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FOREWORD

This volume contains the papers presented at the ‘Sixth Annual Precise Time and
Time Interval (PTTI) Planning Meeting. The meeting was sponsored jointly by
NASA/Goddard Space Flight Center, the U.S. Naval Observatory, and the U.S.
Naval Electronic Systems Command. The meeting was held December 3-5, 1974
at the Naval Research Laboratory.

The purposes of this meeting were to:

a. Disseminate, coordinate, and exchange practical information associated
with precise time and frequency;

b. Review present and future requirements for PTTI; and

c. Acquaint systems engineers, technicians, and managers with precise
time and frequency technology and its problems.

More than 300 people participated in the conference. Attendees came from vari-
ous U.S. Government agencies, from private industry, and from several foreign
countries and international laboratories. Thirty-one papers were presented at
the meeting, covering areas of navigation, communications, applications of in-
terferometry, frequency and time standards and synchronization, and radio wave
propagation.

It was readily apparent that the close communication and cooperation that was
established between various Government agencies, private industry, and inter-
national laboratories at previous meetings has been maintained.

Many contributed to the success of the Meeting. On behalf of the Executive Com-
mittee of the Sixth PTTI Planning Meeting, I wish to acknowledge the Session
Chairmen, speakers and authors, the members of the Technical Program Com-
mittee and Editorial Committee and the many others who gave freely of their
time.

Copies of the 1972, 1973, and 1974 Proceedings may be obtained for a charge of
$5. 00 by sending a request to:

S. C. Wardrip

Code 814

Goddard Space Flight Center
Greenbelt, Md. 20771

or Telephone 301/982-6587

James A. Cauffman
General Chairman



CALL TO SESSION

James A. Cauffman
Naval Electronic Systems Command

MR. CAUFFMAN: I am Jim Cauffman from the Naval Electronic Systems Com -
mand, and it is my pleasure to call to session the Sixth Annual PTTI Planning
Meeting. Iwon't say too much about our program since it is pretty well laid
out. It is tutorial in nature, and hopefully it will be of benefit to many people.

I believe that the Technical Program Committee, under Dr. Stover, did an ex-
cellent job in selecting the papers on the program. However, if anyone feels
that certain topics are not adequately covered or that any other changes would be
beneficial, please leave your suggestions at the reservation booth so that they
can be considered for next year's meeting.

One of the most important benefits of this meeting is the gathering together of

many knowledgeable and interested parties. Because of this, I urge all attendees

to participate in the discussion period. To facilitate an accurate recording of
the discussion period, we have a 5x7 card which you can use to write down your
questions.

What we would like is the author's name, your name, and the titlc of the paper,
and then the question. This will alleviate the problem we had last year of taking
questions off the tape recorder and some people saying, "Gee, that is not really
what I said."

These forms will be available at the microphones and should be turned in at the
registration desk.

It is also important, I think to take note of the increased participation of repre-
sentatives of foreign laboratories in this meeting. PTTI is one of those unique
fields which not only brings together scientists and engineers of different fields,
but also of different countries. Last year, six foreign countries were repre-
sented; this year, there are thirteen — Argentina, Australia, Brazil, Canada,
Chile, France, Japan, Poland, South Africa, Switzerland, Taiwan, Thailand,
and the United Kingdom.

I am sure this broadened international participation will be of great benefit.

It is now with great pleasure that I call upon Dr. Alan Berman, Director of Re-
search of the Naval Research Laboratory for our welcoming address.

st proceding page blank



WELCOME ADDRESS

Dr. Alan Berman, Director of Research
Naval Research Laboratory

DR. BERMAN: Good morning. As Director of Research in this laboratory, it
is my pleasure to welcome you. I had the privilege of delivering a similar wel-
coming address approximately three years ago, the last time this group met here
at the laboratory.

When one gives a welcoming address, it is usually one's habit to give some anec-
dotal material to sort of set the tone. And I recall at that time, I recounted the
tale of an encounter I had with an Israeli General. He was, for those of you who
weren't here, a very pragmatic, hard-headed person as are most Israeli Re-
search Directors. In particular, he got to the point where he was teasing me
about work in precision time and frequency. And he made some sort of remark
because he was much taken at that time with the interest in tests of general
relativity.

If I recall, about three years ago, people were flying cesium clocks around the
world in different directions to try to test some of the twin paradox.

And he went on and on and berated me. And I tried to indicate the relevance and
importance of precise time and frequency. And he kind of grudgingly conceded
that it was worth doing, but in Israel, they don't measure the age of twins.

I met this gentleman some years later after the Arab-Israeli War, and he was
very much sobered up. He actually apologized to me and said '"Well, we still
don't measure the age of twins, but we feel that the work in precise time, time
standards, played an immense part in our military applications. We used it for
TDOA, coding, navigation, cryptology, and one thing or another.'" He had fi-
nally seen the light and the value of much of the work.

It was sort of amusing to look at it, but I think that one doesn't need a war, and
one doesn't need military applications to see the relevance of the sort of work
you are doing.

Going through the program here and reviewing the work in the field over the past
few years, I am indeed impressed by two things:

First, the broad, international participation in this meeting;

And second, the scope of your applications and interests.

Xv Pracedine pace hilank



Precise time, and time interval measurements have played a real role in the
coming truly of age in the area of communications. Improvements in synchro-
nization and time distribution technique I think are allowing a wide variety of ap-
plications, both military and civilian.

We here at NRL are particularly proud and interested in the work of the Naviga-
tion Technology Satellite One. And it is very reassuring to us to think we have
reached a point where you actually have rubidium clocks functioning in satellites
and that we have programs, as you will hear, looking forward into the future to
successively install cesium clocks and eventually a hydrogen maser before the
end of this decade.

This will open up new frontiers, new abilities to determine time, transfer time,
and achieve all the other things one can do.

Aside from the military aspects of what one can achieve with improved navigation,
synchronization, cryptology, what have you, I am still enough of a scientist and
have enough of a scientific background to be intrigued by the ability to tell the age of
twins — namely, one is intrigued by the possibilities that are opened with the
availability of precise standards to test many aspects of the theory of relativity.

I am also extremely interested in the applications which I see you will be dis-
cussing in your program that are applied to geophysics and astronomy. You have
the possibility now of observing crustal movements, possibly even using very
long baseline interferometry to determine the possibility of earthquakes, severe
tensions building up in continental margins or in continental crust.

I think the possible benefits of your work are only just beginning to become vis-
ible, and I look forward to seeing many more in the future.

Thank you, have a good meeting.
MR. CAUFFMAN: At this time, I would like to introduce the representative of

our co-sponsor, NASA, Mr. Tecwyn Roberts, Director of the Networks Direc-
torate, Goddard Space Flight Center.
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OPENING COMMENTS

Tecwyn Roberts, Director of Networks Directorate
Goddard Space Flight Center

MR. ROBERTS: Good morning, ladies and gentlemen. On behalf of the Goddard
Space Flight Center, it is my pleasure to welcome you to the Sixth Annual Pre-
cise Time and Time Interval Planning Meeting. Goddard has been a co-sponsor
of the PTTI meetings since 1972, It was our pleasure to host the '72 anl the '73
meetings.

I am pleased that NRL is this year's host because it gives me the chance to visit
this great facility which is known to us all. At Goddard, we have so many people
who were at one time with NRL that I am not sure for whom they are still
working.

The Goddard Space Flight Center is probably best known for its space programs
in the fields of science and application. This was highlighted in this past year by
the Atmospheric Explorer Satellite and the Applications Technology Satellite. The
latter is playing a most exciting role in the area of communicaiions testing and
educational television on a global scale.

This, then, brings me to the part in which I am involved — the NASA Worldwide
Tracking Satellite Network for which Goddard has the engineering and operational
responsibility. In this area, we are indeed indebted to our friends at the Naval
Observatory and the Naval Research Laboratory for many cooperative efforts.
These run the gambit from cooperation in procurement of our new cesium stand-
ards for the NASA Network and visits to our tracking stations by Observatory
personnel on their portable clock trips.

The network supports many spacecraft, civilian and DOD as well as foreign.

These spacecraft have various missions, as I said, in support of scientific proj-
ects. Some of these projects impose stringent time and frequency requirements.
Our present worldwide clock synchronization requirement is about 25 microseconds.

Upcoming projects will demand much better than this. The Geodetic Earth-Or-
biting Satellite (GEOS) project will require about one microsecond at selected
sites and frequency synchronization to a few parts in 10'2,

The Earth and Ocean Physics Applications Program (EOPAP), the major goals
of which are earthquake hazard assessment and global surveying and mapping,
some of the things that Dr. Berman touched on, hopes to ultimately detect crustal
motion to within one centimeter a year. To do this requires a station-to-station
clock synchronization of better than one microsecond.
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Our very long baseline interferometer program is multidisciplinary, providing
continental drift, polar motion, and UT1 data to the geophysical community. Ob-
servations of the properties of quasars, pulsars and radio galaxies demand fre-
quency stabilities approaching parts in 10!5, This effort has drawn heavily on
our in-house hydrogen maser development program.

I might add that we hope to track the NRL-developed TIMATION III spacecraft
(NTS-1) with our laser tracking network for geodetic work. This is a stepping
stone to the Goddard Laser Geodetic Orbiting Satellite Program, perhaps better
known as LAGEOS.

We are continually evaluating new techniques to meet our time and frequency re-
quirements. As I mentioned, we have an ongoing hydrogen maser development
program. We are also investigating ways to improve our network timing for
Loran-C, Omega, and Satellite Time Transfer.

Much of the PTTI work done at Goddard will be summarized in papers presented
here during the next three days. So as you can see, Goddard is very much in-
volved in the area of PTTI. It is through meetings such as this with the mutual
exchange of information that enables Goddard to remain in the forefront of this
very interesting and challenging field.

We look forward to continued cooperation with each of you in furthering PTTI ca-
pabilities. I thank you for the opportunity to greet you this morning, and I par-
ticularly thank Dr. Berman for permitting the PTTI meeting to be held here. I
wish you a very successful three days.

MR. CAUFFMAN: Now, it is with great pleasure that I introduce my boss who

will give us the opening address, Rear Admiral Raymond J. Schneider, Com-
mander of the Naval Electronic Systems Command.
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OPENING ADDRESS

Rear Adm. Raymond J. Schneider, Commander
Naval Elecironic Systems Command

REAR ADM. SCHNEIDER: Good morning, ladies and gentlemen. I have a few
prepared remarks. I intend to slightly embellish them with some unprepared
ones,

I particularly, as I look at the assembly, am somewhat envious of you in your
scientific work. Deep in my heart, I always wanted to be a scientist. And I man-
aged to approximate that by becoming an engineer, but it seems that in the mil-
itary role, it is not very long after you become an engineer that you are a man-
ager. And from then on, you spend all your time working in fields somewhat less
rewarding than scientific or engineering personal performance.

Built on that little thought, I want to drive the community into a little bit of a
challenge so that here today on behalf of my command which by its very nature
is one of the more, I call it, exotic commands of the Navy, we have the strange
capability of dealing with many complicated things that almost none of my peers
understand. There is somewhat a tendency, rue the thought, of scorning me if
I show some ability to understand. It seems to be unmilitary to know which end
of a vacuum tube has the prongs on it.

I have always felt that way since I had my nose rubbed in this business. But I
steel myself to believe that you can't hurt yourself by knowing what is going on.
And so I insisted on understanding the business in my younger days. And it led
to this fate I now pursue.

Let me welcome you then on behalf of the Navy's Electronic Command and the
U.S. Navy itself to this Sixth Annual Meeting.

I want to also extend the welcome of the United States to the foreign visitors. We
are very proud that you would take the time to come, some from Europe and
South America and the Orient. We feel we have a mutual scientific interest here.

And I also note that no one else has remembered to notice that this grand labo-
ratory has a Commanding Officer in the person of my good friend Captain John
Geary. I want to thank him, along with Dr. Berman, for hosting our splendid
meeting. He and his staff have made these facilities available.

I take particular pleasure in joining you who are somewhat experts in precise

measurement of time in this scientific environment, These scientists here at
NRL — and they are the laboratory, not the facilities — have put many new
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scientific theories into operation, tested them, and evolved them into hardware.
And remember hardware. Their fields of past renown have included radar com-
munication, navigation, chromatic control, and some secret work that we still
don't entirely talk about, and innumerable other disciplines.

The primary purpose of these precision time meetings is to exchange information,
preferably scientific, although the social events may be interesting. In confer-
ences such as this, the interchange and exchange of the technical information is
probably immensely enhanced by the opportunity to have a face-to-face, eyeball
encounter. I think this is most significant as we push against the frontiers here.
I heard someone talking 10'*. Heck, I am just as willing to talk 102*. Why set
your goals low ?

I had some of my physics acquaintances bumbling with the thought — and most
physicists bumble quite a bit and stumble into results as much as they get them
by deep scientific research. I wanted to know whether since everything clse that
seemed in our life in the ultimate appeared to have a quantum, there was a piece
of below which you could get no smaller, I wanted to find out what the quantum of
time was. Because it would seem to me that it would make some sense that since
everything else has a quantum, why not time. You would finally get down towhexe
there isn't a half of the one you got.

I was informed that, as usual, I didn't know what I was talking about. I haven't
given up the thought. Man seems to be put together rather digitally if you really
look into it seriously. And it is no wonder the Lord could walk through a wall,
see. If you get your digits all lined up, there is one magic microsecond at which
you could, indeed, synchronize and get through the wall. And you better do it
fast.

And I hope that isn't blasphemous. It is just applying good scientific theory to
the problem. You would be stuck forever if you blew it.

Anyway, our little meeting here is really about time — I am emphasizing the word
"about.'" My speech writer is getting better. We realize that of the three fun-
damental quanities, and I think it is about time we took this very seriously, mass,
length and time, the one most significant in the electronic scientific world has to
be time.

Then being about right or about accurate is always very relative to what you are
doing. Someone talks here that we can get around in milliseconds. Someone said
a few microseconds. Well, you couldn't measure a loop mile with a radar, you
realize, until you could mrasure something in the order of 12 microseconds more
or less repeatedly, more or less all the time in any temperature condition. And
we want to do a lot better than a loop mile.




But there are so many other places I want to do a lot better. As the state of the
art in our electronics has advanced, the digital situation is simply overwhelm-
ing us. It is going to predominate. There is just no sense having analog voice
radio, for example. It is passé. People look at me like I am crazy and still
want to push the key.

But you can get so much more done digitally and still maintain voice recognition
with a little effort that it is silly to consi'me the expensive rare band width with
the beauties of an analog transmission. Now, once we get to that digital trans-
mission and want to do it in all the circumstances that one might, military or
civilian, one has to control the time. And the better you control time, the better
your receiver works.

Finally, you end up not having to synchronize at all because you are always syn-
chronized to some level of accuracy. We in the Navy have had a long history of
being interested in scientific things. While I sometimes think our silver-plated
badge of honor has tarnished somewhat over the last forty or fifty years, I per-
sonally belong to the clan that is doing everything it can to revive that place the
U.S. Navy once held in the 1800's of being really the leader on the government
side in scientific affairs.

And now we have a great partnership to share with the Bureau of Standards and
the NASA and several other agencies that have come along and made important
claims to the same situation and have not got a warfare role to nag them. None-
theless, we, the Navy, are a scientific service. We can't operate to a great ex-
tent without our lowest-level officer being somewhat scientific and engineeringly
inclined, to our detriment if we don't believe it.

We continue to press, therefore, in the study and development of time measure-
ments and all instrumentation. My command assists the Naval Observatory as
we execute our responsibilities in time management for the Department of De-~
fense. NAVELEX with the assistance of NRL and the Observatory is itself the
basic hardware management support for the entire operation. Our responsibil-
ities have included engineering, procurement, calibration, planning, program-
ming, budgeting, all those workhorse, housekeeping operations, to keep the re-
search and development going and ultimately into the life-cycle support which is
the tough part. It is the nagging part. Bits, pieces and part drugstore, I call it.

Our center here in Washington which is a field activity of mine has established
depot repair facilities out at the Observatory to hang on to our clocks and keep
them in calibration and repair. We have a test bed in Wahiawa — I give up; that
one throws me all the time. It is in Hawaii. This site was selected because it
was involved and closely proximate to various activities that might benefit from
a time standard, and it was itself advantageous.
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We are using this to determine operational requirements and help develop re-
quirements, assisting in the implementation of the work you are doing, and cre-
ate a frequency discipline of other facilities worldwide. We have had this thing
running now for 18 months.

NRL here and under the sponsorship and working with NAVELEX has stabilized
our VLF transmissions, making them coherent worldwide. Realizing th¢ advan-
tages of a VLF time and phase coherence, frequency shift keying coherence de-
modulator has been sponsored and developed. This unit at about $2,000 was able
to hold up and be installed on operational submarines. So more now are going
aboard and giving us a worldwide feasibility and operational test.

With this installation, substantially improved operational capability of the VLF
broadcast reception then occurs in both Atlantic and Pacific. On one rare occa-
sion when we did something right, we drew citations from fleet commanders who
have cited both TELECOM, the C&O Managing Command, NAVELEX, the Mate-
rial Support and NRL for this fine job.

In addition, shipboard time and frequency standards are now ready for opera-
tional evaluation. We plan to install aboard two tactical Naval ships, and this
hopefully is the beginning of perhaps a program that is the mainstay of future
fleet shipboard time and frequency distribution.

Looking a little further into the future, time sync and time transfer techniques,
using the electronic system characteristics that are essentially fundamental to
microwave satellite optical and wired technologies can be developed and easily
put into place.

We must go on with processing clock systems for the program which are compact
and versatile and can be matched for a specific use or extended to further appli-
cations. This processing of the clocks can be used either as a primary or sec-
ondary mode, comparison units, work in conjunction with atomic standards, time
frequency oscillators, and of course now the maser. They would need to be de-
signed to produce time of day, time of event, delayed time, time difference, co-
ordinated universal time, any number of things. We can go on to infinity.

But you automatically, from the engineering point of view see the applications in-
to the computer and information transfer world, the radio frequency oscillators
which if they were accurate to 10!, everybody could sort of automatically navi-
gate by inverse Loran with a tiny computer.

I spoke of this three years ago, and I feel rather futile in that I can't see anything

happening. It moves so slow, so to some extent I chide you. Being scientific, I
think you want to keep this racket going while you finish your career.
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Now, that's why I said make it worthwhile. Let's go for 10**, and then you have
got a longer future.

In the meantime, I would like to exhort some innovative individuals to get some
of these things ever increasingly small while we on the one hand scientifically
push for the best we can ever do, and that in itself is a goal, and that is a scien-
tific goal. And I honor it. Ever iucreasingly better is the way we make progress.

Yet, there must be a spin-off from time to time. As I talked with Captain Geary
for a moment over coffee this morning, it came to my mind if we sit around wait-
ing for God to ordain that the PTTI program is great and should do many, many
more things, we will wait a very long time. But if some of you great scientific
geniuses, genii, will take ahold and back home at the ranch get something about
the size of a shoe box or preferably a pack of cigarettes that will give me some-
thing approximately 10!! all the time or most all the time so that I can have it as
the oscillator of my aircraft radio, for example, from which I build up the fre-
quency synthesization, we begin to have some real application of the wonders of
this art.

Indeed, the way to do it is not to announce loudly that you are going to have a
PTTI oscillator; you just go do it and sneak it into the next radio. And when no-
body is looking, you suddenly have a radio that is basically, by its own osciilator,
a time standard. Once that starts to happen, we do the same thing in a computer,
and we have a matched computer time standard, the same accuracy as the main
oscillator of our radio. Pretty soon, we can talk in spread spectrum and all this
sort of thing without this inordinate amount of effort in synchronizing and getting

organized.

Now, I admit I don't know what I am talking about, and I don't know what I am
dreaming about, but I have a sixth sense I am close to being right and close to
being possible. It is my job nowadays to get on; my time is running out; I am
getting old fast. I want to see some of these wonders installed in useful equipment

At any rate, let me finish here with the fine work added to it now, the long based
interferometer, the things we have discovered there give us encouragement to
believe it is really working, and we can go further.

For the future, we now stress having all our ship and shore facilities oriented to
PTTI through applying the latest advances in the field of electronics to satisfy in
a total system engineered complex. That is not as big a thought as some people
think it is — to do everything right for a change in an organized way. Don't put
the plumbing in the house after it is five years old. It is better to do it while
building.
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We can engineer these things in if we start.

I plan to see that my command puts forth its best efforts and provides strong
support to this community, working with all their interested parties. Our partic-
ular role, of course, is hardware, and to bring the benefits of this expertise down
to practical application on an everyday basis and across the ever-increasing
number of electronic marvels where precise time actually dictates the speed of
technological progress.

A lot of people don't understand that, but all of us here do. It is underlying the
whole system.

So once again, now, I welcome you all, national and international visitors, for

your participation in what I trust will be a most rewarding and successful meet-
ing this week. Thank you.
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PRECISE TIME AND TIME INTERVAL (PTTI), AN OVERVIEW

Gernot M. R. Winkler
Naval Observatory

ABSTRACT

Present applications of precise time and
frequency (T/F) technology can be grouped
as follows:

1. Communications systems which require
T/F for time division multiplexing and
for using spread spectrum techniques.

2. Navigation systems which need T/F for
position fixing using a timed signal.

3. Scientific-Metrological applications
which use T/F as the most precisely
reproducible standard of measurement.

4, Astronomical-Space applications which
cover a variety of the most demanding
applications such as pulsar research,
Very Long Baseline Interferometry
(VLBI) and laser/radar ranging. In
particular, pulsar time-of-arrival
measurements require submicrosecond
precision over a period of one-half
year referred to an extraterrestrial
inertial system, and constitute the
most stringent requirements for uni-
form timekeeping to date.

The standard T/F services which are avail-
able to satisfy such requirements are
based on an international system of time-
keeping coordinated by the Bureau Inter-
national de 1'Heure (BIH). The system
utilizes the contributions from the major
national services for standard frequency
and time (USNO and NBS in the USA), and

it is implemented through a variety of
electonic systems (HF, T/F signals, VLF,
Loran-C, etc.). The performance of these
systems will be briefly reviewed. Several




of the user systems (such as VLBI) can,
in turn, be used as contributors to the
global effort of T/F distribution.

Moreover, PTTI is the one common interface
of all time-ordered electronic systems.
Time coordination (not necessarily synchro-
nization) is the first necessary step for
any wide scale integration and mutual back-
up of such systems,

OVERVIEW

In this short overview we can only mention the major as-
pects of time and frequency (T/F) which will be dis-
cussed extensively in the papers of the Proceedings. The
main concepts are as follows:

Time of Day » UT1 (Rotation of Earth)

Clock Time at Standard Meridian -+ UTC

. Synchronization

. Accurate Frequency

Relativity: Local (Proper) Time, Coordinate Time
Coordination: 1 ms + 10 ps progress during the last
10 years.

U H NN =

For economical as well as practical reasons, SYNCHRONIZA-
TION will usually be accomplished via clock time (UTC).

Very accurate frequency cannot entirely be handled without
also considering time. Relativity aspects must be consid-
ered if precision of better than a few hundred nanoseconds
is involved. Lastly, the various international time ser-
vices are coordinated with the BIH to the order of 10 us -
500 times better than required by pertinent CCIR recommen-
ations.

T/F has bacome a very active field during the last 10 years,
due largely to the availability of commercial atomic clocks.
Information is exchanged at a number of regular confer-
ences, including the following:

1. Annual Frequency Control Symposium®*, Atlantic City
(U.S. Army), May.

2. CPEM, next meeting June 1976, Boulder (NBS-URSI-IEEE,
Conference Proceedings in IEEE Trans. IM).

3. PTTI Planning Meeting*, Washington, December (annu-
ally), NASA-DoD.

4. URSI Commission 1 (National Meetings).
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5. URSI Commission 1 (General Assembly (3 years), next
in Lima, August 1975).

6. IAU, Commission 31, General Assembly (3 years) next
Grenoble, August 1976.

7. International Congress for Chronometry* (5 years),
last September 1974. {

*Proceedings available |

In addition there are regular training seminars by various
groups, e.g., the NBS T/F seminars.

Let us consider the uses of T/F:

1. UT1 (mean solar or sidereal time) which is related
to angular orientation of the Earth is needed for navi-
gation, space tracking and geodesy. Essentially this
application group is concerned with the orientation of the
Earth in spiace and its rotation around its axis.

2. Other major uses deal directly with clock time.
These applications come from a variety of time-ordered
electronic systems:

a. Communications Technology

1) Time division multiplexing - channel packing,
many stations on one frequency.
2) Reducing spread spectrum acquisition window.

b. Electronic Navigation in TOA Mode (Absolute)

1) For improved geometry of position determina-
tion (RHO-RHO).

2) For improved coverage - mixed systems.

3) For integiation with communication and iden-
tification systems.

Cc. Metrology

Time and frequency are by far the best control-
lable parameters and can be used for measurement of length,
. voltage, pressure, temperature, etc.

d. Astronomy - Space Technology. This last appli-
cation has the most stringent requirements - fractions of
a microsecond over 1/2 year related to an inertial system
(with relativity corrections for the movement of the Earth
in the solar system).



These requirements for precise tire are being satisfied in
a variety of ways; with time signals, publications and su-
perpositioning of the timing capability on existing elec-
tronic systems.

We have available the following time information services:

1. BIH Announcements.

2., U.S. Naval Observatory publications, particularly
Time Service Announccments Series 1 through 17,
and Almanacs (Ephemerides) (See Apperdix).

3. National Bureau of Standards Time § Frequency
Bulletins.

These services refer to time as it is disseminated by the
following systems:

1. HF Standard T/F Signals: (WWV, CHU, etc.).

2., Timed electronic navigation signals: Loran-C,
OMEGA, Transit, and later Global Position System
(GPS), etc.

3. Wideband Communication links: Two-way.

4. Portable clocks, Precise Time Reference Stations
(PTRS).

5. Special systems, largely under R§D: TV, etc.

The HF signals provide a global capability (including a
great number of coordinated foreign services) of 1 ms pre-
cision, if propagation and receiver delays (3-5 ms depend-
ing mainly on band width used) are taken into account.
Item 3 is potentially the most accurate, but portable
clocks remain our final "authority'" to calibrate services.

In greater detail, we could summarize the distribution
capabilities as follows:

1. HF radio time signals: 1 ms global
2. Portable clocks: 0.5 us global
3. VLF-OMEGA: 1-3 ms phase track (Relative)
4. Loran-C/D 0.5 us Northern Hemisphere
5. Satellites:
a. DSCS 0.1 us "trunk line",}.
global 2-way
b. TAX%AT 2.5 us ”igtermediate"
¢. TRANSIT 0 us global .
d. GPS 0.1 us global}S“e“t (oneREzy)
6. Television:
Local: 10 ns
Long range: 1 us



7. Microwave, laser

(local): 1l ns
8. Others: (R§D, VLBI, power lines, etc.)

As an example of users who can also help in global timekeep-
ing, we can mention VLBI which, as the following sketch
shows, provides both synchronization and UT (also the polar

coordinates, x and y).

PRINCIPLE OF VLBI TIME DETERMINATION
UT1 VERSUS SYNCHRONIZATION
A USER AND CONTRIBUTOR

Plane Parallel
Wave Front From
Distant Source

3= 108 n/fs

e e —— 1 Rev, Per Day W i —

By N -

NORTH

460 m/fe ®
PILE

3 ns Clock Diff e===ims 1 ng UT Error
Incl, Path

Redundant observations allow determination of time differ-
ence, base line, UT1 and polar coordinates.

Coordination of Services:

We have a system of international timekeeping in existence,
coordinated by the BIH which is located at the Paris Ob-
servatory, and which is operated with some support from
various international organizations.



The BIH operates under the auspices of the following organ-
izations:

INTERNATIONAL ORGANIZATIONS INVOLVED WITH
STAND EQUENCY AND TIME

STANDARDS

\CONSULTATIVE,  (SCI
» COMMITTEES
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Abbreviations for PTTI

BIH - Bureau International de 1'Heure

BIPM - International Bureau of Weights and Measures

CCDM - Consultative Committee for the Definition of the
Meter

CCDS - Consultative Committee for the Definition of the
Second

CGPM - General Conference of Weights and Measures

CIPM - International Committee for Weights and Measures

CCIR - International Radio Consultative Committee

IAT - International Atomic Time

FAGS - Federation of Astronomical and Geophysical Services

IAU - International Astronomical Union

ICSU - International Council of Scientific Unions

ITU - International Telecommunication Union

SGVII - Study Group 7

U.N. - United Nations



UNESCO - United Nations Education, Scientific and Cultural
Organization
URSI - International Union of Radio Science

The national organizations (time services and/or stand-
ards laboratories) provide basic data to the BIH. The
U.S. contributions from the U, S. Naval Observatory and
the National Bureau of Standards are given iu detail in
NBS Technical Note 649, '""The Standards of Time and Fre-
quency in the USA",

In the United States, the division of responsibilities can
be briefly summarized as follows:

T/F Responsibilities

NBS USNO
National Standard of Fre- National Standard of Time
quency (Epoch, Date)

Standard Frequency (and Control of DoD T/F Trans-

time) Broadcast missions

Fundamental Research in Applied Research in Time

T/F as Related to Clock as Related to Clock Appli-

Time, Frequency Measure- cations, Astronomy, Geo-

ments physics, and Navigation

Synchronization Consultation and Management
of PTTI Activities as Re-

Consultation and Educa- lated to DoD

tion

PTRS for USNO



The international clock time scales IAT and UTC are based
on a number of individual clocks, presently operated by the
following contributors:

CONTRIBUTORS TO TAT (BIH)
(SOURCE BIH)

|_acency Jwercnr per crock | crocks | zorar z | Rank |

[V R NI - W)

=OWOOo N

=

The table reflects the Augusi 1974 situation. The Time
Services in turn keep their coordinated scales for dissemi-
nation within about 10 us of the BIH by making very small
adjustments to their scales (10°!%). The clocks which con-
tribute to the BIH are not adjusted.

The graph TAI - AT(i) depicts the performance of the inter-
nal scales of the major contributors as derived from BIH
reports.
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The results of the timing operations are published in bul-
letins which give actual clock differences. This is an ex-
ample from Section 3 of the BIH Bulletin, Circular D92

dated 1974 July 4.

COORDINATED UNIVERSAL TIME

a. From Loran-C and Television pulses receptions

Date 1974
MJD

Laboratory 1

DHI (Hamburg)

FOA  (Stockholm)
IEN (Torino)

NBS (Boulder)

NPL  (Teddington)
NRC (Ottawa)

OMSF (San Fernando)
ON (Neuchatel)

opP (Paris)

ORB (Bruxelles)
PTB  (Braunschweig)
RGO  (Herstmonceux)
TP (Praha)

USNO (Washington) (USNO MC)
VSL (Den Haag)

May 2 May 12 May 22
42 169 42 179 42 189
UTC-UTC(1) (unit : 1 us)
- 1.3 - 1.2 - 0.6
+ 38.5 + 39.5 + 40.1
- 10.5 - 11.0 ~ 10.9
- 2.2 - 1.8 - 1.5
- 36.4 - 36.8 - 37.1
- 0.6 - 0.5 - 0.1
- 0.2 - 0.2 - 0.3
+ 20.5 + 20.3 + 20.2
+ 1.7 + 1.9 + 2.0
- 33.5 - 32.3 - 31.8
+ 0.3 + 0.2 0.0
- 2.1 - 2.3 - 2.6
- 25.4 - 25,6 - 26.5
+ 0.3 + 0.4 + 0.5
+ 21,2 + 23.1 + 25.0

b. From clock transportations (unit

From "Daily Phase Values", Series 4, No. 382, USNO

San Fernando Naval Observatory, San Fernando, Spain:
1974 May 16 (MJD = 42 183.3), UTC(USNO MC) - UTC(OMSF) =

- 102 + 0'1

CONCLUSION

PTTI technology offers capabilities which are desirable and

useful in many modern electronic systems.

With the availa-

bility of high performance atomic clocks (cesium beam, ru-
bidium-gas cell and hydrogen-masers), the system designer
can allow remote stations to operate with a high degree of
independence (e.g. the VLBI receivers need no link, only

initial synchronization).
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As always, such extra benefits extract a premium price of
additional complexity and training of operators. A stand-
ard timing interface (1 pulse per second, etc), with the
large number of systems which are coordinated with UTC,
allows some additional benefits and/or redundancy. One

can therefore expect an expansion of the PTTI activities
in the future.
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Series |,

!\l

Series

Series 3.

Series 4.,

Series S.

Series 6.

Series 7.

Series 8.

Series 9,

Series 10,

Series 11,

Series 12,

Scries 13,

Series 14,

Series 15,

Series 16,

Series 17,

APPENDIX

U.S. NAVAL OBSERVATORY
Time Service Publications

LIST OF WORLDWIDE VLF AND HF TRANSMISSIONS suitable for Precise Time Measurements. Includes: Call
sign, geographic location, frequencies, radiated power, efc.  (Time Signal Transmissions)

SCHEDULE OF U.S, NAVY TIME SIGNAL TRANSMISSIONS in VLF and HF bands. Includes: Times of
‘broadcast, Trequencies, ete.

SCHEDULE OF U.S. NAVY VLF TRANSMISSIONS, including OMEGA System. Includes: Location, frequencies,
power radiated, maintenance periods, type ol transmission, ete.,

DAILY RELATIVE PHASE VALUES (Issued weekly). Includes: Observed phase and time differences between VLF,
LF, Omega, Television, Portable Clock measurements, and Loran<C stations and the UTC(USNO Master Clock).
Propagation disturbances are also given.

DAILY TELETYPE MESSAGES (sent every working day). Includes: Daily relative phase and time differences be-
tween UTC(USNO MC) and VLF, LF, Omega, Loran<C stations, Propagation distrubances and noticesof immediate
concern for precision timekeeping.

USNO A.l - UT1 DATA. Preliminary daily values distnbuted monthly with final data issued as available.

PRELIMINARY TIMES AND COORDINATES OF THE POLE (issued weekly). Includes: General time scale in-
formation; UTT  UTC predicted 2 weeks in advance: time differences between A.1, UT!, UT2, UTC(BTH) and
UTC(USNO): provisional coordinates of the pole: DUT 1 value: and satellite information,

TIME SERVICE ANNOUNCEMENTS pertaining to synchronization by television. Includes: times of coincidence
(NULL) ephemeris tables,

TIME SERVICE ANNOUNCEMENTS PERTAINING TO LORAN-C. Includes: Change in transmissions and repeti-
tion rates. times of coincidence (NULL) ephemeris tables, coordinates and emission delays, general information. ete.

ASTRONOMICAL PROGRAMS (issued when available). Includes: Information pertaining to results, catalogs,
papers . et of the Photographic Zenith Tube (PZT), Danjon Astrolabe, and Dual-Rate Moon Position Camera.

TIME SERVICE BULLETINS. Indludes: Time differences between coordinated stations and the UTC Time Scale;
earth’s scasonal and potar variations (as observed at Washington and Florida): Provisional coordinates of the pole:
adopted UT2  A.l. etc.

Time Service Internal Mailing.
Time Service Internal Mailing.

TIME SERVICE GENERAL ANNOUNCEMENTS: [Includes: General information pertaining to time determination,
measurement, and dissemination,

Should be of interest to all Time Service Addressees.

BUREAU INTERNATIONAL de PHEURE (B.1L.H.) Circular DD: Heure Définitive et Coordonnées du PBI¢ a ohTu:
Includes: Coordinates of the pole; UT2  UTC,UT1  UTC,and TA(AT) UTC; UTC  Signal.

NOTE: USNO Time Service will distribute Circular D of the B.LH. to U.S, addressees only.

COMMUNICATION SATELLITE REPORTS: giving the differences UTC(USNOY - SATCOM Clock for each of the
available SATCOM stations.

TRANSIT SATELLITE REPORTS: Includes Satellite Clock  UTC(USNO) and the frequency offset for each of the
operational satellites.
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QUESTION AND ANSWER PERIOD

DR. REDER:
What was the semi-disaster?

DR. WINKLER:

The semi-disaster refers to some questions concerning the link across the
North Atlantic on which the contributions to the BIH from the National Research
Council, the National Bureau of Standards, and the U.S. Naval Observatory de-
pend. There were also some operational difficulties which in the meantime, 1
think, have been straightened out. Most, but not all, of the questions have been
clarified.

1 think there has been an increased noise contribution to the various rate meas-
urements as they are available to the BIH. But we are talking about fractions
of microseconds and not more.

DR. GUINOT:

I wish to make some comments on what Dr. Winkler said. We have the impres-
sion that the link through Loran-C is the link of the American clocks to the BIH.
I want to make clear that the European clocks and the American clocks have a
completely symmetrical role in the BIH. The fact that the BIH is located in
Europe does not influence at all the weights which are given to the clocks.

The Loran-C disturbance recently prevented us from making the necessary
computations.

MR. LIEBERMAN:
Ted Lieberman, NAVELEX.

On your slide where you talk about the frequency standard precision and about
the complexity, that may be far beyond what you need. Once again, I would like
to emphasize or try your opinion on the life-cycle course that the Admiral talked
about versus the initial complexity. How much does it take to keep something
that is marginal for your needs to meet the requirements such as crystals, ru-
bidium, et cetera.

DR. WINKLER:

I don't quite understand the question. You talk about what total effect it has,
not only at the original purchase point, but also in maintaining that standard and
all through its complete lifetime ?

13



MR. LIEBERMAN:
Right.
DR. WINKLER:

I think it will have, of course, an even greater effect. An item like a precision
cesium standard which has five times as many components as a rubidium stand-
ard, (simplified bare bones rubidium standard) can be expected to present, I
wouldn't say five times as much maintenance effort, woulc certainly require much
greater maintenance effort.

What I am asking for, what I am recommending, is that before a decision is
made for any particular standard, one should not only consider the purchase
price, but consider everything which comes after which is again at least as
much in dollars and cents as the budget, maybe more. I think it is completely
hopeless to establish true and completely independent, self-consistent field
maintenance capabilities for cesium standards.

Anyone who is going to attempt that will pay very, very dearly. He will pay so
dearly because it takes a good technician about, I would say, a year to become

familiar with it. The effort in training, the effort in stockpiling of spare parts,
I think is simply not worth such a method.

You also should consider that these clocks, even the lesser performers here,
all have mean time between failures which certainly ought to be greater than
10, 000 hours.

So you are dealing with standards where only rarely something can be expected
to go wrong. Now how much training effort do you want to spend in field loca-
tions where people may be reassigned after six months ? It is simply not a prac-
tical concept. And all of these aspects have to be considered.

Incidentally, in the literature, there have been several points where attempts
have been made to put the benefits into some kind of a payoff matrix. For in-
stance, in the special issue of the IEEE Proceedings, May, 1972, I believe,
there are at least two locations where such matrices are discussed. And I have
some reprints here of my own paper on path delays.

This can be only understood as a first try. I think such engineering decisions
ought to be made much more sophisticated that what they are. Up to now, to
say it quite bluntly and frankly to you, I think most of these decisions are made
on the basis of glamor. :

14



MR. MITCHELL:
Don Mitchell, Kwajalein Missile Range.

We have two cesiums and we do at the present time have a qualified techniciam
who is capable of working on these and has a complete complement of spares.
How would we go about getting our cesiums into the Naval Electronics Repair
System?

DR. WINKLER:

I wouldn't recommend it: you have a special situation. You have been lucky
enough to keep personnel on the job for a sufficient time to familiarize them-
selves with problems.

The point I am making is that you must allow specialization to a great degree
and assure that the people, these specialists, are kept on location or at least in
the same field of applications for a long time and then you can do what you do
quite successfully. I thinkanalternative is that you do not field-maintain these
standards at all and simply operate on the basis of redundancy. Equip every
station with two, or if you can, three standards. If any one fails, send it back
to a central depot.

That is the idea of having established the Naval Engineering Command Main-
tenance System where there is a central location where these cesiums can be
diagnosed, readjusted, repaired to a certain degree.

But I tell you, that system scmetimes works out like the following, We received
from a distant station a cesiumn, and all that was wrong is that the alarm light
doesn't go out, and you have to adjust the trigger circuit. Many repairs are of
this kind of sophisitication,
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REVIEW OF TIME SCALES

DR. B. GUINOT
Bureau International de 1'Heure
Paris, France

ABSTRACT

The basic time sciles are presented: International
Atomic Time, Universal Time, and Universal Time
(Coordinated). These scales must be maintained in
order to satisfy specific requirements. It is shown
how they are obtained and made available at a very

high level of precision.

INTRODUCTION

Until 1956, the unit of time, the second, was defined as a fraction of the mean
solar day. However, the duration of the mean solar day was found to be vari-
able, and a better definition, made possible by th: progress of physics, was
given in 1967, when the second was defined to be a certain number of periods
corresponding to a transition of the cesium atom. The relative accuracy of the
realization of the second was thus improved from 1 x 107 to 1 x 10-3(1974). In
the meantime, from 1956 to 1967, the second was defined to be a certain frac-
tion of the year, more stable than the day; but this second was so difficult to
implement, that its quasi-unique use was to calibrate the atomic second.

The situation of the unit of tirne is clear: only the last defined unit is used by
the physicists. Nevertheless, none of the time scales associated with the three
definitions of the unit could be abandoned, because they satisfy specific require-
ments. We thus have three basic time scales in simultaneous existence: Uni-
versal Time, UT1 (often called Greenwich Mean Time), based on the rotation of
the Earth; the Ephemeris Time ET, based on the motion of the Earth around the
Sun; and the International Atomic Time TAI (fig. 1). In the following, we will
not discuss the problems of Ephemeris Time, because ET is in limited use and
is being redefined; we will concentrate on UT1 and TAI.

The origin of TAI was arbitrarily chosen so that the TAI and UT1 readings on
January 1st 1958 were the same. But they do not run at the same rate, and
now, in December 1974, they differ by more than 13s; even less sophisticated
users cannot ignore this difference. As we shall see, some users need UT1,
others TAI. In order to avoid the risk of confusion which would arise from the
dissemination of two time scales, it was agreed that the time siznals will follow
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a unique compromise time scale, designated Universal Time (Coordinated),
UTC. The definition of UTC is very simple: it differs from TAI by an integral
number of seconds, this integral number being changed by one unit, when nec-
essary, in order to maintain |[UT1-UTCI< 0.98. The International Radio Con-
sultative Committee gave precise rules for the implementation of UTC, and also
defined a simple code used in time signal emissions which enables the field user
to obtain UT1 immediately to £0.1s (1).

The problems of the determination and of the dissemination of UTC are the same
as for TAI and will be discussed together in what follows.

Figure 2 shows the relative behaviour of UT1, TAI and UTC.
INTERNATIONAL ATOMIC TIME AND UNIVERSAL TIME (COORDINATED)

Their formation

As soon as the frequency of crystal clocks could be calibrated in real time by a
cesium frequency standard, at the Naticnal Physical Laboratory in 1955 (2) as-
tronomers began to form a time reference suitable fo: the study of the rotation
of the Earth. When other cesium standards appeared, data were combined in
order to increase the stability. Several atomic time scales were thus developed
in national and international institutions, differing slightly in rate and phase.

As the use of atomic time extended to many other fields of activity, it was desir-
able to agree on a urnique time reference. This was done in October 1971, by a
decision of the 14th General Conference of Weights and Measures, which defined
International Atomic Time TAI as the time reference maintained by the Bureau
International de 1'Heure (BIH) from the readings of atomic clocks.

TAI is presently based on the data of about 60 commercial cesium clocks, lo-
cated in 15 laboratories and observatories of Noxrth America and Europe. These
clocks are daily intercompared by the use of LORAN-C pulses, with an accuracy
of a few 0.1 us. Their data are combined by an algorithm which intends to 1)
minimize the noise due to introductions and removals of clocks, 2) ensure the
long term stability (over years) by an appropriate weighting procedure (3). The
random noise in TAI for a sampling time 7 over 2 months is a flicker frequency
modulation (4) with ¢ (2, 7 = 1 year) of the order of 0.5 x 1013, For smaller
values of 7 the main source of uncertainty is the LORAN-C link across the At-
lantic Ocean, which introduces fluctuations extcnding over a few weeks, with an
amplitude reaching 1 us (5). Some small non-random errors of TAI were re-
vealed by rererence to the recently developed primary frequency standards; the
frequency of TAI should be corrected by about -1 x 1012 +1 x 1013 (t - 1973),

t in years, the amount of the frequency drift being very unceitain. In the near
future, these non-random errors will be reduced and the long term stability
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will be improved by the use of the data of primary standards, after convenient
filtering (6). Other improvements are expected from the elimination of some
systematic errors in the LORAN-C time transfers and from the extension of the
coverage of precisely synchronized chains. With the present coverage, sets of
good clocks, especially in Japan and Australia, are not included.

TAI is the best measure of time for long term studies and therefore is to be
used in dynamical studies of the motions of celestial bodies, both natural and
artificial. It also acts as a frequency memory which enables one to compare

the frequencies of oscillators separated in space and time, and it provides users
with a means of referring frequencies to any of the primary frequency standards.

As previously said, TAI is not disseminated; the time signals and the master
clocks of laboratories follow UTC, which is therefore the common worldwide
reference by which all events must be dated. Of course, according to its defi-
nition, UTC is produced by the BIH simultaneously with TAI.

Dating of events in UTC

UTC (and TAI) is established in retrospect as the result of computations, and no
real clock runs exactly on UTC.

The first step for dating an event in UTC is to find some real reference clocks
giving access to UTC. For those laboratories of which the clocks enter into the
determination of UTC and TAI, the outputs of the BIH algorithm arc corrections
to be added to the readings of these clocks to get UTC and TAI. Any such clock
is therefore a local time reference, but for the purposes of simplification one
per laboratory is generally selected which produces the local approximation to
UTC, cesignated UTC(i) for laboratory (i). The tables published monthly by the
BIH give the values of UTC-UTC(i) every 10 days, with uncertainties of a few
0.1 us, but in arrears by 1 to 2 months (fig. 3). It is, however, possible in
well equipped laboratories to extrapolate UTC-UTC(i) up to the present with er-
rors less than +1 us and even, in some cases, to steer a clock so that it remains
close to UTC. For instance, the USNO master clock did not deviate by more
than 1 us from UTC from 1 January 1973 to 21 July 1974. Within these limits of
=1 us, UTC is therefore immediately available.

For the observer, the problem now is to find a time link with one of the stand-
ards UTC(i). It is beyond the scope of this paper to present the various tech-
niques which are available. But it is worthwhile to note that for the larger part
of the globe, microsecond accuracy can be reached by clock transportation only.
When millisecond accuracy is sufficient, UTC is directly available by standard
time signal emissions.
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It must be emphasized that, at the present level of precision, international co-
operation in matters of atomic time scale depends entirely on the LORAN-C
time transfers with the help of occasional clock transportations. Long distance
time intercomparisons are less amenable to future improvements than the clocks
themselves. Any improvement of the LORAN-C time transfers or the develop-
ment of more precise methods will have a direct impact on the quality of TAI
and UTC and on their dissemination.

UNIVERSAL TIME

Under the general designation '"Universal Time," there are several time scales,
close to each other and related to the rotation of the Earth. Only the UT1 scale
is important for the general user; it expresses a measure of the angular position
of the Earth around its instantaneous axis of rotation.

Although it is questionable to a logical mind to consider UT1 as a time scale, it
is practical and convenient to do so. Since the rotation of the Earth is not uni-
form, the difference of times assigned to the same event in the UT1 and TAI
scales will vary with the calendar date. But as this difference, expressed by
UT1-TAl, is slowly varying (by about 3 ms per day, presently), it is sufficient
to have tables giving UT1-TAI and UT1-UTC. The reception of time signals in
the UTC system and the use of these tables give easy access to UT1, but not in
real time; and for UT1, no good extrapolation is possible.

There are two main reasons why UT1-TAI must be known as precisely as pos-
sible, siiaultaneously with the two coordinates of the terrestrial poles, which
are moving on the Earth's surface: the geophysical applications, and the geo-
metrical ones.

The geophysical processes which give rise to the irregularities of the Earth's
rotation and therefore of UT1-TAI are not yet fully known. The motion of the
atmosphere plays an important role, especially for short-term irregularities,
but contributions are also due to tidal fiction, motions in the oceans and in the
fluid core of the Earth. UT1-TAI cannot be predicted, and precise experimen-
tal measurements are needed for a better knowledge of the perturbing forces.

The geometrical applications are related to the tracking of celestial bodies.
Most of the observations are made from the rotating Earth and are referred to

a terrestrial frame of reference. It is therefore necessary to know all the pa~
rameters of the Earth's rotation in space. One of them is UT1. For instance,
UT1 is needed for reducing meridian observations of stars and some radiointer-
ferometric measurements. But the most striking application is to the navigation
of interplanetary space probes. At a distance equal to that of the Sun from the
Earth, 1 ms error in UT1 (which is the present level of uncertainty) corresponds
to about a 10km error in position, which is far from being negligible.

20



The only technique presently used for determining UT1 on a routine basis is the
observation of star transits across a reference circle by about 60 astronomical
instruments: photographic zenith tubes, astrolabes, and meridian transit in-
struments. The data of these instruments are combined by the BIH, which pub-
lishes monthly tables giving UT1-UTC and UT1-TAI every five days. The short
term stability of these resultsis given by the square root of the Allan varianceo
(2, r=5days) = 1.5ms. But the errors are not white noise; besides periodic
annual errors with a possible amplitude of 2 to 3 ms, the noise seems to lie be-
tween white and flicker phase modulation (fig. 4).

Improvements in the measure of UT1 can be expected from new astronomical in-
struments such as the large PZT of the U.S. Naval Observatory and the photo-
electric astrolabe developed in France. However, classical methods are lim-
ited by the turbulence of the atmosphere. New techniques such as satellite
observations and lunar laser ranging either alone or in association with classi-
cal astrometry are promising. Long baseline radiointerferometry could reduce
the errors by a factor 10 or even more. But it must be kept in mind that the
Earth's rotation must be monitored continuously. The classical methods, which
are not so expensive as the new ones, will have to be used until it is proved that
the new ones provide better results on a continuous basis.

Another improvement from an operational point of view would be to reduce the
delay in providing UT1 to a given level of uncertainty.

In some cases UT1 should be available immediately, as, for instance, for the
navigation of space probes. Presently, the delay of 1 to 2 months necessary to
reach 1ms accuracy is due to the need of having a two-sided smoothing for re-
ducing the effect of accident:il errors; the shortening of this delay also requires
more precise observations.

CONCLUSION

In matters of time scales, international cooperation is important both for a bet-
ter evaluation of the scales and for ensuring their worldwide acceptance. I will
not enter into the political intricacies of the official organizations dealing with
time. It is often difficult to say which organization is responsible for what.
But the international arrangements work surprisingly well. The BIH, which is
the executive body acting under the sponsorship of these organizations, does not
receive contradictory instructions.

The BIH, formerly in charge of publishing the times of emission of signals in

UT1, extended its activities to atomic time and to the coordination of clocks in
the UTC system in recent years. Well automated data handling has enabled us
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to cope with an increase of work in spite of reductions in the number of our staff
and in our grants.

However, nothing could have been accomplished without the constant support of
all the laboratories and observatories which concur to produce the final data.
Here is the appropriate place to thank the U.S. organizations which are espe-
cially helpful: the National Bureau of Standards, the U.S. Coast Guard, and the
U.S. Naval Observatory.
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QUESTION AND ANSWER PERIOD
DR. KLEPCZYNSKI:
Klepczynski, Naval Observatory.

Of the 60 cesiums which go into forming TAI, how many are the high perform-
ance standards?

DR. GUINOT:

The number of high performance standards must now be about ten. I remind you
that for TAI, we are interested in the very long-term stability (over months).

In this respect the high performance cesiums do not appear better than the
standard ones. In several cases, we observed large frequency drifts,

MR. CHI:
My name is Andy Chi from Goddard Space Flight Center.

I would like to ask you a question on the weighting factor for the determination
of the UTC. Based on an earlier talk by Dr. Winkler, there might be an im-
pression that the membership of the weighting factor is determined by the past
performance which might be several votes.

On the other hand, it sounds to me as if the performance is the criteria, it's
probably more exclusive club membership. What happens if the new members
are not known well enough? This makes the scale continuous in the true sense?
Or is average of the membership voting process give the apparent continuity of
the scale?

DR. GUINOT:

I think that there are several points to answer to your question. First of all,
the weighting procedure which is used by the BIH is a mixed procedure. Of
course, it looks at the past of the clock. There are really some bad clocks.
And we know them; they are bad maybe because there is some poor environment,
for instance. Theycan't be detected by the algorithm., We do not rely on this
clock. That is the meaning of the weighting procedure.

But the more important point is that a weighting procedure eliminate the clock
which suddenly deviates in frequency from its past frequency. That is an elim-
ination procedure. Even the laboratories where no weighting procedure is ap-
plied, in fact, they do apply a procedure. When the clock stops, it receives the
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weight zero. And all the laboratories who do not apply weighting procedure re-
move what they call the bad contributors. And that is partly what we are doing
at the BIH.

I am afraid that I missed the second part of your question,
MR. CHI:

By the introducing of the new clocks and removing the old clocks, the average
is no longer the same kind of average. In other words, I was wondering whether
you have a true reference with the ins and outs of different clocks.

The questions really is that do we have a true continuity of the time scale by
introducing and removing clocks?

DR. GUINOT:

The answer is yes. When we introduce a new clock, we first determine its rate
correction so that it agrees with the rate of TAI. So that the true continuity is
preserved.

But we are aware that with such a procedure, we can deviate progressively
from the true realization of the second. That is the reason why it is necessary
to refer to the primary frequency of ceisum standards. It was not done before
now because the primary cesium standards were not available to 60 percent
accuracy. But now, several of them are available or will be available so that
we will in the future steer the TAI so that it remain in accordance with the de-
termination of the second made by this frequency standard.

This can be done without deteriorating the stability. The problem is to select
the appropriate filter in order to introduce the absolute measurement of the
second. When the appropriate filter is selected, we can observe that not only
the accuracy of the time scale is preserved, but also the stability is improved,
especially in the long term.

MR. CHI:

What are the true primary standards to which you are referring?

DR. GUINOT:

One is at the National Bureau of Standards; one is at the National Research
Council; one is at the National Physical Laboratory; one is at the Physikalisch-

Technische Bundesanstalt; another one is now in Japan. It is not operational
now, but it will be soon.
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REVIEW OF AYAILABLE SYNCHRONIZATION AND TIME DISTRIBUTION TECHNIQUES
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ABSTRACT

The methods of synchronizing precision clocks will be
reviewed placing particular attention to the simpler
techniques, their accuracies, and the approximate cost
of equipment. The more exotic methods of synchroniza-
tion will be discussed in lesser detail.

The synchronization techniques that will be covered
will include satellite dissemination, communication
and navigation transmissions via VLF, LF, HF, UHF
and microwave as well as commercial and armed forces
television. Portable clock trips will also be dis-
cussed.

Before we discuss methods of synchronization, we should briefly review
who the users of Precise Time and Time Interval (PTTI) are, and why
they need synchronization.

Celestial navigation has, probably, the most users of precise time:
certainly more than 100,000. They have very modest requirements, time
to about 100 milliseconds at best. However, they do put a requirement
on the more precise users of time. That is, they force the DUT1 code
on the time signal and force the leap seconds. Because most of these
users are very unsophisticated as far as time is concerned, their time
must be "on time" for their navigation requirements. Users of precise
time must always be aware of leap seconds - which, at the present time,
occur about once a year.

Geodesy has more precise requirements time to one millisecond or per-
haps even 100 microseconds for position determinations on the Earth's
surface.

There are two main users of synchronization. First are the communica-

tors requiring synchronization to 25 microseconds or better due to the
increasingly high data modulation rates, time division multiplexing,
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and the use of synchronized spread spectrum. Second are users of syn-
chronization for positioning systems. We must remember that the speed
of radio waves or of 1ight is approximately 300 meters per microsecond
or approximately 1000 feet per microsecond. For electronic navigation,
particularly in the rho-rho navigation mode, distance from the trans-
mitter must be known. To know position to 1000 feet, time must be
known to better than one microsecond.

Time and frequency are also used for identification, as for example, in
collision avoidance systems and Identification - Friend or Foe, etc.

Many of these systems dc not necessarily require synchronization to time
of day. However, in the interest of redundancy and economy, it is es-
sential that all systems be externally synchronized to the same time
scale. This allows backup in case of failures. For example, satellite
systems can, in case of failure of their clocks, use a nearby Loran-C
station to synchronize their clocks again. The time scale to which all
systems should be synchronized in the Defense Department is that of the
Naval Observatory. But since the Naval Observatory time scale is coor-
dinated with that of the Bureau International de 1'Heure, and the Na-
tional Bureau of Standards, there are many sources of time that can be
used for synchronization depend ng on the accuracy required. However,
care must be taken as international synchronization or domestic synchro-
rnization is not absolute to one microsecond. Many of these sources,
however, can be reduced to that accuracy after corrections are applied.

There are many methods to synchronize clocks. Which method to choose
depends on several requirements. The first requirement is the preci-
sion of synchronization. One must be aware that if he wants one tenth
of a microsecond precision he is not going to be able to do it by look-
ing, for example, at a wall clock. The user has to know what precision
of synchronization he wants before he can determine which of the many
methods of synchronization to use. The second requirement is the fre-
quency of access to synchronization. If the user can synchronize every
five minutes, then he can obviously use a very poor oscillator. How-
ever, if he can only synchronize once a year, then he is very limited in
terms of the number of oscillators he can use. A third requirement, re-
lated to the second, is the quality of the clocks used both in reliabil-
ity and performance.

For economy of PTTI distribution, we impose PTTI on both navigation and
communications stations. We use these transmissions because there is
very little additional cost in order for them to be "on time". It sim-
ply means an interface with an external time system. For redundancy,
we use many different systems. For obvious reasons, the organization
of PTTI services is a hierarchy. The master clock or timing signal for
DoD is located at the Naval Observatory. From the Naval Observatory we
then use trunk line timing to the precise-time reference stations, many
of which are at SATCOM terminals. From these we can monitor Loran-C
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transmissions. Thus Loran-C is the next step down. This process con-
tinues down to the user.

There are many methods of distributing PTTI information. High frequen-
cy radio time signals have an accuracy of approximately one millisecond.
With an excellent operator this can be reduced somewhat. However, it

is global in distribution if foreign radio time signals are also used.
These signals are given in Series 1 of the Naval Observatory Time Ser-
vice publications, in case such a 1ist of stations is needed.

Portable clock trips accurate to about one-half microsecond, again glo-
bal, are presently being conducted. In the Department of Defense, an
Air Force request for portable clock trips can be made to the Newark
Air Force Station, Newark, Ohio. Army or Navy requests for portable
clock trips can be made to the Naval Electronic Systems Engineering
Center, Washington, located on the Naval Observatory grounds. Stops at
or for other agencies and international organizations can be arranged.
The Naval Observatory still makes a 1imited number of clock trips.

VLF and OMEGA have from one to three microseconds accuracy in phase
tracking. This is a relative measure. It does not give absolute time.
Once a clock is "on time", these measures can be used to keep it "on
time".

Other than portable clocks, Loran-C is still probably the best and most
precise time-distribution system available at the present time. It, un-
fortunately, is not even available in all areas of the northern hemi-
sphere. In the future, it will be available in the western part of the
United States, which will then make Loran-C available to users through-
out most of the northern hemisphere. The SATCOM or the defense commu-
nication satellite is used for trunk 1ine timing with an accuracy of
approximately one-tenth of a microsecond. Transit satellite, a Navy
navigation satellite, can also be used for time and can provide about
10 microseconds accuracy, globally. The Navigational Technology satel-
1itos have an accuracy, or certainly will have, of approximately one-
tenth of a microsecond on a global basis.

Television can be used both locally and at fairly long range (at least
in the United States) with a local precision of approximately 20 nano-
seconds, or even better. However, 20 nanosecond n:ecision requires that
the two synchronizing stations observe the same television station. For
long range, the accuracy is perhaps one microsecond. Here, care must be
taken that the same live network program be used. This is done between
Boulder, Colorado, Newark, Ohio and Washington, D.C., and the results
a;e published in Series 4 of the Naval Observatory Time Service publica-
tions.

Microwave can also be used to synchronize in line-of-sight. Optical de-
vices can be used in line-of-sight, where the error of determination
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can, perhaps, be as 1ittle as one nanosecond. There are many others,
such as very long baseline interferometry (VLBI), cables, power lines,
pulsars, and moon bounce.

Before discussing these different systems, let us examine the general
problem of synchronization (Figure 1). The transmitter is to be used
as a marker, not necessarily “on time". At receiver A, clock A starts
counter A and the marker stops it. Reading A is the time of clock A
minus the time of the marker (which is unknown) plus the delays in the
system. System delays include the delay in propagation from the trans-
mitter to the receiver plus the delay in the receiver. Similarly at B,
reading B is the time of clock B minus the time of the marker plus the
delays from the marker to B. This is always true. It is always alge-
braically the start of the counter minus the stop of the counter. If
it is done this way, one of the largest, most common errors made in
synchronization may be avoided, namely, the sign of the difference in
time of the two clocks. The difference of these two readings must be
taken algebraically, thus the time of clock A minus the time of clock B
is equal to the reading of counter A minus the reading of counter B
minus the sum of TAU A minus TAU B, where TAU A and TAU B are the pro-
pagation delays from the transmitter to clock A and B respectively. It
is easiest to determine TAU A and TAU B by means of a portable clock
with which to calibrate the system. However, TAU A and TAU B can usu-
a}ly be determined with suffictent accuracy from theoretical calcula-
tions.

If the transmitter is "on time" or the correction to the transmitter is
known, two stations are no longer required. It requires that the propa-
gation time, TAU A, be calculated. The Naval Observatory will, upon re-
quest, calculate these progation delays for users if they do not have
the capability. The request must inciude the location of the station
and the transmitter that is being used. Once the propagation time and
the receiver delays are known, then the reading at A is simply the time
of clock A, which started counter A minus the time of the marker which
stopped counter A plus the delays.

Let us go into more detail on PTTI signals from communication stations.
High frequency time sigrals are useful signals, because very many of

the very precise time signals have an ambiguity and require that the
user be within a certain accuracy initially. The easiest and cheapest
way to get to the required accuracy is to use a high frequency time
signal. The Navy time signals have an accuracy of about one milli-
second and receivers cost several hundred dollars. However, the time
signals are broadcast only for five minutes at intervals of six hours.
They can be heard anywhere in the world. The schedules are given in
Series 1 of the Naval Observatory Time Service publications. The signal
is on for 300 milliseconds, off for 700 milliseconds, and it transmits
a code each minute indicating how many minutes are left before the hour.
Probably, more useful signals to most everyone are the PTTI signals
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such as WWV, CHU, WWVH, etc. which are on continuously. They have an
accuracy of a little better than one millisecond. The reason for this
1s that the propagation varies from time to time with this order of ac-
curacy. HF timing receivers are very inexpensive.

On Tow frequency, there is WWVB at 60 kilohertz, which can be used for
phase tracking in order to determine standard frequencies.

A11 Navy VLF stations will be on Frequency Shift Keying (FSK). The as-
signed frequency is the "mark". The "space" is the frequency that is
50 hertz away. The mark, while not continuous, sounds exactly 1ike the
high frequency signals. Receivers for VLF cost from $1000 to $5000.
Time signals are on only five minutes before the hour on certain sta-
tions. The code stream from VLF stations is timed so that the time
difference between the middle of the rise time of each pulse (frequency
shift) and the middle of each decay time is exactly a multiple of 20
milliseconds. This can be used as a timing signal with an ambiguity of
20 milliseconds. VLF stations are used primarily for phase tracking.
The frequency of the VLF stations is good to a few parts in 10!2 per
day, therefore with phase tracking and corrections published in Series
4 of the Naval Observatory Time Service publications, the user can
maintain an oscillator relative to the Naval Observatory oscillator
with an accuracy in time of one to five microseconds. There are sever-
al problems, however, in phase tracking VLF stations. There is a diur-
nal shift each day, so the user must be careful and only use the por-
tion where daylight is continuous between the receiver and the trans-

mitter. There are also sudden ionospheric disturbances (SID) that occur
occasionally, Usually, these are quite apparent and after a little prac-

tice users learn to recognize that an SID is occurring and ignore that !

period. Times of SID's are given in the Series 4 or in the teletype

Series 5 of the Naval Observatory Time Service publications. There are

also polar cap absorptions which are a 1ittle more difficult to iden- |
tify because they last longer, on the order of several days.

We use the Television Line 10, odd, horizontal sync pulses as a marker
for time comparisons. A receiver can cost as little as $400 and can
give time comparisons as accurate as 10 nanoseconds. In the Washington
area, we have placed the transmitter of Channel 5 "on time" and correc-
tions are given in Series 4 of the Naval Observatory Time Service pub-
lications. It can be used as a time signal. For long distance, a live
program must be used. The delays change quite often.

PTTI in-u:mation is also transmitted over electronic navigation sys-
tems. “:.vigation VLF stations that can be used for standard frequency
are the OMEGA signals. For them also, the SID, polar cap absorptions,
and diurnal shifts have to be taken into account. They can be used
exactly as the communication stations; however, they have lower power
and a conmutator is necessary because they time share the navigation
signals. They do have some unique frequencies such that time sharing
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is not necessary, and a commutator would not be necessary.

Loran-C and Loran-D are probably the most important synchronization
signals at the present time. There are now eight chains in operation.
A11 have cesium oscillators operating so they all have very good fre-
quency. Time can be obtained at distances of 1500 miles from these
stations to an precision of 1/10 of a microsecond with corrections from
Series 4 of the Naval Observatory Time Service publications, and abso-
lute time to better than several microseconds. The Western Pacific,
North Atlantic, East Coast, Norwegian Sea and Mediterranean chain times
are usually kept to better than 5 microseconds. In the future, addi-
tional chains will be added; 3 on the east coast, 2 in the Gulf of
Mexico and 7 on the west coast of the United States. This should cover
the coastal regions of North America. However, all of them may not be
timed. Automatic receivers cost about $4000 to $5000. Very competent
operators may obtain high precision using low cost receivers ($1500).

How do we keep these chains "on time"? The East Coast chain is meas-
ured directly at the Naval Observatory so that the quantities that are
in Series 4 of the Naval Observatory Time Service publications are di-
rect measures. The Norwegian Sea chain and the Mediterranean chain are
tied to the U. S. Naval Observatory through the North Atlantic via the
U. S. Coast Guard (daily messages) and a monitoring station in Northern
Scotland. This allows us to have 2 measures across the North Atlantic.
We can also measure the North Atlantic chain directly with respect to
the East Coast chain at the Naval Observatory. The Northwestern Pacific
chain is tied to the Naval Observatory via portable clock trips (approx-
imately every 6 mouths), SATCOM terminals in Okinawa and Guam, and by
the rate correlation method. There are approximately 14 cesium clocks
monitoring Loran-C in the Western Pacific. The rate correlation method
simply means that if one clock changes in frequency, it should be re-
flected in any difference measured with respect to that clock. If you
take differences A minus B and A minus C and clock A changes by one part
in 1013, both of these differences should change by one part in 10!3,
whereas, the difference between B and C should not change at all. It
works very well in the Pacific and the last clock trip indicated about

a half a microsecond deviation over the previous six months. The Cen-
tral Pacific chain is tied to the Naval Observatory via the SATCOM in
Hawaii and portable clock trips.

There are other navigational signals that can be used for synchroniza-
tion. The TRANSIT satellite is good to about 10 microseconds (Laidet,
L. M., Proc. IEEE, 60, p 630, 1972).

Timation navigational technology satellite, and the GPS can provide
timing accuracy of approximately 1/10 of a microsecond.

A portable clock is still probably the most accurate method to transfer
time over long distances. Portable clocks have an accuracy of half a
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microsecond. The costs are simply the costs of three airplane tickets
plus per diem plus two strong backs.

Some stations are built primarily for PTTI information. These are the
standard time and frequency stations throughout the world such as WWV,
WWVH, CHU, JJY and a great number in Europe. In fact, the problem
really is that there are too many of them and the user has difficulty
knowing which one he is receiving unless he is well aware of the var-
jous characteristics of these stations. The 1ist of these stations is
given in Series 1 of the Naval Observatory Time Service publications.
The National Bureau of Standards also has a satellite time service, the
ATS satellite, which is good to approximately 50 microseconds. It is a
stationary satellite useful in the United States.

There are many other methods of synchronization. One method is to use
shielded cables. The user must remember that it does take the signal
time to go through the cable and he does have to measure these delays
if the cable is very long. Also, if the cable is very long, he has to
worry about temperature effects. The changes in 10,000 feet of test
cable at the Naval Observatory varied from 10 to 20 nanoseconds each
day due to the diurnal changes in temperature. Microwave 1inks can be
used for synchronization to better than 10 nanoseconds. There are op-
tical means to synchronize, such as optical fibers or a flashing light.
One can use calculations to keep a clock in synchronization, such as
the rate correlation method. This method requires at least 3 oscilla-
tors, and the more oscillators there are, the more accurate the method
becomes. Not all the oscillators need to be in the users own labora-
tory. For example, if the user has a Loran-C receiver, the cesium os-
cillator at the Loran-C station can be used as one oscillator.

One must also remember that quite frequently one can get synchroniza-
tion from a neighbor. Hopefully, this meeting will identify the sta-
tions with precise time. If the stations who have precise time would
share with their neighbors, this would help a great deal.

There are several exotic methods of synchronization, such as VLBI and
pulsars. It is very expensive, of course, to set up unless a receiver
is already available. Also, there are pulsars, one of which now seems
to be constant enough to be used as a marker for synchronization.

In this matter of synchronization, there is a very good chapter in the
NBS Monograph 140, the NBS Time and Frequency book (edited by Byron
Blair). It discusses a great number of these systems in detail. An-
other general review is in Volume 60 of the Proceedings of the IEEE of
May 1972.

In the future, we can look forward to the Global Positioning System,
which should give us very accurate time in the global sense.
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QUESTION AND ANSWER PERIOD
MR. TEWKSBURY:
Dave Tewksbury, Smithsonian

Geodesy requirements in epoch (UTC) time for laser data reduction for the
Smithsonian Astrophysical Observatory ask +25 ys maximum. This precision is
necessary to accurately determine intercontinental distances to +10 > 40cin. To
measure continental drift and/or plate movement will require even more precise
epoch time.

DR. HALL:

I think your requirements come about because rotational time doesn't enter in
the reduction. It is hopeless to get UT1 to an accuracy of 25 microseconds. If
you are using UTC for synchronization or distance measures that is not really
what I referred to as geodesy relative to the star system,

?
E
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APPLICATIONS OF PTTI TO NEW TECHNIQUES FOR DETERMINING
CRUSTAL MOVEMENTS, POLAR MOTION, AND THE ROTATION OF THE EARTH

P. L. Bender*
National Bureau of Standards and University of Colorado

ABSTRACT

New extra-terrestrial techniques for geodesy and
geodynamics include laser range measurements to

the moon or to artificial satellites, Doppler
measurements with the Transit satellite system,

and both independent~clock and linked-antenna
microwave interferometry. The ways in which

PTTI measurements are used in these techniques

will be reviewed, and the accuracies expected
during the latter half of the 1970's will be
discussed. At least 3 of the techniques appear
capable of giving accuracies of 5 cm or better

in each coordinate for many points on the Earth's
surface, and comparable accuracies for the Earth's
rotation and polar motion. For fixed stations or
for sites a few hundred km apart, baseline lengths
accurate to 1 cm may be achieved. Ways in which
the complementary aspects of the different techniques
can be exploited will be discussed, as well as how
they tie in with improved ground techniques for
determining crustal movements. Some recent results
from the extra-terrestrial methods will be mentioned.

INTRODUCTION

Since the mid-1950's a true revolution in our understanding of the
Earth has taken place. From the mid-1960's the majority of earth
scientists have come to regard the plate tectonics theory as a major
unifying concept in describing the dynamical forces which have shaped
the Earth as we know it today. I think that you are all aware of the
general outline of this theory: tectonic plates roughly 100 km thick
make up the surface, and they move about on a low-viscosity layer
perhaps 200 km thick called the aethenosphere. The plates move away
from the "ridges" or "rises'", usually in the oceans, where new material
coming up from the mantle is added onto the plates. Where two plates
approach each other, one normally is pushed or pulled down and pene-
trates to depths of roughly 700 km in the mantle before evidence of
its existance fades out. The geological and geophysical record of the
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past motions is written in the present materials and properties of
the plates, the aesthenosphere, and the upper mantle,

We now know a great deal about the average motions in the past, but
unfortunately this is like having watched cakes of ice floating on a
swirling body of water, and trying to understand what is happening

from the grindings, distortions, and relative motions of the semi-rigid
cakes, If we are reduced to only knowing the long term average motions,
the problem is even more difficult. Better measurement methods are
just what is needed to determine the present motions and distortions of
the plates, and these methods all involve Precise Time and Time Inter-
val techniques.

The new extra-terrestrial techniques are Doppler measurements with the
Transit satellite system, both linked-antenna and independent clock
microwave interferometry, and laser distance measurements to the moon
and to artificial satellites. However, it appears that these tech-
niques will be very much complemented by new developments in ground
measurement methods, These are the use of 2-wavelength microwave
modulated laser devices for measuring point-to-point distances on the
earth's surface and of portable high-precision gravimeters for measur-
ing changes in gravity with time at a given point. The futures of both
types of ground measurements look very bright. The first has an ex-
pected distance accuracy of better than 1x10~7 over distances of rough-
ly 30 km, and the other enough expected accuracy to detect gravity
changes due to 1 cm vertical motions.

MICROWAVE INTERFEROMETRY AND DOPPLER TECHNIQUES

One of the important developments in geodesy recently has been the use
of Doppler frequency shift measurements with signals received from
Transit satellites to determine the location of over 200 points on the
Earth's surface. These points now can be used as a world-wide network
of control points, which appear to have an accuracy of about 2 meters.
The National Geodetic Survey now plans to make use of about 130 Doppler-
determined points in North America as the basis for its work on read-
justment of the North American Geodetic Network. The Doppler satellite
method has been described in a number of places,!™> and will not be
described further here. The main experimental limitations on accuracy
come from inospheric effects, because of the relatively low transmitted
frequencies which are used, and orbit determination problems due to the
fairly low altitudes of the satellites. Future developments expected
with -he Global Positioning System are discussed later in this Meeting.

Microwave interferometry promises to be a major source of information
on geodynamics. Basically, a comparison of the arrival times of radio
signals from a very distant source at two antennas gives the component
of the baseline vector between the two sites projected onto the direc-
tion toward the source. Extra-galactic microwave sources furnish the
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signals for most long-baseline work, with fluctuations in the
emission in effect providing the events whose differences in arrival
time are measured. Measurements with a number of sources in different
directions give the vector baseline between the sites. If the two
antennuas are linked by cables or microwave transmission between them,
then tlhe time difference can be determined directly. If very long
baselines are used, then ultra-stable independent clocks at the two
sites are employed, with differences in the clock epochs and rates
being solved for from the data.

A major point to be made is that atmospheric corrections to the micro-
wave path lengths through the troposphere are likely to be the largest
gource of error in future geodynamics measurements. If this 1s so,
extending the baseline lengths doesn't help very much over some range
of distances because the errors in the corrections become less well
correlated. However, when the separation is large enough so that
little correlation is left anyway, or so that one can obtain accurate
enough measurements of the atmospheric corrections at the sites inde-
pendently, then the resulting limitation on fractional baseline
accuracy goes down with increased baseline length. For this reason,
although very useful results have been obtained with linked antennas,
the independent clock variety are likely to be more important for
geodynamics.

Independent clock microwave interferometry, or very long baseline
interferometry (VLBI) as it is usually called, is discussed in depth
later in the Meeting. I will only say a few words about its accuracy
here. The most stable frequency standards available are needed for
geodynamics work, as well as the use of two observing frequencies to
remove ionospheric effects, careful antenna calibration procedures, and
the use of extra-galactic sources which show as little structure as
possible over long basclines. However, these considerations are really
factors in the ease of making the observations, and hopefully will not
affect the final accuracy.

The one accuracy limitation which is not shared with laser range
measurement techniques is the sensitivity of the microwave propagation
velocity to water vapor in the atmosphere. This appears to require the
use of water vapor monitoring at each antenna by means of microwave
radiometers looking along the line of sight.®*7s8 With this approach,

an accuracy of at least 1 to 2 cm in the water vapor correction at any
time for vertical propagation through the atmosphere appears to be
achievable, and some experimental data on this question is now avail-
able.? This limitation may be worse for propagation at lower elevation
arigles, but it should be recognized that substantial benefits from averag-
ing can be obtained for many applications of the data. Water vapor tends
to lie mostly below 3 km in the atmosphere and to be rather patchy in dis-
tribution, so that averaging is probably more effective than for the dry
part of the atmosphere which affects optical observations. Also, to the
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extent that the water vapor distribution is horizontally stratified, it
can be takca out at least partially from the observations themselves.

A major advantage of the VLBI approach compared with laser range
techniques is the all-weather capability of the method, which means
that observations can be made a considerably larger fraction of the
time than with the laser techniques. A number of papers are now avail-
able which discuss geodynamics applications of VLBI.'0~18 1In addition
to accurate determinations of UT1l, polar motion, and plate tectonics
measurements with fixed stations, the desirability of using mobile VLBI
stations to measure crustal movements at a large number of points on
the Earth's surface has been emphasized.

LASER DISTANCE MEASUREMENTS TO ARTIFICIAL SATELLITES AND THE MOON

The beginnings of a new era in worldwide geodesy can be tied to the
introduction of satellite geodesy and, within the U.S., to the start of
the National Geodetic Satellite Program. This program, which is now
completed, 192" gycceeded in tying together many points throughout the
world with an accuracy of roughly 5 meters. The results were based
mainly on angular position measurements of artificial satellites
against the stars, although some Doppler measurements and laser dis-
tance data were included also.

It can be shown that optical or electromagnetic distance measurements
are much less affected by atmospheric refraction uncertainties than are
angle measurements. For this reason, laser distance measurements to
satellites offer great improvements in geodetic accuracy over photo-
graphic methods. However, in order to take advantage of the improved
measurement accuracy for determining a worldwide network of fundamental
reference points, it is necessary to increase the satellite altitude
greatly. This is required in order to stringently decrease the pertur-
bations on the orbit, so that observations from different ground sites
at different times can be tied together via accurate dynamical calcu-
lations of the orbit. Even if nearly simultaneous observations from a
number of ground stations are used in order to reduce dependence on the
orbit computations, a high altitude still is necessary in order to
permit mutual visability from widely separated sites.

The Laser Geodetic Satellite?® (LAGEOS), which is scheduled for launch
by NASA in 1976, is intended to fill the need for a stable, high alti-
tude retroreflector satellite. The currently planned orbit is nearly
circular, with an altitude of about 6000 km and an inclination of 70
degrees. The satellite i1s as dense as possible, subject to the launch
vehicle weight limitations and the surface area needed for the desired
number of retroreflectors. It is completely passive and highly sym=-
metrical, and the retroreflector arrangement is such that the geo-
metrical offset between the center of mass of the satellite and the
average optical reflection point 1is accurately known.
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Although a satellite like LAGEOS is needed in order to obtain very high
accuracy geodynamics results, a large amount of work based on laser
distance umeasurements to other artificial satellites already has been
reported.2536 When LAGEOS is avai.lable, the main limitations on
determining crustal movements and polar motion probably will be:

1) uncertainties in the orbit at the time of the measurements;

2) uncertainties in the atmospheric correction to the measured round-
trip laser travel time; and 3) systematic and statistical errors in the
travel time measurement. The second limitation has been considered by
several authors,37-39 and a correction procedure based on the assump-
tion of hydrostatic equilibrium seems very powerful., The water vapor
effect is about 100 times less than for microwave measurements, and
horizontal gradients in the atmospheric conditions are likely to con-
tribute less than 0.5 cm to the uncertainty. Deviations from hydro-
static equilibrium are small under almost all conditions when laser
measurements are likely to be made, and the overall atmospheric
correction error at elevation angles of down to 20 degrees thus is
likely to be 1 cm or less. The third limitation-travel time measure-
ment uncertainty - already is 10 cm or less even with laser pulse
lengths of several nanosec. It seems likely to be improved to 0.1
nanosec (i.e. 1.5 cm) or better when sub-nanosec pulse length lasers
are used. The timing accuracy referred to here is that of a '"normal
point" constructed from several minutes of data.

For the orbit uncertainty limitation, a simple numerical value is
difficult to obtain, Simulations of geodetic measurements using LAGEOS
are being carried out at the Smithsonian Astrophysical Observatory and
the Goddard Space Flight Center. Once we have improved our knowledge
concerning the lower harmonics of the Earth's gravitational field from
studies of LAGEOS orbit perturbations or from other satellites to a
sufficient extent, the main orbit perturbation which is likely to
cause trouble is that due to inaccuracy in modeling variations in the
Earth's albedo radiation pressure on the satellite. However, the
extent of the build-up in orbit uncertainty depends on the distribution
in location and time of range observations from all of the stations
participating in the program. Also, the effect of a certain amount of
orbit uncertainty will be less if the relative locations of several
stations within a limited geographical area are being determined rather
than station locations all over the Earth. In any case, with a
sufficient number of well-distributed high-accuracy ground statiomns,
the orbit uncertainty limitation is not e sectiéd to be substantially
worse than the other two limitations.

For laser range measurements to optical retrnrefl:ctors on the

moon, *0=%3 the atmospheric and timing limitations are quite similar to
those for ranging to artificial satellites., The orbit stability is
much higher, which is certainly an advantage. The librations of the
moon about its center of mass appear to be modelabla down to below the
usual systematic measurement error limits by fitting data from
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differential measurements to the different reflectors.

However, even if the lunar orbit and libration uncertainties are negli~
gible, and even if the only object were to determine crustal movements,
it would still be necessary to make frequent measurements from a number
of fixed stations in order to monitor variations in the Earth's rota-
tion and polar motion. Present information indicates that polar motion
fluctuations are slower than those in rotation.”? Thus how much less
monitoring from fixed stations is needed for lunar ranging than for
LAGEOS may depend on how large the power spectrum of fluctuations in
the Earth's rotation is at short periods, compared with the fluctua-
tions in the unmodelable orbit perturbations for LAGEOS,

The main disadvantage of lunar ranging for determining crustal motions,
compared with the artificial satellite method or VLBI, is connected
with the slow rate of declination change for the moon. Since the
period for declination change is 27 days, a mobile lunar ranging
station has to stay at one site for perhaps 3 weeks, allowing for
weather, in order to make measurements over the whole range of declina-
tions. Measurements at different declinations are necessary in order
to determine all 3 components of the station location accurately.
Assuming that the ultimate measurement accuracy of the other techniques
is high enough so that the same site coordinate accuracy can be deter-
mined in a shorter time, lunar ranging would be at a disadvantage in
terms of the number of sites covered per year per mobile station. On
the other hand, if fewer fixed stations are needed than for satellite
ranging, it is not clear how the trade-offs would work out. A related
disadvantage of lunar ranging is that one cannot obtain all 3 coordi-
nates of the site with good accuracy for station locations above 45 to
50 degrees in latitude. The range of declinations available with the
moon at elevation angles of 20 degrees or higher becomes too limited,
and the Z-axis coordinate accuracy is reduced.

GROUND MEASUREMENT TECHNIQUES

At present the main ground survey methods used in geodynamics studies
are accurate point-to-point distance measurements with modulated laser
beams (laser geodimeters) and classical leveling for vertical motionms.
The accuracy reported by the National Geodetic Survey for their high-
precision traverses, which cross the U.S. both north-south and east-
west at roughly 1000 km intervals to provide overall horizontal control,
is 1710~5, These traverses have been carried out with laser geodi-
meters, and the main accuracy limitation is from uncertainty in the
atmospheric correction to the measured distances. For a number of
baselines ranging up to 35 km in length in the western U.S,,

J. C, Savage and W. H. Prescott of the U.S. Geological Survey have
reported measurement precisions equal to the root-sum-square of
2x10"7 of the length and a 3 mm contribution independent of length.““
This is achieved by flying aircraft along the line of sight to measure
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the atmospheric characteristics. However, Savage and Prescott state:
"Even at this level of precision, determination of the strain accumu-
lation at sites along the San Andreas fault system will require annual
observation of many line lengths over a period of at least 5 years."
The need for increased ground measurement accuracy is also stated
strongly by the U,S. Geodynamics Committee.'>

Attempts to achieve higher accuracy by using two laser wavelengths,
one in the red and the other in the blue, have been made at several
laboratories. Microwave modulation is used in order to achieve the
highest possible accuracy in determining the red-blue path difference.
A correction proportional to the measured path difference is then
applied in order to remove the effect of the atmosphere. Work at NOAA
with this type of device has been repoz't:ed,“"""9 and more extensive
measurements have been obtained with an improved instrument developed
by Huggett and Slater at the Applied Physics Laboratory, University of
Washington.’°’51’73 Work is alco under way at the National Physical
Laboratory in England. The mearurements by Huggett and Slater current-
ly are over fixed baselines of up to 10 km near Seattle, and a micro-
wave distance system has been added in order to correct for water
vapor. The present measurements use retroreflectors at the far end of
the path, so that the light beams have to travel both ways over the
path. If improved signal-to-noise ratios are needed in order to
achieve the geodynamically desirable goal of 1x10~7 or better accuracy
over paths of roughly 30 km length, an approach in which only one-way
laser propagation is used may be needed. This would correspond to
having the microwave modulator and demodulator at opposite ends of the
path, with synchronization provided by a round-trip microwave 1ink,52

It would be very desirable if gravity measurements could be used in
place of leveling as a monitoring technique for vertical motions. This
is because the cost per km of leveling is high. It now appears that
relative gravity measurements with accuracies of 3 microgal or better
are achievable with existing instrumentation.53 This means that the
sensitivity is sufficient to detect relative vertical motione of
roughly a cm 1f other processes are not going on. Such vertical
motions are expected in seismic zones from the theory of dilatency.

In addition, in connection with the interiors of tectonic plates, the
U.S. Geodynamics Committee refers to evidence for widespread vertical
motions at rates as high as a cm per year, and states:°* "The rates of
vertical motion determined by leveling surveys are so high that such
motions cannot continue for very long intervals of time. Perhaps
oscillatory or episodic movements occur.'" Improved methods for look-
ing at such motions, both locally and regionally, certainly are de-
sirable.

The main limitation in interpreting gravity changes probably will come

from complicating mass motions which can occur. Horizontal motions of
material within the aesthenosphere can occur over long periods of time,
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while changes in the local water table can offset gravity on a short
time scale. Thus, the interpretation is not unique. However, stable
gravity measurements still give evidence against vertical motion,

and leveling or other techniques then can concentrate on making
measurements where gravity is changing.

There also is a need for portable absolute gravimeters with roughly 3
microgal accuracy. They are necessary both to detect regional gravity
variations over large areas and to provide scale calibrations for rela-~
tive gravimeters. A portable absolute gravimeter with roughly 50
microgal accuracy was developed by Hammond and Faller, and measurements
were made with it at 8 sites in North America, Europe, and South
America. “5:%8 A fixed-station gravimeter of accuracy approaching one
microgal has been described by Sakuma,>7s58 go that accurate checks on
port:i:ie instruments can be made. Recently joint French-Italian efforts
have resulted in a portable absolute gravimeter with 20 microgal
accuracy.’? Further improvements to achieve the desired accuracy of
about 3 microgal appear to be feasible. In regions of long term eleva-
tion changes, it clearly is important to understand how gravity is
changing also in order to determine what is going on.

GEODYNAMIC APPLICATIONS OF THE NEW TECHNIQUES

In high accuracy geodynamics studies, one of the problems will be how to
separate polar motion and earth rotation variations from motions of the
observing stations. The general question of coordinate systems for
geodynamics was discussed at IAU Colloquium No. 26 in Torun, Poland.

A general view expressed was that there is a strong need for a world-
wide geophysical coordinate system which approximates the motion of the
solid part of the Earth as well as possible. 0" 6% The rotation and
tipping of this frame against an external reference frame, such as the
planetary-plus-lunar dynamical frame®5 66 or the extra-galactic
frame, 5 would determine what we mean by UT1, polar motion, and nuta-
tion. General agreement seems to be developing that the geophysical
system should be defined in terms of a large number of points through-
out the world for which geocentric coordinates are assigned, as well as
assigned linear drift rates for the points based on the best available
geodynamic models. It has been suggested that updating of the models
used would be needed at appropriate intervals of perhaps several years,
as our understanding of crustal movements improves.63

With at least 3 of the new techniques, it appears feasible to determine
the locations of points over most of the Earth's surface with an
accuracy of 5 cm or better. Progress in this direction already is very
impressive. For example, a satellite ranging experiment in 1971 using
long laser pulse lengths gave agreement for two stations 25m apart to
about 4 cm in each coordinate. A 1972 experiment with similar appar-
atus on a 900 km baseline across the San Andreas fault in California
gave a scatter of 30 cm in the baseline length measurements, with much
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of this presumably due to uncertainties in the satellite orbit. With
sub-nanosecond pulse length lasers and much better knowledge of satel-
lite orbits in the future, the same baseline is expected to be recover-
able in different years with an accuracy of 1.5 cm.36 Satellite laser
ranging systems with 10 cm or better accuracy and 6 or 7 cm rms
single-pulse jitter already are available, and the scatter obtained on
a transcontinental baseline even with existing satellites seems encour-
aging.®” For lunar ranging, studies indicate an expected accuracy of

3 cm or better in each coordinate for determining the location of a
mobile station in most parts of the world."“2»68 However, baseline
measurements must await the availability of data from a second station
besides McDonald.

For VLBI, a one meter scatter in baseline length was observed over a
845 km baseline from Haystack to Greenbank with data from as early as
1969.10 For a 16 km baseline in California, a 5 cm or less scatter in
each coordinate was obtained for 3 runs made in 1972,!° Measurements
on the 3,900 km Haystack-Goldstone baseline gave an rms variation of
less than 20 cm for the baseline length frr 9 separate experiments
carried out in 1972 and 1973.13 For very short baselines, a recent
comparison with survey results for a 300 m baseline between a portable
9 m antenna and a fixed antenna in California has given agreement in
each coordinate to within the + 3 cm measurement uncertainty.l® An
even more recent result for the 1.2 km Haystack-Westford baseline
length gives an 0.6 cm rms scatter for 5 measurements made over a 3
month period, and an agreement with survey results to 0,5 cm.®? It is
impressive that all of these results have been obtained even without
the use of dual frequency capability and of water vapor radiometers,
which will be added to the existing systems soon.

The major contributor to polar motion determinations so far among the
new techniques is the Doppler satellite network. Normal variations in
the polar position are determined regularly every 2 days with an
accuracy which is believed to be about 30 cm in each coordinate.“ The
results are now being incorporated along with data from the classical
techniques in the BIH adjustments, Laser range measurements to satel-
lites have been used to determine polar motion to roughly one meter
accuracy,2723193% yhile VLBI measurements have given comparable accur-
acy for polar motion and for UT1,!3

Recently lunar ranging data has been used to obtain preliminary
individual-day checks on the BIH values of UTO (a combination of UT1
and one component of polar motion) for the McDonald Observatory on 153
days.“3 The median accuracy of 22 cm which was achieved is encourag-
ing, but it should be remembered that the fraction of days on which
sufficient data was available from the single station is fairly small.
A network of 6 fixed lunar ranging stations is expected to be in oper-
ation by late 1976, and hopefully data from a similar VLBI network also
will be available by then. Additional high-accuracy information on
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polar motion and on short period fluctuations in the Earth's rotation
rate are expected from satellite range measurements soon after LAGEOS
is launched. However, the continuation of classical observations for a
decade longer is needed in order to complete a careful comparison of
the methods.

With the achievement of 5 cm or better accuracy on a worldwide basis
highly probable, it is clear that a new era in geodynamic/geodetic
measurement accuracy is approaching. The initial goal will be to
measure the positions of hundreds of control points throughout the

world with as high accuracy as possible. From our present vantage point
it is difficult to tell just how low the costs of using the extra-
terrestrial methods can be made, but it seems clear that the separa-
tions between the fundamental geodynamic/geodetic control points should
be 300 km or less in most areas. The frequency with which points should
be redetermined will depend on the local conditions, but will be chosen
so that the probability of deviations from linear motion between
measurements bv more than the measurement accuracy is small, Improved
ground techniques also will be used to keep track of more local motions
within geodynamically interesting areas such as seismic zones or

regions of unusual vertical motions. When unexpected motions or gravity
changes are detected in a particular area, both the extra-terrestrial
methods and improved ground techniques can be used on a fast-response
basis to find out what is going on.

It should be emphasized that a combination of the new techniques may be
more efficient for rapid establishment of the desired worldwide geo-
dynamic/geodetic control network than any one of the techniques alone.”?
For example, one can think of first using one technique to establish
and maintain 3 to 6 fundamental reference points on each major plate,
and then using another technique to establish the much larger additional
aumber of reference points within a given plate which are needed. For
the first part of the jcb, the most important factor would be accuracy
and reliability over long distances. An independent check by using at
least 2 of the methods would be desirable for this phase of the work.
For the second phase, a regional approach in which most of the effort
is concentrated on a particular continent or area for a certain period
of time seems desirable. For example, putting perhaps 6 mobile satel-
lite ranging stations in one area, with some of them at the pre-deter-
mined fundamental points, would give minimum dependence of the results
on uncertainties in the satellite orbit. Although simultaneous &4-
station measurements would not be required, the intensive tracking over
a limited region would give excellent knowledge of the orbit in that
region. In this way, the desirable features of two or more techniques
could be utilized in a complementary way.

During the 1974 International Symposium on Recent Crustal Movements,

the following resolution was sponsored jointly by the Inter-Union Com-
mission on Geodynamics and the Commission on Recent Crustal Movements,
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and was adopted:’! "Instrumented systems capable of precise geodetic
measurements such as Geodetic Satellites, Lunar Ranging, and VLBI are
of the greatest value to the study of recent crustal movements and
geodynamics. The Commission on Recent Crustal Movements and the Inter-
union Commission on Geodynamics together strongly recommend that
earnest attention be given to the further development of these systems
so that such basic questions as the instability of the earth and the
causes of movements can be investigated. The Commission on Recent
Crustal Movements and the Interunion Commission on Geodynamics particu-
larly emphasize that not only is doing the measurements important, but
it is also important that the measurements be made in the optimum
places in the light of geodynamics." Essentially all of the new tech-
niques make heavy use of Precise Time and Time Interval measurements to
achieve their high accuracies. Whether the need is for the highest
possible stability in frequency standards suitable for use in rapidly
moving mobile VLBI stations, or for relatively cheap and reliable laser
frequency standards with 1x10~% accuracy for use in portable absolute
gravimeters, the needs from geodynamics for continued improvements in
PTTI techniqu~- are likely to be strong.
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QUESTION AND ANSWER PERIOD
MR. KEATING:
Mr. Keating, Naval Observatory.

I heard a lot about accuracy here, one centimeter, five centimeters, Yet, I
heard nothing about the systematic errors you might have. In particular, the
velocity of light.

Recently, I ran across two radio astronomers. One was using a velocity of
light which was recently obtained by the NBS, and the other one was using an-
other one which was almost one kilometer different from the recent NBS value.
I don't quite understand how one can speak of accuracyunder such circumstances,
Really, you mean differential precision, don't you?

DR. BENDER:

No, I don't. In talking about accuracy for distance measurements, one has to
specify what the standard is for the meter, for the length. Actually, the Inter-
national Astronomical Union a year ago recommended that in all astronomical
measurements of very high precision, a particular new value that had been
recommended for such use by the consultative committee on the definition of the
meter be used so that there would be no problem whatsoever in the comparisons
of results obtained by different investigators because of the uncertainty in the
speed of light.

It is also recommended that when a new definition of the meter is adopted, which
hopefully will be within a few years, this value of the speed of light will be re-
tained exactly.

Now, what this amounts tois a refinement of the definition of the meter so that it
agrees within the precisionwith whichthe krypton meter can be realized with the
old definition. However, it is in effect an auxiliary way of realizing the unit to
better accuracy than the roughly 4 in 10 that the krypton lamp is capable of

giving.

So I think until recently, there may have been such problems, but I believe thes:
new measurements of the speed of light and the recommendations by the CCDM
and the IAU really will remove this problem. It really is not a basic problem
anyway except one of confusion because it is really the changes in distance in
which everyone is interested. The present measurements are good to 4 in 10°
for the speed of light. I don't know of any measurement where one wants to use
distance measurements with higher accuracy than that other than just in a rela-
tive sense,
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So I think there are really two answers. One is there is now a better speed of
light which is likely to survive. And the second is the measurements are
basically relative anyway.

DR. REDER:
Reder, Fort Monmouth.

If the measurements are relative, I don't understand why you said when you
showed the slide showing the Goldstone and Haystack results with the transmitter
on the moon and you mentioned that some of the deviations may have been due to
a modulation of the transmitter, why would that come in?

DR. BENDER:

I am sorry. Let me say I didn't mean that the geodetic measurements point to
point on the earth's surface were relative. I only meant, for example, that if
you are looking at the distance to the moon or to a satellite where the basic
quantity is the length to the moon, it is really differences in that distance to the
moon which come into determining the distances between stations on the earth's
surface, The same is true for the satellite geodesy.

So that it is only relative in the sense that until we get the 4 in 10° for the ac-
curacy of baseline determinations on the earth we wouldn't have to worry even
if we didn't know what the speed of light was, even if we didn't have a better
definition of the meter.

DR. REDER:

How does the modulation of the transmitter come in that?

DR. BENDER:

It is nothing fundamental at all; it is just a noise source that is present in the
data that makes it look more noisy than it really is.
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A REVIEW OF PRECISION OSCILLATORS

Helmut Hellwig
National Bureau of Standards

ABSTRACT

Precision oscillators used in PTTI applications
include quartz crystal, rubidium gas cell, cesium
beam, and hydrogen maser oscillators. A general
characterization and comparison of these devices
is given including accuracy, stability, environ-
mental sensitivity, size, weight, power consump-
tion, availability and cost. Areas of special
concern in practical applications are identified
and a projection of future performance specifica-
tions is given. An attempt is made to predict
physical and performance characteristics of new
designs potentially available in the near future.

INTRODUCTION

Very recently, the author published a survey of atomic fre-
quency standards [(1,2]). This survey covered in an exhaust-
ive way the presently available atomic standards, the manu-
facturers of these standards, as well as laboratories which
are active in this field. The survey also included all
known and published principles which are leading or may
lead to new or improved frequency standards in the future.
The reader is encouraged to study this and other recent
surveys ([3-8]. This paper does not duplicate these publi-
shed results but rather expands them to include precision
oscillators other than atomic oscillators and quantitative
data on operational parameters such as warmup, retrace and
several environmental effects. Also, this paper attempts
to predict the performance of some new concepts which have
been developed and which appear to pose no technical diffi-
culties in their realization as frequency standards avail-
able in the near future. For these concepts stability,
operational, and environmental parameters are predicted.
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In this paper we will refrain from any discussion of new
concepts or principles which, though promising, cannot yet
be envisioned as being available in the near future. The
following illustrates this important constraint: Saturated
absorption stabilized lasers are omitted because their use
as frequency standards or clocks is not possible at the pre-
sent time because of the unavailability of a practical fre-
quency synthesis chain in the infrared* which would allow
the generation of precise standard frequencies and time sig-
nals from these standards which otherwise have documented
competitive stability, and an interesting accuracy potential
[10-13].

AVAILABLE STANDARDS

Figure 1 is adapted from Ref. 1 and 2. It includes crystal
and superconducting cavity oscillators and various types of
laboratory and commercial atomic frequency standards.

Figure 1 shows that for short sampling times quartz crystal

oscillators and superconducting cavity oscillators or rubidium

masers are the oscillators of choice. For medium-term
stability, the hydrogen maser and superconducting cavity
oscillator are superior tc any other standard which is
available today. For very long-term stability or clock
performance, cesium standards are presently the devices of
choice. Rubidium standards are not superior in any region
of averaging times, however, as shown in Table 1, they excel
in the combination of good performance, cost and size.

It should be noted that in Fig. 1 the best available stab-
ilities are listed for each class of standards regardless of
other characterization of the devices. In contrast, Table 1
(and the following tables) combine stability data with
operational data and other device characteristics. For each
listed device in Table 1 the data may be viewed as being
compatible, i.e., realizable in the very same device.
Frequently, one finds in publications or other reference
material that best performances are combined to create a
super-device which is not actually available.

* The present realization is still too complex and lacks
precision [9]; however, this important problem is being
studied at various laboratories, and significant techni-
cal breakthroughs may be expected in the future.
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Table 1 and Fig. 1 illustrate that the choice of atomic
frequency standards should be a matter of very careful con-
sideration and weighing of the trade-offs and actual re-
quirements. For any system application of precision oscil-
lators, it is important to first determine the actually
needed stability performance of the devices; secondly, to
consider the environmental conditions under which the stand-
ard has to perform; and thirdly, the size, weight, cost and
turn-on characteristics of the standard. Occasionally a
system designer will find that a standard with all the
characteristics needed does not exist yet on the market. 1In
this case, the designer has two alternatives: either to
adjust his system parameters to accommodate one of the
available standards or to choose a combination of these
standards to fulfill his need. The latter is an important
aspect; for example, we assume that a system requires very
good long-term stability and clock performance but at the
same time high spectral purity, i.e., very good short-term
stability. 1In addition, no cost, weight or size constraints
are imposed. An optimum combination for this case could be
a crystal oscillator paired with a cesium beam frequency
standard. The systems concept ac A solution to a design
problem is a very powerful tool, and it can pbe realized
technically at no sacrifice to the performance of the indiv-

idual components of the system. The only actual restrictions

may be physical size and cost. It should be noted here that
many time scale generating systems are ba:ed on clock en-
sembles which feature not only several clocks of the same
type but a combination of clocks of different design. For
example, at the National Bureau of Standards we routinely
use a combination of crystal oscillators and cesium stand-
ards when testing precision oscillators.

POTENTIALLY AVAILABLE STANDARDS

As was outlined in the Introduction, we list here only those
devices and concepts which appear to be easily realizable
within today's technology. A great many of highly promising
and interesting concepts have been cmitted at this time
because they are too far removed from practical realizations
or even practicality.

First, we assess existing standards (Table 1) and their
future development capability (Table 2). 1In particular, we
note that we expect stability improvements of about 1 order
of magnitude in all four devices: crystal oscillators,
hydrogen masers, cesium beam tubes, and rubidium standards.
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In the case of crystals, this is due to better understanding
and control of the noise behavior [ 14,15]. 1In the case of
hydrogen, we expect an even better control of the cavity
pulling effects which transduce temperature, pressure and
vibrational effects into frequency fluctuations. A better
understanding and control of the aging of rubidium cells due
to improved control of the lamp intensity, as well as the
gas composition in the cell appears possible. In cesium, an
understanding of the flicker noise performance is expected
as well as improved signal levels. Flicker noise effects
may be due to cavity temperature gradients, microwave inter-
rogation power fluctuations, magnetic field variations etc.,
all of which can be controlled to higher precision [1,2,16].

Table 3 lists five new concepts of devices. The cesium gas
cell device is very much like the rubidium gas cell device
except that cesium is used which necessitates a different
lamp filter arrangement [17,18]. There is the potential
that some aging effects may be better controllable with a
cesium device because its different filter permits better
control and higher symmetry of the optical spectrum.
However, aside from this, the cesium gas cell device is
expected to have characteristics similar to the projected
performance of rubidium gas cell devices.

The dual-crystal concept is depicted in Fig. 2. The device
consists of a crystal oscillator which is locked to a crys-
tal resonator with a reasonably long time constant. The
lock between the crystal oscillator and the passive crystal
resonator can be envisioned as being rather simple using the
dispersion lock technique studied in its basic feasibility
with the hydrogen maser [19,20]. The advantage of a com-
bination of a passive crystal with an active crystal oscil-
lator lies in the realization of exceedingly high short-term
stability in the oscillator, while the crystal resonator can
be specifically designed for excellent long-term stability.
In crystal oscillators short-term and long-term stability
have been opposing goals, because high short-term stability
typically requires rather high driving levels whereas
excellent long-term stability requires low drive levels at
the crystal resonator. A combination using two crystals
could optimize on both in the same package.
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The passive hydrogen device has been studied in detail and
has demonstrated feasibility [19,20]). Its advantages rely
to a high degree on the significant reduction of cavity
pulling. As was mentioned already, cavity pulling serves as
the transducer for temperature fluct ations, pressure fluc-
tuations, mechanical stress fluctuations, etc., into fre-
quency fluctuations. The passive device allows cavity Q's
of 100 times or more below that of an oscillator and thus
leads to a corresponding reduction in the cavity pulling
effect. An increased environmental insensitivity coupled
with a simplified design and excellent long-term stability
without very high demands on the temperature stability can
be realized. Figure 3 shows a block diagram of such a de-
vice. The hydrogen resonance is interrogated by a signal
derived from a crystal oscillator. The signal is used to
lock the crystal oscillator to the hydrogen resonance. In
Fig. 3, dispersion locking is depicted which could simplify
the overall system. A low cavity Q can be realized by using
a lossy cavity but it appears advantageous to realize the
low Q by using a very high cavity Q with a well defined
mode, and lowering the Q electronically with negative feed-
back. This concept is shown in Fig. 3. 1In order to dis-
criminate against long-term phase shifts in the electronics,
an amplitude modulation of the hydrogen signal may be added.
As shown in Fig. 3, this could be a hydrogen beam modula-
tion.

Figure 4 shows the concept of a small and inexpensive atomic
frequency standard. Traditionally, atomic frequency stand-
ards have been devised, designed, and built in order to
achieve performances impossible to reach with crystal oscil-
lators. 1In other words, the atomic resonance was used in
the past to achieve excellence in performance. Thus, the
selection of the atomic resonance as well as the whole
design concept was directed towards achieving the utmost in
stability and accuracy. A different design philosophy,
however, appears possible. The weaknesses of a crystal
oscillator are certainly not its size, weight, or power.
They are the fact that crystals do not have a precise fre-
quency without calibration,and that the crystal shows
environmental sensitivity, in particular, with regard to
temperature and acceleration (constant load, vibration,
shock, etc.). If the atomic resonance is viewed only as a
means to reduce or eliminate these negative performance
characteristics of a crystal oscillator we are not neces-
sarily constrained to resonances which lead to utmost stability
and accuracy performance but others may be considered that
lead to simpler designs. We therefore propose that a simple
atomic standard could be built based on the well known



inversion transition in ammonia*. Ammonia will not_permit
the design of a standard exceeding signicantly a 10 !?
performance level in stability, accuracy, and environmental
insensitivity, however, up to the 10 level a rather

simple design concept should be realizable. Such an ammonia
standard is depicted in Fig. 4 and its projected performance
is depicted in Table 3. Again one could use the simple
dispersion lock concept to control the frequency of the
oscillator. The oscillator has not necessarily to be a
crystal oscillator. If the standard is to operate under
severe acceleration ani vibration, the sensitivity of a
crystal against these influences may cause loss of lock to
the atomic resonance. Therefore, it may be advantageous to
use other oscillator concepts such as a conventional LC or a
Gunn effect oscillator. The device will have a performance
which is in certain ways inferior to that of laboratory type
crystal oscillators but it is projected that a combination
of low cost, size and environmental insensitivity can be
obtained which is not presently available with any other
design solution.

Finally, in Fig. 5, we depict the superconducting cavity
oscillator. This oscillator concept has been recently de-
veloped and studied, and it has demonstrated stability per-
formance which exceeds that of any other_known oscillator
[23,24])]. In fact, stabilities in the 10 16 region have been
realized at averaging times of hundreds of seconds [25].

The superconducting cavity oscillator appears adaptable to
commercial design and would be the best oscillator for med-
ium-term stabilities (averaging times of 10 to 1000 s). It
could therefore be of interest to users such as those en-
gaged in very long baseline interferometry. It appears,
however, unlikely that the superconducting cavity oscillator
can become a very small and rugged device and it is equally
unlikely that its environmental sensitivity can be reduced
significantly from those values projected in Table 3.

* The ammonia molecule has served in the first "atomic clock"
device [21] as well as in the ammonia maser [22] which
opened up the modern field of quantum electronics. Ammc
nia was discarded for clock applications because 25 yea:s
ago it was technologically cumbersome to reach K-band
and because ammonia is inferior with regard to the
realization of superior accuracy and stabilities.

64



So far, we have only discussed stabilities for averaging
times of 1 s or longer. Stabilities in the millisecond
region correspond to very high spectral purity. This spec-
tral purity is especially needed in the generation of fre-
quencies in the infrared and visible radiation region from
microwave sources. The two oscillators which play a crucial
role in this regard are superconducting cavity oscillators
and crystal oscillators. Studies of both of these devices
have shown that significant improvement in the millisecond
stability region should be possible which, in turn, should
allow multiplication of these signals into the infrared
region without the need for intermediate oscillators. Such
oscillators (lasers) presently serve as spectral filters in
the infrared synthesis work and speed of light measurements

[93.

It has been projected that linewidths of less than about 100
Hz in the near infrared region should be possible without
intermediate oscillators using either improved crystal
oscillators or superconducting cavity oscillators, or using
today's crystal oscillator paired with today's superconduct-
ing cavity as a filter at X~band [26]. Such linewidths
would be totally adequate to do high precision metrology,
since 100 Hz in the near infrared region represents parts in

RN

Thus the realization of a unified standard for length and
time [27,28] and a control of frequencies in the infrared
and visible region is crucially tied to the availability of
new oscillators.
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Tables 1-3

The listed data are average values for the respective types
of standards taken from publications, reports and manu-
facturers specifications. There may be significant devia-
tions towards better or worse data for certain models under
certain operating conditions. The listed data for one type
have generally been realized in at least one existing de-
vice. Therefore, some stability data are not as good as
those of Fig. 1 which refer to the best achieved values
(regardless of operational, physical, or environmental
characteristics). The following is an explanation of

the terms used in the second half of the Tables(the terms
in the first part of the Tables are self-explanatory):
Warmup is the time required to reach a frequency within

10-9 of the "final" frequency (i.e., after several days).
In atomic standards it is practically equivalent to the
time required for reaching a locked condition. Retrace

is the ability of the device to reproduce - after a com-
plete turn-off (long enough to return to shelf storage
temperature) - the frequency before the power interruption.
Temperature and acceleration sensitivities are self-ex-
planatory, however, 1t must be noted that crystals are
inherently sensitive to these effects due to the fact that
the crystal resonator itself changes frequency under these
environmental loads, whereas atoms are inherently unaffected.
However, the proper design of temperature control can
reduce these effects significantly. Acceleration refers
quantitatively to constant g-loads; however, the values
indicate qualitatively the related sensitivities to vi-
bration and shock. Barometric effects are transduced

into frequency variations via design features, and thus
are reducible by improved design. Magnetic effects are
acting directly on the atoms changing their frequency,

but - as in the case of temperature for crystals - this
effect can be reduced almost arbitrarily by shielding
(though affecting cost and size) for all atomic standards.
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AVAILABLE TODAY

STABILITY
COST ,SIZE |WEIGHT |POWER| 1Is FLOOR DRIFT
(K$) () (1b) (W) (per day)
X-tal 0.7 ’ y -
_, 1 1 3 107 10” 10°
Rb(gas 3.5 ) 2 15 10~ " 10- 10-"
cell) :
-8
Cs (tube) | 15 20 40 30 10" " 107" 10° "
H (maser)| 100 100 90 20 107" 10”" 107"
WARM-UP ENVIRONMENT
TIME RETRACE TEMP ACCL. BAROM. MAG.
= |2
for 10 (per °C) (pel' g) (per mbar) FIELD
(per G)
X-tal lh 1" 19-" 1w-* - —
Rb (gas | 10 min. 10-" 1p~n 107" 1o~ " 107"
cell) (est. )
Cs (tube) | 30 min, 19" 1o-" 10°" 10- 10-®
H (maser)| 1 min, 10°" -t 10-% 10- " 10" Y
( est.)
TABLE 1 Available devices
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POTENTIALLY AVAILABLE

for the near future.

7

STABILITY
COST SIZE WEIGHT | POWER 1s FLOOR DRIFT
(K$) (%) (1b) (W) fper day)
X-tal 0.7 0.5 0.5 2 107" 10-% 10°"
3
Rb (gas e o -
cell) g 1 2 10 10 10 10
Cs (tube) 10 10 20 20 107" 107 10-1s
H (maser) ¢0 100 90 20 10-" 10718 10°1°
WARM-UP ENVIRONMENT
| Mag
| TIME |RETRACE| TEMP ACCL | BAROM FIETS
- i

J (for 10~ (per °C) (per g) |(per mbar) (per G)

I

|
x-tal i l [ r, 10- 10- 1 lo_g - _ -
Rb (gas . - = - o
Zeil) 10 tnin 10 107" 107" 107" 177
Cs (tube) 15 min 10° 10° 16" 1= 107"
H (mascr) I min | 107 107" 10°" 10=H 10"

TABLE 2 Potential of presently available devices




POTENTIALLY AVAILABLE

|
I

STABILITY

i

realizable in the near future.

2

COST SIZE | WEIGHT! POWER ls F1.C OR DRIFT
(K$) (£) (Ib) (W) (per day)
———— S| |
et 1 ] 1 2 107 10°"" 10
X-tal =2 “
T e —
Cs (ras oy 2 3 10 10 107" 10°
(cell)
— — _Jr____—.
H. 50 60 70 15 107 10- 1 10
(passive)
— r— e o . - —— ———— |
Utility , , ) )
atornic 1 -2 ] 2 2 10 10 10
standard
= N _
SCC-0Osc. 20 100 100 100 107" 10”4 10
TABLE 3a Potential of new design concepts judged



POTENTIALLY AVAILABLE

WARM-UP ENVIRONMENT
| TiME , |RETRACH TEMP | ACCL. | BAROM. DA
(for 107 7) (per 'C) | (per g) ((per mbar) FIELD
— (per G
Dital 10 min 10” 10-"" T .. ..
X-tal
Cs (gas . ‘ . -t i i
cell 10 min 10 10 10 10 10
___J}_
H . . ! o . .
. 1 min 10- 10 10 10 10
(passive) '
|
— — - = !
Utility | _ N
atomic s 10~ 107" 10° 10"} 10
standard
— —— —— - -  -— —
SCC-0Osc ih 1° (107 ) 1" (10" - -

. g -1
assuming that the device stays at superconducting temperatures. otherwise 10

TABLE 3b Potential of new design concepts judged

realizable in the near future.
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FIG. 3

Passive hydrogen concept.

The crystal oscillator

is locked to the hydrogen resonance using the
phase sensitive dispersion lock technique. The
cavity-Q is lowered using negative electronic

feedback.
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to a resonance in ammonia
sensitive dispersion lock techniqge.

The oscillator is locked
(K-band) using the phase
‘The oscillator

may not necessarily be a crystal oscillator but a
Gunn effect oscillator or other conventional source.
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using conventional lock loop technicues (23,24]).
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QUESTION AND ANSWER PERIOD

DR. REDER:

I wonder why Dr. Winkler doesn't have a question on the inclusion of different
standards in the general time scale,

DR. WINKLER:

I agree. I think that wouia be very desirable. But I have indeed a question or
a comment regarding your slide No. 2.

There is a comment that region III really is not a drfit region, but a random
walk frequency modulation. That is physically something completely different
from a drift.

DR. HELLWIG:

If I remember what I said, I said that this is a deterioration of stability with in-
creasing averaging times which may contain a drift or aging.

DR. WINKLER:

Yes. Well, the drift variations come with a true slope of plus one whereas you
have indicated here a slope of plus one-half which would be a random walk fre-
quency modulation, something quite reasonable to assume or even to see when
you talk about atomic standards where you have some random variations, They
occur presumably with a Poisson frequency, Poisson distribution. And for a
lifetime, they will cause drifting away of frequency, but not necessarily in a
continuous, monotonous way.

And I think it is important for us to realize that.

Another thing, of course, is I believe to understand what you have said concern-
ing the combination of two standards or two frequency generators is really
capable of widest generalization. That is, if you need very high, long-term
stability. yuu must have a passive resonator. And if you must have very high
or extreme short-term stability, you must have an active resonator, whatever
it is. A passive one could be a crystal resonator, but also a cesium beam
standard. And the active one could be a hydrogen maser or a crystal designed
for very high short-term stability.

Indeed, I am quite certain that you are right that these approaches should be
more pursued, particularly the combination of phase-locked filter to cesium
standard, I think, which is closest to the practicability.
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DR. HELLWIG:

Yes, I fully agree with all your comments. And just to defend myself once more,
the fact that this slope is one-half indicates that I had the same opinion as you.
But it makes it very difficult to give data for this region. And that is why I
omitted them in my next slide.

DR. KARTASCHOFF:

Peter Kartaschoff, Swiss Post Office, Telecommunications Research Division.

For the user, data on
—Reliability
—Expected lifetime

of the various frequency standards would be very valuable and should be collected
and made known.

DR. HELLWIG:

I fully agree; however, (a) not enough data are available readily to make general
statements, and (b) the data on reliability would necessarily be tied to specific
models of specific manufacturers. It does not behoove NBS to publicly state such
data which would imply a relative quality rating of different commercial units.
A general statement on lifetime can be made: The crystal or atomic resonators
do not principally limit the design lifetime because better or different engineer-
ing can always lead to improvements. However, in the case of cesium and hy-
drogen devices, there is the basic mechanisim of exhaustion of the atom source
and of the vacuum pump capacity.

LT. PARKIN:
Larry E. Parkin, U.,S. Coast Guard.

If the quartz crystal within the cesium standard can be improved such that its
output (stability) is 103 , will the long term stability of the cesium standard be

significantly increased?
DR, HELLWIG:

No; the short-term stability may increase up to the crystal performance. How-
ever, a longer servo-attack-time is to be used which may affect the environ-

mental sensitivity.
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MR. LIEBERMAN:
Ted Lieberman, NAVE LEX.

I was wondering about your warm-up times on your slides, first in the present-
day cesium, rubidium and crystal. You talked about 30 minutes for cesium and
15 minutes for crystal, Isn't it essentially how long it takes to lock?

I think the cesium, rubidium come on much less time and in the future, will it
be dependent on how soon you could lock or are you talking about different design?

DR. HELLWIG:

No. I think I did not project any change in cesium or rubidium for the future,
any significant change, because, as you correctly said, this is the time required
to produce your atomic resonance. You have to produce rubidium gas and
cesium gas in a sense. And this first requires a time to warm up a device, an
oven,

So there is fundamentally a problem in speeding that up. You could speed it up,
of course, if you increase your initial power substantially.

MR. LIEBERMAN:

What we are talking about is five minutes or six minutes, not fifteen minutes or
thirty minutes,

DR. HELLWIG:

What I quoted is the time to reach a certain performance. And some devices will
reach lock within five—well, five is a little fast—7, 10 minutes. What I tried
here again is not to describe particular devices, but sort of an average. And all
the numbers I gave, stability of these numbers, give them the benefit of a good
variance, really.

MR. TURLINGTON:

Tom Turlington, Westinghouse Electric.

Why do you think your proposed dual crystal oscillator will warm up about six
times more rapidly than single crystal oscillator?
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DR. HELLWIG:

Because a good long-term stability and low aging requires a careful oven design
which makes a rapid warm-up difficult, In single crystal oscillators, usually
the long-term performance is important. Thus rapid warm-up is usually not
found in so-called precision oscillators. Good short-term stability requires
only a rather simple temperature control; thus, rapid warm-up is possible.
Therefore, in a dual crystal where the tasks of good short-term and good long-
term performance are assigned to different crystals, rapid warm-up is possible
without sacrifice in long-term stability, i.e., stability for one-day and longer.
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TIME MEASUREMENT TECHNIQUES

J. F. Barnaba
USAF, Aerospace Guidance and Metrology Center

ABSTRACT

This paper will describe the common time meesurements as used by the
US Air Force Measurements and Standards Laboratory, Aerospace Guidance
and Metrology Center (AGMC), Newark Air Force Station, Ohio.

The need for time measurements at several user levels will be
discussed. These include comparisons between USNO and AGMC, time
measurements in the leb at AGMC, comparisons between AGMC and Air
Force precise time activities, and measurements at the activities
themselves.

The emphasis will be on electronic counter time interval measurements
since this is the most common time comparison measurement in use. The
proper use and setting of controls will be covered along with helpful
hints and common mistakes to be avoided.

Applications of time measurements will be described. Some of thece
are timekeeping via Loran-C, TV Line-10, and WWV. Frequency deter-
mination using periodic time readings will also be discussed.

This paper will be on a level that can be understood by individuals
not previously involved in active day-to-day PTTI measurements. In
fact, the purpose of this paper is to acquaint non-PTTI oriented
individuals with the intricacies of precise time measurements and to
stimilate discussion among others present whose methods may vary
from those expressed by the author.

83 Preceding page blank



INTRODUCTION

As you may or may not be aware of, time can be measured more precisely
than any other busic unit of measurement.

Many precise time measwements are used by the US Air Force

Measurements and Standarcls Laboratory at the Aerospace Cuidance and
Metrology Center (AGL), Newark Air Force Station, Ohio. Precise time
measurements are also accomplished at various other Air Force activities.
This paper describes the techniques normally used by Air Force
Laboratories and activitiec to satisfy precise time measurement
requirements.

TIME INTERVAL MEASUREMENTS

The most common precise time measurement is the time interval
measurement. In many cases, this measurement is called a delay
measurement. An oscilloscope is occasionally used to make time interval
measurements but more frequently, a time interval counter is utilized.

A time interval reading represents the amount of time that has elapsed
between two chosen events. An example of a larger time interval would
be the elapsed time between seeing a lightning flash and hearing the
thunder. An example of a short time interval would be the time reaquired
for the electron beam in a TV picture tube to travel from the gun in the
neck to the phosphors on the screen. Naturally, when using a time
interval counter, or even an oscilloscope, these events must be defined
electrically.

CLOCK COMPARISON

A frequent application of time interval measurement is the comparison
or time synchronization of two clocks by determining the amount of time
elapsed between the respective 1 pulse-per-second (1 pps) "tick" puls:s
of the individual clocks. This is accomplished by connecting one clock
pulse to the start input and the other clock pulse to the stop input of
the time interval counter. 1In the interest of valid measurements and
especially for time interval counters with time base oscillators of
questionable accuracy, the external reference frequency standard input
can be utilized. The 1 MHz from one of the clocks being measured is
most generally used for this purpose. Correct trigger level and slope
conditions must be established and will also affect the accuracy of the
measurerent if not accomplished properly.

A "tick" pulse, or any other pulse, has, along with other shape
characteristics, polarity, slope, rise time, pulse length (or
duration), and fall time portions. Ideally, before making a time
interval measurement, the two clock pulses involved should be observed
with the aid of an oscilloscope and the following parameters
determined: level (positive or negative), slope (positive or negative)
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and loading requirements. Next, the point on the pulse that is "on
time"™ must be determined. The time interval counter start and stop
trigger level and slope controls can now be set and a reading taken at
the rate of once per second. If the time interval counter being used
has a storage feature, it can be utilized to hold readings between
samples. The algebraic sign given to the time interval reading should
be considered next. If the reference clock 1 pulse per second (1 pps)
is connected to the start input and the 1 pps of the clock to be
measured is connected to the stop input and a reading of less than one-
half second results, then the time interval reading is considered to

be positive. If a time interval measurement is accomplished and a
reading of more than one-half second results, the reading is subtracted
from one second and is given a negative sign.

APPLICATIONS

Applications of time interval measurements used by AGXC and other Air
Force activities will now be discussed. A time interval measurement
is used when comparing the USAF master clocks to the USNQ, the USAF
master clocks to the AGMC traveling (portable) clocks, and the
traveling clocks to the Precise Time Reference Stations (PTRS) at
Vandenberg AFB, California, Elmendorf AFB, Alaska, and other Air Force
activities who require precise time calibration.

The master clocks at AGMC are steered by daily Loran-C comparisons
with USNO. Many other Air Force activities are using the Loran~C
comparison method of timekeeping. The reference delay numbers
utilized are determined by a time interval measurement. The time
interval counter is started with the local clock 1 pps and stopped
with the 1 pps from the Loran-C timing receiver.

Another timekeeping technique gaining popularity because of its low
cost is the Line-10 TV method. In this instance, the time interval
counter is started with the 1 pps from the local clock and stopped
with the tenth line odd pulse which occurs once per picture from the
Line-10 discriminator. The Air Force is currently using this technique
at AGMC, Guam, Colorado, and New Hampshire.

If an activity is keeping time via Loran~C or TV Line-10 and the clock
stops, time would have to be known to within a few milliseconds to
reestablish precise time. This requirement is usually met by knowing
the reference delay number for WWV. An oscilloscope is used for this
purpose. It is started (triggered) by the local clock and stopped
(position of tick noted on the display) by the detected signal from
the HF receiver. So, in essence it is a time interval reading. The
measurement represents the time elapsed from the transmission of the
tick to the reception of the tick at the timekeeping location.
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Another application of time interval measurement is known as "tick to
phase" and checks a portion of a clock's digital divider chain. The
time interval counter is started with the 1 pps tick pulse and stopped
with the 100 kHz from the clock. The trigger level on the stop is
adjusted around the zero level until switching the polarity selector
from positive to negative ylelds a 5.0 microsecond difference. The
positive polarity reading 1s then noted and checked from time to time,
especially on a clock trip to see if the clock digital divider has

Jumped.

A characteristic of the 1 pulse per second output from a clock will be
discussed next. Here we are concerned with the regularity or
repcatability of the 1 pps. The measurement is called tick-to-tick
Jitter and consists of taking repeated time interval meesurements,
starting and stopping the time interval counter with successive 1 pps
output pulses from the clock being evaluated. A time interval counter
with nanosecond or sub-nanosecond resolution and accuracy is a require-
ment for this measurement. The start trigger is slightly later on the
1 pps pulse than the stop, so the time interval reading is less than
one second.

Using successive time interval measurements for determining the
frequency offset or frequency drift of a clock will now be described.
Basically, this procedure consists of equating the number of micro-
seconds gained or lost in a period of time and computing the offset.
A simplified example of this is the timekeeping rule of thumb that
approximately one part in ten to the eleventh %1 X 10"11) frequency
offset is the result of gaining or losing one microsecond in one day.

Computing frequency offset after measurement of time gained or lost
over a period of days elapsed is routinely used by the Air Force
Precise Time Synchronization Teams to determine the frequency offset
of various activities site clocks. C-Field adjustment of Cesium clocks
are determined using the results of these computations. Actually this
is about the only method used at the Air Force Measurement and
Standards Laboratory in determining frequency offsets. A variation of
this method is sometimes used when time is short and only a few hours
or days are available. In this case, a phase comparator/recorder is
used. Normally, the 1 MHz signals from a reference and the standard
to be measured are compared. This yields a 1 microsecond change each
time the indicator travels full scale. Hundredths of microseconds can
be read from these recorders and the frequency offset calculations can
be accomplished in the normal manner. If greater resolution is
desired, a vector voltmeter can be utilized and the degrees phase
change measured between the two frequencies being compared is
converted to microseconds. One may then use this data to compute
frequency offset.
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Two other measurements are used by AGMC as confidence checks. First,
a good unchanging period count is required of the TV Line-10 pulses
prior to obtaining the daily delay numbers. Secondly, although a
precise time synchronization team may leave AGMC with sub-microsecond
accuracy on their 1 pps of their portable time standard, a check is
always made to see that the clock readout indicates the proper hour,
minute and second. Credibility is sometimes in doubt when a team
claims to be carrying time to better than one microsecond with a clock
that indicates a several second or minute error.

SUMMARY
I have attempted to show the need for precise time measurements

within the Air Force, how the various measurements are accomplished,
and applications of each of the measurements.
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QUESTION AND ANSWER PERIOD

MR. PICKETT:
I am Bob Pickett from SAMTEC.

Is it general policy when you find a timing offset to correct it or just log it? That
is question No. 1.

Question No. 2, what are you going to do about using satellites for this rather
than traveling clocks ?

MR. BARNABA:

If we measure your clock, let's say, and its 75 microseconds off, generally be-

fore the team leaves, they will set the clock to nominal or to the portable. And

they would do this unless they were told not to by the particular site. Some peo-
ple just want to know where they are, but they don't want it moved.

MR. PICKETT:

Will they try to set the frequency offset ?

MR. BARNABA:

Our general rule of thumb on that is if it is 3 parts in 10'?> or better, we leave
it alone. If it is worse than that, we adjust the C field generally.

On your second part about the satellites, I think just about everyone agrees that
time will be transferred in the future through satellites. And we are watching
the advances, and that's all I can say. We will {vy to implement them as soon
as systems become available.

DR. WINKLER:

I would like to add to your comments. The first one, my urgent suggestion that
whatever is being done, you should report two measurements. One before the
clock has been reset, and one after it has been reset if a reset is made. Whether
it is to be made or not will depend on local policy. I think you are very right to
say this will require different decisions in various agencies.
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But whatever is to be done, measurements have to be made before and after re-
set. Because if you do not make the measurement before the reset, all the pre-
vious measurements become worthless or may become worthless, Please do
not forget if there is a reset made in a clock, make two measurements.

Number two, certainly I think we will hear more about satellites later on in the
conference; it is a problem which I think is purely administrative, but it is close
to a solution, I hope.

MR. BARNABA:
On your comment on the noting what the frequency was before and after and the
time before and after, we have a data sheet that our teams take out. We have

initial frequency, final frequency, and we make note of all the digital divider
settings. So this is fully documented, I assure you.
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USE OF PRECISION TIME AND TIME INTERVAL (PTTI)
J. D. Taylor, ADTC, Eglin AFB
INTRODUCTION

An introduction, or rather a reintroduction for many, to the practical
utilization of time synchronization and tinie interval measurements
on the various DoD test ranges is the topic for today. The presenta-
tion will review the overall capabilities of various missile ranges to
determine precise time-of-day by synchronizing to available
references and applying this time point to instrumentation for time
interval measurements. Global and downrange test sites will not

be addressed.

Abackward look over the past 20 years indicates that the origin and
evolution of the ranges has been directly proportional to the DoD
development efforts in the aircraft, missile, and defense systems
fields. Tremendous advances in range technology paralleled
industrial efforts to improve weapons systems. Range timing
applications have historically fitted into the scheme of testing
weapons systems even in the earliest days of testing. Interestingly
enough, the essential importance of instrumentation time interval
measurements has not changed over the years. Only the methods
used in the determination of precise time and the formulation of
interval measurement codes have changed.

An important aspect of range operations must be remembered;
PTTI on a test range is actually separated into two distinct
disciplines, time synchronization to a known source and the
development of synchronized codes for interval measurements.
These integral tasks are accomplished routinely every day, but
range people normally interpret TIME as being related to time
interval measurement, i.e., time code application, rather than
time synchronization.

SYNCHRONIZATION

A review of range time synchronization methods over the past years
suggests a chronological outline for the technical development of the
ranges. As a beginning, visualize that in the 1950s installations
similar to Eglin Air Force Base were used to test relatively

simple weapons. Instrumentation film cameras were common and
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tape recorders were coming into good use. In the latter 1950s the
Armament Development & Test Center (ADTC), along with other
potential missile test centers, began preparations for the missile
era. Sophisticated range instrumentation was installed which required
accurate time correlation of events such as tracking radar time space
position information (TSPI). Computer analysis of data demanded
time correlation between sites to machine process the data.

During this period, the IRIG Standard Time Codes were published
and the Naval Observatory began PTTI with Loran transmissions.
ADTC was one of the ranges fortunate enough to be within easy
range of the East Coast chain. Our synchronization problems were
eliminated. Other ranges, particularly in the West, were not so
fortunate. In fact, until 1973, the Western ranges did not have
Loran transmissions for PTTI purposes. In the summer of 1973,
the Loran-D site at Nellis AFB, NV, came into being. Until that
time, the Hawaiian Loran chain, WWV, or portable atomic clocks
had to be used. This Loran-D installation made available accurate
Loran synch to all the Western ranges and for the first time,
low-cost, accurate time-of-day synch to the Naval Observatory

was available to all the continental ranges and sophisticated time
correlation was easily available. Of course, even today all ranges
are not synched to Loran as there is no need for all ranges to be so
accurately synchronized. However, today's ranges are converting
to Loran synchronization techniques because of the inherent
accuracy and cost effectiveness, a giant step forward. A few

years ago, 10 microsecond synchronization was a debatable

subject for everyday range operation, today it is expected.

APPLICATIONS

The DoD test range mission support requirements and capabilities
are intricate and ever changing. Instrumentation equipment and
test schemes vary widely from coast to coast according to the
requirements and type of testing conducted for each service, i.e.,
Army, Navy, Air Force. Considering the three services, it is
easy to imagine that ground, air, and water testing will require
different physical as well as instrumentation environments. Each
service has specialty, such as Ft. Huachuca for the Army,
AFWR for the Navy, and AFFTC for the Air Force. With such
diversity, it is difficult to realize any commonality between
installations, yet there is one data system mutnal to all DoD test
ranges. This is PTTI.
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PTTI has two general classes of range applications, These two types
of applications can be described as the WWV millisecond synch
type and the WWV-Loran microsecond synch type. Within these
two techniques, the former application can be applied more readily
to ranges smaller in physical size and generally operate within the
range boundaries. The second type application refers to larger
installations which must operate timing equipment closely
synchronized over large distances which prohibit synch distribution
by practical methods. Also, this includes the larger national and
space ranges which must operate together in real-time for
tracking and data work. These large ranges have the more
stringent synchronization accuracy requirements.

Typical examples of the above WWV synch type ranges which operate
within their own boundaries are: NWL, Dahlgren, VA., Tonopah
Test Range, NV., Dugway Proving Ground, UT., Ft. Huachuca,
AZ, and Holloman AFB, NM. These ranges operate within
smaller restricted physical sizes which allows time distribution
from a central point. Synchronization is maintained at the central
facility to the required accuracy and distribution of the time
signals is by transmission over VHF or data line to the Jocal users.
The accuracy of time correlation between the closely positioned
points is limited by the time delay of the distribution system and is
usually in the order of milliseconds. This is not to say that some
of the smaller ranges do not have precision PTTI requirements for
data correlation. In fact, some of the most difficult and precise
time interval measurements are required in the unusual environ-
ments of ballistics tunnels or other weapons ballistics tests.

The second type of PTTI application involves WWV-Loran type synch
and ranges which use this type synch are: NATC, Patuxent River,
MD., ADTC, EAFB, FL., WSME, NM., COR Ranges, NWC.,

and Yuma Proving Ground, AZ. These ranges employ two different
concepts of approaching PTTI: (1) a central timing facility with
associated distribution system and/or (2) independently synchronized
installations.

A range which can be used as a prime example of the central timing
facility concept is WSMR. WSMR has a central timing facility
equipped with Loran synch receivers and three primary atomic
standards for stable time base sources. After development of the
proper timing signals, distribution is made from the timing central
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to a VHF transmission system and various combinations of micro-
wave and data line drivers for utilization on theodolite stations,
high-speed cameras, etc. One of the more important and interesting
aspects of this distribution system is the resynchronization technique
used for stabilizing distant radar or satellite installations with the
timing central in lieu of individual site synchronization with Loran.
This type system was developed in the Western part of the continent
in the late 1950s and early 1960s for the simple reason that Loran
was not available and WSMR had requirements for accurate
intrarange synch at remote installations. The results were the
problem was technically solved by measuring round trip transmission
delays and correcting for these delays in the receiving unit. Until
the Dana, Oh, Loran station came into existence, this was the

only feasible method WSMR or any other Western range had of
achieving PTTI. As an example, when WSMR had a requirement

to operate a tracking site at Green River, UT, in 1965, the only
method available to achieve the required accuracy at this site 600
miles from the timing central was to use portable atomic clocks.

Of course, the Nellis Loran-D installation has made all these type
PTTI problems history.

A second approach to achieving accurate PTTI is separately to
synchronize each site or installation to a Loran transmission.
This method is used at such installations as: ADTC, AFETR,
SAMTEC, AFWR, and PMR for interrange and intrarange PTTI
solutions. This method requires that each site to be used have a
Loran synch system capable of independent determination of PTTI,
and can either be composed of the newer automatic tracking
receivers or a manual system be used. An advantage of the indep-
endent method is that each site can independently maintain a
synchronization to the Naval Observatory and eliminate the problems
associated with transmission systems reliability. Cost is not
appreciably increased for these sites and if the cost of the trans-
mission system were considered, the independent synch method
would be the most cost effective method. Very good PTTI is
available with this concept of range synchronization.

As previously stated, global and down-range sites will not be
discussed. When the site is not within range of a Loran trans-
mission, then some of the advanced techniques explained in the
earlier papers must be employed.
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Any discussion of DoD range PTTI would not be complete without a
few words on the airborne data correlation situation. Correlation
of airborne collected data with ground instrumentation had
historically been a problem. In today's world of electro-optical
weapons, airborne data correlation has become even more
important. Ranges involved in this type testing have two
alternatives for time tagging airborne data: (1) transmission of a
time code or, (2) an onboard PTTI device. The former case of the
transmitted time code is often inadequate as the data correlation
is on the order of milliseconds. The latter case of an onboard
clock poses the problem of synchronizing the clock accurately
enough to satisfy the requirements over the time profile of the
mission. Certainly, the clock frequency standard must be stable
enough to maintain adequate synch after the initial setup. An
interesting and obvious situation develops during preflight clock
synch if the aircraft is not on aircraft internal power. During
power switch, errors can be injected in the clock so caution must
be exercised.

Within the past 12 months, ADTC has been required to support
electro-optical type tests with very demanding time correlation.
For instance, one particular laser decoy test required time
correlation and resolution within 1 microsecond between airborne
and ground instrumentation. As of this time, ADTC has not
actually achieved a data correlation this accurate for this

test.
CONCLUSION

This paper has attempted to present the status of the majority
of DoD test ranges in regard to PTTI. The status of PTTI for
these ranges is that time-of-day synchronization to the U. S.
Naval Observatory via Loran methods has eliminated synch
accuracy problems within the continental boundaries of the U. S.
Time interval measurements are likewise being satisfied by a
diversity of methods. This is not to imply that all PTTI problems
are solved, as they are not. Fortunately, this country has the
technical resources from organizations such as the Naval
Observatory, Bureau of Standards,and AGMC to help solve
existing and future PTTI problems. One thing is always certain
in PTTI applications, accuracy requirements always seem to
increase.
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QUESTION AND ANSWER PERIOD

DR. REDER:

What is the particular transmission reliability problem in the South? Why is the
South different from the West, from the East, from the North?

MR. TAYLOR:

One is lightning, For some reason, the communication lines in the South, if
they are buried or above ground don't seem to last very long, especially on the
Florida coast., We can't rely on landline transmission. If we have bad storms
" in a particular mission off another part of the range, microwave gets inter-
fered with quite a bit, too.

DR. REDER:

Well, you also mentioned problems with air borne synchronization--synchronization
of equipment on fighter planes. Has this been formulated properly, and has it
been brought to the attention of all the research labs? You know, the research
labs are dying to get something to do which is relevant.

MR. TAYLOR:

Generally when you get into a problem like this, it runs into something like we
have a probiem, and it shows up, how do you solve it, do you have money to
solve it? You have got to consider we need something that operates in the out-

board powerline of an F-4 and have a part 107 stability. And how do we runthis
clock and synchronize it?

It has justnow become evident that we are going to have to develop something of
this nature to solve these problems. Maybe the Navy or somebody will feed-
back into the labs so we can come up with a product.

DR. RELDER:

Do they really know what the problem is? Has it been spelled out?

MR. TAYLOR:

It is becoming very evident right now because of the type missile, the EO de-
vices, we are using now. They are becoming very sticky about testing those
devices.
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DR. REDER:

I hope you do spell it out soon and feed it to the research labs.
LCdr. KIES:

LCdr. Kies, East Coast Loran-C Chuair

One question. I understand the D chain is going back to Europe the first of the
year. And I wonder what plans were out West.

MR. TAYLOR:

I think the status is — I am almost certain — that the master station at Nellis
will be permanent, won't leave.

Does anybody from the Observatory know that now?

MR. LAVANCEAU:

Jean Lavanceau from the U.S. Naval Observatory.

The crew of the station of the Loran-D network are being deployed now to
Germany. However, the master station located in Nellis Air Force Base will

remain and operate the timing equipment for the Western part of the United
States.

As far as I know, time transmission will still be available with the same high

frequency, same precision, as you now have available from Nellis Air Force
Base.
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THE PRESENT DEVELOPMENT OF TIME SERVICE IN BRAZIL, WITH
THE APPLICATION OF THE TV LINE-10 METHND FOR
COORDINATION AND SYNCHRONIZATION OF ATOMIC CLOCKS

Paulo Mourilhe Silva and Ivan Mourilhe Silva
Observatorio Nacional
Rio de Janerio, Brazil

ABSTRACT

A short historical review will be followed by a description of the re-
sources available at the Time Service of the National Observatory.
Varicus methods presently used for the dissemination of time at sev-
eral levels of precision will be described along with future projects
in the field. Different aspects of time coordination will be reviewed
and a list of future laboratories participating in a National Time Scale
will be presented. A Brazilian Atomic Time Scale will be obtained
from as many of these laboratories as possible. The problem of in-
tercomparison between the Brazilian National Time Scale and the In-
ternational one will be presented and probable solutions will be dis-
cussed. Needs related to the TV Line-10 method will be explained
and comments will be made on the legal aspects of time dissemination
throughout the country.

Following this there will be a description of measurements taken be-
tween two laboratories, ONRJ and INPE, A comparison will be made
between these measurements and those obtained in 1969 and 1970 by
the NAFS and USNO in the U.S.A. Finally, a comparison will be
made Hetween the Line-10 and the physical clock transportation meth-
ods. 'The comparisons show good promise for the effectiveness of the
Line-10 method in Brazil.

I - SHORT HISTORICAL NOTE

The Time Service of the National Observatory of the Ministry of Education and
Culture, active since 1847 is specifically dedicated to the countrywide dissem-
ination and determination of Legal and Astronomical Time in Brazil.

In 1902 our Time Service obtained time by solar and certain star meridian pas-
sages and maintained time by pendulum and chronometers. Time transmission
for public use was visible by the release of a balloon from a small tower on the
terrace of the Observatory on a hill near the center of Rio de Janeiro.
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The lawn® 2784 of June 18, 1913 that established legal time in Brazil and adopted the
time zones, which was regulated by the Decree n* 10,546 of November 5, 1913
is still valid. Itdetermined thatthe National Observatory of Rio de Janeiro, aswell
as future stations that may be designated, are responsible for the determination
of time and its transmission for geographical and navigational purposes by telc-
graphic or "Time Ball" means, in agreement with the accepted and valid inter-
national agreements.

On June 1, 1918 the first radio-telegraph station of time signals was inaugurated.
They were transmitted twice daily, from 13h 55m 558 to14h 00 m 008, apdfrom
23h 55m 558 to 00h 00m 008, GMT,

The operation of the Observatory was regulated by Decree n* 6361 of October 1,
1940 which established that:

Chapter III, Art. 7 - The Division of Meridian Services and attached
Services, will determine and transmit legal time by radio-telegraphy
in accordance with decisions of the International Time Committee,
with the adequate precision not only for the purposes of navigation,
but for engineers and the public and also, in cooperation with the
Bureau International de 1'Heure, for Universal Time determination:

With these fundamental objectives operating since the time of the Empire (before
1889) several techniques and varied instruments have been used by generations
to cooperate with the Time Service, beginning with pendulums and arriving at
the present status where everything depends on atomic clocks.

II - ACTUAL SYSTEM

We are now in a transition state in which we are trying to solve our problems of
time dissemination for both scientific and non-scientificusers. We are only begin-
ning to adapt to our conditions, some techniques previously used by other countries.

Of course this adaptationimplies, in all cases, an investigation of the methods of
all possible theoretical and practical considerations. It is possible that we must
develop new techniques more useful to our particular conditions in South America.

For this purpose we have had pendulum clocks, clocks with crystal oscillators
and more recently commercial Cesium and Rubidium frequency standards.

To establish a time scale based on as many standards as possible, we began in

December 1972 making comparisons between all available standards using one
of our Rubidium standards as a portable clock.
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We know of course, that the Rubidium standard is not the best choice for a port-
able clock, and we intend as soon as possible to get a Cesium for this purpose.

In July of last year, 1973, we started the comparisons between standards located
in Rio and two places in Sao Paulo using the Line-10 method. Initially we stud-
ied the observed flucuations in the propagation delay in the path. The two loca-
tions now used are approximately 300 and 450 km from Rio. More experiments
are being made at Brasilia, Belem, Natal and Manaus, which are far from Rio
at straight distances of 900; 2470; 2170 and 2820km respectively.

At present, we have in Brazil a ""Working Group on Time'" that, with the coordina-
tion of ""National Observatory' and sponsored by our '"National Research Coun-
cil," has regular meetings. All the Brazilian institutes that have atomic clocks
participate in the Brazilian time scale.

For the dissemination of time and frequency we are now using broadcast trans-
missions in HF (Short waves) and VHF. We know the limitations involved by
these bands. For precision comparisons of time or frequency we normally go
with our Rubidium to the users that require such precision, or they come to us,
or we have a connection by telephone line, depending on the frequency.

We are now installing in our capital of Brasilia, a new time service station. We
intend in the next year to begin transmissions of time signals and standard fre-
quencies using the advantage that Brasilia is more or less a central point in
Brazil. We have started experimental transmissions, using the help of a govern-
ment broadcasting station, that is putting high power transmitters of 250kw and
300kw into operation.

Using the facilities of our Brazilian Telecommunication Company, EMBRATEL,
that has a microwave link along the entire coast, we will retransmit by new coast-
al stations, (16) time signals, that are useful for the ships communicating with
those stations,

Normally in some transmissions of Time signals, for users of low precision we
transmit voice announcements of time every 10 seconds. These announcements
are generated from automatic equipment which is synchronized with our Cesium
standard.

We have daily reception of Time signals from other countries in VLF, HF and
VHF, (twoyears ago, during the experimental transmission of the ATS-3 satellite).

In the near future, we intend to have regular comparisons between the Brazilian

time scales and the International time scales using portable clocks and/or recep-
tion of signals transmitted from satellites.
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Il - LINE-10 METHOD IN BRAZIL

As there are now or soon will be, various laboratories with atomic frequency
standards (commercial types only) in Brazil, itwasdecided by the GTH ('"Work-
ing Group on Time," created by the National Research Council) that the National
Observatory would initiate experiments to obtain a national standard time scale
from the individual scales of the several laboratories.

Table 1 presents a list of these laboratories and Figure 1 presents the map of
Brazil with their locations. Because of the dimensions of Brazil (more or less
3200km in the N-S direction and 4200km in the E-W direction) line-10 will be
the most useful method available for comparisons.

TABLE I
POSSIBLE AND ACTUAL PLACES USING THE LINE-10 METHOD
City-State Institution Standard (Commercial)
Rio de Janeiro-GB EMBRATEL Cs (1) HP
UFRJ Cs (1) Ebauche
ON Cs (2) HP. Rb (2) HP and Tracor
S. Jose dos Campos-SP | INPE Cs (1) HP
S. Paulo-SP IAG Cs (1) Ebaushe; Rb (1) Sulzer
Atibaia-SP CRAAM Cs (1) HP, Rb (2) Tracor

EMBRATEL - Brazilian Telecommunication Corporation

UFRJ - Federal University of Rio de Janeiro

INPE - Space Research Institute

IAG - Astronomical and Geophysical Institute of S. Paulo University
CRAAM - Radio Astronomy and Astrophysical Center of Mackenzie

The experiments were started with measurements between INPE (Space Research
Institute) and ONRJ ‘National Observatory of Rio de Janeiro) which are approxi-
mately 300km apart.

ONRJ versus INPE
The measurements are made twice per week for six minutes each day. As there
is transmission inboth directions, measurements are made during three minutes

in each direction. This system allows determination of propagation delay between
the two laboratories.
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Only 30 measurements are used for the reduction of the me:.surements made
during the 3 minutes.

The reduction actually is made by means of a small table calculator, and when
more laboratories start to participate we will use a PDP8/E from Digital Equip-
ment Corp. (DEC).

Figure 2 presents the results for ONRJ-INPE in comparison with the result of
NAFS-USNO comparison, in terms of the Allan variance.

We can observe that our result is more or less ten times worse that the other.
We think that this is because we are comparing only two single standards,
whereas the NAFS-USNOis a comparison between two scales resulting from sev-
eral standards each. Another difference between the two results is in the num-
ber of data points; our situation covers only one 100 day interval.

Another result is also presented.

Parallel to the Line-10 measurements, we make physical transportation of
clocks for precise measurements of propagation delay. Figure 3 presents this
comparison,

Following are observations on this figure.

a - the line-10 values are not as dispersed in the JUL-OCT interval as in the
Nov-Mar interval. This may be due to the rain precipitation that is more
pronounced in the latter period.

b - in the end of November there was a sudden change in the relative frequency
because of a failure in one of the two clocks.

c - the variation, -1.5 x 10-12 and +1.0 x 10"'? is in agreement with the specifi-
cation of the two standards, which is +5 x 10-12,

d - propagation delay in this experiment is of no importance because its varia-
tions, over one year, is of the order of 0.3 us.
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THE MEASUREMENT OF FREQUENCY AND FREQUENCY STABILITY
OF PRECISION OSCILLATORS
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Time and Frequency Division
National Bureau of Standards

ABSTRACT

The specification and performance of precision os- !
cillators is a very important topic to the owners

and users of these oscillators. This paper pre-

sents at the tutorial level some convenient

methods of measuring the frequencies of precision
oscillators -- giving advantages and disadvan-

tages of these methods. )

Conducting such measurements, of course, gives

additional understanding into the performance of

the given pair of oscillators involved. Further

it is shown that by processing the data from the

frequency measvrements in certain ways, one may

be able to state more general characteristics of 5
the oscillators being measured. The goal in this

regard is to allow the comparisons of different
manufacturers'specifications and more importantly 4
to help assess whether these oscillators will

meet the standard of performance the user may have

in a particular application.

The methods employed for measuring frequency are
designed for state-of-the-art oscillators, and an
effort has been made to allow for fairly simple,
inexpensive, and/or commonly available componentry
to be used in the measurement systems. The
method for measuring frequency stability is ba-
sically that recommended by the IEEE subcommittee
which wrote the paper "Characterization of
Frequency Stability,"” IEEE Transactions on
Instrumentation and Measurement, IM-20, No. 2,
pp. 105-120, (May 1971).

INTRODUCTION

Precision oscillators play an important role, in high speed
communications, navigation, space tracking, deep space probes
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and in numerous other important applications. 1In this
parer I will review some precision methods to measure the
frequency and frequency stability of precision oscillators.
The paper will be tutorial in nature and will concentrate
on fairly well established methods; however, it will
present one apparently unexploited and useful method. I
will first define some terms and some basic concepts that
will be useful later on and then discuss four different ways
of measuring frequency and frequency stability. Finally, I
will discuss briefly some useful methods of analyzing the
results--to more nearly maximize on the information that
may be deduced from the data.

The typical precision oscillator, of course, has a very
stable sinusoidal voltage output with a frequency Vv and a
period of oscillation T , which is the reciprocal of the
frequency, v = 1/1, as illustrated in Fig. 1. The goal is
to measure the frequency and/or the frequency stability
(instability is actually measured, but is often called, with
little confusion, stability in the literature) of the
fluctuations of the sinusoid. The voltage out of the oscil-
lator may be modeled by equation 1:

Vl = Vp sin (valt). (1)

Of course, one sees that the period of this oscillation is
the number of seconds per cycle or the inverse of the
frequency in cycles per second. Naturally, fluctuations in
frequency correspond to fluctuations in the period. Almost
all frequency measurements, with very few exceptions, are
measurements of phase or of the period fluctuations in an
oscillator, not of frequency, even though the frequency may
be the readout. As an example, most frequency counters
sense the zero (or near zero) crossing of the sinusoidal
voltage, which is the point at which the voltage is the most
sensitive to phase fluctuations.

One must also realize tl.at any frequency measurement always
involves two oscillators. In some instances the oscillator
is in the counter. One can never measure purely only one
oscillator. 1In some instances one oscillator may be enough
better than the other that the fluctuations measured may be
considered essentially those of the latter. However, in
general because frequency measurements are always dual, it
is useful to define:

y (t) = —s5— (2)
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as the fractional frequency deviation of say oscillator one,
vy, with respect to a referente oscillator v, divided by the
nominal frequency v, . Now, y(t) is a dimensionless quanti-
ty and useful in describing oscillator and clock perfor-
mance; e.g. the time fluctuations, x(t), of an oscillator
over a period of time t are simply given by:

t
x(t) = f y(t) dt (3)
(o]

Since it is impossible to measure instantaneous frequency,
any frequency or fractional frequency measurement always
involves some sample time,T --some time window through which
the oscillators are observed;whether it's a picosecond, a
second, or a day, there is always some sample time. So when
determining a fractional frequency, y(t), in fact what
happens in the device is that the time fluctuation is being
measured say starting at some time t and again at a later
time, t + 1. The difference in these two time fluctuations,
divided by 1 gives the average fractional frequency over
that period 7 :

x(t + 1) - x(t) . (4)
T

y(t, 1) =

Tau, T, may be called the sample time or averaging time;
e.g. it may be determined by the gate time of a counter.

What happens in many cases is that one samples a number of
cycles of an oscillation during the preset gate time of a
counter; after the gate time has elapsed the counter latches
the value of the number of cycles so that it can be read
out, printed or stored in some other way, and then there is
a delay time for such processing of the data before the
counter arms and starts again on the next cycle of the
oscillation. During the delay time or process time infor-
mation is lost. We have chosen to call it dead time and in
some instances it becomes a problem. Unfortunately it
seems that in typical oscillators the effects of dead time
hurt the most where it is the hardest to avoid. 1In other
words, for times that are short compared to a second, where
it is very difficult to avoid dead time, that is usually
where whether you do or do not have dead time makes a
difference in the data. Typically for common oscillators,
if the sample time is long compared to a second, the dead
time makes little difference except in data analysis

unless it is excessive [3].
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SOME METHODS OF MEASUREMENT

In reality of course, the sinusoidal outpat of an oscillator
is not pure; but it contains noise fluctuations as well.
This section deals with the measurement of these fluctua-
tions to determine the quality of a precision siynal source.

I will describe four different methods of measuring the
frequency fluctuations in precision oscillators.

A. The first is illustrated in Fig. 2. The signal from an
oscillator under test is fed into one port of a mixer. The
signal from a reference oscillator is fed into the other
port of this mixer. The signals are in quadrature, that is,
they are 90 degrees out of phase so that the average vol-
tage out of the mixer is nominally zero, and the instantan-
eous voltage corresponds to phase fluctuation rather than

to the amplitude fluctuations between the two signals. The
mixer is a key element in the system. The advent of the
Schottky barrier diode was a significant breakthrough in
making low noise precision stability measurements and in all
four measurement methods described below the double balanced
Schottky barrier diode mixer is employed. The output of
this mixer is fed through a low pass filter and then
amplified in a feedback loop, causing the voltage controlled
oscillator (reference) to be phase locked to the test
oscillator. The time constant and gain are adjusted such g
that a very loose phase lock condition exists. Caution:

the attack time is not the time constant of the RC network

shown.

¥
3
X
]
i

The attack time is the time it takes the servo system to
make 70% of its ultimate correction after being slightly
disturbed. The attack time is equal to the inverse of 7
times the servo bandwidth. If the attack of the loop is
about a second then the voltage fluctuation will be
proportional to the phase fluctuation for sample times
shorter than the attack time or for Fourier frequencies
greater than about 1 Hz. Depending on the quality of the
oscillators involved, the amplification used may be from
40 to 80 dB via a good low noise amplifier, and in turn
this signal can be fed to a spectrum analyzer, for example,
to measure the Fourier components of the phase fluctuation.
This system of frequency-domain analysis has been well
documented in the literature [1,2,3] and has proven very
useful at NBS; specifically, it is of use for sample times
shorter than one second or for Fourier frequencies greater
than 1 Hz in analyzing the characteristics of an oscillator.
It is also specifically very useful if you have discrete
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side bands such as 60 Hz or detailed structure in the spec-
trum.

B. The second system (shown in Fig. 3) is essentially the
same as in Fig. 2 except that in this case the loop is in a
tight phase lock condition; i.e. the attack time of the
loop should be of the order of a few milliseconds. 1In such
a case, the phase fluctuations are being integrated so that
the voltage output is proportional to the frequency fluctu-
ations between the two oscillators and is no longer propor-
tional to the phase fluctuations for sample times longer
than the attack time of the loop. The bias box is used to
simply adjust the voltage on the varicap so that you are at
a tuning point that is fairly linear and of a reasonable
value. Typically, the oscillators we have used at NBS are
about 1 part in 107 per voli. The voltage fluctuations
prior to the bias box (biased slightly away from zero) are
fed to a voltage to frequency converter which in turn is
fed to a frequency counter where one may read out the
frequency fluctuations with great amplification of the
instabilities between this pair of oscillators. The fre-
quency counter data are logged with a printer or some other
data loaging device. The coefficient of the varicap and the
coefficient of the voltage to frequency converter are used
to determine the fractional frequency fluctuations, Yir
between the oscillators, where i denotes the ith measiirement
as shown in Fig. 3. The sensitivity of f?e system that we
have set up at NBS is about & part in 10 per Hz resolu-
tion of the frequency counter, so one has excellent preci-
sion capabilities with this system.

The advantages and disadvantages of this type of tight
phase lock system are as follows:

ADVANTAGES: The component cost is not too expensive unless
one does not have a voltage controllable oscillator. Vol-
tage to frequency converters can now be purchased for about
$150.00. Most people involved with time and frequency
measurements already have counters and oscillators and so

I have not entered these as expenses. In addition, good
bandwidth control is obtainable with this system and the
precision is adequate to measure essentially any of the
state-of-the-art oscillators. The sample time can be of
the order of a second or longer; it is difficult to go
shorter than one second or an interaction will occur with
the attack time of the tight phase lock loop. The dead
time can be small; in fact, if you have a very fast counter,
that is a counter which can scan the data more quickly than
the attack time of the loop, the dead time will be
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negligible.

DISADVANTAGES: An oscillator that is co..trollable is ne-
cessary. For the price of increased precision, one has in-
creased complexity over simply measuring with a direct
frequency counter. The varicap tuning curve is nonlinear
and so that curve must be calibrated and doing so is
sometimes a bit of a nuisance. For that reason and some
other reasons it is not useful in measuring the absolute
frequency difference between the pair of oscillators invol-
ved in the measurement. The system is basically conducive
to measuring frequency stability.

C. Beat Frequency Method. The next system I would like to
describe is what is called a hetrodyne frequency measuring
method or beat frequency method. The signal from two
independent oscillators are fed into the two ports of a
double balanced mixer as illustrated in Fig. 4. The differ-
ence frequency or the beat frequency out, v, , is obtained
as the output of a low pass filter which fo?lows the mixer.
This beat frequency is then amplified and fed to a frequen-
cy counter and printer or some recording device. The
fractional frequency can simply be obtained by dividing Vs
by the nominal carrier frequency Voo

ADVANTAGES: This system has excellent precision; one can
measure essentially all state-of-the-art oscillators. The
component cost is quite inexpensive.

DISADVANTAGES: The sample time must be equal to or greater
than the beat period, and for good tunable quartz oscillators
this will be of the order of a few seconds; i.e. typically,
it is difficult to have a sample time shorter than a few
seconds. The dead time can be a problem for this measure-
ment system because it will be equal to or greater than the
beat period unless, for example, one uses a second counter
which starts when the first one stops. Observing the beat
frequency only is insufficient information to tell whether
one oscillator is high or low in frequency with respect to
the other one--a significant disadvantage for making abso-
lute frequency measurements. However, it is often not
difficult to gain this additional information to determine
the sign (+ or =) of the beat frequency. The frequencies
of the two oscillators must be different.

D. Dual Mixer Time Difference System. The last system is
one that has just recently been developed at NBS* that

*Dr. Costain informed me that Herman Daams has developed a
similar system at NRC.
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shows some significant promise. A block diagram is shown
in Fig. 5. In preface it should be mentioned that if the
time or the time fluctuations can be measured directly an
advantage is obtained over just measuring the frequency.
The reason being that you can calculate the frequency from
the time without dead time as well as know the time behav-
ior. The reason in the past that frequency has not been
inferred from the time for sample times of the order of
several seconds and shorter is that the time difference
between a pair of oscillators operating as clocks could not
be measured with sufficient Esecision (commercially the
best that is available is 107 seconds). The system df'
scribed in this section demonstrated a precision of 10~ 3
seconds with the potential of doing about 10-14 seconds.
Such a precision opens the door to making time measurements
as well as frequency and frequency stability measurements
for sample times as short as a few milliseconds as well as
for longer sample times and all without dead time. In Fig.
5, oscillator 1 could be considered under test and oscilla-
tor 2 could be considered the reference oscillator. These
signals go to the ports of a pair of double balanced mixers.

nother oscillator with separate symmetric buffered outputs
is fed to the remaining other two ports of the pair of
double balanced mixers. This common oscillator's frequency
is offset by a desired amount from the other two oscillators.
In which case two different beat frequencies come out of
the two mixers as shown. These two beat frequencies will
be out of phase by an amount proportional to the time differ-
ence between oscillator 1 and 2--excluding the differential
phase shift that may be inserted; and will differ in
frequency by an amount equal to the frequency difference
between oscillators 1 and 2. Now this svstem is also very
useful in the situation where you have oscillator 1 and
oscillator 2 on the same frequency. The hetrodyne or beat
frequency method, in contrast, cannot be used if both-
oscillators are on the same frequency. Quite often it is
the case with Atomic standards (Cesium, Rubidium and
Hydrogen frequency standards) that oscillator 1 and 2 will
nominally be on the same frequency.

Illustrated at the bottom of Fig. 5 is what might be
represented as the beat frequencies out of the two mixers.

A phase shifter may be inserted as illustrated to adjust the
phase so that the two beat rates are nominally in phase;
this adjustment sets up the nice condition that the noise
of the common oscillator tends to cancel when the time
difference is determined in the next step--depending on the
level and the type of noise as well as the sample time in-
volved. After amplifying these beat signals, the start
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port of a time interval counter is triggered with the zero
crossing of one beat and the stop port with the zero cross-
ing of the other beat. If the phase fluctuations of the
common oscillator are small during this interval as com-
pared to the phase fluctuations between oscillators 1 and 2
over a full period of the beat frequency the noise of the
common oscillator is insignificant in the measurement noise
error budget, which means the noise of the common oscillator
can in general be worse than that of either oscillator 1 or
2 and still not contribute significantly. By taking the
time difference between the zero crossings of these beat
frequencies, what effectively is being measured is the time
difference between oscillator 1 and oscillator 2, but with
a precision which has been amplified by the ratio of the
carrier frequency to the beat frequency over that normally
achievable with this same time interval counter. The time
difference x(i), for the i measurement between oscillators
1 and 2 is given by equation 5:

x(i) = At (1) & n
S v T v (5)

where At(i) is the i*? time difference as read on the
counter, 1 is the beat period, v is the nominal carrier
frequency, ¢ is the phase delay in radians added to the
signal of oscillator 1, and n is an integer to be determin-
ed in order to remove the cycle ambiguity. It is only
important to know n if the absolute time difference is de-
sired; for frequency and frequency stability measurements
and for time fluctuation measurements, n may be assumed
zero unless one goes through a cycle during a set of
measurements. The fractional frequency can be derived in
the normal way from the time fluctuations.

vl(i,r) - vz(i,r)

( 3

T

yl’2 (i,7) ={

\ Ot (i + 1) = At(d)

Tz\)

In equations (5) and (6), the assumptions are made that the
transfer or common oscillator is set at a lower frequency
than oscillators 1 and 2, and that the beat vy TV, starts
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and V, - V_ stops the time interval counter. The sample
time gy apBropriate calculation can be any integer multiple
o) T:

¥y p(i, m 1) = s +21 SLeh) B (7)

where m is any positive integer. 1If needed, T can be made
to be very small by having very large beat frequencies. In
the system set up at NBS the common or transfer oscillator
was replaced with a low phase noise synthesizer, which
derived its basic reference frequency from oscillator 2.

In this set up the nominal beat frequencies are simply
given by the amount the output frequency of the synthesizer
is offset from V,. Sample times as short as a few milli-
seconds were easgly obtained. Logging the data at such a
rate can be a problem without special equipment, e.qg.
magnetic tape. In the NBS set up, a computing counter was
used with a processing time of about 1.5 ms, and sample
time stabilities were observed for 2 ms and longer (see
appendix for some computing counter program possibilities).

ADVANTAGES: If the oscillators, including the transfer
oscillator, and a time interval counter are available, the
component cost is fairly inexpensive ($500, most of which
is the cost of the phase shifter). The measurement system
bandwidth is easily controlled (note, that this should be
done in tandum with both low pass filters being symmetrical).
The measurement precision is such that one can measure
essentially all state-of-the-art oscillators. For example,
if the oscillators are at 5 MHz, the beat frequencies are
0.5 Hz, and the time interval counter employed has a pre-
cisionlgf 0.1 us, then the potential measurement precision
is 107""s (10 femto seconds) for T = 2s; other things will
limit the precision such as noise in the amplifiers. As
lias been stated above, there is no dead time which is quite
convenient for very short sample times (of the order of
milliseconds). Dead time problems are difficult to avoid
in this region. One obtains as long a sample time as is
desired. This is determined essentially by the beat period
or multiple of the same. If one replaces the common
oscillator by a synthesizer then the beat period may be
selected very conveniently. The synthesizer should have
fairly low phase noise to obtain the maximum precision from
the system. The system measures time difference rather than
frequency and hence has that advantage. One may calculate
from the data both the magnitude and the sign of the
frequency difference. This system, therefore, allows the
measurement of time fluctuations as well as time difference,
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and the calculation of frequency fluctuations as well as
absolute frequency differences between the two oscillators
in question. The system may be calibrated and the system
noise be measured by simply feeding a signal from one
oscillator symmetrically split two ways to replace oscilla-
tors 1 and 2.

DISADVANTAGES: The system is somewhat more complex than the
others. Because of the low frequency beats involved, pre-
cautions must be taken to avoid ground loop problems; there
are some straight forward solutions; e.g. in the NBS system
a saturated amplifier followed by a differentiator and iso-
lation transformer worked very well in avoiding ground
loops. Buffer amplifiers are needed because the mixers
present a dynamic load to the oscillator--allowing the
possibility of cross-talk. The time difference reading is
modulo the beat period. For example, at 5 MHz there is a
200 nanosecond per cycle ambiguity that must be resolved if
the absolute time difference is desired; this ambiguity is
usually a minor problem to resolve for precision oscillators.

As an example of the system's use, Fig. 6 illustrates a
plot of a strip chart recording of a digital to analog
output of the significant digits from the time interval
counter between a quartz oscillator and a high performance
commercial cesium oscillator. In other words this is a
plot of the time fluctuations between these two oscillators
as a function of time. The high frequency fluctuations
(over fractions of a second) would most probably be those
between the quariz oscillator and the quartz oscillator in
the cesium servc system. The low frequency fluctuations
(over seconds) would most probably be those induced by the
cesium servo in its effort to move the frequency of its
quartz oscillator to the natural resonance of the cesium
atom--causing a random walk of the time fluctuations for
sample times longer than the servo attack time.

SOME METHODS OF DATA ANALYSIS

Given a set of data of the fractional frequency or time
fluctuations between a pair of oscillators, it is useful to
characterize these fluctuations with reasonable and tract-
able models of performance. In so doing for many kinds of
oscillators it is useful to consider the fluctuations as
those that are random (may only be predicted statistically)
and those that are non-random (e.g. systematics--those that
are environmentally induced or those that have a causal
effect that can be determined and in many cases can be pre-
dicted).
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A. Non-random Fluctuations

Non-random fluctuations are usually the main cause of depar-
ture from "true" time or "true" frequency.

1f for example one has the values of the frequency over a
period of time and a frequency offset from nominal is ob-
served, one may calculate directly that the time fluctua-
tions will depart as a ramp (see Fig. 7). If the frequency
values show some linear drift then the time fluctuations
will depart as a quadratic. I mention this because in
almost all oscillators the systematics, as they are some-
times called, are the primary cause of time and/or fre-
quency departure. A useful approach to determine the value
of the frequency offset is to calculate the simple mean of
the set, or for determining the value of the frequency drift
by calculating a linear least squares fit to the frequency.
A precaution is to not calculate a least squares quadratic
fit to the phase or time departure--such is not as efficient
an estimator of the frequency drift for most oscillators.

B. Random Fluctuations:

After calculating or estimating the systematic or non-
random effects of a data set, these may be subtracted from
the data leaving the residual random fluctuations. These
can usually be best characterized statistically. It is
often the case for precision oscillators that these random
fluctuations may be well modeled with power law spectral
densities, [4,5,6,7]):

Qa
S,(£) = h £, (8)

where S, (f) is the one-sided spectral density of the frac-
tional ¥requency fluctuations, f is the Fourier frequency
at which the density is taken, h, is the intensity coeffi-
cient, and o is a number modeling the most appropriate
power law for the data. It has been shown [3,4,5,8], that
in the time domain one can nicely represent a power law
spectral density process using a well defined time-domain
stability measure, oy(r), which I will explain later. For
example, if you have’a log o_ (1) versus log T diagram and
you observe a particular sloge--call it u --over certain
regions of sample time, 1 ; this slope has a correspondance
to a power law spectral density or a set of the same with

some amplitude coefficient h, , i.e. 4 = - a-1 for -3<a<l
and y ~ -2 for 15a. Further, a correspondance exists
between h, and the coefficient for o,(t1). These coefficients

and relationships have been calculat¥d and appear in the
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literature [2,3,4). The transformation for some of the more
common power law spectral densities has been tabulated,
[2,3,4]--making it quite easy to transform the frequency
stability as may have been modeled in the time-domain over
to the frequency domain and vise-versa. Some examples of some proc-
esges modeled by power law spectra that heve been simulated by computer
are shown in Fig. 8. In descending order these have been
named, white noise, flicker noise, random walk, and flicker
walk (the « in Fig. 8 is angular Fourier frequency,w = 2nf).
In Fig. 9 are plotted the actual data of the Atomic Time
Scale of the National Bureau of Standards versus Interna-
tional Atomic Time (TAI) over a four year period. A least
squares fit to the frequency drift has been subtracted from
these data. The plot then is just the time fluctuations

of the AT(NBS) scale with respect to TAI. There is a peak-
to-peak deviation of about 6 microseconds. Figure 10 shows
a plot of the same thing for the United States Naval
Observatory atomic time scale versus TAI over the same four
year period, and again a least squares fit to the frequency
érift has been subtracted from the data. The peak-to-peak
fluctuations are again about 6 microseconds. Figure 1l is
a plot of the residual time fluctuations between a high
performance cesium standard and our primary frequency
standard, NBS-5, over about one-half day. The peak-to-peak
fluctuations in this case are less than a nanosecond. Just
by visual comparison of Figures 9, 10 and 11 with the
simulated noises shown in Figure 8 indicates that these
random processes are not white noise--hence the need for
better frequency stability characterization.

Suppose now that you are given the time or frequency fluc-
tuations between a pair of precision oscillators measured,
for example, by one of the techniques cutlined above, and
you wish to perform a stability analysis. Let this com-
parison be depicted by Fig. 12. The minimum sample time is
determined by the measurement system. If the time differ-
ence or the time fluctuations are available then the fre-
quency or the fractional frequency fluctuetions may be
calculated from one period of sampling to the next over the
data length as indicated in Fig. 12. Suppose further there
are M values of the fractional frequency, y;. Now there
are many ways to analyze these data. Historically, people
have typically used the standard_deviation equation shown
in Fig. 12, Ogtd. deV(T), where y is the average fractional

frequency over the data set and is subtracted from each
value of y; before squaring, summing and dividing by the
number of Values minus one, (M-1l), and taking the square
root to get the standard deviation. At NBS, we have studied
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what happens to the standard deviation when the data set may be character-
ized by vower law spectra which are more dispersive than classical white
noise frequency fluctuations. In other words, if you have flicker noise or
any other non white noise frequency deviations, one may ask what happens

to the standard deviation for that data set. In fact, one can show that the
standard deviation is a function of the number of data points in the set, of
the dead time, and of the measurement system bandwidth (5,9). For exam-
ple, using as a model flicker noise frequency modulation, as the number of
data points increase, the standard deviation monotonically increases without
limit. Some statistical measures have been developed which do not depend
upon the data length and which are readily usable for characterizing the ran-
dom fluctuations in precision oscillators (2-5,9). An IEEE subcommittee on
Frequency Stability has recommended a particular variance taken from the
set of useful variances developed, and an experimental estimation of the
square root of this particular variance is shown as the bottom right equation
in Fig. 12. This equation is very easy to implement experimentally as you
simply add up the squares of the differences between adjacent values of y,,
divide by the number of them and by two, take the square root and you

then have the quantity which the IEEE subcommittee has recommended for
specification of stability in the time domain.

One would like to know how o _(t) varies with the sample
time, T . A simple trick th¥t one can use, that is very
useful if there is no dead time, is to average y, and y,

and call that Y] averaged over 21, then average y; and y4
and call that y, as averaged over 21 , etc., and ginally
apply the same equation as before to get o_(2 1). One can
repeat this process for other desired integer multiples of

T and from the same data set be able to generate values for
oy(m T) as a function of mt from which one may be able to
iner a model for the process that is characteristic of this
pair of oscillators. If you have dead time in the measure-
ments you cannot average adjacent pairs in an unambiguous
way to simply increase the sample time. You have to retake
the data for each new sample time--often a very time consum-
ing task. This is another instance where dead time can be

a problem.

How the classical variance (standard deviation squared)
depends on the number of samples is shown in Fig. 13.
Plotted is the ratio of the standard deviation squared for
N samples to the standard degiation squared for 2 samples
(02(2, 1) is the same as Oy (1) ). One can see the
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dependence of the standard deviation with the number of
samples for various kinds of power law spectral densities
commonly encountered as reasonable mgdels for many impor-
tant precision oscillators. Note, 04 _(T) has the same

value as the classical variance for the classical noise case
(vhite noise FM). One main point of Fig. 13 is simply to
show that with the increasing data length the standard
deviation of the common classical variance is not well be-
haved for the kinds of noise processes that are very often
encountered in most of the precision oscillators of interest.

Figure 14 is an actual o_(t) versus T plot for a rubidium
standard that was analyzgd at the Bureau. One observes
apparent white noise FM with the slops of t™1/2 and then
flicker noise frequency modulation, t1VY; and some random
walk FM for sample times of the order of a tenth of a day
and longer. Having this time-~domain analysis, one can use
the equations and the tables mentioned before to transform
to the frequency domain, S _(f) versus Fourier frequency f,
and this transformation isyplotted in Fig. 15. An equation
which shows directly the mapping for a model that is often
used for cesium decives for sample times longer than 1
second is given by the following pair of equations:

= -1
2 h
o, (1) = —° +21n2h, (10)

The ho term in each case is due to the white noise FM
fundamentally induced by the shot noise in the cesium beam.
The second term is flicker noise FM (flicker floor) that
seems to always appear as a reasonable model for cesium as
well as other standards, It does not have a well under-
stood cause. As an example of equation (9) and (10),
suppose from a OY(T) versus T plot we determined that

T -
v ho/y = 2 x 10712(s] /2 and \[2 In 2h_; =1 x 10 14 s

for one comparison made between the NBS primagx frequency
standards, NBS—g and NBS-5, then h° =4 x 107 and
h-] = 7.2 x 107249,

If the frequency drift is not subtracted from the data then
the Gy(T) versus T plot as shown in Fig. 15, takes on a

r+1 behavior. Often such is the case with quartz crystal

oscillators. The equation relating oy(T) and the drift, D,
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is as follows:

OY(T) = (11)

Nes

where D has the dimensions of fractional frequency per unit
of 1, i.e. if 1 is in days then D could be, for example,
10-10 per day. Suppose also that the data contain discrete
side bands such as 60 Hz then the o _(t) versus 1 diagram
may appear as shown in Fig. 17. Thé model for this fiqgure,
calculated by Sam Stein, was for the situation where the
white phase noise power in a 1 KHz bandwidth was equal to
the power in the 60 Hz side bands.

In Fig. 18 I have used the dual mixer time difference
measuring system in order to observe the o (1) versus T
behavior for a high performance cesium stafdard versus a
quartz crystal oscillator. The plot contains a lot of
information. The measurement noise of the dual mixer sys-
tem is indicated. One can see the short term stability
performance of the quartz oscillator in the cesium versus
the comparison quartz oscillator (Diana). One can see a
little bit of 60 Hz present as indicated by the humps at
1/2 and 3/2 of 1 = 1/60 Hz. One observes the attack time
of the servo in the cesium electronics perturbing the short
term stability of the quartz oscillator and degrading it to
the level of the shot noise of the cesium resonance. The
white noise frequency modulation characteristic then
becogiizthe predominant power law causing o_(T) to improve
as 1 until the flicker floor of the quargz crystal
oscillator (Diane), in this case 6 parts in 1013, becomes
the predominant noise source. Thus using this particular
measurement system I was able to well characterize for
sanple times of a few milliseconds all the way out to 1000
seconds, the stability characteristics of this particular
pair of oscillators. Longer sample times are of course
easily achievable.

CONCLUSIONS

Some inexpensive (less than $1000) methods of precisely
measuring the time difference, time fluctuations, frequency
difference, and frequency fluctuations between a pair of
state-of-the-art time and/or frequency standards have been
reviewed or introduced. One novel method introduced demon-
strated the capability of measuring all four of the above,
plus being able to cover an impressive segment of sample
times (1 2few milliseconds) with a time difference preci-
sion of better than 1 picosecond. Fraction frequency in-
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stabilities due to the noise in this novel measurement
method were demonstrated to be less than one part in 1
for oy(l‘z 2 x 107 s8).

0l6

Also reviewed were some efficient methods of data analysis--
which allow one to gain insight into models that would
characterize both the random and non-random deviation be-
tween a pair of frequency standards. A specific example

was shown demonstrating the time domain fractional frequency
stability, oy (7), between two state-of-the-art commercial
standards, i.e. a quartz oscillator and a high performance
cesium standard for 2 ms < 1 <103 s.
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APPENDIX:
COMPUTING COUNTER PROGRAM

A. The following program may be used in a computing counter,
is useful in determining the fractional frequency stability,
0.,(1), and is unique as compared with other similar types

of programs to determine stability in that it does so with
no dead time. The following program astually determines the
root-mean-square second difference, (A“(At))rms, of the time
difference readings between a pair of clocks or oscillators,
and therefore complements very nicely the dual mixer time
difference measurement system described in the text. The
fractional frequency stability may be calculated from com-
puter program results as follows:

1
212y

oy (1) = (82 (80)) (A1)

If additional programing steps were available, of course one
could program the computing counter to calculate an estimate
of o_,(1) directly. Following is the program procedure to
gene¥ate (A2 (At)) ms:

l. clear x 16. B_§_§

2. % 17. - (subtract)
3. Plug-in 18. Xy

4. é:::& 19. x (multiply)
5. Plug-in 20. c«x §

6. &% 21. + (add)

7. Axy 22. & X

~__

8 -(subtract) 23. Repeat

9. 5:::? 24, %ﬁsi'Program
10. Xfer Program 25.

11. Plug-in 26. §§§:§

12, é:::% 2475 % (divide)
13. axy 28. yx
14. - (subtract) 29. Display x
15. G{ 30. Pause

The confidence of the estimate will improve approximately
as the square root of the number of times (N) the sub loop
is repeated as preset by the programmer [10].
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FIG. 1

PERIOD OF AN OSCILLATOR

OSCILLATOR

(o] (o] O—
100kHz 1MHz 5MH2

Depiction of the sinusoidal voltage output from a
precision oscillator, e.qg. using quartz, rubidium,
cesium or hydrogen as the frequency determining
element. If the frequency out is Vi the the per-
iod of oscillation is T = l/\)l
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FIG. 2 A phase (or time) fluctuation measurement system.
The reference oscillator is loosely phase-locked to
the test oscillator--attack time is about 1 second.
The reference and test oscillators are fed into the
two ports of a Schottky barrier diode double
balanced mixer whose output is fed through a low
pass filter and low noise amplifier, hence to an RC
network, a battery bias box and to the varicap of
the reference oscillator. The instantaneous out-
put voltage of the phase locked loop (PLL) follow-
ing the low noise amplifier will be proportional
to the phase or time fluctuations between the two
oscillators.
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A frequency fluctuation measurement system. The
attack time of the phase lock loop in this case is
much less than a4 second. The amplifier (AMP) out-
put voltage fluctuations for sample times signifi-
cantly larger than the servo loop attack time will
be proportional to the frequency fluctuations
between the oscillators.

0SCILLATOR ¥ Y REFERENCE
UNDER TEST wiaer 0SCILLATOR

1
i lv, A B W'

o

LOW PASS FILTER | EXANPLE vy ¢ 1 W2

AL

HETERCJYNE FREQUENCY
MEASUREMENT METHOD

FREQUENCY
COUNTER ERINTER Yot Y,

FIG. 4 A frequency and frequency fluctuation measurement

system. The difference frequency, Ivl -V
measured with a frequency counter. A counger
measuring the period (or multiple period) of the
beat (difference) frequency could equivalently be
used.

is
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DUAL MIXER TIME DIFFERENCE SYSTEM

b A v v v
0S¢ 0 XFER 0 2 0S¢
# 0S¢ #2

TIME INTERVAL LPF

LPF
COUNTER
At(i)
A 4
v, =0 Iv]

Av = v, - - vOI lvz - vg!

- 1 - At{i1+2)

FIG. 5 A time difference and time fluctuation measurement
system. The low pass filters (LPF) determine the
measurement system bandwidth and must pass the dif-
ference frequencies which are depicted by the solid-
line and dashed-line sinusoids at the bottom of the
figure. The positive going zero volts crossing of
these difference (beat) frequencies are used to
start and stop a time interval count%E after suit-
akle low noise amplification. The i time differ-
ence between oscillator 1 and 2 is the At(i) reading
of the counter divided by Tv and plus any phase
shift added,¢, where v ~ Vi~ v, is the nominal
carrier frequency. The freqguency difference is
straight forwardly calculated from the time differ-
ence values.
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QUARTZ 0SC (DIANA) vs CESIUM 601

5 1 MIN !

FIG. 6 A copy of a strip chart recording of the time fluc-
tuations versus running time using the dual mixer
time difference measurement system. The oscilla-
tors involved were a high performance commercial
cesium standard and a high quality quartz crystal
oscillator. The common oscillator employed was a
low noise synthesizer. The measurement system
noise was about 0.1 ps.
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FIG. 7 Depiction of some commonly encountered non-random
frequency and time deviations; i.e. a frequency
offset error which maps into a linear time drift,
and a linear frequency drift which maps into a

quadratic time deviation.
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PROCESSES MODELED BY POWER LAW SPECTRA

o SN oo

!,#”*“\hu,fffﬁ
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FIG. 8 Some sample plots of processes which may be modeled by power law
spectral densities, S(f)= h,f* (w= 27f), as simulated with a
computer. The white noise, |w|?, is bandwidth limited. The sub-
seript is left off of S(f) as these plots may represent anything,
e.g. frequency or time fluctuations.
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FIG. 9 The residual time fluctuations between the National
Bureau of Standards Atomic Time Scale, AT(NBS), and
the International Atomic Time Scale, TAI, after
subtracting a least squares fit to the frequency.
The vertical scale is in microseconds and the ab-
scissa shows 1420 days following 8 May 1962. The
peak-to-peak deviation is about 6us.
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FIG 10 The residual time fluctuations between the United
States Naval Observatory's Atomic Time Scale, AT
(USNO) , and the International Atomic Time Scale,
TAI, after subtracting a least squares fit to the
frequency. The vertical scale is in microseconds
and the abscissa shows 1540 days following 8 Jan.
1969. The peak-to-peak deviation is less than 6us.
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FIG 11
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The residual time fluctuations between a high per-
formance commercial cesium standard and one of. the
NBS primary frequency standards, NBS-5, after sub-
tracting a mean frequency difference. The vertical
scale is in units of 0.1 us, and the abscissa shows
41100 s duration(~1/2 day). The peak-to-peak devia-
tion is about 0.9 us.
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i+l

x(t)

FIG 12 A simulated plot of the time fluctuations, x(t) be-
tween a pair of oscillators and of the corresponding
fractional frequencies calculated from the time fluc-
tuations each averaged over a sample time T . At the
bottom are the equations for the standard deviation
(left) and for the time-domain measure of frequency
stability as recommended by the IEEE subcommittee on
Frequency Stability (right).
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FIG 13

10}

10°

#:-1 WHITE NOISE

| 10! 10? 10}
NUMBER OF SAMPLES (N)

The ratio of the time average of the standard
deviation squared for N samples over the time
average of a two sample standard deviation squared
as a function of the number of samples, N. The
ratio is plotted for various power law spectral
densities that commonly occur in precision oscilla-
tors. The figure illustrates one reason why the
standard deviation is not a convenient measure of
frequency stability; i.e. it may be very important
to specify how many data points are in a data set
if you use the standard deviation.
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RUBIDIUM STANDARDS PLRFORMANCL
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FIG 14 A 0_(T) versus T plot modeling some actual data
taken at NBS on sgme commercial rubidium standards.
Notice that if Oy°(T) ~ ¥, then oy(1)~gu/2
hence the 1'1/2 slope for u = -1l. etc.
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FIG 15 A plot of Sy(f) versus f as transformed from the
time-domain data plotted in Fig. 14.
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FIG 16 An example 0, (T) versus t plot of an oscillator
with both raXdom fluctuations of flicker noise FM
and a non-random linear fractional frequency drift
of 10-10 per day. A plot appearing similar to this
would be common for quartz crystal oscillators,
for example.
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FIG 17 A calculated 0,(T) versus T plot of white phase

noise (a = +2) with some 60 Hz FM superimposed.
The power in the 60 Hz sidebands has been set
equal to the power of the white phase noise in a

1 kHz bandwidth, fB. Note: S, (f) = ( v2/£2) S, (£)

and ¢(t) = (2m)2 v¢ - x(t).
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QUARTZ OSCILLATOR (DIANA) VS COMMERCIAL CESIUM (#601)
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FIG.18 A o_(t) versus T plot of the fractional frequency

fluctuations, y(t) between a high performance
commercial cesium beam frequency standard and a
commercial quartz crystal oscillator.
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QUESTION AND ANSWER PERIOD
DR. COSTAIN:
Naticnal Research Council.
Herman Damms had been doing a very similar dual mixer system and it does
give a fantastic advantage when you have the two oscillators on the same fre-
quency. As a matter of fact you can only test the system by putting the same
signals into the two channels.
MR. ALLAN:
That's a good point. It's very conducive to testing the measurement noise,

whereas with other systems it's sometimes quite difficult. This one is very
amenable to looking at the measurement noise.
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MEASUREMENTS OF THE
SHORT-TERM STABILITY OF QUARTZ CRYSTAL RESONATORS -
A WINDOW ON FUTURE DEVELOPMENTS IN CRYSTAL OSCILLATORS

F. L. Walls and A. E. Wainwright

TIME AND FREQUENCY DIVISION
NATIONAL BUREAU OF STANDARDS

ABSTRACT

Recent measurements of the inherent short-term
stability of quartz crystal resonators will be
presented. These measurements show that quartz
resonators are much more stable for times less than
ls than the best available commercial quartz os-
cillators. A simple model appears to explain the
noise mechanism in crystal controlled oscillators
and points the way to design changes which should
permit more than 2 orders of magnitude improvement
in their short-terTzstability. Stabilities of
order 1 part in 10 at .001 s appear obtainable.
The achievement of short-term stabilities of this
level would in many cases greatly reduce the time
necessary to achieve a given level of accuracy in
frequency measurements. Calculations show that a
reference signal at 1 THz, derived from frequency
rmultiplying a 5 MHz source with the above measured
crystal stability, should have an instantaneous or
fast linewidth of order 1 Hz. These calculations
explicitly include the noise contrikutuion of our
present multiplier chains and will be briefly
outlined.

INTRODUCTION

Quartz crystal controlled oscillators play a key roll in fre-
quency metrology in that they are used in nearly all preci-
sion frequency measurement and generation devices. Indeed,
the short-term frequency stability of virtually every pre-
cision frequency source is determined by a quartz crystal
controlled oscillator. The short-term frequency stability
sets a fundamental limit on the minimum amount of time
necessary to reach a specified level of accuracy in frequency
measurements, limits the spectral purity, and limits the
highest frequency to which an oscillator can be multiplied
and still be used as a precision source.
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In the following we will show experimental results which in-
dicate that the inherent short-term stability of some quartz
crystal resonators is at least 100 times better than the
best commercially available crystal controlled oscillators.
Next we will briefly outline the reasons for the decrease in
stability of the crystal controlled oscillators relative to
the quartz crystals and indicate how the short-term stability
is related to spectral purity and how these limit the maxi-
mum frequency to which the frequency of an oscillator may be
multiplied and still be used as a precision source.

EXPERIMENTAL RESULTS

Figure 1 shows a schematic diagram of the phase bridge used
to measure the inherent short-term stability of the quartz
crystal resonators. Two crystal resonators which are as
identical as possible are driven by the same low noise source.
By careful adjustment of crystal tuning and the balancing of
the relative Q's, the output from the double balanced mixer,
which is used as a phase detector, is independent of both
residual amplitude and frequency modulation in the source.
This reduction of noise from the source is crucial to being
able to measure small time varying frequency deviations of
the crystals [l]. At balance the mixer output is directly
proportional to the difference in the resonance frequency of
the two crystal resonators. This voltage can now be pro-
cessed to yield both the spectral density of fractional fre-
quency fluctuations, S_ (f), or the time domain stability,
cy(T), per the recommefidation of the IEEE subcommittee on
frequency stability [2].

Figure 2 shows a typical example of frequency domain data.
Sy(f) for a pair of 5 MHz crystal resonators is plotted ver-
sus Fourier frequency offset, £, assuming equal contribution
from each crystal. Note the change from flicker of frequency
to random walk frequency modulation at a Fourier frequency
equal to one half of the crystal bandwidth. Crystal drive
was approximately 200 microwatts. Figure 3 shows a similar
plot for a pair of very high quality 5 MHz crystals. The
change from flicker of frequency to random walk of frequency
modulation should occur at a Fourier frequency of 1 Hz,
which was the lower limit of our spectrum analyzer.

Figure 4 shows the time domain data for the same pair of 5
MHz quartz crystal resonators. The solid dots are the
actual time domain measurements. The lower heavy solid lines
show the frequency domain data translated to time domain [2],
where h_; and h_, are the intensity coefficients for the

144

el e



assumed power law spectral densities f-l and f-2 respec-
tively. These data show that the inherent time domain
stability of the quartz crystals improves as the sample time,
T, becomes short compared to the inverse half angular band-
width v, of the crystal. The functional dependence is

0,(1) = k1?. As one goes to shorter and shorter times the
stability becomes worse again due to noise in the isolation
amplifier and the measurement system. This noise causes an
uncertainty in the measurement of the position of the zero
crossing. If the noise is white then the frequency fluctu-
ations will have a white phase modulation character and oy (1)
will go as ;-1 for times larger than the inverse bandwidt

c¢f the measurement system, which in this case was ~ 4 x 10~
seconds.

The line labelled "Johnson noise from amplifier" indicates
the estimated contribution of our measurement system to
Oy(T). Calculations of the Johnson noise in the series loss
resistance of the crystal, Rg, show that this contribution to
0,(T) is very small compared to that of most active

circuits [1].

For comparison, the stability of these same two crystals in
a hig". performance crystal oscillator at 65° C is also indi-
cated in Figure 4. Note the dramatic difference in stability
for times less than 1ls. This difference is just the noise
contribution due to the electronics in the crystal controlled
oscillators. The difference for measurement times greater
than 1ls is primarily due to the decrease in the stability of
this crystal pair at 65° C.

The character of the oscillator stability for times less
than 1ls is very similar to that of the crystal measurements
below 10ms, only the level is different. Our measurements
show that the noise in the buffer amplifier fully explains
the short-term stability of the oscillator.

The above confirms the widely held belief (see e.g.[3,4]),
that Johnson noise sources in the amplifier and oscillator
stages that are not filtered by the crystal are the cause of
the observed noise in this and most low drive crystal
oscillators. Short-term stability could be greatly improved
merely by increasing crystal drive. A factor of 100 increase
in crystal drive should produce a factor of 10 improvement
in the short-term stability of the oscillator. Recent meas-
urements [5] by J. Groslambert, G. Marianneau, M. Oliver
and J. Uebersfeld on a crystal controlled oscillator with
50uW of crystal drive, yield a factor of 10 improvement in
the short-term stability as compared to the oscillator of
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of Figure 4 which has approximately 1luW of drive. 1In

both oscillators multiplicative phase modulation was redu-
ced by local negative feedback as originally suggested by
D. Halford [6]. Additional improvements in short-term
stability can be obtained by using a high input impedance
buffer amplifier and driving it with a series resonant cir-
cuit from a point in the oscillator where the noise is
bandwidth limited by the crystal. This can increase the
signal level to the buffer amplifier by a factor of 10
without changing the level of Johnson noise in the buffer
amplifier. This should improve the short-term stability by
a factor cf 10. Moreover, most buffer amplifiers are de-
signed for isolation and not low noise. With a little more
care in the design of the buffer amplifier, the noise level
could be reduced by approximately a factor of 4. The net
result should be a crystal controlled oscillator with a
short-term stability at least 100 times better than present
state-of-the-art commercial 5 MHz crystal contriiled oscil-
lators. Stabilities approaching one part in 10 at .001
seconds appear feasible. Even at this level the short-term
stability will be limited by the electronics and not the
crystal resonators, if the best available crystals are used.

The medium term stability of a crystal controlled oscillator
is determined by the flicker of frequency level in the
crystal. Measurements on a number of crystal pairs show
that the flicker of frequency level or stability floor is

approximately given by o_ (t1)= 10"® . This has been

oS —20
verified for crystals ranging in frequencg from S5MHz to
125MHz and crystal Q's from 104 to 2 x 10°. 1Individual
crystals with identical Q's sometimes vary as much as a fac-
tor of 10 in their stability floor, indicating that fabrica-
tion techniques have a considerable influence on stability
beyond just considerations of obtainable crystal Q's. The
departure of solid line derived from h.j; from the experimen-
tal time domain data is probably due to the limited amount
of frequency domain data that could be taken to cover this
region.

Figure 5 illustrates the effect of white phase modulation or
additive Johnson noise on the spectral purity of the signal
and how this limits the maximum frequency to which an os-
cillator can be multiplied and still be used as a precision
signal source.

Curve a shows the rf spectrum of a precision 5MHz crystal

controlled oscillator after multiplication to 9 GHz (x-band).
The broad base is called the noise pedestal while the central
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peak is called the carrier. The noise pedestal determines the
short-term fractional frequefsy stability of the oscillator.
In this case oy (1) =(2 x 10 ~°)/t: The carrier width is
determined by ¥he flicker of frequency level of the oscilla-
tor. The width is approximately

Av = 2v oy(Télicker = ,006Hz

at 9.2GHz for the present oscillator. The narrow peaks of

a and b have a width of 10 KHz which is the bandwidth of the
spectrum analyzer. Curve b shows the rf spectrum at 9.2GHz
when the additive noise iavel has been increased by a factor
of 50 over its initial value. _This corresponds to a short
term stability of o, (1) = :0-11/1., Note that the relative
power in the carrie¥ has Jdropped 8dB and that the height of
the noise pedestal has rixen 34dB. The power in the carrier
is now -84B or 16% of the i.otal available power. Curve C
shows the rf spectrum at 9.2 GHz when the additive noise has
been increased by a factor of 150 over its initial value.
This corresponds to a short term stability of Oy(T) = 3 x 1011,
The carrier has now totally disappeared!

Although there still is gower available, the line width has
increased a factor of 10° from .006 Hz to 600 KHz. Clearly
Curve ¢ can no longer be used as a precision reference sig-
nal. These results are of significance for the design of
both precision frequency oscillators and of the total system
in which they are used. For, as Figure 5 illustrates, the
addition of even relatively small amounts of noise can
seriously degrade the short-term stability, the spectral
purity, and the useful operating range of a precision
frequency source.

These results can be generalized and summarized by the
following. The relative power in the carrier, Pg, and the
relative power in the pedestal, P,, are given by!7]:

N P
Pc(v) = e °P(v), and
i _ o, _ =% (v
Pp =1 - Pc 1 e P
where o_(v) = f s (£) [ v2
P pedestal "y —ig~ af
f

Recall that Sy(f) is the spectral density of fractional
frequency fluctuations, v is the carrier frequency, and f

is the fourier frequency offset from the carrier. The short-
term fractional frequency fluctuations for white phase noise
or additive Johnson noise is given by:
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oy' ) =('%—)('2'}r—')‘/(3 sy(f)ao)/fz

where B, is the bandwidth of the noise.

CONCLUSIONS

It has been shown: (1) that the inherent short-term stability
of the resonators is vastly superior to the best available
commercial crystal controlled oscillators, (2) that the
short-term stability of a crystal controlled oscillator is
dominated by noise processes in the buffer amplifier, (3)
that the adoption of several design changes should produce
crystal controlled oscillators with short-term fractional
frequency stabilities approaching , .., _ 10"!° and (4)

Y T

that the short-term stability or, alternately, the spectral

purity limits the maximum frequency to which an oscillator
can be used as a precision source.

ACKNOWLEDGEMENT

The authors are grateful to H. Hellwiqg, S. Jarvis Jr.,
D. W. Allan, and A. DeMarchi for many helpful discussions.

148



REFERENCES

(1]

(2]

(3]

[4]

(5]

(6]

(7]

A. E. Wainwright and F. L. Walls, "Direct measurements
of the inherent frequency stability of quartz crystal
resonators," Proc. 28th Annual Symp. on Frequency
Control, Fort Monmouth, NJ, pp. 177-180, May 1974. See
also "Measurement of the short-term stability of quartz
crystal resonators and the implications for crystal
oscillator design and applications," IEEE Trans.
Instrum. Meas., IM-24, March 1975. To be published.

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. F. C. Vessot and

G. ! R. Winkler, "Characterization of frequency
stabllity," IEEE Trans. Instrum. Meas., vol. IM-20
pp. 105-120, May 1971.

L. S. Cutler and C. L. Searle, "Some aspects of the
theory and measurement of frequency fluctuations in
frequency standards," Proc. IEEE, vol. 54, pp. 136-154,
Feb. 1966.

Erich Hafner, "The effects of noise in oscillators,"
Proc. IEEE, vol. 54, pp. 179-198, Feb. 1966. See also
the IEEE-NASA Symposium on Short-term Frequency Stabil-
ity, 1964.

J. Groslambert, G. Marianneau, M. Oliver, J. Uebersfeld,
"Design and performance of a crystal oscillator
exhibiting improved short-term frequency stability,
"Proc. 28th Annual Symp. on Frequency Control, Fort
Monmouth, NJ, pp. 181-183, May 1974.

D. Halford, A. E. Wainwright, and J. A. Barnes,
"Flicker noise of phase in RF amplifiers and frequency
multipliers: Characterization, cause and cure," Proc.
of the 22nd Annual Symp. on Frequency Control, Fort

Monmouth, NJ, pp. 340-341, April 1968.

The contribution of the multiplier chains to the noise
pedestal is absorbed in S_,(f). Our present 5 MHz to
9.26 GHz multiplier chains$ increase Sy(f) by less than
.1 dB over the value of Sy(f) for the 5 MHz crystal

controlled oscillator by itself.
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PASSIVE CRYSTAL MEASUREMENT SYSTEN

@_Eﬂ*""‘f—% b, I

U DOUBLE
BALANCED
njage

TINE DOMAIN FREQ OOMATD
alr) CONPUTING PECTRA
y it SPECTRAL l,“)

10 '70: 'o‘“u:
EQUENCY
CONVERTOR ARALYSIS

FIGURF 1 Passive system used to measure the inherent
frequency stability of pairs of similar quartz

crystal resonators.
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FIGURE 2 Frequency domain measurements on crystal pair

5A-200 at 28° C. These are 5 MHz crystals with

a bandwidth of 200 Hz. Sy(f) is shown for a
single crystal.
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FIGURE 4

FIGURE 5
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5B-2 crystal at + 65° C. y = 7mBW; here the
bandwidth is BW = 2 Hz

LELLLERAININLLL LLLLL

b

RELATIVE POMER (B)
=

rf spectrum of 5 MHz crystal controlled
oscillators after multiplication to 9.2 GHz
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short-term fractional frequency stability of

0 (1) = 2.x 10713, 10711 ana 3 x 10711
T T T
respectively.
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QUESTION AND ANSWER PERIOD
DR. WINKLER:
Winkler, Naval Observatory.

You have mentioned the role of buffer amplifiers as contributors to noise. I
think probably for practical applications the most important example of that is
the buffer amplifiers in the cesium standards which we have.

The 5 megahertz crystal oscillators which provides the output at 5 megacycles
has to be buffered very extensively in order to prevent reflective power and
side bands getting back into the oscillator and into the multiplier which would
shift the frequency of the cesium resonance.

But on the other hand, that severe buffering deteriorates somewhat the per-
formance of that crystal for very short integration times. One second or

shorter.

Now there are two possibilities. If people have a requirement, and I know of
some such requirements, to use the output of that 5 megahertz source not only
for time keeping but at the same time also for generation of microwave signals,
where spectral purity is required there are two ways to go about that, One
would be to take out part of the buffering in the output circuits, to increase it
directly which is dangerous.

The other one would be to phase lock a second crystal oscillator which could be
designed according to your recipe and so to provide that spectral purity from a
secondary oscillator.

Now, would you like to comment on these two possibilities, particularly what is
your estimate on the required quality of that second oscillator? If you really do
not need any stability, any inherent stability, beyond one second integration
time, which would be provided by the phase-lock loop on the cesium, what
would be the requirement for such a second crystal?

DR. WALLS:

I'm not sure I understand exactly where you want the requirements —on the
crystal or on the crystal oscillator?

DR. WINKLER:

On the crystal and the crystal oscillator. It is clear that you need still a high
Q crystal for that.
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DR. WALLS:

Yes. You would want to have as high a Q crys 1 as you could which is about
2-1/2 million at 5 megahertz and you would want (o drive it rather hard, you're
not interested in stability at 10 seconds or 100 seconds, for example. And you
would want very few stages of buffering, not 10 or 15 stages.

DR. WINKLER:

But am I correct in assuming that actually that design could be extremely simple?
You wouldn't even need temperature control, maybe.

DR. WALLS:

That's true.

DR. WINKLER:

So it's not an expensive substance.

DR. WALLS:

It shouldn't be.

DR. WINKLER:

It would not cost $15, 000 per unit?

DR. WALLS:

No. I agree. It could be a much simplified design.

DR. HELLWIG:

I'd also like to comment on your question. If one substitutes higher performance
crystal oscillators in existing cesium standards, but still goes through the buffer

amplifiers of the existing cesium amplifiers, you will not realize the better short-
term stability. So be careful in doing that. That is my advice.



The other comment is, as I said yesterday, you have to get away from the one
second time constant of the cesium if you replace the internal oscillator.

DR. WINKLER:

What you just said is one should not go about replacing the internal workings but
put a makeshift externally to that oscillator,

DR. WALLS:

I would prefer that.

DR. WINKLER:

Yes. It's much cheaper and much more direct and much more reliable.
DR. WALLS:

Yes, one should really think in terms of systems, right? And you can, if you
use two components, sometimes have the best of both worlds rather than having
one device be everything to all people.

MR. PHILLIPS:

The Naval Research Lab has taken some of these items into account and devel-
oped a system called a disciplined time and frequency oscillator.

That wasn't the system we developed. And we have noticed very large improve-
ments when multiplied to X band so that these are very real effects and this is

a very powerful approach for the person who needs the long-terms stability of

a cesium and then must require the short-term stability so that he can have a
pure signal at microwave frequency. So this is a very real thing and we have
been addressing it. I wondered if you have, in commercial oscillators, looked
at this particular system?

DR. WALLS:

Well, we have commercial 5 megahertz oscillators that we have multiplied to

X band and the measurements you saw there were on some commercial 5 mega-
hertz oscillators. They weren't laboratory designed oscillators. We have not
tried to change the internal power or the buffer amplifiers yet. That is some-
thing that we hope to do.
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DR. KARTASCHOFF:

In this context of crystal oscillators, I just remembered that about 15 years ago
the Marconi Company in England developed a crystal oscillator system where
they had a high Q crystal in the bridge and they servoed the frequency of a half
driven second crystal oscillator to that bridge. Of course that was done with
tube technology about 15 years ago, but it might be that this scheme, in view of
the results of the measurements of Dr. Walls, might be well worth looking at
again,

DR. HELLWIG:

I think it is a concept worth pursuing. I claim the concept, which I call the dual
crystal concept, would be superior if that second crystal is not used in an oscil-
lator but passively.

I think that is even superior. Replacing tubes by transistors will help too.
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THE MAGNETIC MATRIX TIME INTERVAL METER*

S. K. Merrill and B. V. Rodgers
EG&G, Inc.

ABSTRACT

A time interval meter is being developed
which allows the recording of a number of
event times with high resolution over a
relatively long period of time.

INTRODUCTION

In a number of experimental areas, a means for accurately recording rela-
tive times of occurrence of a series of events is needed. A technique
which easily lends itself to such recording was investigated during the
development of a high-speed single-transient recording device, the
Magnetic Matrix Recorder.l~* The application of this technique to a time-
interval meter results in a system that has capabilities for measurement
of large timing intervals with high resolution, multiple channels timed
directly from the same reference source, non-volatile radiation-hard data
storage, computer-compatible data retrieval, and small physical size.

DISCUSSION

The basis of the system is a matrix of thin-film magnetic recording
elements, located at the intersections of two orthogonal sets of control
traces (Figure 1), With no current flowing in the lines, the magnetiza-
tion of an element points either direction along an "easy'" axis built
into the matrix during fabrication. The application of a sufficient
current to a word line will pull the magnetization into the hard axis.

A current in the bit line pulls the magnetization toward the easy axis,
the direction depending on the polarity of the current. When the word-
line current is removed, the magnetization will fall back to the easy-axis
direction it is being pulled toward, recording the state of the bit-line
current at that instant.

.In the application of this technique to a Time Interval Meter (TIM), the
bit lines are driven with bipolar signals developed by time-code generating
digital logic. The word-line currents are controlled by the events of
interest, with the state of the clock recorded at the time each word-line

is triggered.

*This work being supported by the U.S. Atomic Energy Commission, Nevada
Operations Office, under Contract AT(29-1)-1183.

159 Preceding page blank



An initial bread-boarded prototype of such a TIM was constructed, and
verified the feasibility of the concept. The unit presently under con-
struction is an engineering prototype designed to allow a full investigation
of the capabilities of this technique (Figure 2).

The time code in this unit is synchronized by a 100-MHz crystal-controlled
oscillator feeding two separate generators. The first generator produces
an 8-bit binary Gray code, a minimum-transition timing code, which gives
2.5-nanosecond resolution over a period of 0,64 microseconds. The second
generator contains a set of delay lines, giving eight separate phase-
delayed signals at the main oscillator frequency. Combined with the

Gray code, this allows 0.5-nanosecond resolution, for somewhat greater
than 10 bits of overall resolution.

In this design, the word-lines are controlled through buffer logic by
differential ECL-compatible input signals. A record enable signal,
externally supplied by the system user, serves to gate the channels only
during the time of interest. A calibrate mode is also provided, in which
an external calibrate signal will strobe all 16 channels at the same
instant, allowing channel-to-channel calibration of the unit at any time.

Since the timing code generators are free-running, the data recorded
gives the relative time of occurrence for each event. If an absolute
time measurement is desired, one channel would be strobed by a reference-
time signal to relate the data to an absolute standard. Also, since the
code is cyclic, the units can be cascaded to increase the system time
range covered. For example, adding another unit with 16 bits of Gray
code to the above would allow timing over ,04 seconds with 0,S5-nanosecond
resolution.

Although tests have not yet been performed on the engineering prototype,
an idea of the overall system performance can be gathered from the bread-
boarded prototype. Since the system is digital, its timing accuracy is
affected primarily by variations in logic behavior caused by changes in
temperature or supply voltages. With the unit calibrated, the overall
accuracy is expected to be within *1 least-significant-bit (0.5 ns in
this case). The other source of error is in the oscillator driving the
code generators, which has a specified accuracy of 0.0001% for the present
unit. However, any external oscillator capable of being adapted to ECL
levels can be used to obtain higher stability and accuracy.

To read out data from the matrix, the word line for a selected channel is
strobed by the internal readout logic, and the outputs of the bit-line
sense amplifiers are transferred to buffer registers. In the manual read-
out mode, the channel is selected with front-panel switches and the data
appear on a light-emitting diode display. Under the remote mode, readout
takes place through computer control via a CAMAC Dataway at rates up to
the CAMAC maximum of 1 megaword/second.
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The digital circuitry is primarily ECL logic, with the high-speed portions
using Motorola's MECL III circuits. For both speed and size benefits, the
circuits surrounding the matrix card are fabricated using hybrid circuit
techniques. Both thin and thick film approaches have been used. A plug-in
module arrangement allows ease of fabrication and maintenance as well as a
multilayer circuit capability in the hybrid portion. The engineering proto-
type unit will be housed in a 1 3/4" x 19" rack chassis, with further
packaging emphasis directed toward a CAMAC Instrumentation Module.
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OMEGA NAVIGATION SYSTEM STATUS
AND FUTURE PLANS

CDR Thomas P Nolan
Mr. David C. Scull
USCG OMEGA Navigation System Operations Detail

INTRODUCTION

OMEGA is a very low frequency (VLF) radio navigational
system operating in the internationally allocated navigation
band in the electromagnetic spectrum between 10 and 14
kilohertz. Full system implementation with worldwide
coverage from eight transmitting stations is planned for
the latter 1970's. Experimental stations have operated
since 1966 in support of system evaluation and test. These
stations provided coverage over most of the North Atlantic,
North American Continent, and eastern portions of the North
Pacific., This coverage provided the fundamental basis for
further development of the system and has been essential to
the demonstrated feasibility of the one to two nautical
mile root-mean-square system accuracy. OMEGA is available
to users in all nations, both on ships and in aircraft.

HISTORICAL

OMEGA uses very low radio frequencies and phase-difference
measurement techniques to provide radio navigation infor-
mation. These principles were proposed to the Navy in 1947
by Professor J, A, Pierce of Cruft Taboratory, Harvard
University.

As a result of his proposals and his experiments in
measuring phase delay at VLF and establishing the phase
stability of signals at VLF, the Navy developed an experi-
mental system operating in the vicinity of 50 kHz with a
sine wave modulation of 200 Hz. The system was designed by
Naval Electronics Laboratory Center (NELC), San Diego, and
was called Radux. Radux had an accuracy of three to five
miles and a range of about 2,000 miles. While this system
showed the wisdom of using phase-difference measurement
techniques, the attained accuracy and desire to obtain even
greater range resulted in another system which combined a
separate VLF transmission near 10 kHz with the low frequency
(LF) signal. This system was called Radux-OMEGA. To
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further increase the range of the system, the LF signals
were discontinued. The single frequency VLF system was
called OMEGA and, later, expanded to a multi-frequency
OMEGA system. Thus, OMEGA can trace its development back
over a twenty-year period.

Early transmissions from the shore-based stations were
derived from a conventional primary-secondary configuration.
Modern transmission of OMEGA signals is derived from a
cesium frequency standard at each station and each station
is controlled as a source or standard f.. nals. This
arrangement is most efficient and practi-al for a global
system because the navigator can pair stations in any con-
venient way to obtain useful hyperbolic geometry and signals.

SYSTEM CONFIGURATION

TRANSMITTING ANTENNA SITES -~

The OMEGA navigation system is a shore-based electronic aid
to navigation that uses measured signal phase-ditferences
from sets of stations for fix reduction. Eight stations
geographically dispersed are required to provide worldwide
coverage. Two of the eight stations are located on U. S.
sovereign soil. The remaining six are being sited in
cooperation with partner countries.

Experimental stations, operating since 1966, were located

at Forestport, New York; Bratland, Norway; Trinidad, West
Indies; and Haiku, Hawaii. These stations employed either
existing facilities or temporary electronic equipments

which proved adequate for the evaluation phase. The stations
provided about one kilowatt of radiated power. Two of these
four stations were selected as sites for permanent stations:
Bratland, Norway; and Haiku, Hawaii.

The first high power OMEGA station of thu: projected con-
figuration of eight stations is located in La Moure, North
Dakota. This station has been operational since late 1972,
The second station to be built on U. S. sovereign soil is
located at Haiku, Hawaii. This site is the location of one
of the original experimental stations. This station, like
all others, will broadcast a signal of ten kilowatts.

The Bratland, Norway, site originally used during the

operational evaluation phase provided signal coverage from
temporary electronics housed in vans. In cooperation with
the Government of Norway, this site was selected as one of
the eight permanent stations. This station has since been
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completed with a permanent new facility housing a full set
of new OMEGA electronics. It is currently broadcasting
with an effective radiated power of six to seven kilowatts
but once antenna problems are resolved, the station should
radiate ten kilowatts.

As was the case with Norway, rather than negotiating for
permission to build and operate U. S. transmitting stations
on foreign soil, the Navy sought out foreign partners to
join the U. S. in completing the OMEGA system. This policy
emerged from the consideration that OMEGA is not peculiarly
a military system, nor even a U. S. system, but an inter-
national navigation system that can be and undoubtedly will
be used by all seafaring and airline operating nations of
the world.

The Governments of Japan, Argentina, and Liberia have con-
cluded diplomatic agreements with the U, S. for stations

on their soil. The final agreement with France for a
station on their soil is near final approval. Construction
work is currently in progress on these stations. The sites
are located on the Island of Tsushima in the Sea of Japan,
on the Island of La Reunion in the Indian Ocean, Golfo
Nuevo, Argentina, and near Monrovia, Liberia, respectively.

Diplomatic negotiations are currently in progress with the
Government of Australia for siting of the final transmitting
station. Figure 1 depicts the existing stations along with
stations under construction and a probable location for the
Australian station.

SYSTEM DESIGN

SIGNAL FORMAT -

The system design calls for a network of eight stations each
transmitting a continuous wave (CW) signal which is period-
ically interrupted to allow it and other OMEGA signals to
enter a time shuering or multiplex pattern. The various
OMEGA stations always transmit in the same order with the
length of the transmission varying between 0.9, 1.0, 1.1,
and 1.2 seconds from station to station. Each transmitting
station broadcasts three basic navigational frequencies
10.2, 11-1/3, and 13.6 kHz and is also capable of broad-
casting what has been termed two unique frequencies. The
original purpose of these frequencies, unique to each
station, was for use in the synchronization process through
interstation communication. The high stability of atomic
frequency standards (cesium beam) now used in the system
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has made this requirement obsolete and other uses have been
proposed, A final use for these frequencies has not been
determined, however, and is still under study.

LA REUNION 1975
A

@ STATIONS IN OPERATION
A STATIONS UNDER CONSTRUCTION |
PROPOSED STATION LOCATION

~
A ARGENTINA 1975
& S
[/

Fig., 1--OMEGA Navigation System
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The complete, as originally envisioned pattern or trans-
mission for all stations is shown in Figure 2. It should
be noted that the various pulses are length-coded to pro-
vide one of several ways in which emissions of the various
stations can be identified. Each of the shared carrier
frequencies (that is, every frequency except the unique
ones) passes through a particular phase at the end of each
30 seconds. Thus, at each half-minute of time, all carrier
frequency currents in all transmitting stations pass through
zero with a positive slope. Thus, all stations are synchro-
nized to a given point in time and can be considered inde-
pendent. It is important to note the OMEGA epoch does not
correspond with universal coordinated time (UTC).
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Fig. 2--OMEGA Signal Transmission Format
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PROPAGATION -

The OMEGA navigational system is a skywave dominant system
that is inherently dependent on the ability to predict
propagational factors associated with such skywaves in order
to arrive at a useful navigational system. Thus, the
accuracy of navigation is dependent on ability to derive a
useful set of corrections, such that the navigator at a
given time and location can reduce the phase-difference
measurements to a geographic position,

The field strength and velocity of propagation at VLF form
too complex a subject for detailed discussion in this short
paper. A simple summary can be given best in terms of the
mode and wave guide theory., We would like to have a single
mode of propagation greatly exceeding all others at all
necessary distances, This condition is most nearly met
near 10 kHz. At higher frequencies such as 20 kHz, the
excitation of the first-order transverse magnetic wave is
inferior to the excitation of the second-order wave,
especially at night, while the attenuation rate of the
first-order is considerably less than that of the second.

There is, at VLF, a considerable asymmetry in transmission
normal to the horizontal component of the earth's magnetic
field. 2t the geomagnetic equator, at 10.2 kHz, the day-
time attenuation rate for transmission toward the West is
more than twice the value for transmission toward the East.
This results in large differences in useful range of a
signal in various directions. Transmission toward the West
(at the geomagnetic equator) cannot be used for more than
4,500 nm, Toward the East, however, transmission is satis-
factory for about 10,000 nm, except that there is a region
probably a few hundred miles in radius, at the antipode of
the transmitter, where the large field strength is provided
by rays coming from many directions and the prediction of
resultant phase is difficult.

The velocity of propagation is relatively less affected by
direction than is the field strength. Of major importance
is the change in velocity between day and night. The veloc-
ity is reduced by transmission over land, but the effect is
not major unless the land is of unusually poor conductivity,
as in the arctic and antarctic regions.

From the practical standpoint, these phenomena result in
resonant modes, each with a different velocity and attenua-~
tion, being developed within the spherical shell wave guide
between the earth and ionosphere. At frequencies near 10
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kHz, the first mode is generally dominant over others at
ranges greater than 600 miles. At the same time, diurnal
changes in ionospheric height are responsible for expansion
or compression of the wave guide along the propagation path,
with the result that there is a corresponding variation in
the propagated phase.

Propagation of the VLF signal must be corrected to coincide
with charted phase contours prior to navigator utilization
to attain OMEGA's phase-of-the-signal fundamental measure-
ment. Propagation corrections accomplish this melding
operation.

These corrections are easily predicted because the basic
parameters concerned with propagation of the first mode are
known and ionospheric heights can be calculated along day/
night paths, This is not to oversimplify the task of calcu-
lation, since effects of the geomagnetic field on east-west
propagation paths and the secondary phase retardation
factors attributed to ground conductivity must also be con-
sidered.

Previously, all published propagation correction tables
were based on a global theory of OMEGA propagation incor-
porating theoretical and empirical principles where the
relative contributions of the various effects are determined
by regression analysis on millions of hours of data. The
physical model has undergone continual refinement for ten
years, Currently, skywave corrections for limited areas
are also receiving the benefit of a "Force-Fit" wherein
local prediction errors are determined by monitoring and
then removed over whatever spatial extent may be justiried
by the statistics. Regardless of the method of derivation,
the purpose of the propagation correction is to remove
undesirable variations so that the observations can be
corrected to charted LOP's with the best practical accuracy.
A sample propagation correction table is shown as Figure 3.
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Fig, 3--Sample Propagation Correction Table

The two principal sources of error are propagational varia-
tion and ability to predict propagation corrections, The
distinction is significant. Propagation corrections are
computed for intervals well in advance of use. Thus, they
cannot be expected to reflect particular propagation condi-
tions on any single day, but only the anticipated average
phase-difference observations for the location and time
considered. Error with perfect propagation corrections
would still exist, since, in general, phase difference
measurements on a particular day would not exactly match
the anticipated normal :ieasurements. The distinction is
largely academic to the practical navigator since he is
constrained to use published propagation corrections. To
the system designer, however, the distinction is real,
since propagation correction errors can be reduced as expe-
rience is gained and prediction techniques are refined.

Figure 4 shows a typical phase variation curve. The pre-
dicted values indicated are derived from calculations and
are available in the form depicted in Figure 3. The dif-
ference in predicted and actual values includes both errors
noted above. This sample is typical and would produce
about one-half mile for the navigational fix.
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Fig. 4--Typical Phase Variation Curve

LANE IDENTIFICATION -

If positional measurements are made in terms of carrier
phase at only a single frequency, it is clear that the phase
observations will be identical at a large number of ‘points
in a nearly rectangular grid. At 10.2 kHz the separations
of these ambiguous points would be about 8 miles, or 1/2
wavelength. This problem of ambiguity would never arise if
the navigator should start from a known place and carry his
positions forward by making observations (or having them
continuously recorded) at intervals smaller than the time
within which his errors of dead reckoning could reach 4
miles. On shipboard, this is the chosen solution. In an
aircraft, however, a 4 mile uncertainty can accurulate in a
few minutes, and the navigator might not care to place his
entire reliance upon the continuity of operation of his
equipment and of the signal reception.
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For these and other reasons, the system has been designed
to provide lane identification, in such a way that it may
be used (or not) at the operator's convenience. In OMEGA,
complete identification must be done in several stages.

If one made a second measurement of a line of position at a
frequency of 2400 Hz (1/3 of 10.2 kHz), it is clear that it
would coincide with one of each three possible 10,2 kHz
positions, if the error of the measurement at the lower
frequency ver< gsafely less than 1/2 of the period of the
higher frequei:cy. Since 3.4 kHz cannot be radiated success-
fully from the OMEGA antenna, this comparison is made by
measuring the phase of the beat between 10.2 kHz and 13.6
kHz. These two frequencies cannot be radiated simultaneous-
ly, but in effect the 10.2 kHz phase is stored for the
carrier-frequency measurement and this stored phase can be
compared with the 13.6 kHz phase when it appears.

Continuing the process, a period of 3400 Hz signal can be
identified by a measurement at a frequency three times
lower, or at 1133-1/3 Hz. This frequency is the difference
between the 10.2 kHz carrier and the 11-1/3 kHz carrier.

These multiple frequencies are employed as noted to create
lanes which are larger than the basic 8 nm half-cycle wave-
length., Use of the 3400 Hz frequency generates a 24 nm lane
and 1133-1/3 Hz generates a lane width of 72 nm. Use of
these frequencies reduces the problem of lane ambiguity
commensurately. Very few receivers should need to resolve
ambiquities of 72 nm unless an intermittent operation is
expected. Figure 5 shows the relationship of these lanes.
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Fig. 5~-Lane Resolution Relationships

SYNCHRONIZATION -

As noted previously, the definition of synchronization in
OMEGA is that all antenna currents shall be in absolute
phase whatever the locations of the antenna. This defini-
tion obviously neglects the fact that the various stations
actually radiate their common frequencies at different
epochs. The sources of frequency are, however, continuous
and in phase. This condition is achieved and maintained as
follows.

Fach station is controlled by the mean of the frequencies
of four standards, each locked to an atomic resonance but
adjustable over at least a few parts in 10''. All needed
frequencies are derived from this combined source, and are
internally checked and maintained to achieve very high
reliability of phase. The precision of frequency is such
that each phase can be trusted to 1 micro-second per day.
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This frequency source is used to provide all radiated signals
and also to drive a clock. At each station, this clock is
used to record the time of arrival of every signal from
every other station. Once each day these observed times of
arrival are reduced to a single number for each station.

By appropriate calculations, these numbers are intercompared
to each other and to standard time, such as from the Naval
Observatory, to compensate for any offset that may occur
between the atomic clocks of the various stations.

TRANSMITTING STATION IMPLEMENTATION

The OMEGA system, when completed, will consist of eight
stations as discussed earlier, For ease in identification,
these stations have been assigned letter designations of

A through H, Table I identifies the station by letter
designation, location, and antenna type.

TABLE I
STATION LOCATION ANTENNA TYPE

A Bratland, Norway Valley Span
B Trinidad/Liberia Valley Span/Grounded Tower
o Haiku, Hawaii Valley Span
D La Moure, North Dakota Insulated Tower
E La Reunion Island,

Indian Ocean Grounded Tower
F Golfo Nuevo, Argentina Insulated Tower
G South East Australia Ground-Tower (Proposed)
H

Tsushima Island, Japan Insulated Tower

Except for the commutation pattern depicted in Figure 2, the
electronics characteristics of the station are alike, The
principal difference is associated with the antenna type
which has some effect on the bandwidth, and thus on the rise and
decay times of the waveform. These minor differences have
no practical impact on the navigator. The selection of the
antenna type was based on site characteristics and cost
associated trade-offs.

The Norwegian Station construction was completed in December
1973 by the Norwegian Telecommunications Administration.
This station is currently broadcasting the OMEGA signals at
an effective radiated power of six to seven kilowatts.
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The Trinidad OMEGA station, in existence as an operational
evaluation station since 1966, will be replaced by a new
station in Liberia. Pelocation of this mid-equatorial
Atlantic station to the African Coast will improve the
OMEGA coverage available to the major shipping and trade
routes from Europe around Cape of Good Hope. Liberia, in
cooperation with the United States, has made final the site
selection and survey. Construction is in progress with a
scheduled completion date of September 1975.

The Haiku, Hawaii, OMEGA station renovation and upgrading
has been completed. A new valley span antenna complex and
ground system has been installed. Interior building reno-
vation to accommodate a new electronic suite is included.
Construction has been completed.

The La Moure, North Dakota, OMEGA station was the first
permanent OMEGA station. This station has been providing
operational signals since October 1972.

The La Reunion Island OMEGA station is under construction
by the French Navy on a site near Port des Galets. This
site is located in the Indian Ocean cyclone area which has
significant impact on construction schedules, in particular
the schedule for erection of the 1,400' tower. Tower
fabrication and erection schedules currently support an
on-air date of no earlier than December 1975.

The Argentine OMEGA station at Golfo Nuevo, located in the
coastal area of central Argentina, is approximately 600
miles south of Buenos Aires. This region of the country is
comparable to the southwestern United States, and its flat
terrain provides an excellent platform ror a tower antenna
system. The tower for OMEGA Argentina is on site with
construction in progress under supervision of the Argentine
Navy. Scheduled on-air date is July 1975.

The Government of Australia is currently reviewing a pro-
posal from the Government of the United States that
Australia construct and operate an OMEGA navigation station
on their sovereign soil. It is anticipated this station
might be located in southeastern Pustralia. In all likeli-
hood, 1t will use a tower antenna system. Until diplomatic
procedures have been completed, no estimate of an on-air
date can be made, but past experience has indicated about
thirty-six months is required from final site selection to
on-air.
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Japan has undertaken to construct an OMEGA station on
Tsushima Island in the Sea of Japan. This venture repre-
sents the first major OMEGA construction program to be
totally directed by a partner nation. Design has been
completed and construction is in progress. This station
will feature a 1,500' cylindrical tower antenna structure.
It is now broadcasting and it is expected that the station
will be operational by April 1975. It will provide the
first expansion to system coverage since 1966.

SYSTEM MANAGEMENT

Overall system implementation is continuing under_ the
direction of the U. S. Navy OMEGA Project Managerl.

Agenciee of the other participating nations are coordinating
their programs with the United States. The U. S. Coast
Guard operates the U, S. stations.

The Coast Guard OMEGA Navigation System Operations Detail?
was established in July 1971. This organization has
recently assumed operational responsibiiity for the OMEGA
system. It is intended that the Coast Guard Operations
Detail operate the system tor the Navy pending total imple-
mentation or when mutual agreement is reached for the Coast
Guard to assume full U. S. responsibility for the OMEGA
system.

OMEGA stations on foreign soil will be operated by host
nation agencies who will bDe responsible for maintaining the
OMEGA signal without interruption and in phase with the
worldwide OMEGA navigation system. These agencies are
listed in Table II,
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TABLE II

STATION AGENCY

A, Norway The Norwegian Telecommunications
Administration

B. Liberia Department of Commerce, Industry,
and Transportation

C. Hawaii U. S, Coast Guard

D. North Dakota U. S. Coast Guard

E. La Reunion French Navy

F. Argentina Argentine Navy

G. Australia Department of Transport Coastal

Services Division

H. Japan Japanese Maritime Safety Agency

1Commander Neal F. Herbert, USCG
OMEGA Project Office (PME-119)
Naval Electronic Systems Command
Washington, D. C., 20360

(202) 692-8777

2Commander Thomas P. Nolan, USCG

Commanding Officer

USCG OMEGA Navigation Operations Detail

U. S. Coast Guard Headquarters (G-ONSOD/43)
wWashington, D. C., 20590

(202) 245-0837
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QUESTION AND ANSWER PERIOD
MR. STETINA:
Fran Stetina from Goddard.
How long will the Trinidad station be operational?
MR. SCULL:

Until the Liberian station becomes operational which we estimate now as being
December of '75.

MR. STETINA:
Is the North Dakota station going to be torn down for maintenance?
MR. SCULL:

I hate to use the word, "torn down.'" I don't know all the details. I'm not in the
engineering aspect of the system, but evidenily there is some problem with some
of the insulators on the radials. They may be able to do some of this work while
the station is transmitting. But there is some indication that they will stay off
for a day or two.

DR. WINKLER:
The case of the unique frequency falls under three different considerations.

Number 1—communications. I think you have shown on your third slide that the
OMEGA system was not to be used for communications. That would imply that
we should not use the system to communicate time-of-day as has been proposed
by several users. That communication was to have been done by switching on
and off some of these remaining five segments on two frecquencies.

Point number 2—unique frequencies are capable of being received by receivers
without switching—without segment switching, and if all the power whichisavail-
able on 5 segments, is concentrated on just one unique frequency which can
proceed without switching, I think one has additional navigational capability.
Particularly important for fast moving crafts—aircraft where duty cycle is of
major importance and signal-to-noise is of major importance.
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Such a use also would be in the interest of a very large community spread
throughout the Department of Defense and other agencies where people phase
track with the simplest possible equipment to provide for local standards for
frequency measurements., The Army, I believe, has sume 900 of these stations
on the air.

That point will be even more important in the future if, and when, the Navy

high power communication stations would switch to the MSK instead of FSK.

The unique frequencies at that time may be the only source for simple phase
tracking VLF frequency standards.

The third point is a question of cycle identification. It has been proposed, and
has been tested very successfully by the NASA group under A, Chi, that two
unique frequencies spaced closely together, 250 hertz, can be used in a very
simple straight-forward way to identify a particular cycle. The point, however,
is, that that can be also done with one unique frequency and some switched seg-
ments, 13.6 combination to unique or the 10.2 to unique. This provides a siin-
ilar capability.

I do not yet understand, and I hope that the next paper on the GRAN system will
explain, why the lane identification problem is not really the same as the cycle
identification problem. So if I consider all of these problems and the compli-
cation, my conclusjon is that it may be the wisest to tranamit just on one unique
frequency and to attempt the cycle identification in conjunction with the OMEGA
navigational frequencies which are switched, and not to use the segments for
communicating time-of-day for which probably better methods are available.

MR. SCULL:

I think in the original implemetation plan for OMEGA unique frequencies were
to be used for interstations communications. At some point they decided this

was probably not the best way to go. This is from the standpoint that the time
you need to communicate between stations is generally when you lose a station
in the area due to a power failure or some other means.

So really the use of unique frequencies for that purpose was sort of lost some-
where along the line. Your description of various uses of unique frequencies,
I think, are very appropriate and in discussions we've had with you and Andy
Chi, I feel quite confident that we can almost accommodate all of the require-
ments by getting together and actually comparing these.

The only thing is time is getting short and we must go with a unified position in
this area.
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DR. OSBORN:

Is there any recent body of data since Beuker's data was taken that relates to
phase stability of the signal on land? There's been a considerable controversy,
as I'm sure you know, as to what the phase stability is.

MR. SCULL:

I've seen some but I think you're possibly trying to describe, or are describing,
the modal propagation problems that we've had. In the near field around our
megatransmitter we do get multimode propagation effects which do appea: to
interfere with the stability of the signal. These also occur at distance from

the transmitter in certain regions, particularly in the transequatorial regions.

Yes, we do have data on these. Most of the data is based on ionospheric models.
Primarily because there isn't a receiver built that will detect modal interference
when it occurs., It's only through an analysis of long-term data that this can be
shown and through comparison with ihe theoretical models such as integrated
prediction problems, a program developed by NELC that we can see this type of
thing,

I think the data concerning the stability of the standards which are used to syn-
chronize the system, generally within a few microseconds on the present four
stations network, isn't published any place but I'm sure we can make this avail-
able to interested parties.

DR. OSBORN:

So you're essentially saying then that you're content with Beuker's data, is that
correct?

MR. SCULL:

No, —I read one of Beuker's reports where he indicated it was modal interfer-
ence on certain paths and I certainly agree that this occurred. I'm not too sure
where it happens in all regions of the earth's globe. If this is enough to limit
the use of the system I'd say no. I think it's been well recognized that on cer-
tain paths we will have modal interference problems and the way around that is
the built-in redundancy of the OMEGA signals.

This is where things become very acid between say, the Coast Guard which is
calibrating the system and agencies like the Defense Mapping Agency which pro-
duce charts for this system. We have to know what stations will be virtually
interfered with at a particular time on a given path; so we can guide the navi-
gator, publish the proper LOP's on a chart,
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Again, ii's just a physical phenomena that occurs, I think we're not able to de-
fine it very well at this point and not until we improve our data base.

DR. KLEPCZYNSKI:

In November there was a meeting on OMEGA here in Washington and I believe
there was a paper which did something like Beuker just did and which should be
published in their proceedings. Do you recall that paper?

MR. SCULL:

Yes, I think it's part of the work done by NASA at Langley, Virginia and they
noticed modal interference on the North Dakota path, which is an overland path.
Modal interference can happen in the ocean regions as well, and generally some
of the studies that we have done on modal interference support their contention
that certain hours of the day we get modal interference. In fact on the Trinidad
signal when we receive in a Y, an east-west path, we have severe modal inter-
ference. I was there a couple of weeks ago looking at it during the day and it
exists.

But the way around that is to choose other stations in the system, but, of course,
we do have to know which ones to choose and that's a very important point. We
have to develop the data base and the data bank is aimed toward that goal.

MR. KEATING:
Mr. Keating, Naval Observatory.

I would like to return to the distinction between lane identification and cycle
identification. Is there is a distinction and if so, what is it?

MR. SCULL:

Lane identification is a word I think used by the navigator where maybe cycle
identification is a word used by the propagation physicist or the PTTI scientists.

Essentially there is no difference, except you get into a complication: hyper-
bolic systems lane is half a wave length and the cycle identification system is

a full wave length. But generally they are interchangeable words. Please cor-
rect me if I'm wrong somebody. I think that's a safe assumption.

MR. CHI:

I'd like to make an observation on Dr. Winkler's excellent summary of the po-
tential applications of OMEGA for navigation by using additional frequencies.
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It is certainly an excellent way to use as many frequencies as possible, in parti-
cular, as strong a signal strength as possible. Howev<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>