laser power is
maintained within lo-' with a response time of
ten milliseconds. The dimensions of the
optical bench, 65x65x15cm, have been
drastically reduced as compared to those of the
atomic fountain.
Four diode lasers generate all the
beams necessary for the experiment. The
master laser is frequency locked 2 MHz below
the F=4-F'=5 transition of the cesium D2 line.
Two different master diode laser will be tested
in the aircraft. The first one is an extended
cavity diode laser, the second one is a

spectrally narrowed by weak optical feedback
and fast electronic servo-lock DBR diode
laser. Both have a linewidth in the 100 kHz
range, a value much lower than the cesium D2
natural linewidth (T=5 MHz).

Cooling

p-wave
interaction

Detection

Figure 1 : the experimental set-up of the compact cold
atom cesium frequency standard.

A part of the master laser beam is
coupled into an optical fiber for the atomic
detection. The output power can be adjusted
up to 6 mW. The other part, after double-pass
through an acousto optic modulator (AOM)
which sets the molasses detuning up to 12 T, is
used to inject lock two slave diode lasers
which provide the cooling beams. Each
delivers 150 mW of laser power. After a
double pass in an AOM, each slave laser beam
is divided in three and coupled into the fibers.
The maximum laser power at the output of
each fiber is -13 mW. The frequency
difference v of the two AOM sets the atomic
launching velocity V according to the relation :

where A is the optical wavelength. The atomic
velocity can be set from 0.5 m/s to 8 mls.
These AOM also allow a quick change of the
optical power. To avoid any residual light shift
of the atomic resonance during the microwave
interaction, mechanical shutters insure a
complete extinction of all the laser beams.
An additional DBR diode laser is
locked on the *F=3-F'=4 transition of the
cesium D2 line. A part of the beam (a few

mW) is splitted and mixed to four of the
cooling beams to pump the atoms in the upper
hyperfine state (F=4) of the ground state
during the cooling process. The other part
(100pW) of the beam is used for the
detection of the atoms in F=3 through a
separated optical fiber.

Vacuum Chamber
The whole apparatus is 1 meter high
and has a 300 mm external diameter. The
temperature of the whole chamber is regulated
by a heating coaxial wire. The cooling region
contains a low pressure cesium vapor (10" pa).
The six optical fibers for the optical molasses
are connected with FC type connectors to
optical expanders screwed around the cooling
region. The laser beams are expanded to a
8 mm waist radius with 100 mm lenses. They
are distributed in three orthogonal pairs of
counterpropagating beams. The polarization of
each beam is linear and perpendicular to that
of the counter-propagating beam [I]. The six
laser powers are measured by using polarizing
cubes and photodiodes integrated in the fiber
collimators. The atoms are launched with the
moving molasses technique [ 5 ] , in the (1,1,1)
direction of the trihedron defined by the
beams [ 6 ] . With this geometry, only two
frequencies are needed to launch the atoms and
no beam passes through the cavity, which
would limit the beam diameter to 1 cm. The
cooling region is made of a titanium
polyhedron whose angular tolerances are at the
level of
radian. Thus, no adjustment of the
beams direction is needed. The fibercollimator systems can be removed and p l ~ t
back with a reproducibility of the bcam
direction at the level of a few
radiar.. The
resulting launching direction is defined within
5x1U4 radian uncertainty. The o-vlerlap of
counterpropagating beams is insured within
0.1 mm. The pressure in the interaction and
detection regions is a few lo-*Pa to avoid
collisions and parasitic fluorescence at the
detection. It is maintained by a 20 11s ion pump
and graphite tube cesium getters.

The microwave cavity is a 20 cm long
TEOl3cylindrical copper cavity. It has a loaded
Q factor of several thousands. This cavity has
been chosen for three reasons :
It is long enough to allow a long
interrogation time. The atoms spend half of
their flight time inside the cavity.
The holes at each end of the cavity can be
large (1 cm) without disturbing the
microwave field.
It has a phase and amplitude distribution
symmetry along the atoms pass.
In order to avoid microwave leakage, the
length of the end cut-off are 8 cm.
A highly homogeneous static magnetic
field (a few mG) is produced with a long
solenoid and a magnetic shield around the
cavity. Two compensation coils and three
additional magnetic shields ensure the
direction homogeneity of the magnetic field
along the whole experiment. The total axial
static magnetic attenuation is about lo6 at the
center of the cavity. The attenuation in the
transverse direction is not measurable.
After the atoms pass through the cavity,
the population of both hyperfine levels of the
clock transition are independently measured by
the fluorescence induced by two laser beams.
Two optical fibers are connected to the
detection region. Each beam is expanded to a
1 cm diameter by a fiber collimator. The F=4F'=5 beam is divided into two parts : one to
detect the atoms in the F=4 level, the second
one, mixed with the F=3-F'=4 beam , to detect
the atoms in the F=3 level. The two detection
beams are stopped down to obtain rectangular
beams of size 10x5 mm and are circularly
polarized. They are parallel, separated by a few
millimeters and their direction is perpendicular
to the atomic velocity. A single mirror, fixed
on the other side of the vacuum tube, retroreflects the two beams to create standing
waves. A small part of the F=4 beam is not
reflected so that the atoms in this state undergo
a traveling wave after they have been detected.
The atoms in the F=4 level are first detected in
the standing wave. They are then pushed away
by the radiation pressure of the traveling wave.
The remaining atoms, in the F=3 level, are

optically pumped to F=4 and detected in the
second beam. Two condenser lenses collect
about 3% of the fluorescence emitted by the
atoms in each laser beam. The photodiode
signals are digitized and processed by the
computer.

Frequency chain
A 10 MHz reference quartz oscillator is
multiplied to 100 MHz in a commercial
multiplier. The 100 MHz signal is band pass
filtered and then routed to a custom x92
multiplier. The output power is 10 dBm. The
resulting 9.2 GHz and the 7.3 ...MHz of a RF
synthesizer driven by the computer are mixed
in a single side band mixer with better than
25 dB image and carrier rejection. The output
signal amplitude is adjusted by a voltage
controlled microwave attenuator. To reduce
the effect of the magnetic field sensitivity of
the quartz oscillator and of the microwave
multipliers, the chain is enclosed in a mumetal box. Its temperature is regulated.
During the aircraft flight, the
experiment
undergoes
variations
of
acceleration : 20 s at 2 g, 20 s at 0 g, 20 s at
2 g, and 2 minutes at 1 g. This sequence is
repeated 3 1 times. That sets strong constraints
on the accelerometric sensitivity of the quartz
oscillator. The projected atomic resonance
linewidth is in the Hertz range. To scan this
resonance without introducing errors greater
than a few percents, the frequency retrace from
one parabola to the other must be a few 10-12.
The typical static g-sensitivity of a high
performance commercial quartz is a few 10-",
with a frequency stability of 3-6x 10-13between
1 and 10 seconds. The LCEP [7] realized a
special quartz oscillator for our application. It
has a 5x10-'*lg sensitivity and a 1 s stability of
1 .8x10-13. The frequency chain has been used
by the LPTF atomic fountain. The resulting
stability was 1 . 5 ~ 1 013- z-112 ,

I11 Experimental results
The whole device is now operating in a
laboratory environment. The number of

detected atoms is a few lo7 per shot. This
number is obtained with an optical molasses
and not with a magneto-optical trap. The
relative fluctuations of the atom number is
very low, less than 1 0 ' ~from shot to shot, we
have deduced from the time of flight width an
atomic temperature of less than 10 pK.
Figure 2 shows the microwave
resonance (experimental and theoretical) of the
atoms initially in F=4, mF=O. The atoms in the
other mp substates of the F=4 state are not
removed and thus contribute to the signal. It
has been obtained for a launching velocity of
4 m/s which corresponds to an interrogation
time of 58 ms. The agreement between theory
and experiment is quite good.
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Figure 2 : atomic micro-wave resonance : we plotted
the ratio N3/N4 of the populations of the two hyperfine
levels. the gray curve is a numerical simulation. The
black curve is the experimental resonance obtained with
a one Hz step and no data averaging.

A slight disagreement only appears on the
second sideband, which still has to be
understood. The linewidth is 14 Hz, limited by
gravity, with a contrast of 96 %. Unlike the
Ramsey interrogation scheme, the shape of the
resonance strongly depends on the microwave
power.
To take into account all systematic
effects on the atomic resonance, one needs to
know very accurately the phase and amplitude
of the field at every point inside the cavity.
The best cavity choice for a space version of
this frequency standard is still an open
question.
The signal to noise ratio is 300 per
shot, most probably limited by the fluctuations
of the distributibn of the atoms among the 9
Zeeman substates.

The experiment has been operated two weeks
continuously.

I11 Conclusion
The prototype will be tested in
parabolic flights by the middle of year 1997.
We want to demonstrate its good operation in
this hostile environment : vibrations of the
plane, several "C variations of the temperature
during the 3 hours of the flight, variations of
gravity, rotation of the plane in the earth
magnetic field .... We expect to increase the
interaction time between the atoms and the
microwave and record a resonance fringe in
the Hz range. After that, the prototype will be
fully evaluated. To study the effects due to the
use of the TEOl3cavity, this prototype will be
transformed to operate in the two following
modes : a single atomic interaction or a double
interaction
in
an
atomic
fountain
configuration. With a fountain geometry we
expect a stability of about 10-13 -112 and an
accuracy better than lo-''. This transportable
frequency standard would then be an ideal
tool for the comparison of distant ground
based clocks at a level of a few 10-16,which
cannot be obtained with existing time transfer
techniques.
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The Time Transfer by Laser Link experiment on MIR (T2L2)
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Avenue Copernic, 06130 GRASSE
FRANCE

The T2L2 experiment under development at OCA (Observatoire de la CGte d'Azur) and CNES (Centre
National d'Etude Spatial) permits the synchronisation of remote clocks with an accuracy in the 50 ps
range. We have the opportunity to put a T2L2 payload on the Russian space station MIR in 1999. T2L2
is based on the propagation of light pulses in space which is better controlled than the radio waves
propagation. To perform a T2L2 time transfer, laser stations and a satellite are needed, both equipped
with a clock and a time tagging unit. Some new optical timers and the definition of a new time origin
allow direct accurate time transfer without external calibration. The ultimate stability of the payload
equipment is 1 ps over 300 s and 10 ps over 10 days. If the ground equipment has the same kind of
performances one can measure the stability of two remote ground clocks having a stability in the range
of 3.10-15 over the station visibility period (around 300 s). One can also accumulate the data of several
successive passages of MIR to reach a stability in the 3.10-l7range over 10 days. T2L2 on MIR will
allow us to transfer time with an improvement of 2 orders of magnitudes compared to the radioelectric techniques an$ will be able to measure the performances of the new clocks generation (Atomic
fountain, Trapped ion, H-Maser).

I. Introduction
The Time Transfer by Laser Link experiment T2L2 [I], which as been proposed on the Russian space
station MIR [2], will allow us to synchronise and to compare the frequency stability of several remote
ground clocks with some performances never reached before. T2L2 will synchronise remote ground
clocks with an accuracy better than 50 ps. It will be able to measure the frequency stability of the new
clocks generation (Atomic fountain, Trapped ion, H-Maser) at their ultimate performances level. The
stability and the accuracy of the T2L2 time transfer will be improved by two orders of magnitude as
compared to the actual techniques (GPS, Two-Way) [3,4]. This kind of time transfer experiment is the
basis of many applications : fundamental physics experiments, clock comparison, time scale
realisation... . For example, T2L2 on MIR permits to test the speed of light anisotropy with an
improvement by a factor 7 compared to the best recent GPS measurements. T2L2 on MIR is also an
indispensable stage to validate the optical time transfer technique which will be used in several future
spatial applications (ACES : Atomic Clocks Ensemble in Space, SORT : Solar Orbit Relativity Test....)
>

L

11. Principle
T2L2 (Time Transfer by Laser Link) is a dedicated time transfer experiment under development at
OCA (Observatoire de la CBte dtAzur) and CNES (Centre National d'Etudes Spatiales), France. The
principle of this time transfer is based on the propagation of light pulses between the clocks to
synchronise as in the LASSO experiment [5] but without external calibration. The light pulses carry the
temporal information from one clock to another. A clock and a detection-timing system on board of
the Russian station MIR are used as relay to allow time transfer between remote ground clocks. To
perform a T2L2 time transfer, each ground clock to be synchronised has to be connected with a laser
station (the time base of the laser station has to be the clock to be synchronised). The laser station emits
some short light pulses (wavelength = 532 nrn) in the satellite direction. An array of retroreflectors
located near the payload returns a fraction of the received photons to the station. The station records
the start time of the laser pulses and the return time after reflection from the satellite. The T2L2
payload records the arrival time on board. The synchronisation between ground clocks is calculated
from all these data. One can determine accurately the offset between two ground clocks (one is able to
measure the phase between the 10 MHz signals of the clocks) if the ground start times are measured
accurately. We choose as time origin the 0 crossing of the clock sinusoidal output, at a given point

along the cable which transports this signal (for instance at the output plug of clock signal). Accurate
synchronisation between several remote clocks will be then possible if one disposes of a system able to
time a light pulse with respect to the origin of the sinusoidal signal. This will be performed with an
optical timer under development at OCA [6,7]. The arrival time on board of the satellite can be known
with an arbitrary origin, since this origin will be the same for light pulses coming from the two
stations. The stability specification of the payload equipment is 1ps over 300 s and 10 ps over 10 days.
If the ground equipment stability has the same kind of performances, one can measure the stability of
two remote ground clocks having a stability in the range of 3.10-15 over the station visibility period
(around 300 s). One can also accumulate the data of several successive passages of the station to reach
a stability in the 3.10-l7range over 10 days.

111. Ground Segment.
Optical

-,

Calibration
corner cube
Telescope
Electronic
timer
Figure 1 : Ground segment configuration

The ground segment is composed of the following elements (See figure 1):
a Clock to synchronise
Laser : a neodyme YAG laser emits short pulses at a 10 Hz rate. The output wave length is 532 nm
(YAG doubled) and the full half-width is comprise between 50 ps and 200 ps.
Telescope
Optical timer : the principle is to pass the light pulse through an electro-optic crystal submitted to
an oscillating electric field. Depending on the light pulse arrival time into the crystal, the polarisation
of the latter is more or less changed. Conversely, analysing the polarisation at the output of the crystal
allows us to deduce the arrival time. By synchronising the electric field oscillation with the clock
output oscillating signal, one obtains an exact datation of the light pulse. Some experiments permit to
envision datations with respect to a clock in the 30 ps range with a direct coupling of the 10 MHz clock
signal to the timer (no frequency multiplication). Such an accuracy is obtained because there is no
photon-electron transformation and because the device works with some sinusoidal signal.
Return detector : it is a photodiode working in the Geiger mode. This mode allows us to detect
single photons with a precision of 35 ps and to detect 100 photons or more with a precision below
10 ps. In this mode the time walk versus the photon number is about 150 ps/decade. A parallel
measurement of the photon number is necessary to subtract this time walk. An other solution,
degrading the precision of the measure but simplifying the set-up experiment, is to maintain the
return level in the single photon mode.
Electronic timer : its purpose is to time the photodiode output electrical pulse. Its time base comes
from the clock to be synchronised. A timer designed by Dassault Electronic (D. E.) (France) permits to
obtain datation with a precision of 5 ps and a time stability of 8 fs over 1000 s (see figure 2) . The origin
of the datation is arbitrary but constant as long as the timer is powered.

Figure 2 : Stability of the D.E. Timer zo = 400 ps

2 (s)

IV. The satellite Segment.
The satellite segment is composed of the following elements (See figure 3) :
An ultra stable oscillator (quartz)
An electronic timer
A detection unit
A detection optic
A retroreflector array
The ultra-stable oscillator (USO) which is the time base of the payload will be a DORIS US0 or an US0
developed by the LCEP laboratory (Besangon, France) for the PHARAO project (Projet dfHorloge
Atomique par Refroidissement dfAtomes en Orbite) [8]. Respectively, their time stabilities (square
root of TVAR) are 5.10-" and 5.10-l2over a time z = 200 s, see figure 4. The detection unit, is designed
to permit precision timing in the 30 ps level. It includes a photodetector and a device able to transform
the electrical pulse coming from the photodetector for the timer. This performance is preserved even if
the photon number is not constant or if the pulse width varies in the range : 50 ps - 200 ps. The timer
will be equivalent to the ground timer described before. The timer and the detection unit will be
designed and built by Dassault Electronique (D. E.). The optical package (detection optic an retroreflectors), shown on the left side of figure 3, will include three (or more) comer cubes and some
optical fibers connected to the point (extremity) of each comer cube. The optical fibers are put
together and plugged into the detection unit described before. We can also imagine a configuration
without any optical fiber but with a photodetector directly coupled on each comer cube. The
orientations of the comer cubes are chosen so that there is no superposition between the corner cube
fields of views. This way, only one comer cube at a given instant is able to reflect a light pulse coming
from a laser station and only one optical fiber (the one which is connected to the corresponding corner
cube) will carry to the detection unit the light pulse coming from this station. One eliminates then the
error which would be induced if the attitude of the MIR station is not known with a sufficient
accuracy.

t

Laser station
direction

.

. . ,.

Field of view
Apeture correction optic
for the detection

Corner cube

unit

Timing
unit

Figure 3 : T2L2 Payload

The total weight of the T2L2 payload should be around 15 kg. A prototype of the T2L2 experiment has
been built by Dassault Electronique. This prototype includes the photodetector and the associated
electronic but does not include the optical part (comer cube, optical fiber ...). Its purpose is to validate
the payload timing performances and to simulate a real time transfer between two laser station clocks
located at the same place via this payload prototype.
The first results extracted from the experiments lead by D.E. with some optical pulses sent onto the
prototype are :
Precision : 10 ps
Time stability over 200 s : < 0,4 ps
Time stability over 10 000 s : < 0,2 ps
Drift : < 5 ps over 2 days
This experimental results are in accordance with the T2L2 specification.

V. Error Budget
One considers first the error budget for a laser link between a ground clock and the clock on board of
MIR. The error budget applied to a time transfer between two ground clocks is then computed from
the error budget between the ground clocks and the board clock. To deduce the error budget from two
ground stations two cases are considered :
a common view case : two ground stations are seeing the MIR station during a common period.
The relatively low altitude of the MIR station implies a maximum distance between ground clocks
smaller than 1000 krn.
a non common view case : a first laser station is operating on MIR during a period 71 and a second
station during a period 22 after a dead time 5.This configuration will permit to transfer time over very
long distances.

The clock board frequency has to be measured at least by one station. This can be performed by
accumulating data over several passages of the MIR station. One assumes then that there is no effect
induced on the error budget described below by the frequency accuracy of the USO.
V.1 Error budget between a ground clock A and the MIR station clock S

The time transfer precision GAS between a ground clock A and the MIR station S is given by :

From the first experimental results already obtained, one gets : o ~=s30 ps.
The time transfer stability O~.AS(T)
between a ground clock A and the MIR station S is :

The stability O~.AS(Z)
is computed from the square root of the time variance TVAR [ 9 ] . All the
stabilities written in the latter equation are given with an interval between each successive events
TO = l/Flaser = 0,l s, where F~aser = 10 Hz is the laser rate. From some measurements and some
extrapolations one can deduce the time stability. The figure 4 shows the T2L2 Ground-Board stability.
The stability curves of the LCEP and DONS quartz oscillator are also plotted. The fourth curve
represents the stability of the PHARAO clock. PHARAO is a cold atomic clock project in space which
should have a stability in the 10-l6range over 10 days and an accuracy in the same order.

Figure 4 : T2L2 ground-Board time stability
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Time transfer accuracy EX.ASbetween a ground clock A and the MIR station clock S :
The time accuracy EX.AS over 10 days is estimated to 50 ps considering that the ground and satellite
contributions are equal. It must be stressed that the time origin at the satellite is arbitrary so the phase
between the ground clock and the satellite clock will be known with an uncertain delay which will
remain constant (in the 50 ps range) during 10 days as long as the T2L2 payload is powered. This
mean that the frequencies of the ground clock and the satellite clock can be compared with an
accuracy in the range of 5.10-17.This frequency accuracy performance will be useful for some futur
projects when an ultra-stable clock in orbit like PHARAO will be connected to the T2L2 payload.

V.2 Error budget between two ground clocks A and B : common view case

In this case, the stability of the board US0 must be taken into account over a time
Tcommon is the maximum time interval between two successive pulses.

Tcommon,

where

Time transfer precision (TAB between two ground clocks A and B in common view case :
2

O i B=

biS+ OiS +

'common

One assumes that the US0 frequency is known and does not introduce any supplementary error.
o,, and o,, are respectively the time transfer precision between the ground clock A and and B and
the MIR Station clock S. M o y ( ~ c o m m o n ) is the modified ~ l l a nvariance square root of the board US0
taken over the time zCommon
which is the maximum time interval between two laser shoots. If the laser
rate is 10 Hz, roughly one has : T~~~~~~ = 0,l S. For both US0 envisaged, the latter
term : 'common Mo, ( T ~ ~ introduced
~ ~ ~ ~ by) the
, board oscillator imperfection, can be neglected as long

fi

as Tcommon is smaller than a few seconds.
Time transfer stability (TX.AB(Z) between two ground clocks A and B in common view case :
2

ox.,,

-M'

(7)= o i . ~ (7)
s + c i . B s (7)
+ ('cr

('common

)I.-%=

is
As previous, the latter term, which add a white phase noise can be neglected as long as
smaller than a few seconds. This time stability (TX.AB(Z) is shown on figure 5. The dead zone is due to
the visibility of the space station MIR from the ground stations : the laser stations will be able to shoot
on MIR during about 300 s per passage, and the station will be visible from a given station twice per
day. The heavy curve represents the stability of the best clock of the world : the fountain clock
developed in France.
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Time transfer accuracy EX.AB between two ground clocks A and B in common view case :
The laser shoots have to be integrated during a time Ti SO that : OX.AS(T~) << EX.AS and (Tx.Bs(T~) << EX.BS
where E~,,, and E,,~, are respectively the time transfer accuracy between the ground clocks A and B
and the board USO. One gets then :

As in the precision budget the latter term can be neglected as long as zcommon
is smaller than a few
seconds. Considering that the ground stations are using the optical timer described before, one gets :
EX.AB= 70 ps. The start times are known accurately so the phase of the clock signals of frequency vo can
be compared with an accuracy of 2 .n vo EX.AB. The clock frequencies of the ground station A and B can
be compared with an accuracy E~,AB/T,,~~,
where Tabs is the measurements duration. With Tabs = 10 days
one has : E ~ . A B=/ T
7.10-17.
~~~

V.3 Error budget between two ground clocks A and B :non-common view case

A first laser station is operating on MIR during a period TI and a second station during a period 22 after
a dead time 73. In this configuration, which will permit time transfer over very long distances (for
instance between Europe and the USA), the board US0 stability must be taken into acount over the
period 73 and cannot be negligated even with the LCEP oscillator. The time transfer performances will
be degraded with respect to the common
view case.
As in the previous common view case the
laser shoots have to be integrated during a
<< EX.AS and
time 2i SO that : ox.~s(zi)
OX.BS(T~)<< EX.BS BY taking into acount the
noise generated by the board USO, one
gets :

One assumes that the US0 frequency has
been measured by integrating data form
several MIR passages he figure 6
illustrates the T2L2 time transfer accuracy
versus the distance LABseparating the
ground stations involved, for the DORIS
and the LCEP USO.
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figure 6 :time transfer accuracy version the
distance L A Bbetween the ground clocks

VI. Conclusion
The T2L2 on MIR experiment will permit ground time transfer with a stability and an accuracy which
are consistent with the best clock available today. The recent improvement obtained on the quartz
oscillators will allow us to perform a time transfer between remote clocks in the non-common view
mode. T2L2 on MIR is an important stage for the future space mission ACES on the International
Space Station ISS. The experimental environment between ISS and MIR will be similar (altitude,
radiation, ...) so the MIR experiment is a good exercise for the future. Many laboratories coming all
over the world will work together. Some interesting collaborations will be then created. T2L2 on MIR
will permit also to perform some scientific experiment such as VLBI interferometry and the test of
anisotropy of the one way speed of light [lo].
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Abstract The new generation of optical time transfer (T2L2 : Time Transfer by Laser Link) under
development at OCA and CNES allows the synchronisation of remote ultra-stable clocks and the
determination of their performances over intercontinental distances. This synchronisation method
associated with ultra-stable clocks, on Earth or in orbit, has many scientific applications that are
presented here. Moreover, T2L2 is a basic element for the future missions in the solar system (SORT)
intending to test some aspects of gravitation.

1.Introduction
The Time Transfer by Laser Link (T2L2) [I] under development at OCA (Observatoire de la Cdte
d'Azur) and CNES (Centre National d'Etudes Spatiales) allows the synchronisation of remote
clocks and the measurement of their stability over many thousand of kilometres. This optical time
transfer, associated with ultra-stable clocks on Earth or in orbit, has many scientific applications
in fundamental physics and astronomy. Some applications are presented here in the framework
of three space missions : T2L2 on MIR [2,3], ACES (Atomic Clock Ensemble in Space) on the
International Space Station (ISS) [4], and SORT (Solar Orbit Relativity Test).

2. Applications in fundamental physics
Test of the isotropy of the one-way speed of light
A test of the isotropy of the one-way speed of light can be
achieved with a laser link between a ground clock and an
orbiting clock. The principle, similar to that performed by
Krisher et all [5], is to compare the propagation time of
laser pulses, along the same station-satellite path, but for
different spatial orientations. The sensitivity of the
experiment is estimated by &/c = ~/[2T(1-cos 8)] where E
represents the measurement uncertainty, T is a typical
transmission time, and 8 is the angle between the two laser
links 161. In our case, the measurement uncertainty is
estimated by
E

2

=2

2

2

2

[ox,,me,rms~er
(7) + ~ x . ~ m u n , ~ l o (7)
c k + o x . ~ p a c e ~ l o c(711
x

Figure 1 Principle of the test of the
where z is the duration of each link, ox(7) is the time isotropy ofthe one-way speed of light.
stability over the time z. One assume that the time transfer
drifts are negligible, and that the clocks are syntonized. The stability of the time transfer is given
in [3]. The ground clock is assumed to be a caesium fountain [7] having a time stability
~x,GroudClock(7) = 8 10-l4z1'2 ; 100 s < 7 < lo6 S. For T2L2 on MIR with a DORIS US0 [a], the
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measurement uncertainty is E 6 ps for z 13 s, and the sensitivity is &/c = 4 lo-'' (T 4 ms,
8 150"). For T2L2 on MIR with a PHARAO quartz developed at LCEP (Laboratoire de
Chronomktrie, Electronique et Pi6zo6lectricitk) 191, the measurement uncertainty is E 3.5 ps for
z 25 s, and the sensitivity is &/c = 2.5 10-lo (T 4 ms, 8 150"). For ACES, with a PHARAO
clock [7], the measurement uncertainty is E 2.5 ps for z = 65 s, and the sensitivity is
&/c = 2 10-lo (T 3.5 ms, 8 145"). In summary, the best direct determination of the one-way
isotropy of light yet published [lo] is expected to be improved by a factor > 1000 with T2L2 on
MIR (PHARAO quartz) or with ACES, and the recent direct determination using GPS data [ll,
121 is expected to be improved by a factor 7. The sensitivity presented here corresponds to the
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case where the anisotropy lies in the orbital plane of the satellite, and 6c/c is determined for one
satellite crossing. It should be possible to determine the anisotropy for many spatial orientations
and to improve the sensitivity by using many crossings and the data from many stations.
Test of ultra-stable clocks for the future space missions
Ultra-stable clocks are under development in different laboratories : cold atoms clocks at LPTFENS-LHA (Laboratoire Primaire des Temps et Frequences, Ecole Normale Superieure,
Laboratoire de 1'Horloge Atomique, France), PTB (Physikalisch Technische Bundesanstalt,
Germany) and NPL (National Physical Laboratory, UK) ;trapped ion clock at JPL (Jet Propulsion
~,
;and hydrogen masers
Laboratory, USA) and CRL (Communication Research ~ a b o r a t o rJapan)
at Neuchstel Observatory (Switzerland), SAO (Smithonian Astrophysical Laboratory, USA), and
Institute for Metrology for Time and Space (Moscow, Russia). To measure the performances of
these clocks, it is necessary to compare them to clocks having the same kind or better
performances. That is actually not possible because the clocks are developed in distant
laboratories and they are not easily transportable. The optical time transfer permits the
comparison of ground clocks with T2L2 on MIR [3], for example between the French cold atoms
clock and the Swiss maser using a common view configuration, and between this clocks and the
Americana ultra-stable clock using a non-common view configuration. The clocks can be
compared in space with ACES, and their performances can be determined. Considering the
performance improvement due to the micro-gravity (cold atoms clock only), the best space clock
available can be selected. This clock will then be used in the future space missions doing very
long base interferometry, or studying some aspects of gravitation (SORT).
Test of some aspects of gravitation
Ultra-stable clocks associated with an optical time transfer allow the study of some aspects of
gravitation. The PHARAO experiment gives the opportunity to measure the Einstein effect at an
accuracy never reached. If the ultra-stable clock is orbiting in an eccentric Earth orbit. The
s
the theoretical value can be achieved at
comparison of the measured frequency shift ( A v / ~ ) m e and
the level of 10-l6. As this frequency shift is proportional to (1+ a), where a is the PPN (Post
Newtonian Parametrised) parameter characterising the universality of the gravitational redshift,
a can be determined with an accuracy of the order of
improving the Vessot-Levine
determination by a factor 20 [13]. This parameter is very important to discriminate the gravitation
theories, because if a is null, the theory should be metric and on the contrary, it should be nonmetric. In fact, as stated by Will [14], "Every non-metric theory of gravity predicts a gravitational
redshift which depends on the nature of the clock whose redshift is being measured."

3. Applications in astronomy
Verv Long Base Interferometrv
In radioastronomy, antenna are combined to obtain a better
angular resolution, forming a Very Long Base Interferometer
(VLBI). The signal of the astronomical object is recorded at each
antenna with a clock signal. The signals are then correlated in
deferred time. For that purpose, the clock signal must be very
stable during the observation to correlated correctly the signals.
That necessitates an hydrogen maser. The period during which
the phase coherence is preserved between the signals issued
from the different antennas depends on the observation
frequency, and is typically a few minutes. To extract the more
information, or to observe a faint source, the coherence time
must be increased. That way, a known radiosource (in position)
can be observed in the same time than the studied object to
allow the samples adjustment [IS].That is only possible when a
standard source lays at less than a few degrees of the object, that ~i~~~~ 2 v,rBr observation combined
is not often the case. The optical time transfer can then be used with a laser link synchronisation of the
to compare the phases of the masers connected to the antennas. masus.

The integration time will then be longer, improving the observation sensitivity of at least a factor
2 in the case of T2L2 on MIR.
Geodesv
Orbit determination from the laser measurements will be improved permitting a better study of
the forces acting upon the satellite. That is of great interest for the geodesy community, for
example for the Earth gravity field determination. On the other hand, the VLBI observation of a
radiosource well known in position, combined with a synchronisation of the masers linked to the
antennas, allows to determine the distance between the antennas at the millimetre level. Such a
measurement may give new insight into Earth crust movements and deformations that may be
important for the prediction of earthquakes.

4. SORT : Solar Orbit Relativity Test
The T2L2 experiment associated with an ultra-stable clock
orbiting around the Sun, as proposed by the SORT experiment,
allows the.measurement of the Shapiro delay [16]. This delay
oc (l+y) where y is the PPN parameter characterising the space
curvature produced by unit rest mass, will be maximum near
the occultation with a variation as large as 100 ps in a few days
allowing an estimation of y with an accuracy of lo-'. That
corresponds to an improvement of four orders of magnitudes
compared to the radio-electric deflection estimations [I71
limited by the solar corona noise. This y estimation will bring a
new confrontation of the different gravitation theories at this
accuracy level. For example, the general relativity predicts a y
value equal to 1, and the scalar tensor theories express this PPN
l+w
parameter as : y = - where o is an arbitrary coupling
2+w
function that determines the strength of the scalar field. In the
Bergmann-Wagoner-Nordtvedt formulation [18,19,20], the o
function could be very large so that the theory prediction are Figure 3 Principle of the SORT
almost identical to general relativity today. But, for the past or
the future values of the scalar field, w could take on values that would lead to significant
differences in cosmological models.

5. Conclusion
The Time Transfer by Laser Link (T2L2), associated with ultra-stable clocks on Earth or in orbit,
has many scientific applications in fundamental physics and astronomy. It should allow, for
example, the test of the isotropy of the one-way speed of light, the measurements of the new
ultra-stable clocks performance through their comparison on Earth or in orbit, the improvement
of the VLBI observation, some studies in geodesy, and the improvement of the time scale taking
into account the performances of the new ultra-stable clocks. T2L2 is also a basic element for
future missions in the solar system (SORT) intending to test some aspects of gravitation.
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High Q sapphire resonator oscillator development at LPMO
Vincent Giordano
Laboratoire de Physique et Metrologie des Oscillateurs
Universite de Franche-Comte
Besancon, France
Very high Q factors could be obtained in the microwave frequency range
using monocrystal sapphire resonators associated with a special field
configuration: the whispering gallery mode. Since 3 years, LPMO has
engaged in research work about such high-Q resonators in the aim to design
an ultra-low noise microwave source operating near 10 GHz.
A whole series of theoretical and experimental results have been yet
accumulated. In the paper we will present the most significant of them:
precise modelisation of the whispering gallery mode resonator
with matching and 2-D finite element methods
2E5 Qo resonators at 300K
3E7 Qo resonators at 77K
- effective spurious mode suppression
preliminary evaluation of phase noise performances
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THE SHM SPACE BORNE HYDROGEN MASER
FIRST EVALUATION OF THE PEM PHYSICS PACKAGE

Bernier L.G., Busca G., ~ o r n 6 dA., Schweda H.
Observatoire Cantonal, NeuchBtel, Switzerland

1.

ABSTRACT

A compact Space borne Hydrogen Maser (SHM) frequency standard is being developed by the Observatory
of NeuchBtel (ON). The development is sponsored by
the Swiss PRODEX program of ESA. The SHM instrument will be flown on the Radioastron I (RA-I) mission in
1999 to be used as an alternate reference clock for
orbital Very Long Base Interferometry (VLBI) and for the
red-shift experiment CRONOS.
The Prototype Engineering Model (PEM) of the Physics
Package (PP) is now under test. The first atomic signal
was obtained in December 1996. This paper reports the
first tests made on the PEM-PP for the verification of the
design.
Keywords: Hydrogen Maser, Frequency Standards,
Space Applications, Sapphire loaded microwave cavity.
2.
2.1.

THE SHM INSTRUMENT
Introduction

The ON is developing a compact hydrogen maser for
space applications, based on a miniature sapphire
loaded microwave cavity. The hydrogen maser is a high
performance frequency standard capable of a frequency
stability of about IXIO-'~ over averaging intervals of
1'000s to 10'000 s. If used as a clock, this is equivalent
to a time stability of 0.7 ps over a 1000 s time interval or
7 ps over a 10'000 s time interval. The SHM instrument
will fly on the international RA-I orbital VLBl mission to
be used as the alternate master clock. The SHM instrument will also be used for an accurate measurement of
the red-shift effect, i.e, the time dilatation due to the
gravitational field. This is the purpose of the CRONOS
experiment proposed by ON and sponsored by the
Swiss PRODEX program of ESA.
2.2.

The Radioastron I Mission

The RA-I payload is a space borne VLBl radiotelescope.
The achievable baseline is determined by the apogee of
the RA-1 orbit which is 78'000 km. This is to be compared with the continental baseline, of the order of
10'000 km, of ground based VLBI. The RA-I mission
was designed around a phase transfer scheme in which
a ground based hydrogen maser remotely controls the
embarked reference clock using a two-way microwave

link [I], [2]. The remotely controlled clock is used to
drive the VLBl experiments. A space borne rubidium
frequency standard is used as the reference clock during periods of non-visibility of the spacecraft from the
tracking ground stations. The addition of the SHM instrument to the original RA-I payload offers the alternative to drive directly the VLBl experiment with a local
hydrogen maser, yielding the best performance at all
times, including during non-visibility periods.
2.3.

The CRONOS Experiment

In addition to its use as the VLBl reference clock, the
SHM instrument will be used to perform the CRONOS
experiment proposed by ON. CRONOS is a general
relativity experiment whose goal is to measure the redshift effect with a
accuracy. The red-shift effect is
the time dilatation produced by the gravitation field. The
expected accuracy of 1 0 . ~is made possible by the
highly elliptic orbit of RA-I and by the high stability of the
SHM clock.
2.4.

Future Applications

The technological demonstration of the successful operation of a hydrogen maser frequency standard in orbit
also opens the way to many other future applications in
VLBI, navigation, ranging, and in precise time transfer
and dissemination.
2.5.

Development Steps

The SHM compact hydrogen maser frequency standard
is based on a Miniature sapphire loaded Microwave
Cavity (MMC) designed by ON in 1993 under the first
ESTEC contract for the development of the SHM instrument [3], [4].
Originally the foreseen first mission for the SHM instrument was the EXTRAS experiment on a Meteor 3M
Russian satellite. This experiment was proposed by the
Earth Observation Preparatory Programme (EOPP) of
ESA.
The design of the SHM instrument was started and the
first tests of a MMC were performed in 1994. Breadboarding activities around the hydrogen getters were
started [5].

After the cancellation of EXTRAS, an agreement was
made with the Astro Space Centre (ASC) in Moscow to
fly the SHM instrument on the Radioastron I mission.
The accommodation study of the SHM instrument was
performed by ASC in 1995. In January 1995 the
CRONOS experiment was submitted by ON to the Swiss
PRODEX program of ESA and subsequently accepted.

phase noise

In 1995 the design of the SHM instrument was continued. Various bread-boarding activities were continued
or started around the sapphire loaded microwave cavity,
the hydrogen getters, the magnetic shields, the receiver
and other critical elements of the design. The main
design parameters of the maser physics (cavity and
atomic quality factors) were experimentally confirmed.
Vibration tests of critical sub-assemblies were performed.

10'000

During the second half of 1995 and the first half of 1996
all the contractual and technical requirement documents
were prepared for the industrial part of the CRONOS
project. The industrial contracts cover the engineering
analysis activities and the electronics package. ON is
responsible for the PP.
The development by ON of the SHM-PP for the
CRONOS experiment on Radioastron is financed under
a PRODEX institute agreement since July 1995.
In 1996 the detailed design of the PP was finished. The
bread-boarding and the vibration tests of critical subassemblies were continued. The PEM-PP was manufactured during the first half of 1996 and integrated in October and November. The first atomic signal from the
integrated PEM-PP has been obtained in December
1996.
Present plans are to fine-tune the PP and to perform all
the design verification tests during the first half of 1997.
This will be done in parallel with the industrial engineering analysis contract which was kicked-off in January
1997. The electronics package contract will be performed after the final tests on the PEM-PP.
3.

SHM INSTRUMENT DESIGN

3.1.

Condensed Specifications

long-term drift :

<3x 1 0 - ~ ~ ~ e a i '

output levels :

0.4 Vrms in 50 R

frequency stability

< 1.5 x 10-15
Table 1
Short-Term Stability

10'000

f

[Hz1

14.71, MHz output
L (f) [dBcl

5 MHz output
L (f) [dBcl

< -145
Table 2
Phase Noise

operating temperature range:
thermal sensitivity:

< -155

10°C to 35°C

s ~ x I o - ~ ~ K - ~

magnetic field range:
magnetic sensitivity:

f 1 Gauss

DC input voltage:
power consumption:

22 to 50 V
< 70W

largest diameter (horizontal)
full height (vertical)
mass

460 mm
600 mm
50 kg

3.2.

5 2 x 10 - l 4 ~ a u s s - l

Maser Physics Design.

The heart of the PP design concept is the sapphire
loaded MMC. The internal volume of the MMC is 4.4
litre. This is to be compared with the 20 litre of a conventional circular microwave cavity tuned to the hydrogen hyperfine frequency. The storage volume for hydrogen is '1.7 litre which is comparable to a conventional
design based on a full size cavity. It is basically the size
reduction of the microwave cavity that has made possible the realisation of a 50 kg SHM instrument. The sapphire cylinder of the MMC has both a microwave function, the dielectric loading of the cavity, and a maser
physics function since, together with the bonded titanium covers, it also constitutes the hydrogen storage
bulb.
State selection is performed by a conventional quadrupole magnetic state selector. The dissociator is a
small fused quartz bulb. The hydrogen supply is stored
in the form of a solid-state hydride material. Magnetic
shielding is performed by a set of four 0.5 mm magnetic
shields around the MMC and by a fifth 0.5 mm magnetic
shield that surrounds the whole instrument.
There are two vacuum systems : the hydrogen vacuum
enclosure and the thermal vacuum enclosure. Each
enclosure is pumped by a set of getters and by a set of
two 2 Its ion pumps. For each enclosure, one ion pumps
would be sufficient. The second pump is there for redundancy. The sealed part of the PP is closed by an
aluminium bell jar that closes the thermal vacuum enclosure.
3.3.

Mechanical Design

The design load for structural design is 20 g. The SHM
instrument is designed to pass the Radioastron qualification vibration levels.

3.4.

Thermal Design

In orbit the instrument is covered by a MLI thermal insulation blanket. All thermal exchanges are performed
by conduction to a dedicated thermally controlled base
plate which is part of the spacecraft.
The temperature of the MMC is controlled with a design
goal thermal stability of oT(lO'OOOs)1 7 m K . This is
achieved by three concentric layers of active thermal
control around the MMC.
The thermal coefficient of the MMC TEOII resonant frequency is 65 kHz/%. With such a thermal coefficient it
is not possible to achieve the specified thermal coefficient of the instrument with thermal control of the MMC
resonant frequency only. An Automatic Cavity Tuning
(ACT) system in necessary in order to reduce the cavity
pulling effect by an additional electronic frequency control of the MMC.
3.5.

Electronics Design

The ACT system is the most important performance
critical element of the electronics. Its purpose is to stabilise the resonant frequency of the microwave cavity in
order to minimise the cavity pulling effect on the atomic
signal frequency.
The design goal thermal coefficient of the PP is 6x10-'~
K" with only thermal control of the MMC resonant frequency and 3 ~ 1 0 -K-'
' ~ with the ACT system in operation, i.e. with electronic frequency control of the MMC. In
other words the ACT system must improve the thermal
coefficient by a factor of 2000 with respect to thermal
control alone.
4.

EVALUATION OF PEM PHYSICS PACKAGE

The figures reported below are the first results obtained
this January, right after integration of the PEM-PP. Oebugging and optimisation of the bread-board electronics
will be necessary before it is possible to perform the
final design verification tests of the PEM-PP. The full set
of design verification tests will be performed during the
first half of 1997.
4.1.

Microwave Cavity

The measured loaded quality factor of the MMC is
34'000. The thermal coefficient of the TEoii mode is -65
kHz/K.
4.2.

Atomic Quality Factor

The o~eratingatomic quality factor at -104 dBm is
1.5~10.
4.3.

Thermal Control

The measured thermal stability of the MMC is
oT(lO'OOOs)1 0 . 2 m K , i.e. 35 times better than the design goal.
4.4.

Automatic Cavity Tuning

With only a thermal control of the MMC the measured
thermal coefficient is 5 x 1 ~ K-'.
' ~ On the other hand, the

' ~ with the breadthermal coefficient becomes 3 x 1 ~ K-'
board ACT in operation. This is far from the specification
and further debugging of the ACT is necessary.
The measured frequency stability with the bread-board
ACT in operation is oT(1'ooOs)1 3x 10-15.This is already
very close to the specification.
4.5.

Magnetic Shielding

The measured shielding factor with only the four cavity
shields is 20'000. A global shielding factor of 200'000 is
expected with 5 shields.
4.6.

Getters & Ion Pumps

It was verified that the vacuum system has an autonomy
of at least 10 days without electrical power to the ion
pumps (getters only). This requirement is specific to the
Radioastron I mission.
5.

CONCLUSION

The evaluation of the PEM SHM-PP reported in this
paper is the first step of the full set of design verification
tests to be performed during the first half of 1997. The
measured parameters are close to the design goal values. Only minor changes of the SHM instrument specifications are expected following the full testing of the
PEM-PP.
We are confident that once the demonstration is made
that the SHM instrument is able to deliver in orbit the
same level of performance as a conventional ground
maser but with a mass of only 50 kg, other space mission opportunities will open beyond the Radioastron first
mission.
6.
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H-MASER FOR SPACE APPLICATIONS
Gaigerov B. A., Domnin Y.S., and Yunoshev L.S.
Institute of Metrology for Time and Space (IMVP GP VNIIFTRI) Russia

ABSTRACT
H-maser of a small and rigid design is considered as
a prototype of a spaceborn clock for global time
comparison. The dimensions of the maser is mainly
determined by a cavity. Partially loaded with a
sapphire the cavity of the maser could be ten times
less in the volume than a full-size cavity. The
performances of the small maser are approximately
the same as those of the full-size ones. Two points
distanced by 5000 km and equipped with ground
sets of masers and laser stations can be used as a
reference for timing.
Keyword!: maser, cavity, sapphire,
stability, laser link.

accuracy,

1. INTRODUCI'ION
If one relies on H-maser current development one
can carry out an experiment on using a spacecraft
portable clock to synchronise time scales in a global
scale. Flying space clock (let it be FLOCK) can be
compared with terrestrial clocks practically
everywhere in the world many times per day.
Typical procedure of time comparison between two
terrestrial points via an old-fashioned portable
clock takes a few days. The accuracy of the FLOCK
time comparisons should be much higher than
classical portable clock comparisons, which in it's
turn are comparable with the best results of time
comparisons via GPS or GLONASS navigation
systems. There is no need to use common mode
view to get an accuracy 0.1 ns by using FLOCK
compared to GPS. (GPS common view mode lets to
get accuracy in a few nanoseconds). To realise a
common view mode the ground station should
receive simultaneously the signals from one and the
same satellite. This demand restricts essentially an
availability of this method. In case of FLOCK there
is no need to know the co-ordinates of a satellite
and hence any user can extract all potential ability
of a comparison equipment and one can carry out
independent measurements and make evaluations
of various effects on the time scale synchronisation.
The most precise channel of comparison is
a laser link, but one should match the laser link
ability with H-maser performances. The laser link
does not allow to measure H-maser short-term
stability (for time intervals of 1-100 sec) with the
proper accuracy but it has adequate or better
resolution for time intervals of the order of 3000 sec
or more. If we accept that we can reliably measure
laser pulse with the resolution of 10 picosecond we
shall have relative resolution 10-11/x. On the other

hand our portable H-maser "Sapphire" has the
stability w3xl0-l3/d~.SO the performances of the
laser channel and these of the H-maser are met at
averaging time about 1000 sec. The accuracy is
limited by the laser link at averaging times less than
1000 sec, and it is limited by the H-maser with
greater averaging times.
2. H-MASER
For the last thirty years the hydrogen masers serve
as the most stable oscillators. The stability of the
best H-masers is characterised by variations value
as (3-5)xlO-13 for 1 s and (1-3)xlO-15 for time
intemals of one day and more.
The dimensions and the weight of the Hmasers are essentially determined by the cavity
dimensions and this restricts their applications as
portable oscillators of high stability.
One of the ways to decrease the dimensions
of the H-maser is to use the cavity, partially filled
with a dielectric of a high dielectric permitivity and
small losses. The cavity can have any shape. It is
essential, that the oscillation modes should have a
closed electrical line of force. If one fills a region of
high frequency field by dielectric, separated from
the cavity walls, one can decrease essentially the
dimensions of the cavity. The Q-factor of the cavity
can be as high as for full-size one or even higher and
that ensures stable H-maser oscillations. This kind
of the H-maser was proposed in (Ref. 1,2). The most
simple design is the cylindrical axially symmetrical
one. In this design a hollow dielectric cylinder
covered by teflon inside is used as a storage valve.
We managed to succeed in getting stable H-maser
oscillations with the cavity which has ten times less
volume than the full-size one. It is important, that
the mechanical properties of the new cavity are
much higher than those for a full-size one. One can
see it easily from Fig.1, where a full-size and
compact designs are presented on a scale. Even if
one does not go into details of a fixation of the
storage valve in the full-size cavity one may come to
the conclusion that the mechanical properties of the
compact cavity are much higher than those for the
full-size cavity. The thickwall storage valve of the
compact cavity is manufactured of the monocrystal
of sapphire. It is pressed between the covers of the
cylinder cavity and this improves the mechanical
properties too
The final choice of the cavity dimensions is
determined by a trade-off between the physical
dimensions and Q-factor of the line. The Q-factor of
the line depends on the volume of the storage valve,

so the storage valve determines the cavity
dimensions. In our practical design we have chosen
a typical storage valve with the volume of 0.9 1. In
this case we can realise the line Q-factor as high as
1 . 5109.
~

m.1
a) - Full-size cavity, b)- compact cavity partially
filled with sapphire
I-cavity, 2 -storage valve, 3-sapphire
The smallest cavity was manufactured and the
maser oscillations took place. This cavity has the
following parameters. The cavity dimensions were
0 120x 160 mm, the sapphire storage valve height
was 140 mm and external and internal diameters
were 66 and 38 mm correspondingly. The
calculated Q-factor was 61 000 and experimentally
measured one was 55 000.
In a practical design we use the cavity made
of titanium with an internal diameter of 174 mm
and a height of 180 mm. At the centre of the
cylinder a sapphire storage valve of 0.9 1 is placed.

Its internal surface is plated by a teflon. The flexible
joint is used to connect a storage valve neck to a
vacuum chamber. The basement of the cavity is
fixed to a basement of a thermostat and electrically
isolated from it. Inside the cavity the surface is
plated by a silver. The cavity Q-factor is about of
(45-50)~103
.
To stabilise the temperature we use a twostage thermostat. The internal stage is placed on the
external surface of the cavity with a thread for
heater. It maintains the temperature within the limit
o f f 0.01 OC. The working temperature is of 50°C.
The external stage maintains the temperature of an
aluminium cylinder within the limit of 5 O.l°C. The
temperature of the cylinder and its upper and
bottom covers is controlled separately.
To protect from an external magnetic field
four magnetic shieldings are used. Their total gain
is about of 1x10s. An operating field is of 1x10-Wm.
Besides an active magnetic field stabilisation is used
with a gain of not less than 100. The external
magnetic screen is used as a vacuum cover for the
cavity. Its bottom basement is used as the main
basement of the maser.
To prevent from a frequency shift due to a
magnetic field inhomogeneity we use a periodical
inversion of a population of the F=l, m ~ = land
F=l, m ~ = - 1levels. It is done by an inversion coil
which creates an alternative magnetic field.
A vacuum system consists of a source of
hydrogen atoms, a chamber with a selecting magnet
and a chamber with a getter and ion pump to get
the necessary vacuum in the region of the storage
valve. The getter pump is made of cylinder with a
porous titanium. It effectively works to pump the
hydrogen at the temperature (0-40)OC during five
years. The ion pump removes the other gases.
One of the serious drawbacks of this portable maser is a high temperature dependence of the
cavity frequency. It consists of 50 kHdK due to the
temperature performance of the sapphire. In order
to maintain H-maser frequency within 1~10.14it is
necessary to maintain the cavity temperature within
2x10-6 K. It seems practically unrealisable. One may
stabilise the cavity frequency with the help of AFC
system. Our system of automatic cavity tuning
enables us to get the stability as high as 1x10-1s
(Ref.3).
Investigations of a maser frequency change
due to the cavity frequency change were carried out.
It was shown, that for small variations maser
frequency comes to an equilibrium with a time
constant 6=2QJm0#2x10%. We can evaluate
vibrations influence on the maser frequency in
quasistatic approximation. Experimentally shown,
that a static force equivalent lg acceleration leads to
the cavity frequency change of 100 -150 Hz. So if
we have vibrations with O.lg we shall have the

maser frequency modulation with a depth of (Mi
=)
(AfJfc)x(QclQ~)=2xlO-l3.For an averaging time of 1 s
the frequency instability will be of 2x10-14 and for
10 s - 2x10.15 correspondingly.
The quantum clock developed on the base of the Hmaser have the following main characteristics:
480x330~530
Dimensions (mm)
Mass (kg)
60
Life time (hours)
50 000
50
Power consumption (W)
Operating temperature
(Oc4O)OC
Temperature frequency shift
3x 1O-ls/K
Magnetic field fi-equency shift 4x10-lsMm
Frequency stability
a(z)=3x10-13.12
The highest stability
1x10-1s

3. GROUND SEGMENT FOR TIMING
IMVP is in charge not only for time and kequency
in Russia, but for the determination of the Earth
rotation parameters too. In particular, state T&F
service has a sets of H-masers and Laser Ranging
Stations (LRS) at Mendeleevo and Irqutsk, At
Mendeleevo we have national T&F standard and at
Irkutsk a spare T&F standard. They are distanced
approximately by 5000 km. Because they are
equipped with the time standards and LRS they can
be compared not only with the high resolution, but
with the highest accuracy too. Now we have LRS
with a ranging accuracy of 15 cm, but in 1997 it is
planned to m o w LRS to get an accuracy of 2-3
cm. That means that we may have potential
accuracy of 0.1 ns.
Mendeleevo and Irqutsk time scales are
compared continuously via GPS and GLONASS.
Sometimes they are calibrated with the help of a
portable clock. At present the uncertainty of one
day comparisons is near of 3 ns. So. MendeleevoIrqutsk can serve as "the time baseline" to test the
comparison accuracy via FLOCK. In the nearest
future we intend to use phase measurements and we
hope to decrease the comparison u n c e h t y to the
level of 0.lns. If the one day stability of the FLOCK
H-maser is of 1x10-15, the accuracy of the one day
comparisonsvia FLOCK will also be of 0.1 ns.
4. Ifs, POSSIBILITIES AND THE MEANING

OF THE EXPERIMENT
There are a lot of ifs which restrict or expand
experimental facilities. Even if we have a space
clock and a well equipped ground station we cannot
make any experiment if we do not expand the
spacecraft equipment. First of all it is necessary to
provide a link between the space and ground clock.
So the board should be equipped with a microwave
a n t t a and a microwave set to receive, process
and transmit the signals. A laser corner reflector

and a pulse counter should be installed to realise
the laser link.
If we add the abovementioned equipment
we can cany out the timing experiments. A
successful experiment will demonstrate the
readiness of new technology to manufacture a new
type of the space clock, based on the H-maser, one
of the most stable oscillators. In terrestrial
environments our compact design H-maser has a
lifetime of 50 000 - 100 000 hours. In space
environments new factors may appear, which will
restrict the lifetime or deteriorate the stability.
If it works we can make time scale
comparison on a global scale and with the highest
accuracy. It will be an independent instrument to
test the accuracy of the satellite navigation systems.
The users can be supplied with the highest time
synchronisation and dissemination to carry out
experiments in metrology, geodesy, navigation,
communication and for fundamental physical
experiments.
If we add one more space clock and on
board comparison equipment we can study a clock
behaviour for short and medium time intervals and
we can separate the technical frequency shifts from
the frequency shifts due to external factors.
If we add space GPS or GLONASS
receiver we can study ionosphere effects.
If we add a broadcasting transmitter we
can develop universal time scale and synchronize
all clock all over the world with an accuracy of a
few milliseconds.
Ifs can stop the experiment o r they can
permit to carry out a lot of attractive experiments.

5. REFERENCES
1.Gaigerov B.A., Pushkin S.B., and Rusin F.S.,
Patent N1238 184, "Vodorodniy generator",
Priority of March 5,1984.
2.Gaigerov B. A., "Hydrogen maser with a compact
resonator", Izmeritelnaya Technica, M6, p.8, 1986
3.Gaigerov B.A., Elkin G.A. "Automatic tuning of
a hydrogen maser", Izmeritelnaya Technica, M6,
p.90, 1968.

SESSION 2
Chairman:

Ph. Laurent

WORKSHOP "New Generation of Space Clocks"

- Neuchgtel - 7 March 1997

International S ~ a c Station
e
Microeravitv A ~ ~ l i c a t i o n
Promotion
s
Propramme
H.U. Walter, ESA - ESTECI Directorate of Manned Spaceflight and Microgravity
The overall strategic objective for the Microgravity Applications Promotion is to generate
a European activity using the ISS as a facility for industrial R & D. The ISS has the
advantage of large resources (pressurised laboratory volume, external mounting surface,
power, data transmission, up- and download), easy and relatively high frequency access,
furthermore the continuous presence of astronauts for observations, experimentation,
repair, servicing and exchangelupgrading of modular facilities. Laboratory-type
experimentation is feasible, furthermore one may employ teleoperations and monitoring
from the ground, as well as fully automated investigations.
"Applications" of microgravity may be understood as the exploitation of the ISS for
applied research and as a testbed for the development of technology and processes useful
on Earth and for long-duration space flight. The objective is therefore to develop projects
in order to:
optimise applied ground-based physical processes
generate data and materials samples relevant for industrial R & D
investigate space-related physiological changes relevant for long-duration space flight,
which may also be relevant for clinical applications on Earth.
The Microgravity Applications Promotion Programme has the objective to foster and to
develop a first generation of projects with involvement from industry, which should
demonstrate that microgravity is indeed a useful tool for industrial R & D. These projects
will be prepared by precursor experiments using traditional carriers and opportunities in
the early utilisation of the ISS.
The overall budget available for Microgravity Applications Promotion up to 2003 is as
follows:

* WorkshopslExpert Studies
* Application ProjectsKJser Teams

* Applic. Payl. Studies & Develop.
* Prep. Exper. & Early Utilis.

2.5 MAU
14.1 MAU
33.5 MAU
17.1 MAU
67.2 MAU

This budget breakdown is tentative, spending will depend on the response by the users.
Substantial funding is available for payload studies and developments and also for
preparatory experiments during the Early Utilisation of the ISS and eventually using other
microgravity carriers.

In principle the Atomic Clock Ensemble in Space (ACES) Pro~ectwould qualify for this
Programme. There are perspectives, both for research and terrestrial applications, the
European dimension can certainly be developed,
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FUNDAMENTAL RELATIVISTIC METROLOGY O N T H E SPACE STATION
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velocity. 6.The frequency of the signal
measured in
the local reference frame at the positions 6 ,
GJ and Fg
The Space Station circular orbit may provide valid
is f l , f 2 and fig, respectively. Working in a non romeasurements of the first order Doppler asymmetry
tating Earth centred coordinate system, the measured
term, the Sagnac effect and the gravitation null shift.
shift frequency is given by1
Special and general relativistic effects upon atomic
clocks are t o be taken into account also for time genA f = ( f l g - fo) -i ( f 2 -f l )
(1)
eration distribution and navigation, when dealing with
the GPS system.
where fo is the frequency of a terrestrial clock loKeywords: S p e c i a l and General R e l a t i v i t y ,
cated at the Earth station (Es). The term f i g - fo is a
Time & Frequency, Space S t a t i o n
measurement made at the Es and f 2 - fi represents the
2-way Doppler shift measured on SS and transmitted
1. I n t r o d u c t i o n
in real time by data link to the Es. In presence of an
Beside the in-house research work, activities on funda- offset Sf between the SS clock and the one on the Es
mental physics via T & F measurements on the Space fo = f l Sf the relative frequency shift is:
Station (henceforth SS) started in 1990 [I] via the establishment of the Columbus Metrology and Gravitation Science Team (CMGST) [2]. Later ESA initiated
an industrial study with the participation of several in- The frequency f i g of the SS signal at the Es is:
stitutes [3]. Several papers were published [46]. About
12 experiments in fundamental physics were identified,
but including also mechanical measurements of small
forces.
This workshop aims at the scientific applications for where Pi = c / c , 4 is the gravitational potential, and
T&F with SS and this paper deals solely with the fun- fig= fi - 6.
The ratio f2/fl is obtained from:
damental physics measurements that can be carried out
with SS in the next years. For applications in other disf2 - f2 f i g
ciplines or future use of clocks, the reader is referred
fl
fig fl
to other papers in these proceedings.
Abstract

-

+

2. F i r s t o r d e r D o p p l e r a s y m m e t r y t e r m

SS circular orbit is not optimal for measurements such
as time dilation and gravitation shift, but other measurements of interest can be carried out [2,5]. We conWith the assumptions of negligible change of altitude
sider SS at a position fi, with a velocity G,emitE $ 2 and negligible change of velocity ) PI 12)
1,
ting a signal towards the Earth. This signal is first
up to second order, we finally get:
transponded by a station at a point Fg on the Earth,
moving at velocity v'g and then received by SS which
O f = D ~ + D A ~ + D A Z + G S s- fhas reached the position 6 and has the instantaneous
f1
fi
(5)
where the time dilation is given by
'This research work has been developed at the European
Space Research & Technology Centre, ESTEC, Noordwijk, the
Netherlands. Part of the results originated in the frame of the
research cooperation with G. Busca, Obs. Neuchitel, N. Ashby
Univ. of Colorado at Boulder. Financial support from ESTEC
for participation to this conference is acknowledged.
tProf. Analisi Numerics, aspallic@ingbn.unisa.it
$Visiting scientist, aspallic@rulkol.leidenuniv.nl

1

n2= (a: - a?)

(GI

lThis expression makes the difference between the l-way measurement fig - f~ and the 2-way measurement fi - fi. The
former uses independent clocks, while the latter makes use of a
transponder which relays coherently the signal.

First and second order term in l / c Doppler asymmetries (DA) are given by
1

D A ' = - 2- [ ( & - ~ ' ~ ) . G ~ + ( ~ ~ - $ ~ )(7)* G ~ ]
For a time error of 30 ps, the Sagnac effect could be
E
measured with an accuracy of 3 x 10-11/2.33
which is about two orders of magnitude better
The gravitation shift is expressed by

4. Gravitation null shift test

Soffel [3] suggested to make a gravitation null shift test,
making advantage of the ACES proposal. The gravitation shift is defined as
For a circular orbit at 350 km, the first order Doppler
asymmetry term shows a high dynamic change and
reaches peaks of the order of
It can be measured
with an accuracy of e.g. 1x 10-15/1 x lo-' = 1 x lo-'
or even one order of magnitude higher with better
clocks. The gravitational shift and the time dilation
are nearly constants due to the circular orbit; this situation differs greatly from the GP-A-1976 experiment
of Vessot and Levine where these effects changed of orders of magnitude due to the ballistic orbit, while DA1
was minimal. The secoad order Doppler asymmetry
term is too small for measurements. A specific study
should be financed to analyze the potential for a test
on the isotropy of velocity of light, the Lense-Thirring
effect, the test of the Local Position Invariance and
other reference frames effects, with implications on the
Equivalence Principle. Further considerations are to be
made for the correspondance of the first order Doppler
asymmetry term with the "acceleration" term identified by Vessot .

where a = 1 for general relativity. Measurements
with two different clocks would lead to a formulation
allowing a null test:

5. Relativistic corrections on a GPS space receiver

Relativistic corrections on a GPS space receiver have
been analyzed 161. Each GPS unit's clock is slowed by
4.465 x 10-lo for time dilation and gravitational frequency shift before launch. This cancels the main constant relativistic effects for terrestrial, including maritime and aeronautical users, who have only to process
the GPS units'orbital eccentricities, a sinusoidal type
function, and possibly the Sagnac effect. For a spacecraft, its velocity, especially if in lEo, its location in the
3. Sagnac effect
Earth gravitational field, the effect of drag and the orThe Sagnac effect is a special relativistic effect due to fi- bital eccentricity of the spacecraft determine a largely
nite light velocity in rotating frames. It is proportional different effect than for terrestrial users. Therefore the
to the area swept out by the radius vector from the need for proper corrections for time distribution and
Earth centre to the electromagnetic pulse as it prop- navigation2 for GPS space receivers is evident. There
agates from the point of transmission to the point of are four different times, the coordinate time and the
reception (A, B respectively). It is expressed by
proper times at the Earth station, on board the SS, and
on board the GPS unit. The final simplified expression
relating the time on SS with respect to coordinate time
is (ECI coordinates) is:
An Earth station, at a defined time, i.e. the occurrence of the zero of the 1-way Doppler shift, makes
a measurement of the time offset and frequency offset between its local maser and the space maser via
the T & F and applies the relativistic corrections considered above. One orbital period later, again at the
zero 1-way Doppler shift, the same comparison takes
place. The Sagnac effect expected is shown in the tahle

dtss-

(

I--+--"S
2c2

G"'
Rac2

G"')
rss c2

dlc

(13)

where the second term on the right hand side represents the time dilation, while the third and the fourth
the gravitation shift. In particular, rss and v s s are
the SS position and velocity, G is the constant of gravitation, Me and R& are the Earth mass and radius,
respectively. For ISS at about 3501cm, (13) provides
21 m s e c error is about 7.7m, for a 350km satellite.

a time error of the order of -3 x 10-lo, i.e. 9 msly,
while a clock on-board GPS gains about 14 msly, with
respect to coordinate time. These quantities are not
negligible, five orders of magnitude better than maser
clocks stability, and greater even than best quartz
clocks. Besides, the sign of the offset changes according
to altitude, since time dilation and gravitational redshift have opposite sign. A 1Eo is mainly influenced
by time dilation due to its high speed, while a geostationary satellite would record an offset only due to
gravitational red-shift3. The corrections for satellites
due to receiver motion during signal propagation are
expressed by

(14) is of relevance when the SS receivers are synchronized directly to GPS, without making use of SS
clocks.
6. Conclusions

It is a common satisfaction to all the participants
of the scientific team of CMGST and industrial study
to have contributed to the birth of experiments as
ACES, and to the further definition of experiments as
PHARAO, T2L2 and masers in space.
The activities on T&F have shown a large interest from
the scientific community of several institutes of ESA
member states.
Interesting measurements can be carried out for fundamental physics as outlined above.
ESA and national space agencies should support financially activities such as basic and applied sciences of
T&F.
High level science experiments will promote the image
of SS as a laboratory for fundamental discoveries.
In any case the test of clocks on board SS is essential
for future missions in deep space or more accurate near
Earth orbit trajectories.
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of new experiments as ACES (Atomic Clock Ensemble
in Space) and collected some of the European existing
The
of the first ESA
of TLF effort in this field for a total of about 32 experiments.
applications for the Space Station made by a team composed by an aerospace european industry and several
2. Metrology and General Physics
institutes are reviewed. The study showed about 32
experiments in disciplines ranging from Metrology and The impact on fundamental physics tests is covered
Fundamental Physics to Earth Observation, Space Sci- elsewhere in these proceedings as the T2L2, ACES,
ence and Technology.
PHARAO experiments, also subject of this study. For
the
cooled atom clock, the main objective of the exKeywords: Time & Frequency, Space Station
periment on SS is the demonstration of its operations
in microgravity conditions and the determination of
1. Introduction
performances (stability better than 10-l3 r - l I 2 and
This is a very brief summary of an ESA study [I-21, un- for one day of operation better than 3 x 10-16, correder the prime contractorship of DASA, involving sev- sponding to an absolute time fluctuation of 30 ps).
eral institutes. The activities in Time & Frequency The main concern derives from the large fluctutations
(henceforth T&F) with the Space Station (SS) initi- on SS from the microgravity level (10-6g) due to the
ated in 1990 by the establishment of a scientific team crew and the machinery on board.
[3], The budget spent by ESA SS Utilization Department on this discipline has been
small with respect 3. Earth Observation, Space Science, Technolto other activities, amounting to a little more than 100
ogy
kecu; nevertheless the CMGST [3] and this study have
For Earth Observation, the measurement of the
defined promising experiments of high standard and in
relative large number, opening opportunities to exper- Earth's gravitational field, global and local point posiimenters, otherwise not included in the original plans tioning, Earth rotation determination, oceanography,
the electromagnetic behaviour of ionosphere and troof SS utilization.
Time and frequency standards can be used for metrol- posphere, have been considered. SS appears most suitogy and fundamental physics but their utilization falls able for terrain model and crustal motion determinaalso onto other disciplines, often in connection with po- tion by Interferometric Synthetic Aperture Radar (INsitioning measurements with GPS, GNSS, GLONASS, SAR), because of its large construction enabling the
PRARE, DORIS, Laser and Microwave ranging sys- mounting of two antennas with a long interferometric
tems. The study stimulated the conceptual proposition baseline. Two SAR images are taken simultaneously
from neighbouring positions and pixel differences are
*This study has been developed at the European Space Re- analyzed to extract height information, eliminating the
search & Technology Centre, ESTEC, Noordwijk, the Netherlimitations of repeat-pass interferometry. Precise timlands. Financial support from ESTEC for participation to this
ing, sub-microsecond level i.e. a stabilized quartz, is
conference is acknowledged.
tNow at Hawaii Observ.
required for the returned signal to be correlated for

Abstract

the phasing of the travel time of the slant ranges.
For Space Sciences (namely VLBI and relation among
reference frames), SS did not appear to offer specific
advantages within the study.
Technological applications are the monitoring of SATNAV systems, orbit and attitude determination of SS,
subsatellite tracking, microwave sounding of the atmosphere and the use of SS as measurement platform for
deep space missions.

for the community to be represented and to propose
several applications, especially in the field of Earth Observation and Technology. The reader is referred to the
original study for detailed descriptions of the applications.
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4. A c c o m m o d a t i o n r e q u i r e m e n t s
with Dr G. Busca (Obs. Neuchiitel), Pr0f.s A. De
Generally the accomodation of the instrumentation Marchi and S. Leschiutta (Politecnico di Torino) are
itself does not pose evident show-stoppers. But the duly acknowledged. Financial support was from the
General Studies budget allocated to SS Utilization.
system features of SS limit the scientific utilization.
Viewing is limited by solar panels, thereby determining
7. References
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The SS structural motion will aggravate those mea- lization Study and Space Station, Study manager E.
surements depending on differential ranging on differ- Graf, Study scientist A. Spallicci. Prime: DASA.
Institutes: Deutsche Geodatisches Forschungsinstient points on SS.
An other issue concerns the excessive accelerations on tut, Munchen; DLR, Deutsche Forschungsanstalt fur
the SS which are far greater than the microgravity lev- Luft und Raumfahrt Oberpfaffenhofen; Techn. Univ.
els. Concerning PHARAO, residual acceleration can be Miinchen; Ecole Normale Superieure, Paris; Techn.
divided in two components, one parallel to the atomic Univ. of Dresden & Lohrmann Obs.; Inst. of Navigadrift motion between the source and the microwave tion, Univ. Stuttgart; Observatoire de la Cote d'Azur,
cavity and the other orthogonal to the beam tube. The CERGA, Grasse. ESA Contract 11287/94/NL/VK,
latter amounts only to a loss of atoms in the detection Executive summary and Final report.
region, i.e. it amounts to an amplitude fluctuation 121 In submission to Aerotecnica Missili e Spazio.
g
of the signal. Accelerations greater than 2 x
[3] Spallicci A., 1993. Advanced Series of Astrophysics
- 10 Hz may bein the frequency range of 5 x
and Cosmology, 2,505, Proc. I.W. Fairbank mtg on
gin to degrade the clock performances by changing the
Relativistic Gravitational Experiments in Space, 10number of transmitted atoms by more than 20%. The
14 September 1990 Roma, M. Demianski and C.F.W.
former affects the transit time of the atoms in the miEveritt Eds., World Scientific; see the other paper in
crowave cavity and therefore enters the linewidth of the
these proceedings for other references.
cesium resonance: it is equivalent to frequency noise of
the microwave source. For typical operating conditions
(velocity 5 c m l s , transit time of 5 seconds in the cavity), the residual parallel acceleration must be less than
2 x l o d 5 in the range 5 x loe2 - 10 Hz.
5. Conclusions

The ACES experiment was born within this study
and it is emerging as one of the most important experiments under consideration for SS allowing the characterization and the comparison of at least three different
clocks, H-Maser, cooled atom clock and trapped ion
clock. ACES provides, through radio and optic links,
of an unique flying time scale based on an ensemble of
very stable clocks, on a worldwide basis.
Further, PHARAO has emerged as a suitable experiment to fly on SS. Its considerable scientific value and
its close relation to the microgravity environment pose
it as an outstanding experiment.
This study was not concerned on commercial applications of T&F, although there is a potential.
The activities on T & F have provided finally a channel
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Abstract

At 5 MHz
Stabilities

In this paper we essentially show first
experimental stability measurements of new
hyperstable oscillators whose principle desg i r ~
and construction will not be discussed here. The
preliminary data exhibit an improvement of
roughly an order of magnitude in ~ ~ ( 7 ) .

Spectral purity
Aging

: between 7.10-14 and 2.10-l3
( l O s < z < 1000s)
: - 130 dBc/Hz at 1 Hz,
-160 dBc/Hz at 100 kHz,
: between 2 . 1 0 - ~ ~ / and
da~
3.10-I l/day

Stability versus
: < 5. ~ o - ~ ~fsom
/ " c -20°C to
temperature
+60°C
g sensitivity
: 1 0 - ~ ~(typical)
/g

-

I INTRODUCTION

We first show that modem ultrastable oscillators
(U.S.O.) performances are essentially limited by
the noise in electronic circuits. This is especially
the case with BVA resonators whose noise
performances are outstanding. In fact, usually
when a BVA resonator is used we could al~nost
never improve the o Y ( 7 ) perfc)rmances by
changing the resonator.

At 10 MHz

Stabilities
Spectral purity
Aging

-

: between 1.lo-13and 2.10-l3
( l O s < t I 100s)
: -123 dBc/Hz at 1 Hz,
-158 dBc/Hz at 100 kHz,
: between 5.10-121day and
3.10-I l/day

Stability versus
: 1 5. ~ o - ~ ~from
/ o c-20°C to
temperature
+60°C
g sensitivity
: 1 0 - ~ ~(typical)
/g

I1 WHAT CAN A USER ASK FROM A
VERY GOOD U.S.O. ?

Giving a general answer to this question is
difficult. We will only give an answer in the
case of BVA U.S.O. This answer is summarized
by following figures :

In the case of 10 MHz units we give here results
rneasured by us and some other laboratories
(including LPTF i n Paris) on two units built in
LCEP.

Regular extreme US0 (10 MHz)
USO# oy(ls) oy(2s)
3013
3003

1.52
1.58

1.42
1.45

4s
1.23
1.28

5s

8s

1.134 1.135
1.180 1,181

10s

16s

32s

64s

1.136
1.182

1.33
1.38

1.74
1.81

2.49
2.59

unit
10-13
10-13
10-13

-

-

I1 HYPERSTABLE OSCILLATORS

IV CONCLUSION

A new type of oscillator has been developped
for use in new generation of space clocks.
The oy(z) characteristics has been measured for
already 6 months including against hydrogen
maser, At that point two sarnple units have been
built. Oscillator's frequency is 10 MHz.
Preliminary results on first prototype are as
follows :

A new type of oscillator seerns to allow an
improvement of roughly one order of magnitude
in oy('t).

The second prototype has yielded results down
to 6 x 10-l4 ; unfortunately, the quartz resonator
was alrnow destroyed by accident.

-
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LINEAR TRAPPED ION CLOCK FOR A SMALL EXPLORER

Lute Maleki
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A Small Explorer mission (SMEX) is currently under study for the use of an atomic clock to test

various aspects of General Relativity. Because of the constraints of time and schedule associated
with the SMEX class of missions, only a Linear Ion Trap Standard (LITS) can currently meet
these constraints. In this talk a short description of the proposal and the clock will be given.

Award of the <<Europeantime and frequency prize w
made by the Societe Francaise des Microtechniques et de Chronometric (SFMC) to
the teams of the Physikalisch-Technische Bundesanstalt (PTB)
Bundesallee 100, D-38 116 Braunschweig

K.Dorenwendt

From the leff: R. Besson, K. Dorenwendt, C. Audoin, A. Bauch

As the President of cr Socidte Frandse des Microtechniques et
de Chmnom&ie)) so said <<Sociktk Frangaise de
Chronomktne D, it is a great pleasure and also a great honour
for me to publically introduce the winners of 1997 "hix
Europkn Temps-Mquence". This year the choice of the
committee was not an easy one since numerous extremely good
candidates have been nominated by the time and Frequency
community. I would like to @cuhly thank in the name of
our committee all those whose proposed candidates. The
number of candidates this year also means that the European
Award is gaining more and more recognition in our scientific
community.

Dr. Hemtann de Boer, Dr. Andreas Bauch, have designed
andoperatedprimarycesiumbeam~cystandardsthat
have shown continuously, since almost 30 years, a very high
level of accuracy. They have very positively contributed to the
quality of the realization of the unit of time and to the
elaboration of the International Atomic Time.

These teams have proved experimentally the advantage of
selecting slow cesium atom in a thermal beam Their results
have motivated a lot of further important studies in the whole
community.
It is a great pleasure for me to now call Dr. Claude Audoin
who will help me to deliver the Award and the check to the
winners and to introduce the short talk that will be given by Dr.
Klaus Domwendt on a short historical review of the work at
P.T.B.

It is my pleasure to announce that the committee in his session
of February 25& 1997has athibuted the "Prix Europken TempsFrBquence" to the successive teams of the PhysikalischTechnische Bundesanstalt so said P.T.B.who under the main
leadership of Pr. Gerhard Baker, Dr. glaus Doremuwt4

Prof. Raymond J. Besson
President of SMFC
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MEETING REPORT
Event
Date
Location
Participants
Countries
Papers
- Invited
- Oral papers
- Posters
Countries
Sessions
Exhibitors

Il t h European Frequency and Time Forum
4-6 March 1997
University of NeuchGtel
317
23 (for details, see Table 1)
(see Table 2)
2 (opening session)
68
78
23
17 sessions (Opening + 7 sessions led in parallel + 2
posters sessions)
14 booths

a Tutorialsession was held the day before the beginning of the Forum i.e
March 3
Participants
Countries
Speakers

49
9
6

For the first time a Workshop was held the day after the end of the Forum
i.e March 7
Participants
Countries
Papers

85
14
11

Support :
The organizers wish to thank :
The Republic and Canton of Neuchatel ; The City of NeuchPel ; The Swiss
Academy of Engineering Sciences (SATW / ASST), Zurich ;
The Swiss National Science Foundation, Bern ; Le Bureau National de
Metrologie, Paris - France
for their financial support.
The organizers and participants express their gratitude for the use of
premises, for gifts and for any assistance provided by
The University of Neuchatel ; L'imprimerie Krattiger, Corcelles, Neuchbtel ;
PTT, Direction d'arrondissement des Telecommunications, Neuchatel ; The
Tourist Office, Neuchatel ; The Observatory of Neuchatel

I.PROGRAMME

Two fields that are becoming increasingly important for time and frequency
metrology were highlighted by the invited papers of the opening session,
namely space applications and relativity. Space applications of time and
frequency are more and more perceptible to the general public, especially with
the continuing development of civil uses of the Global Positioning System
(GPS), to which the tutorial of March 4 and a session of the conference were
entirely devoted. The best clocks of the near future will need the microgravity
environment to deliver their expected performance. The possibility to launch
several state-of-the art atomic clocks and time transfer equipment onboard the
International Space Station was the central topic of the Workshop held on
March 7 and organized jointly with the Observatoire de Paris.
With clock stabilities approaching 10-16 , the consequences of Relativity
effects become of outmost importance in frequency and time comparisons and
will affect many practical applications. Relativity and metrology were
extensively discussed from a theoretical standpoint at the opening session and
in an experimental context in one session of the conference. Progress in
atomic clocks (cesium, rubidium, optical frequency standards and laser
cooling of atoms), which was the subject of four sessions, is clearly seen to be
stimulated by applications both in industry and in basic research. The field of
piezoelectric devices was covered in five sessions devoted to resonators,
oscillators, surface acoustic wave filters, and new piezoelectric materials.
In addition to the regular sessions of oral presentations, two poster sessions
were held. The possibility of displaying the posters during the whole
conference is a strong asset for this mode of presentation which is gaining
ever more acceptance as it facilitates contacts and interaction between
participants. In the same spirit, a "blank session was reserved for informal
discussions and was found very useful by members of various working groups
to hold "special interest" meetings.
As already mentioned a one-day tutorial was held on the Global Positioning
System on March 3. Special proceedings of this tutorial were edited
separately. The workshop on "A new generation of space clocks" served as
the first meeting of researchers planning to put the best clocks in the best
conditions and, hopefully demonstrate their potential for science and
technology.

2.

World-wide participation

317 participants from 23 countries having a wide variety of backgrounds
including national observatories, research institutes, universities and industries
attended the Forum (Table 1). This diversity was reflected in the wide
spectrum of topics addressed, ranging from fundamental physics and
advanced research to materials, applications and measurement techniques.
3.

Facilities

The Aula of the University of NeuchStel is a perfect location for the
symposium. The services, microphones, slide projection, etc. were excellent.
The EFTF Conferences occupy two auditoriums as they are divided into 2
parallel sessions. The premises of the University provide enough room for the
organization of the EFTF Exhibition and for the posters exhibition, although
they were more numerous than other years (78 posters).
4.

Exhibition

No less than 14 exhibitors from 7 countries took the opportunity to meet
potential customers, reminding by their presence that their success is one
important justification and motivation for the scientific results presented at the
conference.
\

5.

Conclusions

With its record number of contributions and very high attendance, the
European Frequency and Time Forum has proven its attractiveness to
scientists in Europe and worldwide. It is to be hoped that the next Forum,
which will be held in Warsaw, Poland, will help strengthen the ties with the
very active time and frequency community in eastern Europe and in the CEI.

Pierre Thomann
Scientific Chairman
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Bichsel Renk

Vibrometer SA

BP 1071

1701 Fribourg

Bigler Emmanuel

LPMO I CNRS

32, av. de I'Obsewatoire

25044 Besanpon Cedex

FRANCE

Bignon Olivier

C.Q.E

2, Rue Keller

10150 Pont Sainte Marie

FRANCE

Bloch Martin

Frequency Electronics Inc.

55 Charles Lindberg Blvd

11553 Mitchel Field, NY

USA

Boroditsky Roman

Valpey-Fisher Corporation

75 South Street

01748 Hopkinton, MA
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Bomanov Oleg A.
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ITALY
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Corso Duca Degli Abruzzi, 24

10129 Torino

ITALY

Coste Muriel

CNES

18, av. Edouard Belin

3 1055 Toulouse Cedex

FRANCE

Couteleau Laurent

LPMO 1 CNRS

32, av. de l'observatoire

25044 Besangon Cedex

FRANCE

Cudia Luigi

TELECOM ITALIA

Via di Valcannuta 250

00 166 Roma

D'Albaret Bertrand

MATEL-FORDAHL

18 Rue S6journB

Dalla Piazza Silvio

Asulab S.A.

Rue des Sors 3

2074 Marin

Danaher James

3s Navigation

23 141 Plaza Pointe Drive

92635 Laguna Hills, CA

Davis John A.

National Physical Laboratory

Queens Road

TW 11 OLW Teddington,
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De Bal Marc

ALCATEL TELECOM

Berken Rodelei 75
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BELGIUM

De Jong Gerrit

NMi Van Swinden Laboratory

P.O. Box 654

2600 AR Delft
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De Marchi Andrea

Politecnico di Torino

Corso Duca Degli Abruzzi 24

10 129 Torino

De Young James

US Naval Observatory

3450 Massachusetts Ave. NW

20392-5420 Washington DC
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06904 Sophia Antipolis
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CANADA
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