
PROCEEDINGS 

OF THE 

’ o w -  
r z =  
9223.1 
Z G V I  
s z w w  

SIXTH AN 
PRECISE TIME A D TIME INTER 1 n r  = M  I 

(PTTI) P L A N N I  E E T I N G  

DECEMBER 3-5, 1974 

U. S. NAVAL RESEARCH 
WASH IN GTON, 

LABORATORY 
D. c. > -  



For information concerning availability 
of this documenx contact: 

Technical Information Division, Code 250 
Goddard Space Flight Center 
Greenbelt, Maryland 20771 

(Telephone 301-982-4488) 



X-814-7 5-117 

PROCEEDINGS 

OF THE SIXTH ANNUAL 

PRECISE TIME AND TIME INTERVAL (PTTI) PLANNING MEETING 

Held at U.S. Naval Research Laboratory 
December 3-5, 1974 

Sponsored by 

U. S . Naval Electronic Systems Command 
NASA Goddard Space Flight Center 

U. S . Naval Observatory 

Prepared by 
GODDARD SPACE FLIGHT CENTER 

Greenbelt, Maryland 2077 1 



OFFICERS AND COMMITTEES 

EXECUTIVE COMMITTEE 

James A. Cauffman, General Chairman 
Naval Electronic Systems Command 

Andrew R. Chi  
Goddard Space Flight Center 

Laura C. Fisher 
U. S. Naval Observatory 

Dr .  William J. IClepczynski 
U. S. Naval Observatory 

Theodore N. Lieberman 
Naval Electronic Systems Command 

James A. Murray, Jr. 
Naval Research Laboratory 

Robert R. Stone, Jr. 
Naval Research Laboratory 

Schuyler C. Wardrip 
Goddard Space Flight Center 

. iii 



TECHNICAL PROGRAM COMMITTEE 

DR. HAEU3IS A. STOVER - CHAIRMAN 
DEFENSE COMMUNICATIONS AGENCY 

D. W. ALLAN 
National Bureau of Standards 

DR. W. J. KLEPCZYNSKI 
U. S . Naval Observatory 

J. F, BARNABA T. N. LIEBERMAN 
Newark Air Force Station 

A. R. CHI 0. McINTIRE 
Goddard Space Flight Center 

R. L. EASTON DR. F. H. REDER 
Naval Research Laboratory 

Naval Electronic Systems Command 

Federal Aviation Administration 

U. S. Army Electronics Command 

LAURA FISHER 
U. S. Naval Observatory 

M R .  L. J. REUGER 
Johns Hopkins University, 

Applied Physics Laboratory DR. H. F. FLIEGEL 
Jet Propulsion Laboratory DR. F. W. ROHDE 
H. C. FOLTS 
National Communication Systems 

U.S. Army Topographic Command 

H. S .  FOSQUE 
NASA Headquarters 

A. C. JOHNSON 
U. S . Naval Observatory 

J. D. TAYLOR 
Eglin Air Force Base, ADTC 

S. C . WARDRIP 
Goddard Space Flight Center 

EDITORIAL COMMITTEE 

LATJRA C. FISHER - CHAIRMAN 
U.S. NAVAL OBSERVATORY 

R. H. DOHERTY 
Institute for Telecommunication 

Sciences 

DR. H. F. FLIEGEL 
Jet Propulsion Laboratory 

DR. W. J. KLEPCZYNSKI 
U. S . Naval Observatory 

C. P. KUGEL 
Naval Electronics Laboratory Center 

DR. D. D. McCARTHY 
U . S . Naval Observatory 

D. B. PERCIVAL 
U. S . Naval Observatory 

MR. L. J. REUGER 
Applied Physics Laboratory 

DR. R. F. VESSOT 
Smithsonian Astrophysical 

Observatory 

iv 



SESSION CKALRMEN 

SESSION I 
Dr. Harris A. Stover 

Defense Communications Agency 

SESSION 11 
I)r . Friedrich H. Reder 

U.S. Army Electronics Command 

SESSION 111 
Schuyler C . Wardrip 

Goddard Space Flight Center 

SESSION lV 
Dr. William J. Klepczynski 

U. S .  Naval Observatory 

SESSION V 
Dr. Gernot M. R. Winkler 
U. SI Naval Observatory 

SESSION VI 
Roger L. Easton 

U.S . Naval Research Laboratory 

ARRANGENlENTS 

Robert R. Stone, Jr., NRL 
James A. Murray, Jr., NRL 

Herbert S. Poole, NRL 

SECRETARY 

James A. Murray, Jr., NRL 

FINANCE COMMITTEE 

Theodore N. Lieberman, NAVELEX 
Schuyler C. Wardrip,  GSFC 

V 



TECHNICAL ASSISTANCE 

William Berg, NRL 
John Bowman, NRL 

Charles Mirachi NRL 
Joseph O'Neill, NRL 
David Phillips, NRL 
Dewey Pritt, NRL 

William Smith, NRL 

RECEPTIONISTS 

Beraldine Combs, NRL 
Marie Nader , GSFC 
Sallie Waddell, NRL 

ENTERTAINMENT 

Dr. F. H. Reder USAECOM 

BANQUET SPEAKER 

Dr . William T. Keeton 
Langmuir Laboratory, Cornel1 University 

Subject: The Continuing Mysteries of Pigeon Homing 

CALL TO SESSION 

James A. Cauffrnan, NAVELEX 

WELCOME ADDRESS 

Dr. Alan Berman, Director of Research, NRL 

OPENING COMMENTS 

Tecwyn Roberts, Director, Networks Directorate, GSFC 

0 

OPENING ADDRESS 

Rear Adm. Raymond J. Schneider , Commander, NAVELEX 

vi 



CONTENTS 

Page 
I_ 

SESSION I 

3 5 P r e c i s e  Time and Time Interval (PTTI) , an Overview, 
Dr. Gernot M. R. Winkler. . . . . . . . . . . . . . . . . . .  l b  

/Review of Time Scales , 
Dr .  B. Guinot. . . . . . . . . . . . . . . . . . . . . . . .  17 i, 

Review of Available Synchronization and Time Distribution J4 Techniques, 
Dr. R.  G. Hall, T. N. Lieberman and R. R. Stone . . . . . . .  29v  

Applications of PTTI to New Techniques for Determining Crustal 
Movements, Polar Motion, and the Rotation of the Earth, 
Dr. P. L. Bender . . . . . . . . . . . . . . . . . . . . . .  39v ,$& 

SESSION XI 
h 
1 

A Review of Precision Oscillators, 33 Dr. Helmut Hellwig . . . . . . . . . . . . . . . . . . . . .  59 L 

[Time Measurement Techniques 
J. F. Barnaba . . . . . . . . . . . . . . . . . . . . . . . .  83 ,!. 

U s e  of Precision Time and Time Interval (PTTI), 4 J. D. Taylor . . . . . . . . . . . . . . . . . . . . . . . .  91b 3 
The Present Development of Time Service in Brazil, with the 

Application of the TV Line-10 Method for Coordination and 
Synchronization of Atomic Clocks 
Paul0 Mourilhe Silva and Ivan Mourilhe Silva . . . . . . . . . .  

SESSION 111 

9w 

Time Measurement of Frequency and Frequency Stability of 
95) Precision Oscillators 

DavidW. Allan . . . . . . . . . . . . . . . . . . . . . . .  109L 

vi i 



CONTENTS (Continued) 

,Measurements of the Short-Term Stability of Quartz 

P x e  

Crys ta l  
Resonators-A Window on Future Developments in Crystal 
Oscillators, 
Dr. F. L. c;c”lls and A. E. Wainwright . . . . . . . . . . . . .  

T h e  Magnetic Matrix Time Interval Meter,  
S. K. MerrillandB. V. Rodgers . . . . . . . . . . . . . . .  

OMEGA Navigation System Status and Future Plans, 
CDR Thomas P. Nolan and David C. Scull . . . . . . . . . . .  

Recent Field Test Results Using OMEGA Transmissions for 
Clock Synchronization, 
A ,  R. ChiandS. C. Wardrip . . . . . . . . . . . . . . . . .  

Frequency Calibration Techniques, 
James M. Williams, Jr. and Joseph M. Rivamonte . . . . . . .  

The Global Rescue Alarm Net (GRAN): Concept and Approaches, 
1 / Clara L. Calise and CDR William R. Crawford . . . . . . . . .  

SESSlON IV 

A General Description of Loran-C: Present and Potential 
Applications, 
Robert €I. Doherty . . . . . . . . . . . . . . . . . . . . . .  

Design and Operation of Loran-6 Time Reference Station, 
Kenneth Putkovich . . . . . . . . . . . . . . . . . . . . . .  

\ 
Performance of Loran-C Chains Relative to UTC, 

# A . R . C h i . .  . . . . . . . . . . . . . . . . . . . . . . . .  
Loran-C Expansion: Impact on Precise Time/Time Interval, 

LCDR John F. Roeber, Jr. 

Ground Effects on Loran-C Signals, 

. . . . . . . . . . . . . . . . . .  I 
Dr. D, C. Pearce and J. W. Walker . . . . . . . . . . . . . . .  I 

143 

159 

165 

187 

199 

209 

223 

249 

263 

305 
. 

319 

viii 



CONTENTS (Continued) 

SESSION V 

Page - 

Very Long Baseline Interferometry (VLBI) , 
Dr.M.H.Cohen. . . . . . . . . . . . . . . . . . . . . . .  3MF 

Application of Very-Long-Baseline Interferometry to A strometry and Geod- 
esy: Effects of Frequency-Standard Instability on Accuracy, 
Dr. A. R. Whitney, Dr. A. E. E. Rogers, Dr. H. F. Hinteregger, 
Dr. L. 'B. Hanson, Dr. T. A. Clark, Dr. C. C. Counselman 111, 
and Dr. I. I. Shapiro . . . . . . . . . . . . . . . . . . . . .  

Worldwide Time and Frequency Synchronization By Planned 
VLBI Networks, 
Dr. Robert J. Coates andDr. Thomas A. Clark . . . . . . . .  

Radio Astrometry , 
, Dr. Kenneth J. Johnston . . . . . . . . . . . . . . . . . . .  
Frequency Standards Requirements of the NASA Deep Space 

Network to Support Outer Planet Missions, 
Dr. Henry F. Fliegel and C. C. Chao . . . . . . . . . . . . . .  

Relativistic Effects of the Rotation of the Earth on Remote Clock 
Synchronization, 
Dr. Victor Reinhardt . . . . . . . . . . . . . . . . . . . .  

/ 
A Relativistic Analysis of Clock Synchronization , 
/ 

Plasmaspheric Effects on One-way Satellite Timing Signals, 

Dr. J. B. Thomas . . . . . . . . . . . . . . . . . . . . . .  

F. J. Gorman, Jr., and Dr. H. Soicher . . . . . . . . . . . . .  
4 assive Submicrosecond Time Dissemination System, 
?Dr. R. J. Taylor . . . . . . . . . . . . . . . . . . . . . .  

SESSION VI 

YAVSTAR: Global Positioning System--An Evolutionary Research 
and Development Program, 
Col. B. W. Parkinson . . . . . . . . . . . . . . . . . . . .  

ix 

349 b 

361 L 

373 i 

381 

395 ' 

42 5 

441 i 

453 1 

465 



CONTENTS (Continued) 

Navigation Technology Satellite I, 
Charles A.  Bartholomew . . . . . . . . . . . . . . . . . . .  499 

Results of the First 150 Days of the NTS-1 Solar Cell 
Experiments, 
Richard L. Statler. . . . . . . . . . . . . . . . . . . . . .  503” 

Statistical Analysis of Time Transfer Data From Timatioa II, 
J .  Mck.Luck and Dr. P. Morgan 513 

1 
. . . . . . . . . . . . . . .  

List of Attendees and Registrants . . . . . . . . . . . . . . . . .  533 

?he authors were responsible for the typing and proofing of all manuscripts. The Editorial Committee did 
not serve as referees but reviewed manuscripts only for gross errors. 

X 



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 34,1974 
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; 

Review present and future requirements for PTTI; and 

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

b.  

c. 

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 ExecutiveCom- 
m i m e  of the Sixth PTTI Planning Meeting, I wish to acknowledge the Session 
Chairmen, speakers and authors, the members of the Technical Program Coin- 
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 h m . 1  PTTI Planning 
Meeting. I won'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 o r  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 5 x 7 card which you can use to wr i t e  down your 
questions. 

What we would like is the author's name, your name, and the title 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. 

Preceding page blank 
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WELCOME ADDRESS 

Dr. Alan Berman, Director of Research 
Naval Research Laboratory 

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

When one gives a welcoming address, it is usually one's bbit  to give some anec- 
dotal material to sort of set the tone. And I recall at that time, I recounted the 
tale of a~ 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 
refatid@. 

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 irr 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. 11 He had f i -  
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 

And second, the scope of your applications and 

this meeting; 

interests. 



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 a re  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 o r  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: A t  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. 



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 and 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. A t  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 communications 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. 

I 

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 

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. 

xvii 



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 
our in-house hydrogen maser development program. 

This effort has drawn heavily on 

I might add that we hope to track the NRL-developed TIWTION 111 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. A s  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. 

\ 

f 
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OPENING ADDRESS 

Rear Adm. Raymond J. Schneider, Commander 
Naval Electronic 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 behal€ 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 
?J. 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 &I 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 opporfmiiy 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 101'. Heck, I am just as willing to talk 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 else 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 to where 
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 
l'about. 
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. 

My speech writer is getting better. We realize that of the three fun- 

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 measure something in the order of 12 microseconds more 
o r  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 passe. 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 consume 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 o r  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 m a great ex- 
tent without our lowest-level officer being somewhat scientific and engineeringly 
inclined, to our detriment if we don% 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. W e  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. 



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 the advan- 
tages of a VLF time and phase coherence, frequency shift keying coherence de- 
modulator has been sponsored and developed. 'Phis 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 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 
got a longer future. 

, and then you have 

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 increasingly better is the way we make progress. 

Yet, there must be a spin-off from time to time. A s  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 oscillator, 
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 thesewonders installed inuseful 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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Gernot M. R. Winkler 
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ABSTRACT 

Present applications o f  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 o f  measurement. 

4. Astronomical-Space applications which 
cover a variety of the most denanding 
applications such a s  pulsar research, 
Very Long Baseline Interferometry 
(VLBI) and laser/radar ranging. In 
particular, pulsar time-of-arrival 
measurements require submicrosecond 
precision over a period o f  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 U S A ) ,  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 
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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: 

1. Time of  Day -t UT1 (Rotation of Earth) 
2. Clock Time at Standard Meridian + UTC 
3 .  Synchronization 
4 .  Accurate Frequency 
5. Relativity: Local (Proper) Time, Coordinate Time 
6. Coordination: 1 ms + 10 ~.ls progres s  during the last 

10 years. 

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 1 0  us - 
100 times better than required by pertinent CCIR recommen- 
dat ions. 

T/F has become 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 

2. CPEM, next meeting June 1976, Boulder (NBS-IJRSI-IEEE, 

3 .  PTTI Planning Meeting*, Washington, December (annu- 

4 .  URSI Commission 1 (National Meetings). 

(U.S.  Army), May. 

Conference Proceedings in IEEE Trans. IN). 

ally), NASA-DoD. 
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5. URSI Commission 1 (General Assembly (3  years), next 

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

7 .  International Congress f o r  Chronometry* (5 years), 

in Lima, August 1975). 

Grenoble, August 1976. 

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 o f  T/F: 

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

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

a. Communications Technology 

1) Time division multiplexing - channel packing, 
2 )  Reducing spread spectrum acquisition window. 

many stations on one frequency. 

b. Electronic Navigation in TOA Mode (Absolute) 

1) For improved geometry of position determina- 

2 )  For improved coverage - mixed systems. 
3 )  For integration with communication and iden- 

t ion (RHO -RHO) . 

tification systems. 

c. 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 o f  
a microsecond over 1/2 year related to an inertial system 
(with relativity corrections for the movement o f  the Earth 
in the solar system). 
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These requirements f o r  precise time 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 Announcements Series 1 through 17, 

and Almanacs (Ephemerides) (See Appendix) . 
3 .  National Bureau of Standards Time 6 Frequency 

Bulletins. 

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

1. HF Standard T/F Signals: (WWY, CHU,  etc.). 
2. Timed electronic navigation signals: Loran-Cy 

OMEGA, Transit, and later Global Position System 
(GPS), etc. 

3 .  Wideband Communication links: Two-way. 
4 .  Portable clocks, Precise Time Reference Stations 

5.  Special systems, largely under R6D: TV, etc. 
(PTRS) . 

The HF signals provide a global capability (including a 
great number of coordinated foreign services) o f  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: 
2. Portable clocks: 

4. Loran-C/D 
5. Satellites: 

a. DSCS 

3 .  VLF-OMEGA: 

b. TACSAT 
c. TRANSIT 
d. GPS 

6 .  Television: 
Local : 
Long range: 

1 ms global 
0.5 p s  global 
1 - 3  ms phase track (Relative) 
0.5 us Northern Hemisphere 

0.1 ps "trunk line11,> 

0.5 LIS "intermediate" 
global j 2-way 

10 ns 
1 us 
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7 .  Microwave, laser 

8 .  Others: ( R e D ,  VLRI, power lines, etc.) 
(local) : 1 ns 

As an example o f  users who can a l s o  help in g l o b a l  timekeep- 
ing, we can mention VLBI which, as the following sketch 
shows, provides both synchronization and UT (also the polas 
coordinates, x and y). 

PRINCIPLE OF VLBI TIME DETERMINATION 
UT1 VERSUS SYNCHRONIZATION 

A USER AND CONTRIBUTOR 

Plane Parallel 
Wave Front Frsm 

3 ns Clock D i f f  
Incl. Path 

1 ms UT Error 

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

Coordination of  Services: 

We have a system o f  international timekeeping in existence, 
coordinated by the B I H  which is located at the Paris Ob- 
servatory, and which is operated with some support from 
various international organizations. 
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The BIH operates under the auspices of the following organ- 
izations : 

STANDARDS - 

INTERNATIONAL ORGANIZATIONS INVOLVED WITH 
STANDARD FREQUENCY AM) TIME 

1 : COMMITTEES i 

f J 
fUNEsC0 y 

I 

I 

SCIENTIFIC 
I 

I S U P P O R T  FOR U T  1 

Abbreviations for PTTI 

BIH 
BIPM 
CCDM 

CCDS 

CGPM 
CIPM 
CCIR 
IAT 
FAGS 
IAU 
ICSU 
I TU 
SGVI I 
U.N. 

; STUDY GROUPS; 
- - - _ - - * - -  

- Bureau International de 1'Heure 
- International Bureau of Weights and Measures 
- Consultative Committee for the Definition of the 

- Consultative Committee for the Definition of the 
- General Conference of Weights and Measures 
- International Committee for Weights and Measures 
- International Radio Consultative Committee 
- International Atomic Time 
- Federation o f  Astronomical and Geophysical Services 
- International Astronomical Union 
- International Council o f  Scientific Unions 
- International Telecommunication Union 
- Study Group 7 
- United Nations 

Meter 

Second 
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UNESCO - United Nations Education, Scientific and Cultural 

URSI - International Union of Radio Science 
Organization 

The national organizations (time senices and/or stand- 
ards laboratories) provide basic data t o  the B I H .  The 
U.S. contributions from the U. S. Naval Observatory and 
the National Bureau of  Standards are given in 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 o f  Time 

quency (Epoch, Date) 

Standard Frequency (and Control of Do9 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 

Consultation and Educa- lated to DoD 
t ion 

o f  PTTI Activities as Re- 

PTRS for USNO 



The i n t e r n a t i o n a l  c lock  time s c a l e s  IAT and UTC a r e  based 
on a number o f  i nd iv idua l  c locks ,  p r e s e n t l y  opera ted  by t h e  
fol lowing c o n t r i b u t o r s :  

CONTRIBUTORS TO T A I  (BIB) 
(SOURCE B I H )  

WEIGHT PER CLOCK 

89 
83 
78 
74 

56 
54 
48 
44 
37 
26 
13 

. 
4 
4 
3 
4 

24 
8 
6 
4 
3 
1 
1 

2 
2 
1 
1 
I 

- 
TOTAL, % 

% 

10 
9 
6.5 
8.2 

- - 
37 
12  

8 . 1  
5 
3 
0.7 
0 .4  

3 
4 
7 
5 

1 
2 
6 
8 
9 
10 
11 

The t a b l e  r e f l e c t s  t h e  August 1 9 7 4  s i t u a t i o n .  The Time 
Serv ices  i n  t u r n  keep t h e i r  coordinated s c a l e s  f o r  dissemi-  
n a t i o n  wi th in  about 1 0  us of t h e  B I H  by making very  small  
adjustments t o  t h e i r  s c a l e s  ( l O - I 3 ) .  The c locks  which con- 
t r i b u t e  t o  t h e  B I H  a r e  not  ad jus t ed .  

The graph T A I  - AT(i) d e p i c t s  t h e  performance of t h e  i n t e r -  
n a l  s c a l e s  o f  t h e  major c o n t r i b u t o r s  a s  der ived  f r o m  B I H  
r e p o r t s .  
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let 
amp 
dat 

results of the timing operations are published in bul- 
ins which give actual clock differences. This is an ex- 
le from Section 3 of the BIH Bulletin, Circular D92 
ed 1974 July 4. 

COORDINATED UNIVERSAL TIME 

a. From Loran-C and Television pulses receptions 

Date 1974 
M J D  

&Y 2 May 12 May 22 
42 169 42 179 42 189 

Laboratory i UTC-uTC(i) (unit : 1 ps) 

DHI 
FOA 
IEN 
NBS 
NPL 
NRC 
OMSF 
ON 
OF 
ORB 
PTB 
RGO 
TP 
USNO 
VSL 

(Hamburg) - 1.3 
(Stockholm) + 38.5 
(Torino) - 10.5 
(Boulder) - 2.2 
(Teddington) - 36.4 
(0  t t awa) - 0.6 
(San Fernando) - 0.2 
(Neuchat el) + 20.5 
(Paris) + 1.7 
(Bruxelles) - 33.5 
(Braunschweig) + 0.3 
( H e r s  tmonceux) - 2.1 
(Praha) - 25.4 
(Den Haag) + 21.2 
(Washington) (USNO MC) + 0.3 

- 1.2 
+ 39.5 
- 11.0 
- 1.8 
- 36.8 
- 0.5 - 0.2 
+ 20.3 
+ 1.9 - 32.3 
+ 0.2 
- 2.3 
- 25.6 
+ 0.4 
+ 23.1 

- 0.G 
+ 40.A 
- 10.9 - 1.5 - 37.1 - 0.1 
- 0.3 
+ 20.2 
+ 2.0 
- 31.8 

0.0 - 2.6 - 26.5 
+ 0.5 
+ 25.0 

b. From clock transportations (un i t  : 1 us) 

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

San Fernando Naval Observatory, San Fernando, Spain: 
1974 May 16 (MJD = 42 183.3), UTC(USN0 MC) - UTC(0MSF) = 
- 1.2 2 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 e x t r a  b e n e f i t s  e x t r a c t  a premium p r i c e  of 
a d d i t i o n a l  complexity and t r a i n i n g  of  ope ra to r s .  A s tand-  
a r d  t iming i n t e r f a c e  (1 pu l se  pe r  second, e t c ) ,  wi th  t h e  
l a r g e  number o f  systems which a r e  coord ina ted  with UTC, 
al lows some a d d i t i o n a l  b e n e f i t s  and/or redundancy. One 
can t h e r e f o r e  expect  an expansion o f  t h e  PTTI a c t i v i t i e s  
i n  t h e  f u t u r e .  
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APPENDIX 

U.S. NAVAL OBSERVATORY 
Time Service Publications 

Series 1. LIST OF WORLDWIDE VLF AND H F  TRANSMISSIONS suitable for Precise Time Measurements. Includes: Call 
sign, geographic location. frequencies, radiated power, etc. (Time Signal Transmissions) 

Series 2. SCHEDULE OF U.S. NAVY TIME SIGNAL TRANSMISSIONS in VLF and H F  bands. Includes: Times of 
broadcast, frequencies. etc. 

Series 3. SCHEDULE OF U.S. NAVY VLF TRANSMlSSIONS. including OMEGA System. Includes. Locdtron, frequencies, 
power radiated. maintenance periods. type 01 transmission, etc. 

DAILY RELATIVE PHASE VALUES (Issued weekly) Includes. Observed phase and time differences between VLF, 
LF. Omega. Television. Portable Clock measurements, and LoranC stations and the UTC(USN0 Mnster Clock). 
Propagation disturbdnces are also given. 

DAILY TELETYPE MESSAGES (sent every workingddy). Includes Daily relatire phase and time differences be- 
tween UTC(USN0 MC) and VLF. LF. Omega. LoranC stations. Propagation distrubances and noticesof immediate 
concern for precision timekeeping. 

USNO A I - UTI DATA. Preliminary daily values distnbuted monthly with findl data issued as  available. 

Series 4. 

Series 5. 

Series 6. 

Series 7. PRELIMINARY TIMkS AND COORDINATES O F  THE POLE (issued weekly). Includes General time scale in- 
formation. UTI - UTC predicted 2 weeks in ddvance. time differences between A. I .  UTI. UT2, m C ( B T H )  and 
UTC(USNO1. provtsional coordinates of the pole. DLITI value, and satellite information. 

Series 8. TIME SERVlCk ANNOUNCEMENTS pertaining to  synchronization by television. Includes times of coincidence 
(NULL) ephemeris tables. 

Series 9. 

S e n t i  IO. 

Series I I .  

Series 12. 

Series 13. 

Series 1 1 .  

Series 15. 

Series 16. 

Series 17. 

TIME SERVlCt AYNOUNCtMENTS PERTAINING TO LORAN€. Includes Change in transmissions and repeti- 
tion rates. tiint's [it coincidence (YULL) ephsmeris tables. coordinates and emission delays. general information. etc. 

ASTRONOMICAL - -- PROGRAMS Orcued when .~vdildblei Includes Information pertaining to  results. catalogs, 
p a p ~ : ~  c : ,  of tlit Photographic Zenith Tube (PZT). Dmlon A\troldbe. dnd Dual-Rate Moon POSitkOn Camera. 

TIME SERVICE BULLETINS. Include\ Time differences between coordinated stations and the UTC Time Scale. 
earth's seasonal and polar variations (as observed at Washington dnd Floridal. Prorisional coordinates Of  the pole: 
ddopted UT2 - A I .  etc. 

Time Service Internal Mailing. 

Time Service Internal Mailing. 

TIME SERVICE GENERAL ANNOUNCEMENTS 
measurement. and disvrmlndtion. 

Should be of interest t o  dll Time Service Addressees. 

Include\ Generdl information pertaining t o  time determination. 

BUREAU IKTERNATIONALde I'HEURE (B.I.H.) Circular D: Heure Definitive et CoordonnEes d u  Pi316 a O h  TU 
Includes Coordindte\ o f  the pole. LT2 - UTC. UTI - UTC. dnd TAIAT) UTC: UTC - Signal. 

NOTE USNO Tinw Service will distribute Circular D of the B 1.H. to U.S. dddressee5 only. 

COMMUNIC.ATION SATELLITE REPORTS. giving the differences UTC(USN0) -. SATCOM Clock for each of the 
aVdilJbk SATCOY 'dation,. 

TRANSIT SATELLITE REPORTS: Includes Satellite Clock -UTC(USNOt and the frequency offset for each o f  the 
operational satelliter. 
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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, I 
think, have been straightened out. Most, but not all, of the questions have been 
clarified. 

I 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. GTJINOT: 

I wish to make some comments on what Dr. Winkler said. We have the impres- 
sion that the link through h r a n - C  is the link of the American clocks to the BIB. 
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. UEBERMAN: 

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 o r  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? 
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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 muchmaintenance effort, would 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-consistqnt field 
maintenance capabilities for cesium standards . 
Anyone who is going to alAempt 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 tfaining, 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 011 path delays. 

i 

This can be only understood a s  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. 
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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 #at 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 hack 
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 sometimes works out like the following. We received 
from a distant station a cesium, 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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ABSTRACT 

The basic time scales 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 the 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 to 1 x loei3 (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 time is clear: only the last defined ?it 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 TAL 

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. Jn order to avoid the risk of confusion which would arise from the 
dissemination of two time scales, it was agreed that the time signals 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 TAX by an integral 
number of seconds, this integral number being changed by one unit, when nec- 
essary, in order to maintain IUT1-UTC I< 0.9 s. 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 fO. 1 s (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 TIIkE AND UNIVERSAL TIME (COORDINATED) 

Their formation 

A s  soon as the frequency of crystal clocks could be calibrated in real time by a 
cesium frequency standard, at the National Physical Laboratory in 1955 (2) as- 
tronomers began to form a time reference suitable for 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 unique 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 North America and Europe. These 
clocks are daily intercompared by the use of LORAN-C pulses, with an accuracy 
of a few 0.1 ps. 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 T over 2 months is a flicker frequency 
modulation (4) with 0 (2, 7 = 1 year) of the order of 0.5. x 10-13 . For smaller 
values of T the main source of uncertainty is the LORAN-C link across the At- 
lantic Ocean, which introduces fluctuations extending over a few weeks , with an 
amplitude reaching 1 p s  (5). Some small non-random errors of TAI were re- 
vealed by reference to the recently developed primary frequency standards; the 
frequency of TAI should be corrected by about -1 x (t - 1973), 
t in years, the amount of the frequency drift being very uncertain. In the near 
future, these non-random errors  will be reduced and the long term stability 

+ 1 x 
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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 dpamical 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. 

Datinrc of events in UTC 

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

I 
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 are 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 , designated 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 ps, 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 *l ps 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 ps from UTC from 1 January 1973 to 2 1  July 1974. Within these limits of 
*l ps, 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 mtters 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 TIMX 

Under the general designation "Universal Time, p i  there are several time scales, 
close to each other and related to the rotation of the Earth. Only the UT1 scale 
i s  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, e-upressed by 
UT1-TAI, 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 y simultaneously 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 axe 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 m s  error  in UT1 (which is the present level of uncertainty) corresponds 
to about a 10km error  in position, which is f a r  from being negligible. 
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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 = 5 days) = 1.5 ms. 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 o r  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 1 ms accuracy is due to the need of having a two-sided smoothing for re- 
ducing the effect of accidental 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 tor 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 BM, 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 
a re  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 a re  bad maybe because there is some poor environment, 
for instance. They can'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 Mtional Bureau of Standards; one is at the National Research 
Council; one is at the Ntional Physical Laboratory; one is at the Physikalisch- 
Technische Bundesanstalt; another one is now in Japan. Xt is not operational 
now, but it will be soon. 
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ABSTRACT 

The methods of synchronizing precision clocks will be 
reviewed placing particular attention t o  the simpl er 
techniques, their  accuracies, and the approximate cost 
of equipment. The more exotic methods o f  synchroniza- 
t ion  will be discussed i n  lesser detail .  

The synchronization techniques t h a t  will be covered 
will include sa t e l l i t e  dissemination, communication 
and navigation transmissions v i a  VLF, LF, HF, UHF 
and microwave as  well a s  commercial and armed forces 
television. Portable clock trips will a l so  be d i s -  
cussed. 

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

Celestial navigation has, probably, the most users o f  precise time: 
certainly more t h a n  100,000. They have very modest requirements, time 
t o  about 100 milliseconds a t  best. However, they do p u t  a requirement 
on the more precise users of time. T h a t  is ,  they force the DUTl code 
on the time s i g n a l  and force the leap seconds. Because most o f  these 
users are very unsophisticated as far a s  time is concerned, their time 
must be "on time" for  their navigation requirements. Users o f  precise 
time m u s t  always be aware o f  leap seconds - which, a t  the present time, 
occur about once a year. 

Geodesy has more precise requirements time to  one millisecond o r  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 t o  25 microseconds or better due t o  the 
increasingly h i g h  da ta  modulation rates, time division mu1 tiplexing, 



and the use of synchronized spread spectrum. Second are users of syn- 
chronization for  positioning systems. We must remember t h a t  the speed 
of radio waves o r  of l ight is approximately 300 meters per microsecond 
or approximately 1000 feet  per microsecond. For electronic navigation, 
particularly i n  the rho-rho navigation mode, distance from the trans- 
mitter must be known. To know posit ion to  1000 fee t ,  time m u s t  be 
known t o  better t h a n  one microsecond. 

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

Many o f  these systems do not necessarily require synchronization t o  time 
of day. 
sential t h a t  a l l  systems be externally synchronized to the same time 
scale. This allows backup i n  case of failures. For example, sa te l l i t e  
systems can, i n  case o f  fa i lure  of their  clocks, use a nearby Loran-C 
s ta t ion  t o  synchronize their clocks again. The time scale t o  which a17 
systems should be synchronized i n  the Defense Department i s  t h a t  of the 
Naval Observatory. But  since the Naval Observatory time scale is coor- 
dinated w i t h  that of the Bureau International de l'Heure, and the Na- 
tional Bureau of S tandards ,  there are  many sources of time t h a t  can be 
used for synchronization depending on the accuracy required. However, 
care must be taken as international synchronization or  domestic synchro- 
nization i s  not absolute t o  one microsecond. Many o f  these sources, 
however, can be reduced t o  that accuracy after corrections are applied. 

However, i n  the interest of redundancy and economy, i t  is es- 

There are many methods t o  synchronize clocks. Which method t o  choose 
depends on several requirements. The f irst  requirement is the preci- 
s ion  of synchronization. 
of a microsecond precision he i s  n o t  going t o  be able  t o  do it by look- 
i n g ,  for example, a t  a wall clock. The user has t o  know what precision 
of synchronization he wants before he can determine which of the many 
methods of synchronization t o  use. The second requirement i s  the fre- 
quency of access t o  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, t h e n  he is very limited i n  
terms of the number o f  oscillators he can use. A t h i r d  requirement, re- 
lated t o  the second, is the quality of the clocks used both i n  reliabil-  
i t y  and performance. 

For economy of PTTI distribution, we impose PTTI on both  navigation and 
comnunications stations. We use these transmissions because there is 
very l i t t l e  additional cost i n  order for them t o  be "on time". I t  sim- 
ply means an interface w i t h  an external time system. For redundancy, 
we use many different systems. For obvious reasons, the organiza t ion  
of PTTI services is a hierarchy. The master clock o r  t iming s igna l  for  
DoD is located a t  the Naval Observatory. From the Naval Observatory we 
then use t r u n k  line t iming  to  the precise-time reference s ta t ions,  many 
of which are a t  SATCOM terminals. 

One must be aware t h a t  if he wants one tenth 

From these we can monitor Loran-C 
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transmissions. 
tinues down t o  the user. 

Thus  Loran-C is the next  step down. T h i s  process con- 

There a re  many methods of d i s t r i b u t i n g  PTTI information. High frequen- 
cy radio time signals have an accuracy of approximately one m i l  1 isecond. 
W i t h  an excellent operator this can be reduced somewhat. However, i t  
i s  global  i n  d is t r ibut ion if  foreign radio time signals a re  a lso used. 
These signals a r e  g i v e n  i n  Series 1 of the Naval Observatory Time Ser- 
vice publications, i n  case such a l i s t  of stations is needed. 

Portable clock trips accurate t o  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 t o  the Newark 
Air Force Station, Newark, Ohio. Army o r  Navy requests for portable 
clock trips can be made t o  the Naval Electronic Systems Engineering 
Center, Washington, located on the Naval Observatory grounds. Stops a t  
o r  for other  agencies and international organizations can be arranged. 
The Naval Observatory s t i l l  makes a limited number o f  clock trips. 

VLF and OMEGA have from one t o  three microseconds accuracy i n  phase 
tracking. 
Once a clock is  "on time", these measures can be used to keep i t  "on 
time" . 

T h i s  is a re la t ive  measure. I t  does n o t  g i v e  absolute time. 

Other than portable clocks, Loran-C is st i l l  probably the best and most 
precise time-distribution system available a t  the present time. 
fortunately, is not even available im a l l  areas of the northern hemi- 
sphere. In the future,  i t  will be available i n  the western part of the 
United States,  w h i c h  will t h e n  make Loran-C available t o  users through-  
o u t  most of the northern hemisphere. 
nication s a t e l l i t e  i s  used for t r u n k  l i ne  timing w i t h  an accuracy o f  
approximately one-tenth of a microsecond. Transit s a t e l l i t e ,  a Navy 
navigation s a t e l l i t e ,  can a l so  be used f o r  time and can provide about 
10 microseconds accuracy, globally. The Navigational Technology sate1 - 
17'ks bave an accuracy, or cer ta inly will have, o f  approximtely one- 
!tenth o f  a microsecond on a global basis. 

I t ,  un- 

The SATCOM o r  the defense commu- 

Television can be used both  locally and a t  f a i r l y  long range ( a t  l e a s t  
i n  the United States) w i t h  a local precision o f  approximately 20 nano- 
seconds, or  even better.  However, 20 nanosecond precision requires tha t  
the two synchronizing s ta t ions observe the same television station. For 
long range, the accuracy is  perhaps one microsecond. Here, care mus t  be 
taken tha t  the same live network program be used. 
Boulder, Colorado, Newark, Ohio and Washington, D.C.,  and the results 
are  publ ished i n  Series 4 of the Naval Observatory Time Service publica- 
t ions.  

T h i s  is done between 

Microwave can also be used t o  synchronize i n  line-of-sight. 
vices can be used i n  line-of-sight, where the error  of determination 

Optical de- 
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can, perhaps, be a s  l i t t l e  a s  one nanosecond. There are many others, 
such as very long base1 ine interferometry (VLBI), cables, power lines, 
pulsars, and moon bounce. 

Before discussing these different systems, l e t  us examine the general 
problem of synchronization (Figure 1 ) .  The transmitter is t o  be used 
as a marker, not necessarily ''on time". A t  receiver A ,  clock A s t a r t s  
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 i n  the 
system. 
mitter t o  the receiver plus the delay i n  the receiver. 
reading B is the time of clock B minus  the time of the marker p l u s  the 
delays from the marker t o  8. I t  is always alge- 
braically the start of the counter minus  the stop of the counter. If 
i t  is done t h i s  way, one of the largest, most common errors made i n  
synchronization may be avoided, namely, the s ign  of the difference i n  
time of the two clocks. The difference of these two readings mus t  be 
taken algebraically, t h u s  the time of clock A m i n u s  the time of clock B 
i s  equal t o  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 t o  clock A and B respectively. I t  
is easiest t o  determine TAU A and TAU B by means of a portable clock 
w i t h  which t o  calibrate the system. However, TAU A and TAU B can usu-  
a l ly  be determined w i t h  sufficient accuracy from theoretical calcula- 
tions. 

If the transmitter is "on time" or  the correction t o  the transmitter is 
known, two s ta t ions  are no longer required. 
gation time, TAU A, be calculated. 
quest, calculate these progation delays for users i f  they do n o t  have 
the capability. The request must  include 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 a t  A is simply the time 
of clock A ,  which started counter A minus  the time of the marker w h i c h  
stopped counter A plus the delays. 

System delays include the delay i n  propagation from t h e  trans- 
Similarly a t  B, 

T h i s  is always true. 

I t  requires t h a t  the propa- 
The Naval Observatory will,  upon re- 

Let us go in to  more detail on PTTI signals from communication s ta t ions .  
High frequency time signals are useful signals, because very many of 
the very precise time s igna ls  have an ambiguity and require t h a t  the 
user be within a certain accuracy ini t ia l ly .  The easiest and cheapest 
way t o  get to the required accuracy is t o  use a h i g h  frequency time 
s igna l .  The Navy time s i g n a l s  have an accuracy of about one milli- 
second and receivers cost several hundred dollars. However, the time 
signals are broadcast only for five minutes a t  intervals of six hours. 
They can be heard anywhere i n  the world. 
Series 1 of the Naval Observatory Time Service publications. The signal 
is on for 300 milliseconds, off for 700 milliseconds, and i t  transmits 
a code each minute indicating how many minutes are l e f t  before the hour. 
Probably, more useful signals t o  most everyone are  the PTTI signals 

The  schedules are given i n  
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such a s  W, CHU, WWH, etc. which are on continuously. They have an 
accuracy of a l i t t l e  better than one millisecond. The reason for t h i s  
is tha t  the propagation varies from time to  time w i t h  t h i s  order of ac- 
curacy. HF t i m i n g  receivers a r e  very inexpensive. 

On low frequency, there is WWVB a t  60 kilohertz, which can be used for  
phase tracking i n  order to  determine standard frequencies. 

All Navy VLF s ta t ions  will be on Frequency S h i f t  Keying (FSK). 
signed frequency is the "mark". The "space" is the frequency that  i s  
50 hertz away. 
h i g h  frequency signals. Receivers for  VLF cost  from $1000 to  $5000. 
Time signals a r e  on only f ive minutes before the hour on cer ta in  s ta -  
tions. The code stream from VLF stat ions is  timed so tha t  the time 
difference between the middle o f  the rise time of each pulse (frequency 
shift)  and the middle of each decay time is  exactly a multiple o f  20 
milliseconds. T h i s  can be used a s  a t i m i n g  signal w i t h  an ambiguity o f  
20 milliseconds. VLF s ta t ions a re  used primarily fo r  phase tracking. 
The frequency of the VLF s ta t ions is good t o  a few parts i n  10l2 per 
day, therefore w i t h  phase tracking and corrections published i n  Series 
4 of the Naval Observatory Time Service publications, the user can 
maintain an osc i l la tor  re la t ive  to  the Naval Observatory osc i l la tor  
w i t h  an accuracy i n  time o f  one to  f ive  microseconds. There are sever- 
al problems, however, i n  phase tracking VLF stations.  There i s  a d i u r -  
nal shift  each day, so  the user m u s t  be careful and only use the por- 
tion where daylight i s  continuous between the receiver and the trans- 
mitter. There a re  a l so  sudden ionospheric disturbances (SID) tha t  o a m  
occasionally. Usually, these a re  quite apparent and a f t e r  a l i t t l e  prac- 
t i c e  users learn to  recognize t h a t  an SID is  occurring and ignore tha t  
period. Times of SID's a re  given i n  the Series 4 o r  i n  the teletype 
Series 5 of the Naval Observatory Time Service publications. There a re  
also polar cap absorptions which a re  a l i t t l e  more d i f f i c u l t  t o  iden- 
t i f y  because they l a s t  longer, on the order of several days. 

The as- 

The mark, while not continuous, sounds exactly l i k e  the 

I 

We use the Television Line 10, odd, horizontal sync pulses a s  a marker 
fo r  time comparisons. 
g ive  time comparisons a s  accurate as  10 nanoseconds. In the Washington 
area, we have placed the transmitter of Channel 5 "on time" and correc- 
t ions a r e  g i v e n  i n  Series 4 of the Naval Observatory Time Service pub- 
l icat ions.  I t  can b e  used a s  a time signal. For long distance, a l i ve  
program m u s t  be used. 

A receiver can cost  a s  l i t t l e  a s  $400 and can 

The delays change qui te  often. 

PTTI information i s  also transmitted over electronic navigation sys- 
tems. Navigation VLF s ta t ions tha t  can be used fo r  standard frequency 
a r e  the OMEGA s i g n a l s .  For them also,  the SID, polar cap absorptions, 
and diurnal shifts have t o  be taken into account. 
exactly a s  the communication s ta t ions;  however, they have lower power 
and a commutator is necessary because they time share the navigation 
signals. They do have some unique frequencies such tha t  time sharing 

They can be used 
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is not  necessary, and a comnutator would not  be necessary. 

Loran-C and Loran-D are  probably the most important synchronization 
signals a t  the present time. 
All have cesium osc i l la tors  operating so they a l l  have very good f re -  
quency. Time can be obtained a t  distances of 1500 miles from these 
s ta t ions t o  an precision of  1/10 of a microsecond w i t h  corrections from 
Series 4 of the Naval Observatory Time Service publications, and abso- 
lu t e  time t o  better than several microseconds. The Western Pacific, 
North Atlantic, East Coast, Norwegian Sea and Mediterranean chain times 
are  usually kept t o  better t h a n  5 microseconds. 
tional chains will be added; 3 on the east  coast, 2 i n  the G u l f  of 
Mexico and 7 on the west coast of the United States. T h i s  should cover 
the coastal regions of North America. However, a l l  of them may not be 
timed. Automatic receivers cost about $4000 t o  $5000. Very competent 
operators may obtain h i g h  precision us ing  low cost receivers ($1500). 

How do we keep these chains "on time"? The East Coast chain i s  meas- 
ured direct ly  a t  the Naval Observatory so tha t  the quantit ies that  are  
i n  Series 4 of the Naval Observatory Time Service publications are  d i -  
rect  measures. The Norwegian Sea chain and the Mediterranean chain a re  
t ied to  the U. S. Naval Observatory th rough  the North Atlantic v ia  the 
U. S. Coast Guard (daily messages) and a monitoring s ta t ion i n  Northern 
Scotland. T h i s  allows us to  have 2 measures across the North Atlantic. 
We can also measure the North Atlantic chain d i rec t ly  w i t h  respect to 
the East Coast chain a t  the Naval Observatory. The  Northwestern Pacific 
chain is tied t o  the Naval Observatory via portable clock trips (approx- 
imately every 6 months) ,  SATCOM terminals i n  Okinawa and Guam, and by 
the ra te  correlation method. 
monitor ing Loran-C i n  the Western Pacific. 
simply means tha t  if  one clock changes i n  frequency, i t  should be re- 
flected i n  any difference measured w i t h  respect to tha t  clock. 
take differences A m i n u s  B and A minus  C and clock A changes by one part 
i n  both of these differences should change by one part i n  
whereas, the difference between B and C should not change a t  a l l .  I t  
works very well i n  the Pacific and the l a s t  clock t r i p  indicated about 
a half a microsecond deviation over the previous s i x  months. The Cen- 
t r a l  Pacific chain is tied t o  the Naval Observatory via the SATCOM i n  
Hawaii and portable clock trips. 

There a r e  now e i g h t  chains i n  operation. 

In the future,  addi- 

There are approximately 14 cesium clocks 

If you 

The r a t e  correlation method 

There a re  other navigational signals tha t  can be used for  synchroniza- 
tion. The TRANSIT s a t e l l i t e  is good t o  about 10 microseconds (Laidet, 
L. M.,  Proc. IEEE,  60, p 630, 1972). 

Timation navigational technology s a t e l l i t e ,  and the GPS can provide 
t iming  accuracy of approximately 1/10 of a microsecond. 

A portable clock i s  s t i l l  probably the most accurate method t o  transfer 
time over long distances. Portable clocks have an accuracy o f  half a 
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microsecond. 
p l u s  per diem p lus  two strong backs. 

The costs a re  simply the costs  of three airplane t icke ts  

Some stat ions a re  b u i l t  primarily for PTTI information. These a re  t h e  
standard time and frequency s ta t ions throughout the world such a s  W W V ,  
WWVH, CHU, JJY and a great number i n  Europe. 
real ly  is tha t  there a re  too many of them and the user has d i f f i cu l ty  
knowing which one he is receiving unless he is well aware of  the var- 
ious character is t ics  o f  these stations.  The l i s t  of  these s ta t ions is 
given i n  Series 1 o f  the Naval Observatory Time Service publications. 
The National Bureau of  Standards also has a satell i te time service, the 
ATS s a t e l l i t e ,  which is good t o  approximately 50 microseconds. I t  i s  a 
stationary s a t e l l i t e  useful i n  the United States. 

In f ac t ,  the problem 

There a r e  many other methods of synchronization. 
sh ie lded  cables. The  user must remember tha t  i t  does take the s igna l  
time to  go t h r o u g h  the cable and he does have to  measure these delays 
if  the cable i s  very long. Also, if  the cable i s  very long, he has t o  
worry about temperature effects.  The changes i n  10,000 feet of test 
cable a t  the Naval Observatory varied from 10 t o  20 nanoseconds each 
day due to  the diurnal changes i n  temperature. Microwave l i n k s  can be 
used for synchronization t o  better than 10 nanoseconds. There are  op- 
t i ca l  means t o  synchronize, such as  optical f ibers  o r  a flashing l i g h t .  
One can use calculations t o  keep a clock i n  synchronization, such a s  
the r a t e  correlation method. T h i s  method requires a t  l eas t  3 osc i l la -  
to rs ,  and the more osc i l la tors  there are ,  the more accurate the method 
becomes. Not a l l  the osci l la tors  need t o  be i n  the users own labora- 
tory. For example, if the user has. a Loran-C receiver, the cesium os- 
c i l l a to r  a t  the Loran-C s t a t i o n  can be used a s  one osci l la tor .  

One method is t o  use 

One must also remember tha t  quite frequently one can get synchroniza- 
t i o n  from a neighbor. Hopefully, this meeting will identify the s ta -  
t i o n s  w i t h  precise time. If the s t a t ions  who have precise time would 
share w i t h  their neighbors, this wou7d he lp  a great deal. 

There are several exotic methods o f  synchronization, such as VLBI and 
pulsars. 
is  already available. 
t o  be constant enough t o  be used a s  a marker for synchronization. 

I t  is very expensive, of course, to  set up unless a receiver 
Also, there are  pulsars, one of which now seems 

In this matter of synchronization, there i s  a very good chapter i n  the 
NBS Monograph 140, the NBS Time and Frequency book (edited by Byron 
Blair). 
other general review is  i n  Volume 60 of the Proceedings of the IEEE of 
May 1972. 

I t  discusses a great number of these systems i n  detai l .  An- 

In the future, we can look forward to  the Global Pos i t ion ing  System, 
which should give us very accurate time i n  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 p s  maximum. This precision is 
necessary to accurately determine intercontinental distances to i10 + 40 cm, To 
measure continental drift and/or plate movement will require even more precise 
epoch time. 

D R  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. 
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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 f o r  geodesy and 
geodynamics inc lude  laser range measurements t o  
the  moon or  t o  a r t i f i c i a l  satell i tes,  Doppler 
measurements with the  Trans i t  sa te l l i te  system, 
and both independent-clock and linked-antenna 
microwave interferometry.  The ways i n  which 
PTTI measurements are used i n  these techniques 
w i l l  be reviewed, and t h e  accurac ies  expected 
during the  lat ter half of t he  1970's w i l l  be 
discussed. A t  least 3 of the  techniques appear 
capable of giving accuracies of 5 cm o r  b e t t e r  
i n  each coordinate f o r  many po in t s  on the  Earth 's  
surface,  and comparable accuracies f o r  t he  Earth 's  
r o t a t i o n  and polar  motion. For f ixed  s t a t i o n s  o r  
f o r  sites a few hundred km apa r t ,  base l ine  lengths 
accurate t o  1 cm may be achieved. Ways i n  which 
the complementary aspects of t h e  d i f f e r e n t  techniques 
can be explo i ted  w i l l  be discussed, as w e l l  as how 
they t i e  i n  with improved ground techniques f o r  
determining c r u s t a l  movements. Some recent  r e s u l t s  
from the  e x t r a - t e r r e s t r i a l  methods w i l l  be mentioned. 

INTRODUCTION 

Since t h e  mid-1950's a t r u e  revolution i n  our understanding of the  
Earth has taken place. 
s c i e n t i s t s  have come t o  regard t h e  p l a t e  tec tonics  theory as a major 
unifying concept i n  descr ib ing  t h e  dynamical fo rces  which have shaped 
t h e  Earth as w e  know it today. I th ink  that you are a l l  aware of the  
general  o u t l i n e  of t h i s  theory: t ec ton ic  p l a t e s  roughly 100 km th ick  
make up t h e  surface,  and they move about on a low-viscosity l a y e r  
perhaps 200 km th i ck  ca l l ed  t h e  aethenosphere. 
from the  "ridges" o r  "rises", usua l ly  i n  the  oceans, where new material 
coming up from the  mantle is  added onto t h e  p l a t e s .  Where two p l a t e s  
approach each o ther ,  one normally is pushed or  pulled down and pene- 
trates t o  depths of roughly 700 km i n  t h e  mantle before evidence of 
i t s  existance fades out. 

From the mid-1960's t h e  majority of e a r t h  

The plates move away 

The geological and geophysical record of the 
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p a s t  motions is  w r i t t e n  in  t h e  present  materials and p rope r t i e s  of 
the  p l a t e s ,  t h e  aesthenosphere, and the  upper mantle. 

W e  now know a g r e a t  d e a l  about the  average motions i n  the  p a s t ,  bu t  
unfortunately t h i s  i s  l i k e  having watched cakes of ice f l o a t i n g  on a 
swir l ing  body of water, and t ry ing  t o  understand what i s  happening 
from the  grindings,  d i s t o r t i o n s ,  and r e l a t i v e  motions of the  semi-rigid 
cakes. 
the  problem is  even more d i f f i c u l t .  
j u s t  what is  needed t o  determine t h e  present  motions and d i s t o r t i o n s  of 
the p l a t e s ,  and these methods a l l  involve Precise T i m e  and T i m e  Inter-  
v a l  techniques. 

I f  w e  are reduced t o  only knowing the  long term average motions, 
Better measurement methods are 

The new extra-terrestrial techniques are Doppler measurements wi th  the  
Trans i t  satell i te system, both linked-antenna and independent clock 
microwave interferometry,  and laser d is tance  measurements t o  the  moon 
and t o  a r t i f i c i a l  satellites. However, i t  appears t h a t  these  tech- 
niques w i l l  be very much complemented by new developments i n  ground 
measurement methods. 
modulated laser devices f o r  measuring point-to-point d i s tances  on the  
ea r th ' s  sur face  and of por tab le  high-precision gravimeters f o r  measur- 
ing  changes i n  g rav i ty  with t i m e  a t  a given point.  The fu tu res  of both 
types of ground measurements look very b r igh t .  
pected d i s t ance  accuracy of b e t t e r  than 1~10'~ over d is tances  of rough- 
l y  30 km, and the  o ther  enough expected accuracy t o  d e t e c t  g rav i ty  
changes due t o  1 c m  vertical motions. 

These are the  use of 2-wavelength microwave 

The f i r s t  has an ex- 

MICROWAVE INTERFEROMETRY AND DOPPLER TECHNIQUES 

One of t h e  important developments i n  geodesy recent ly  has been t h e  use 
of Doppler frequency s h i f t  measurements wi th  s igna l s  received from 
Trans i t  satellites t o  determine t h e  loca t ion  of over 200 po in t s  on the  
Earth's sur face .  These po in t s  now can be  used as a world-wide network 
of con t ro l  po in ts ,  which appear t o  have an accuracy of about 2 meters. 
The National Geodetic Survey now plans t o  make use of about 130 Doppler- 
determined po in t s  i n  North America as the  b a s i s  f o r  i ts  work on read- 
justment of t h e  North American Geodetic Network. The Doppler sa te l l i t e  
method has  been described i n  a number of and w i l l  no t  be 
described f u r t h e r  here. The main experimental l imi t a t ions  on accuracy 
come from inospheric e f f e c t s ,  because of the  r e l a t i v e l y  low transmitted 
frequencies which are used, and o r b i t  determination problems due t o  t h e  
f a i r l y  low a l t i t u d e s  of t he  satellites. Future developments expected 
with the  Global Pos i t ion ing  System are discussed later i n  t h i s  Meeting. 

I 
. .. 

Microwave interferometry promises t o  be a major source of information 
on geodynamics. Basically,  a comparison of t he  arrival t i m e s  of r ad io  
s igna l s  from a very d i s t a n t  source a t  two antennas gives the  component 
of t he  base l ine  vector between the two sites projected onto the  d i rec-  
t i on  toward the  source. Extra-galactic microwave sources fu rn i sh  the  
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s igna ls  f o r  most long-baseline work, with f luc tua t ions  i n  the  
emission i n  e f f e c t  providing the  events whose d i f fe rences  i n  a r r i v a l  
t i m e  are measured. Measurements w i th  a number of sources i n  d i f f e r e n t  
d i r ec t ions  g ive  the  vec tor  base l ine  between the sites. I f  the  two 
antennas are linked by cables o r  microwave transmission between them, 
then the  t i m e  d i f f e rence  can be determined d i r e c t l y .  I f  very long 
base l ines  are used, then u l t r a - s t ab le  independent clocks a t  the  two 
sites are employed, with d i f fe rences  i n  t h e  clock epochs and rates 
being solved f o r  from the  da ta .  

A major po in t  t o  be made i s  t h a t  atmospheric cor rec t ions  t o  the  micro- 
wave pa th  lengths  through the  troposphere are l i k e l y  t o  be the  l a r g e s t  
source of e r r o r  i n  f u t u r e  geodynamics measurements. I f  t h i s  i s  so, 
extending the  base l ine  lengths doesn't help very much over some range 
of d i s tances  because the  e r r o r s  i n  the  co r rec t ions  become less w e l l  
cor re la ted .  However, when the  separation i s  l a r g e  enough s o  t h a t  
l i t t l e  co r re l a t ion  is l e f t  anyway, o r  so  t h a t  one can obta in  accurate 
enough measurements of t he  atmospheric cor rec t ions  a t  the  sites inde- 
pendently, then the  r e s u l t i n g  l imi t a t ion  on f r a c t i o n a l  base l ine  
accuracy goes down wi th  increased base l ine  length.  For t h i s  reason, 
although very usefu l  r e s u l t s  have been obtained with l inked antennas, 
the  independent clock v a r i e t y  are l i k e l y  t o  be more important fo r  
geodynamics . 
Independent clock microwave interferometry,  o r  very long base l ine  
interferometry (VLBI) as i t  i s  usually ca l l ed ,  i s  discussed i n  depth 
later i n  the  Meeting. I w i l l  only say a few words about i t s  accuracy 
here. The most s t a b l e  frequency standards ava i l ab le  are needed f o r  
geodynamics work, as w e l l  as the use of two observing frequencies t o  
remove ionospheric e f f e c t s ,  ca re fu l  antenna c a l i b r a t i o n  procedures, and 
the  use of ex t ra -ga lac t ic  sources which show as l i t t l e  s t r u c t u r e  as 
poss ib le  mer long base l ines .  However, these considerations are r e a l l y  
f a c t o r s  i n  t h e  ease of making the  observations,  and hopefully w i l l  not 
a f f e c t  t h e  f i n a l  accuracy. 

The one accuracy l i m i t a t i o n  which i s  no t  shared with laser range 
measurement techniques i s  the  s e n s i t i v i t y  of t he  microwave propagation 
ve loc i ty  t o  w a t e r  vapor i n  the  atmosphere. This appears t o  requi re  the  
use of w a t e r  vapor monitoring a t  each antenna by means of microwave 
radiometers looking along t h e  l i n e  of s i g h t .  6 s 7 * 8  With t h i s  approach, 
an accuracy of a t  least 1 t o  2 cm i n  the  water vapor cor rec t ion  a t  any 
t i m e  f o r  v e r t i c a l  propagation through t h e  atmosphere appears t o  be 
achievable, and some experimental d a t a  on t h i s  question is  now avai l -  
able.' This l i m i t a t i o n  may be worse f o r  propagation a t  lower e leva t ion  
arigles, b u t  it should be recognized tha t  substant ia l  benefits  from averag- 
ing can be obtained f o r  many applications of the data. 
t o  l i e  mostly below 3 km i n  the atmosphere and t o  be rather  patchy i n  d i s -  
tr ibution, so tha t  averaging is probably more effect ive than f o r  the dry 
par t  of the atroosphere which affects  opt ical  observations. Also, t o  the 

Water vapor tends 
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extent that the water vapor distribution is horizontally stratified, it 
can be taken out at least partially from the observations themselves. 

A major advantage of t h e  VLBI approach compared wi th  laser range 
techniques i s  t h e  all-weather capab i l i t y  of t he  method, which means 
t h a t  observations can be  made a considerably l a r g e r  f r a c t i o n  of t h e  
t i m e  than with the  laser techniques. 

t o  accura te  determinations of UTI, polar  motion, and plate tec tonics  
measurements with f ixed  s t a t i o n s ,  t he  d e s i r a b i l i t y  of using mobile VLBI 
s t a t i o n s  t o  measure c r u s t a l  movements a t  a l a r g e  number of po in t s  on 
the Earth 's  sur face  has  been emphasized. 

A number of pa ers are now avail- 
. a b l e  which d iscuss  geodynamics appl ica t ions  of VLBX. I n  addi t ion  

LASER DISTANCE MEASUREMEXTS TO ARTIFICIAL SATELLITES AND THE MOON 

The beginnings of a new era i n  worldwide geodesy can be t i e d  t o  t h e  
in t roduct ion  of satell i te geodesy and, wi th in  the  U.S., t o  t he  s tar t  of 
t he  National Geodetic Satel l i te  Program. This program, which i s  now 
completed, 9-24 succeeded i n  ty ing  together many po in t s  throughout t h e  
world wi th  an accuracy of roughly 5 meters. 
mainly on angular pos i t ion  measurements of a r t i f i c i a l  satellites 
aga ins t  t h e  stars, although some Doppler measurements and laser d i s -  
tance d a t a  w e r e  included also. 

The r e s u l t s  w e r e  based 

It can be  shown t h a t  o p t i c a l  o r  electromagnetic d i s t ance  measurements 
are much less af fec ted  by atmospheric r e f r a c t i o n  unce r t a in t i e s  than are 
angle measurements. For t h i s  reason, laser d is tance  measurements t o  
s a t e l l i t e s  o f f e r  g rea t  improvements i n  geodetic accuracy over photo- 
graphic methods. However, i n  order t o  take advantage of t h e  improved 
measurement accuracy f o r  determining a worldwide network of fundamental 
reference poin ts ,  i t  i s  necessary t o  increase  t h e  sa te l l i t e  a l t i t u d e  
grea t ly .  This is  required i n  order t o  s t r i n g e n t l y  decrease the  per tur -  
bations on the  o r b i t ,  so t h a t  observations from d i f f e r e n t  ground sites 
a t  d i f f e r e n t  times can be tied together via accurate dynamical calcu- 
l a t i o n s  of t h e  o rb i t .  Even i f  nearly simultaneous observations from a 
number of ground s t a t i o n s  are used i n  order t o  reduce dependence on t h e  
o r b i t  computations, a high a l t i t u d e  s t i l l  is  necessary i n  order t o  
permit mutual v i s a b i l i t y  from widely separated sites. 

The Laser Geodetic Satellf te25 
by NASA i n  1976, is  intended t o  f i l l  the  need f o r  a s t a b l e ,  high a l t i -  
tude r e t r o r e f l e c t o r  satellite. 
c i r cu la r ,  wi th  an a l t i t u d e  of about 6000 km and an i n c l i n a t i o n  of 70 
degrees. The satell i te is  as dense as poss ib le ,  subject t o  the  launch 
vehic le  weight l imi t a t ions  and the  sur face  area needed f o r  t he  des i red  
number of r e t r o r e f l e c t o r s .  It i s  completely passive and highly sym- 
metrical, and the  r e t r o r e f l e c t o r  arrangement i s  such t h a t  t he  geo- 
metrical o f f s e t  between the  center  of mass of t h e  satel l i te  and the  
average o p t i c a l  r e f l e c t i o n  poin t  is  accurately known. 

(LAGEOS) , which is scheduled f o r  launch 

The cur ren t ly  planned o r b i t  i s  near ly  
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Although a satel l i te  l i k e  LAGEOS i s  needed i n  order to  obta in  very high 
accuracy geodynamics r e s u l t s ,  a l a r g e  amount of work based on laser 
d i s t a n c e  measurements to  o ther  a r t i f i c i a l  sstell i tee a l ready  has been 
reported. G 3  When UGEOS is  available, the  d n  l i m i t a t i o n s  on 
determining c r u s r a l  movements and polar  motion probably w i l l  be: 
1) unce r t a in t i e s  i n  the  o r b i t  a t  t h e  t i m e  of t h e  measurements; 
2) u n c e r t a i n t i e s  in  the  atmospheric cor rec t ion  t o  the  measured round- 
t r i p  laser travel t i m e ;  and 3) systematic and statisrfcal e r r o r s  in  the 
t r a v e l  t i m e  measurement. The second l i m i t a t i o n  has  been considered by 
seve ra l  and a cor rec t ion  procedure based on t he  assump- 
t i o n  of hydros t a t i c  equilibrium seems very powerful. The water vapor 
e f f e c t  is  about 100 t i m e s  less than f o r  microwave measurements, and 
hor izonta l  g rad ien ts  i n  t h e  atmospheric conditions are l i k e l y  t o  con- 
t r i b u t e  less than 0.5 cm t o  the  uncertainty.  Deviations from hydro- 
s ta t ic  equilibrium are small under alinost a l l  condi t ions  when laser 
measurements are l i k e l y  t o  be made, and the o v e r a l l  atmospheric 
cor rec t ion  e r r o r  a t  e l eva t ion  angles of down to 20 degrees thus is 
l i k e l y  t o  be 1 cm or  less. The t h i r d  l imi t a t ion - t r ave l  t i m e  measure- 
ment uncertainty - already i s  10 cm or less even with laser pulse 
lengths of s eve ra l  nanosec. It seems l i k e l y  t o  be improved t o  0.1 
nanosec (i.e. 1.5 cm) or b e t t e r  when sub-nanosec pulse length lasers 
are used. The timing accuracy r e f e r r e d  t o  here i s  t h a t  of a 'hormal 
point" constructed from several minutes of data. 

For the  o r b i t  uncertainty l imi t a t ion ,  a s i m p l e  numerical value is 
d i f f i c u l t  t o  obtain. Simulations of geodetic measurements using LAGEOS 
are being ca r r i ed  out  a t  t h e  Smithsonian Astrophysical Observatory and 
the  Goddard Space F l i g h t  Center. 
concerning the  lower harmonics of t h e  Ear th ' s  g r a v i t a t i o n a l  f i e l d  from 
s tud ie s  of LAGEOS o r b i t  per turba t ions  o r  from o the r  satellites t o  a 
s u f f i c i e n t  ex ten t ,  t h e  main o r b i t  per turba t ion  which is l i k e l y  t o  
cause t roub le  i s  t h a t  due t o  inaccuracy i n  modeling v a r i a t i o n s  i n  the  
Earth's albedo r a d i a t i o n  pressure  on the  satellite. However, t he  
ex ten t  of the  build-up t n  o r b i t  uncer ta in ty  depends on the  d i s t r i b u t i o a  
i n  loca t ion  and t i m e  of range observations from a l l  of t he  s t a t i o n s  
p a r t i c i p a t i n g  i n  the  program. Also, t h e  e f f e c t  of a c e r t a i n  amount of 
o r b i t  uncer ta in ty  w i l l  be less if t he  relative loca t ions  of several 
s t a t i o n s  wi th in  a l imi ted  geographical area are being determined r a t h e r  
than s t a t i o n  loca t ions  a l l  over t he  Earth. I n  any case, wi th  a 
s u f f i c i e n t  number of wel l -d is t r ibu ted  high-accuracy ground s t a t i o n s ,  
the  o r b i t  uncer ta in ty  l i m i t a t i o n  is no t  expected t o  be s u b s t a n t i a l l y  
worse than the  o ther  two l imi t a t ions .  

Once w e  have improved our knowledge 

For laser range measurements t o  o p t i c a l  r e t r o r e f l e c t o r s  on the 
moon, 40-43 t h e  atmospheric and timing l imi t a t ions  are q u i t e  similar t o  
those f o r  ranging t o  a r t i f ic ia l  satellites. 
much higher, which is  c e r t a i n l y  an advantage. The l i b r a t i o n s  of t he  
moon about i t s  center  of mass appear t o  be modelable down t o  below the 
usual systematic measurement e r r o r  limits by f i t t i n g  d a t a  from 

The o r b i t  s t a b i l i t y  is 
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d i f f e r e n t i a l  measurements t o  the  d i f f e r e n t  r e f l e c t o r s .  

However, even i f  t he  lunar o r b i t  and l i b r a t i o n  unce r t a in t i e s  are negli-  
g ib le ,  and even i f  t h e  only objec t  w e r e  t o  determine c r u s t a l  movements, 
i t  would s t i l l  be  necessary t o  make frequent measurements from a number 
of f ixed  s t a t i o n s  i n  order t o  monitor v a r i a t i o n s  i n  the  Ear th ' s  rota- 
t i o n  and polar  motion. Present information ind ica t e s  t h a t  po lar  motion 
f l u c t u a t i o n s  are slower than those i n  ro ta t ion .  72 Thus how much less 
monitoring from f ixed  s t a t i o n s  is needed f o r  lunar  ranging than f o r  
TAGEOS may depend on haw l a rge  t h e  power spectrum of f luc tua t ions  i n  
the  Earth 's  r o t a t i o n  i s  a t  s h o r t  periods, compared with the  fluctua- 
t i ons  i n  the  unmodelable o r b i t  per turba t ions  f o r  LAGEOS. 

The main disadvantage of lunar  ranging for determining c r u s t a l m o t i o n s ,  
compared wi th  the  a r t i f i c i a l  satell i te method o r  VLBI, i s  connected 
with the  slow rate of dec l ina t ion  change f o r  t he  moon. Since the  
period f o r  dec l ina t ion  change is  27 days, a mobile lunar ranging 
s t a t i o n  has t o  s t a y  a t  one s i t e  f o r  perhaps 3 weeks, allowing f o r  
weather, i n  order t o  make measurements over t he  whole range of declina- 
t ions.  Measurements a t  d i f f e r e n t  dec l ina t ions  are necessary in order 
t o  determine a l l  3 components of t h e  s t a t i o n  loca t ion  accurately.  
Assuming t h a t  t he  u l t imate  measurement accuracy of the other techniques 
is  high enough s o  t h a t  the s a m e  s i te  coordinate accuracy can be deter-  
mined i n  a shor t e r  t i m e ,  lunar  ranging would be a t  a disadvantage i n  
terms of the  number of sites covered per  year per  mobile s t a t ion .  O n  
the  o ther  hand, i f  fewer f ixed  s t a t i o n s  are needed than f o r  satell i te 
ranging, i t  is  no t  c l e a r  how the  trade-offs would work out. A r e l a t e d  
disadvantage of lunar ranging i s  t h a t  one cannot ob ta in  a l l  3 coordi- 
na t e s  of t h e  s i te  with good accuracy f o r  s t a t i o n  loca t ions  above 45 t o  
50 degrees i n  l a t i t u d e .  The range of dec l ina t ions  ava i l ab le  with the  
moon a t  e l eva t ion  angles of 20 degrees o r  higher becomes too l imi ted ,  
and the  Z-axis coordinate accuracy i s  reduced. 

GROUND MEASUREMENT TECHNIQUES 

A t  p resent  t h e  main ground survey methods used i n  geodynamics s t u d i e s  
are accura te  point-to-point d i s tance  measurements wi th  modulated laser 
beams ( l a s e r  geodimeters) and classical leve l ing  f o r  vertical motions. 
The accuracy reported by the  National Geodetic Survey f o r  t h e i r  high- 
prec is ion  traverses, which cross the  U.S .  both north-south and east- 
w e s t  a t  roughly 1000 km i n t e r v a l s  t o  provide ove ra l l  hor izonta l  control,  
i s  1~10-~. These t r ave r ses  have been ca r r i ed  out  with laser geodi- 
meters, and t h e  main accuracy l i m i t a t i o n  i s  from uncer ta in ty  in t he  
atmospheric cor rec t ion  to t he  measured distances.  For a number of 
base l ines  ranging up t o  35 km i n  length i n  the western U.S., 
J. C. Savage and W. H. P re sco t t  of the  U.S .  Geological Survey have 
reported measurement prec is ions  equal t o  the  root-sum-square of 
2 ~ 1 0 ' ~  of the  length and a 3 mm cont r ibu t ion  independent of length.44 
This i s  achieved by f l y i n g  a i r c r a f t  along t h e  l i n e  of s i g h t  t o  measure 
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the atmospheric c h a r a c t e r i s t i c s .  However, Savage and P resco t t  state: 
"Even a t  t h i s  level of prec is ion ,  determination of t h e  s t r a i n  accumu- 
l a t i o n  a t  sites along the  San Andreas f a u l t  system w i l l  r equ i r e  annual 
observation of many l i n e  lengths  over a period of a t  least 5 years." 
The need f o r  increased ground measurement accuracy i s  a l s o  s t a t e d  
strongly by t h e  U.S. Geodynamics Committee.45 

Attempts t o  achieve higher accuracy by using two laser wavelengths, 
one i n  the  red and the  o the r  i n  the blue,  have been made a t  several 
labora tor ies .  Microwave modulation i s  used i n  order t o  achieve t h e  
h ighes t  poss ib le  accuracy i n  determining the  red-blue path difference.  
A cor rec t ion  propor t iona l  t o  the  measured path d i f fe rence  is  then 
applied i n  order t o  remove the e f f e c t  of t he  atmosphere. Work a t  NOAA 
with t h i s  type of device has been reported,  46-49 and more ex tens ive  
measurements have been obtained with an improved instrument developed 
by Huggett and Slater a t  t h e  Applied Physics Laboratory, University of 
Washington . Work is a l s o  under way a t  the  National Physical 
Laboratory i n  England. 
l y  are over fixed base l ines  of up t o  10 km near Seattle, and a micro- 
wave d i s t ance  system has been added i n  order t o  co r rec t  f o r  w a t e r  
vapor. 
the path, so t h a t  the  l i g h t  beams have t o  t r a v e l  bo th  ways over t he  
path. I f  improved signal-to-noise r a t i o s  are needed i n  order t o  
achieve the  geodynamically des i r ab le  goal of lx10m7 o r  b e t t e r  accuracy 
over pa ths  of roughly 30 km length,  an approach i n  which only one-way 
laser propagation i s  used may be needed. This would correspond t o  
having the  microwave modulator and demodulator a t  opposite ends of t he  
path, wi th  synchronization provided by a round-trip microwave l ink .  52 

The measurements by Huggett and Slater current- 

The present measurements use r e t r o r e f l e c t o r s  a t  the  f a r  end of 

It would be very des i r ab le  i f  g rav i ty  measurements could be used i n  
place of l eve l ing  as a monitoring technique f o r  v e r t i c a l  motions. 
i s  because t h e  c o s t  per km of l eve l ing  i s  high. It now appears t h a t  
r e l a t i v e  grav i ty  measurements with accuracies of 3 microgal or  b e t t e r  
are achievable wi th  e x i s t i n g  instrumentation. This means t h a t  t he  
s e n s i t i v i t y  is  s u f f i c i e n t  t o  de t ec t  relative v e r t i c a l  motions of 
roughly a cm i f  o ther  processes are not  going on. Such v e r t i c a l  
motions are expected i n  seismic zones from the  theory of dilatency. 
In  addi t ion ,  i n  connection wi th  the  i n t e r i o r s  of t ec ton ic  p l a t e s ,  the  
U . S .  Geodynamics Committee r e f e r s  t o  evidence f o r  widespread vertical  
motions a t  rates as high as a cm p e r  year,  and states:54 "The rates of 
v e r t i c a l  motion determined by leve l ing  surveys are so high t h a t  such 
motions cannot continue f o r  very long i n t e r v a l s  of t i m e .  
o s c i l l a t o r y  o r  ep isodic  movements occur." 
ing  a t  such motions, both l o c a l l y  and reg iona l ly ,  c e r t a i n l y  are de- 
sir able.  

This 

Perhaps 
Improved methods f o r  look- 

The main l i m i t a t i o n  i n  i n t e r p r e t i n g  g rav i ty  changes probably wil l  come 
from complicating mass motions which can occur. Horizontal motions of 
material within the  aesthenosphere can occur over long periods of t i m e ,  
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while changes i n  the  l o c a l  w a t e r  t a b l e  can o f f s e t  g rav i ty  on a s h o r t  
t i m e  scale. Thus, t h e  i n t e r p r e t a t i o n  is not  unique. However, s t a b l e  
grav i ty  measurements still  give evidence aga ins t  vertical motion, 
and l eve l ing  or other  techniques then can concentrate on making 
measurements where g rav i ty  is  changing. 

There a l s o  is a need f o r  po r t ab le  absolu te  gravimeters w i th  roughly 3 
microgal accuracy. 
v a r i a t i o n s  over l a r g e  areas and t o  provide scale c a l i b r a t i o n s  f o r  rela- 
t i v e  gravimeters. 
microgal accuracy w a s  developed by Hammond and F a l l e r ,  and measurements 
w e r e  made with i t  a t  8 sites i n  North America, Europe, and South 
America. s 5 9 5  A fixed-station gravimeter of accuracy approaching one 
microgal has been described by S a k ~ m a , ~ ~ , ~ *  so t h a t  accura te  checks on 
por tab le  instruments can be made. Recently j o i n t  French-Italian e f f o r t s  
have re su l t ed  i n  a por tab le  absolu te  gravimeter with 20 microgal 
accuracy. Further improvements t o  achieve the des i red  accuracy of 
about 3 microgal appear t o  be f eas ib l e .  I n  regions of long term eleva- 
t i o n  changes, i t  c l e a r l y  i s  important t o  understand how g rav i ty  is 
changing a l s o  i n  order t o  determine what is  going on. 

They are necessary both t o  d e t e c t  r eg iona l  g rav i ty  

A por tab le  absolu te  gravimeter with roughly 50 

G E O D Y N M C  aPPLICATIONS OF THE NEW TECHNIQUES 

I n  high accuracy geodynamics s tud ie s ,  one of the  problems w i l l  be how t o  
separa te  polar  morion and e a r t h  r o t a t i o n  v a r i a t i o n s  from motions of t h e  
observing s t a t i o n s .  The general  question of coordinate systems f o r  
geodynamics w a s  discussed a t  IAU Colloquium No. 26 i n  Torun, Poland. 
A general  view expressed w a s  t h a t  t he re  is a s t rong  need for a world- 
wide geophysical coordinate system which approximates t h e  motion of the  
s o l i d  p a r t  of t he  Earth as w e l l  as possible.60-64 
t ipp ing  of t h i s  frame aga ins t  an external reference frame, such as the  
planetary-plus-lunar dynamical frame 65 9 

frame,65 would determine what w e  mean by UT1, polar motion, and nuta- 
tion. General agreement seems t o  be developing t h a t  the  geophysical 
system should be defined i n  terms of a l a r g e  number of po in t s  through- 
out  the  world f o r  which geocentric coordinates are assigned, as w e l l  as 
assigned linear d r i f t  rates f o r  t h e  po in t s  based on the  b e s t  ava i l ab le  
geodynamic models. It has been suggested t h a t  updating of t he  models 
used would be needed a t  appropriate i n t e r v a l s  of perhaps several years ,  
as our understanding of c r u s t a l  movements improves. 6 3  

The r o t a t i o n  and 

o r  the  ex t ra -ga lac t ic  

With a t  least 3 of t he  new techniques, i t  appears f e a s i b l e  t o  determine 
the  loca t ions  of po in ts  over most of t h e  Ear th ' s  surface with an 
accuracy of 5 cm or b e t t e r .  Progress i n  this d i r e c t i o n  already is very 
impressive. For example, a satellite ranging experiment i n  1971 using 
long laser pulse lengths gave agreement f o r  two s t a t i o n s  25m a p a r t  t o  
about 4 c m  i n  each coordinate. A 1972 experiment with similar appar- 
a t u s  on a 900 km base l ine  across  t h e  S a n  Andreas f a u l t  i n  Ca l i fo rn ia  
gave a scatter of 30 cm i n  t h e  baseline length measurements, w i t h  much 
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of t h i s  presumably due t o  unce r t a in t i e s  i n  t h e  satell i te o r b i t .  
sub-nanosecond pulse  length  lasers and much b e t t e r  knowledge of satel- 
l i t e  o r b i t s  i n  the fu tu re ,  t h e  same base l ine  i s  expected t o  be recover- 
ab le  i n  d i f f e r e n t  years wi th  an accuracy of 1.5 S a t e l l i t e  laser 
ranging systems with 10 cm o r  b e t t e r  accuracy and 6 o r  f c m  rms 
single-pulse j i t ter  a l ready  are ava i lab le ,  and the scatter obtained on 
a t ranscont inenta l  base l ine  even with e x i s t i n g  satellites seems encour- 
aging.67 
3 cm o r  b e t t e r  i n  each coordinate f o r  determining the  loca t ion  of a 
mobile s t a t i o n  i n  most p a r t s  of t he  world. 42, 68 
measurements must a w a i t  t h e  a v a i l a b i l i t y  of da ta  from a second s t a t i o n  
besides McDonald. 

With 

For lunar ranging, s tud ie s  i n d i c a t e  an expected accuracy of 

However, base l ine  

For VLBI, a one meter scatter i n  base l ine  length  w a s  observed over a 
845 km base l ine  from Haystack t o  Greenbank wi th  da ta  from as ea r ly  as 
1969.1° 
each coordinate w a s  obtained f o r  3 runs made i n  1972.15 Measurements 
on the  3,900 km Haystack-Goldstone base l ine  gave an r m s  va r i a t ion  of 
less than 20 cm f o r  t he  base l ine  length f o r  9 separa te  experiments 
car r ied  out i n  1972 and 1973.13 
comparison wi th  survey r e s u l t s  f o r  a 300 m base l ine  between a por tab le  
9 m antenna and a fixed antenna i n  Ca l i fo rn ia  has given agreement i n  
each coordinate t o  wi th in  the  + 3 cm measurement uncer ta in ty . l8  An 
even more r ecen t  r e s u l t  f o r  t h e  1 . 2  km Haystack-Westford base l ine  
length gives an 0.6 cm r m s  s c a t t e r  f o r  5 measurements made over a 3 
month period, and an  agreement wi th  survey r e s u l t s  t o  0.5 cm. 69 
impressive t h a t  a l l  of these  r e s u l t s  have been obtained even without 
the  use of dua l  frequency capab i l i t y  and of water vapor radiometers, 
which w i l l  be added t o  the  e x i s t i n g  systems soon. 

For a 16  km base l ine  i n  Cal i forn ia ,  a 5 cm o r  less s c a t t e r  i n  

For very s h o r t  base l ines ,  a recent 

It i s  

The major cont r ibu tor  t o  polar motion determinations so f a r  among t h e  
new techniques i s  t h e  Doppler sa te l l i te  network. Normal v a r i a t i o n s  i n  
the polar  pos i t i on  are determined regular ly  every 2 days with an 
accuracy which i s  believed t o  be about 30 cm i n  each ~ o o r d i n a t e . ~  The 
r e s u l t s  are now being incorporated along with da t a  from the c l a s s i c a l  
techniques i n  the  BIH adjustments. Laser range measurements t o  satel- 
l i tes have been used to determine polar  motion t o  roughly one m e t e r  
accuracy , 27*  3 1 ,  34 while VLBI measurements have given comparable accur- 
acy f o r  po lar  motion and f o r  

Recently lunar  ranging d a t a  has been used to obtain preliminary 
individual-day checks on t he  B I H  values of UT0 (a combination of UT1 
and one component of po la r  motion) f o r  the McDonald Observatory on 153 
days.43 
ing, bu t  i t  should be remembered t h a t  t he  f r a c t i o n  of days on which 
s u f f i c i e n t  d a t a  w a s  a v a i l a b l e  from the  s i n g l e  s t a t i o n  is f a i r l y  small. 
A network of 6 fixed lunar  ranging s t a t i o n s  is expected to  be i n  oper- 
a t ion  by la te  1976, and hopefully da t a  from a similar VLBI network a l s o  
w i l l  be a v a i l a b l e  by then. 

The median accuracy of 22 c m  which w a s  achieved i s  encourag- 

Additional high-accuracy information on 
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polar motion and on shor t  period f luc tua t ions  i n  the  Earth 's  r o t a t i o n  
rate are expected from satell i te range measurements soon a f t e r  LAGEOS 
i s  launched. However, the  continuation of classical observations f o r  a 
decade longer is  needed i n  order t o  complete a ca re fu l  comparison of 
t he  methods. 

With the achievement of 5 c m  o r  b e t t e r  accuracy on a worldwide bas i s  
highly probable, i t  is  clear t h a t  a new era i n  geodynamidgeodetic 
measurement accuracy is  approaching. 
measure the pos i t i ons  of hundreds of con t ro l  po in ts  throughout the  
world wi th  as high accuracy as possible.  
i t  i s  d i f f i c u l t  t o  t e l l  j u s t  how l o w  the  cos t s  of using the  extra- 
terrestrial methods can be made, bu t  i t  seems c l ea r  t h a t  t he  separa- 
t i o n s  between the  fundamental geodynamic/geodetic con t ro l  po in t s  should 
be 300 km o r  less i n  most areas. 
be redetermined w i l l  depend on the l o c a l  conditions,  bu t  w i l l  be chosen 
so t h a t  t he  p robab i l i t y  of devia t ions  from l i n e a r  motion between 
measurements E*? more than t h e  measurement accuracy is small. Improved 
ground techniques a l s o  w i l l  be used t o  keep t rack  of more l o c a l  motions 
within geodynamically i n t e r e s t i n g  areas such as seismic zones o r  
regions of unusual v e r t i c a l  motions. 
changes are detected i n  a p a r t i c u l a r  area, both the  e x t r a - t e r r e s t r i a l  
methods and improved ground techniques can be used on a fast-response 
b a s i s  t o  f ind  out what i s  going on. 

The i n i t i a l  goal w i l l  be t o  

From our present vantage poin t  

The frequency with which po in t s  should 

When unexpected motions o r  g rav i ty  

It should be emphasized t h a t  a combination of t he  new techniques may be 
more e f f i c i e n t  f o r  rapid establishment of the des i red  worldwide geo- 
dynamiclgeodetic con t ro l  network than any one of the  techniques alone .70 
For example, one can think of f i r s t  using one technique t o  e s t a b l i s h  
and maintain 3 t o  6 fundamental re ference  po in t s  on each major p l a t e ,  
and then using another technique t o  e s t a b l i s h  the much l a rge r  additional 
n w l t e r  of reference poin ts  wi th in  a given p l a t e  which are needed. For 
the  f i r s t  p a r t  of t he  job ,  t he  most important f a c t o r  would be accuracy 
and r e l i a b i l i t y  over long d is tances .  An independent check by using a t  
least 2 of the  methods would be des i r ab le  f o r  t h i s  phase of t he  work. 
For the  second phase, a reg iona l  approach i n  which most of t h e  e f f o r t  
is  concentrated on a p a r t i c u l a r  continent or area for a certain period 
of t i m e  seems desirable.  For example, pu t t i ng  perhaps 6 mobile satel- 
l i t e  ranging s t a t i o n s  i n  one area, wi th  some of them a t  the  pre-deter- 
mined fundamental po in ts ,  would give minimum dependence of t he  r e s u l t s  
on unce r t a in t i e s  i n  the  satel l i te  o r b i t .  Although simultaneous 4- 
s t a t i o n  measurements would n o t  be  required, t he  in t ens ive  tracking over 
a l imi ted  region would give exce l l en t  knowledge of the  o r b i t  i n  t h a t  
region. I n  t h i s  way, the  des i r ab le  f ea tu res  of two or  more techniques 
could be u t i l i z e d  i n  a complementary way. 

During t h e  1974 I n t e r n a t i o n a l  Symposium on Recent Crus ta l  Movements, 
t he  following r e so lu t ion  w a s  sponsored j o i n t l y  by the  Inter-Union Com- 
mission on Geodynamics and t h e  Commission on Recent Crus t a l  Movements, 
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and w a s  adopted: 71 "Instrumented systems capable of p rec i se  geodetic 
measurements such as Geodetic Satellites, Lunar Ranging, and VLBI are 
of the g r e a t e s t  value t o  the study of recent  c r u s t a l  movements and 
geodynamics. The Commission on Recent Crus ta l  Movements and the  In te r -  
union Commission on Geodynamics together s t rongly  recommend t h a t  
earnes t  a t t e n t i o n  be  given t o  the  f u r t h e r  development of these  systems 
so t h a t  such bas i c  questions as t h e  i n s t a b i l i t y  of the  e a r t h  and the  
causes of movements can be investigated.  The Commission on Recent 
Crus ta l  Movements and the  Interunion Commission on Geodynamics particu- 
l a r l y  emphasize t h a t  not only is  doing the  measurements important, bu t  
i t  is  a l s o  important t h a t  t he  measurements be made i n  t h e  optimum 
places i n  the l i g h t  of geodynamics." Essen t i a l ly  all of t h e  new tech- 
niques make heavy use of Prec ise  T ime  and Time I n t e r v a l  measurements t o  
achieve t h e i r  high accuracies.  Whether t h e  need is f o r  the  h ighes t  
poss ib le  s t a b i l i t y  i n  frequency standards s u i t a b l e  f o r  use i n  r ap id ly  
moving mobile VLBI  s t a t i o n s ,  o r  f o r  r e l a t i v e l y  cheap and r e l i a b l e  laser 
frequency standards wi th  1 ~ 1 0 ' ~  accuracy f o r  use i n  por tab le  absolu te  
gravimeters, t he  needs from geodynamics f o r  continued improvements in  
PTTI techniques are l i k e l y  t o  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 e r rors  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 accuracy under such circumstances. 
Really, you mean differential precision, don't you? 

D R  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, whatthis amounts to i s  a refinement of the definition of the meter so that it 
agrees within the precision with which the 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 lo9 that the krypton lamp is capable of 
giving. 

So I think until recently, there may have been such problems, but I believe thesc 
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 l o 9  
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. 

D R  REDER: 

Reder, Fort Monmouth. 

If the measurements are relative, I don', 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. BE'NDER: 

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 lo9 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 [1,21. 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 1 .  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 
tcj 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. 
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 
[lo-131. 

The 

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 to 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 Pig. 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 191; however, this important problem is being 
studied at various laboratories, and significant techni- 
cal breakthroughs may be expected in the future. 

a 
I 
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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. In 
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. In 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 as 7. solution to a design 
problem is a very powerful tool, and it can be 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 based 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 omitted 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 ) .  In 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 [ 14,151. In 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 fists 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 i n  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 fluctuations, 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 .  In 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. In 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 
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inversion transition in ammonia*. Ammonia will not permit 
the design of a standard exceeding signicantly a lo-'" 
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 and 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. 

1 0  

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 
realized at averaging times of hundreds of seconds 1251. 
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 .  

. i region have been - 1  6 

* The ammonia molecule has served in the first "atomic clock" 
device [ 211  as well as in the ammonia maser 1223 which 
opened up the modern field of quantum electronics- Ammo- 
nia was discarded for clock applications because 25 years 
ago it was technologically cumbersome to reach K-band 
and because ammonia is inferior with regard to the 
realization of superior accuracy and stabilities. 
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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 
r91 

It has been projected that linewidths 0.f 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 
1013. 

1 
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 
lo-' 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, it 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. 

66 



REFERENCES 

[l] H, Hellwig, "Atomic frequency standards: a survey," 
Proc. 28th Annual Symp. on Freq. Contr., pp. 315-339, 
May 1974.  

121 H. Hellwig, "Atomic frequency standards: a survey," 
Proc. IEEE, Feb. 1975, to be published, 

[33 A. 0. McCoubrey, "A survey of atomic frequency stand- 
ards," Proc. IEEE, vol. 5 4 ,  pp. 116-135, Feb. 1966. 

[ 4 ]  P. Rartaschoff and J. A. Barnes, "Standard time and 
frequency generation," Proc. IEEE, vol. 60, 
pp. 493-501, May 1972. 

I 5 1  C. Audoin, "Revue des oscillateurs atomiques et. 
moleculaires," L'Onde Electrique, vol. 53, pp. 39-45, 
Feb. 1973. 

[ 6 ]  H. Hellwig, "Areas of promise for the development of 
future primary frequency standards,'; Metrologia, 
V O ~ .  6, pp. 118-126, Oct. 1970. 

[ 7 ]  R. E. Beehler, "A historical review of atomic fre- 
quency standards," Proc. IEEE, vol. 55, pp. 792-805, 
June 1967.  

[ 8 ]  N. F. Ramsey, "History of atomic and molecular fre- 
quency control of frequency and time," Proc, 25th 
Annual Symp. on Freq. Contr., pp. 46-51, Apr. 1971. 

[ 9 ]  K. M. Evenson, J. S .  Well, F. R. Petersen, B. L. 
Danielson, G. W. Day, R. L. Barger, and J. L, Hall, 
"Speed of light from direct frequency and wavelength 
measurements of the methane-stabilized laser,'' Phys. 
Rev. Lett., vol. 29, no. 19 ,  pp. 1346-1349, NOV. 1972. 

[lo] J, L. Hall and C. Borde, "Measurement of methane 
hyperfine structure using laser saturated absorption," 
Phys, Rev. Lett., vol. 30, pp. 1101-1104, May 1973. 

[ll] R. L. Barger and J. L. Hall, "Wavelength of the 3.39 m 
laser-saturated absorption fine of methane," Appl. Phys. 
Lett., vol. 2 2  pp. 196-199, Feb. 1973. 

67 



[l2] H. Hellwig, H. E. Bell, P. Kartaschoff, and J. C. 
Bergquist, "Frequency stability of methane-stabilized 
He-Ne lasers," J. Appl. Phys., vol. 43, pp. 450-452, 
Feb. 1972. 

1131 A. Brillet, P. Cerez, and H. Clergeot, "Frequency 
stabilization of He-Ne lasers by saturated absorption," 
IEEE Trans. Quant. Electron, vol. QE-10, pp. 526-527, 
June 1974. 

[14] A .  E. Wainwright, F. L. Walls, and W. D. McCaa, "Direct 
measurements of the inherent frequency stability of 
quartz crystal resonators, "Proc. 28th Annual Symp. 
on Freq. Contr., pp. 177-180, May 1974. 

1151 F. L. Walls, and A. E. Wainwright, "Measurement of the 
short-term stability of quartz crystal resonators and 
the implications for crystal oscillator design and 
applications," IEEE Trans. on Instrum. & Meas. 
Vol. IM-24, March 1975 (to be published). 

[161 D. A. Howe, H. E. Bell, H. Hellwig, and A. DeMarchi, 
"Preliminary research and development of the cesium 
tube accuracy evaluation system," Proc. 28th Annual 
Symp. on Freq. Contr., pp. 362-372, May 1974. 

1171 N. Beverini and F. Strumia, "High efficiency hyperfine 
filter for the cesium resonance lines," Optics Commun., 
vol. 2, pp. 189-191, Sept. 1970. 

1181 So Leschiutta and F. Strumia, "Optically pumped cesium 
cell frequency standard," IEEE Trans. Instrum. Meas., 
vol. IM-23, Dec. 1974, to be published. 

1193 H. Hellwig, and H, Bell, "Experimental results with 
atomic hydrogen storage beam system," Proc. 26th 
Annual Symp. on Freq. Contr., pp. 242-247, June 1972. 

1201 €I- Hellwig, and H, Bell, ''Some experimental results 
with an atomic hydrogen storage beam frequency stand- 
ard," Metrologia, vol. 8, pp. 96-98, Apr. 1972. 

[211 H. Lyons, "Spectral lines as frequency standards," 

[22] K. Shimoda, To C. Wang, and C. H. Townes, "Further 

NBS Report #1848, Aug. 1952. 

aspects of the theory of the maser," Phys. Rev., 
vol .  102, pp. 1308-1321, June 1956. 

68 



[23] S. R. Stein, and J. P .  Turneaure, "The development 
of superconducting cavity stabilized oscillators," 
Proc. 27th Annual Symp, on Freq. Contr., pp. 414-420, 
1973. 

[24] J. J. Jimenez, and A. Septier, "S & X-band super- 
conducting cavity stabilized oscillators," Proc. 
27th Annual Symp. on Freq. Contr., pp. 406-413, 
1973. 

1251 S .  R. Stein, "The superconducting cavity stabil- 
ized oscillator and an experiment to detect time 
variation of the fundamental constants," High 
Energy Physics Lab., Stanford University, HEPL 
Report 741, Oct. 1974. 

[26] F. L. Walls and A. DeMarchi, "RF spectrum of a 
signal after frequency multiplication: measure- 
ments and comparison with a simplified calaula- 
tion," to be published. 

1271 H, Hellwig, and D. Halford," Accurate frequency 
measurements: Survey, significance, and forecast," 
NBS Special Publication 343, pp. 17-26, Aug. 1971. 

1281 IAU Resolution, Sydney, Australia, 1973. 

69 



AVAILABLE TODAY 

STABILITY 

POWER 

(W) 
1s FLOOR D R I F T  

(per day 

~~ X-tal  lo 
10 -11 10- 1 3 

- I I 
~~ 

2 

40 

Rb(gas 
cel l )  

10- 10- l2 15 

10- l1 1 0 - l ~  1 0 - l ~  

1 0 - l ~  1 0 - l ~  

30 

90 20 

ENVIRONMENT WARM-UP 

ACCL.  BAROM. 
(per  g) ( p e r  m b a r  I MAG. 

FIELD 
T I M E  RETRACI 

f 
X-tal  l h  13- lF 

10 min. 

30 min. 

l a - "  lo-= R b  ( g a s  
cell) 

10- 

(est. ) 

-13 

l 3  I 10- 10- l2 C s  ( tube)  

H (maser) 10- l2 1 min. 

TABLE 1 Available devices 

70 



P O T E N T I A L L Y  A V A I L A B L E  

SIZE 

( 2 )  

-- --I---+---- 
X - t a l  j 0 . 7  

R b  (gas  
cell)  

C s  ( t u b e )  

0.5  

1 

-- 
l o  

W A R M - U P  

--e 
O a 5  I 
2 I 10 

I -/Io- 20 

S T A B I L I T Y  

1s FLOOR D R I F T  
fper day 

10-I' 10 -I2 

1 0  -12 lo-'' 10 - l 3  

lo- '? 10- I4 10-15 

I 
90 1 20 

E N V I R O N M E N T  

Field 
B A R O M  

per m b a r \  

10- I I 

TABLE 2 Potential of presently available devices 
f o r  the near future. 
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realizable in the near future. 
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TABLE 3b P o t e n t i a l  of new des ign  concepts judged 
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IIc 

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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OUTPUT 

F I G .  4 Utility standard concept. The oscillator is locked 
to a resonance in ammonia (K-band) using the phase 
sensitive dispersion lock technique. The oscillator 
may not necessarily be a crystal oscillator but a 
Gunn effect oscillator or other conventional source. 

a c  AMPLIFIER 

dc E R R O R  SIGNAL 

FIG. 5 Superconducting cavity oscillator. A Gunn effect 
oscillator is servoed to a superconducting cavity 
using conventional lock loop techniques [23,241. 
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QUESTION ANI) ANSWER PEEUOD 

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 would 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. 

D R  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. 

D R  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, you 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 quik 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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i 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 becollected 
and made known. 

DR. HELLWIG: 

I fully agree; however, (a) not enough data are available readilyto make general 
statements, and @) 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 o r  atomic resonators 
do not principally linrit 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 %at its 
output (stability) is 
significantly increased? 

, will the long term stability of the cesium standard be 

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. IJEBERMAN: 

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 o r  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 €ifteen minutes or 
thirty minutes. 

D R  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, Wes tinghouse 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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TlME MEA5uRF;MENT TE;CHNI&UES 

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

ABSTRACT 

This paper WEKL describe the common time measurements as used by the 
US A i r  Force Measuremmts and Standards Laboratory, Aerospace Guidance 
and Metrology Center (AM),  Newark Air Force Station, Ohio. 

The need for time me&surements at several user levsls Mill be 
discussed. These include comparisons between USNO and AGMC, time 
measureplents in the lab at A G E ,  comparisons between A W  and A i r  
Force precise time activit ies,  and measurements a t  the activit ies 
themelves . 

The emphasis will be on electronic counter time interval measurements 
since this i s  the Eost common time comparison measurement i n  use. 
proper use and sett ing of controls will be covered along with helpful 
hints and common mistakes t o  be avoided. 

The 

Applications of time measurements will be described. 
are timekeeping via Loran-C, TV Line-10, and WWV. Frequency deter- 
mination using periodic time readings w i l l  a l s o  be discussed. 

Some of these 

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

In 
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As you may o r  m a y  not be aware of, time can be measured more precisely 
than any other basic u n i t  of measurement. 

Many precise time measurements are used by the US A i r  Force 
Measurements and Standards Laboratory at the Aerospace Guidance and 
Metrology Center (Am), Newark Air Force Station, M o .  
measurements are also accomplished at various other A i r  Force ac t iv i t ies .  
This paper describes the techniques normally used by Air Force 
Laboratories and a c t i v i t i e s  t o  satisfy precise time measurement 
requirements 

Precise t i m e  

TTME INTERVAL MEZLSUKEPIENTS 

The most common precise time ceasurement is  the  time in te rva l  
measurement. 
measurement. 
measurements but more frequectly, a time interval. counter is ut i l ized.  
A time in te rva l  reading represents the amount of time tha t  has elapsed 
between two chosen events. An example of a la rger  time in te rva l  would 
be the elapsed time between seeing a l ightning f l a sh  and hearing the 
thunder. An example of a short  time in te rva l  would be the time required 
f o r  the electron beam in a TV picture tube t o  t r ave l  from the gun i n  the 
neck t o  the phosphors on the screen. 
interval  counter, o r  even an oscilloscope, these events must be defined 
e l ec t r i c  ally.  

In many cases, this measurement i s  cal led a delay 
An oscilloscope is  occasionally used t o  make time in te rva l  

Naturally, when using a time 

CLOCK COMPARISON 

A frequent application of time in te rva l  measurement is the comparison 
o r  time synchronization of two clocks by determining the amount of t i m e  
elapsed between the respective 1 pulse-per-second (1 pps) ''tick" pulses 
of the individual. clocks. This is  accomplished by connecting one clock 
pulse t o  the start input and the other clock pulse t o  the stop input of 
the time in te rva l  counter. In the in t e re s t  of valid measurements and 
especially f o r  time irrterval counters with time base osc i l la tors  of 
questionable accuracy, the  external reference frequency standard input 
can be u t i l i zed .  
most generally used f o r  this purpose. Correct t r igger  l eve l  and slope 
conditions must be established and w i l l  a l s o  a f fec t  the accuracy of the 
measuremnt if not accomplished properly. 

A "tick" pulse, or any other pulse, has, along with other shape 
character is t ics ,  polarity,  slope, r i s e  time, pulse length (or 
duration), and fall time portions. Ideally, before m a k i n g  a time 
interval measurement, the two clock pulses involved should be observed 
with the  aid of an oscilloscope and the following parameters 
determined: 

The 1 M H z  from one of the clocks being measured is  

l eve l  (positive o r  negative), slope (positive or negative) 



and loading  requirements. 
t i m e "  must be determined. 
t r igger  l eve l  and slope controls can now be s e t  and a reading taken at 
the ra te  of once per second. 
has a storage feature,  it can be u t i l i zed  t o  hold readings between 
samples. 
be considered next. 
i s  connected t o  the s t a r t  input and the 1 pps of the clock t o  be 
measured is  connected t o  the stop input and a reading of l e s s  than one- 
half second resu l t s ,  then the time in te rva l  reading is  considered t o  
be positive. 
reading of more than one-half second resul ts ,  the reading is  subtracted 
from one second and is given a negative sign. 

Next, the point on the Fulse t h a t  is  ''on 
The time in te rna l  counter start and stop 

If the time in te rva l  counter being used 

The algebraic sign given t o  the t i m e  interval. reading should 
If the reference clock 1 pulse per second (1 pps) 

If a time in te rva l  measurement i s  accomplished and a 

APPLICATIONS 

Applications of t i m e  in te rva l  measurements used by AGMC and other A i r  
Force ac t iv i t i e s  w i l l  now be discussed. A time in te rva l  measurement 
i s  used xhen comparing the UsAF master clocks t o  the USNO, the USAF 
master clocks t o  the Am traveling (portable) clocks, and the 
traveling clocks t o  the  Precise Time Reference Stations (PTRS) at 
Vandenberg AFB, California, Elmendorf AFB, Alaska, and other A i r  Force 
ac t iv i t i e s  who require precise t i m e  calibration. 

The xaster clocks a t  A W  are steered by da i ly  Loran4 comparisons 
with USNO. 
comparison method of timekeeping. 
u t i l i zed  are determined by a time in te rva l  measurement. 
in te rva l  counter is s ta r ted  with the loca l  clock 1 pps and stopped 
with the 1 pps from the Loran4 timing receiver. 

6 

Many other A i r  Force a c t i v i t i e s  are using the Loran4 

The time 
!!&e reference delay numbers 

Another timekeeping technique gaining popularity because of i t s  low 
cost i s  the Line-LO TV mthod. In t h i s  instance, the t i m e  in te rva l  
counter i s  s ta r ted  with the 1 pps from the l o c a l  clock and stopped 
with the ten th  l i n e  odd pulse rqhich occurs once per picture from the 
Line-10 discriminator. 
at AGMC, Guam, Colorado, and New Eampshire. 

The A i r  Force i s  currently using this technique 

If  an ac t iv i ty  is keeping t i m e  via Loran4 or TV Line-10 and the clock 
stops, time would have t o  be b o r n  t o  within a few nlilliseconds t o  
reestabl ish precise time. 
the reference delay number f o r  W. 
purpose. 
(position of t i c k  noted on the display) by the detected signal. from 
the  HF receiver. So, in essence it i s  a t i m e  in te rva l  reading. The 
measurerrent represents the time elapsed from the transmission of the 
t i c k  t o  the reception of the t i c k  at the timekeeping location. 

This requireKent is  usually met by knowing 
An oscilloscope is  used f o r  this 

It is s ta r ted  (triggered) by the loca l  clock and stopped 
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Another application of time interval measurement is known as "tick t o  
phase" and checks a portion of a clock's d ig i ta l  divider chain. 
time interval counter is started with the 1 pps t i ck  pulse and stopped 
with the 100 IcHzl from the clock. 
adjusted around the zero level until switching the polarity selector 
from positive t o  negative fields a 5.0 microsecond difference. 
positive polarity reading is then noted and checked from time t o  time, 
especially on a clock t r i p  t o  see if the clock d ig i ta l  divider has  
jumped. 

The 

The trigger level on the stop is  

The 

A characteristic of the 1 pulse per second output from a clock w i l l  be 
discussed next;. 
repeatability of the 1 pps. 
j i t t e r  and consists of taking repeated time interval measurements, 
starting and stopping the time interval counter with successive 1 pps 
output pulses from the clock being evaluated. 
with nanosecond o r  sub-nanosecond resolution and accuracy is  a require- 
ment for this measurerim&. 
1 pps pulse than the stop, so  the time interval reading is less  than 
one second. 

Here we are concerned with the regularity o r  
The measurement is called tick-to-tick 

A time interval counter 

The start trigger is  sl ightly l a t e r  on the 

U s i n g  successive time interval measurements for  determining the 
frequency offset or frequency d r i f t  of a clock w i l l  now be described. 
Basically, this procedure consists of equating the number of micro- 
seconds gained or  l o s t  in a period of time and computing the offset. 
A simplified example of this is  the timekeeping rule of thumb that 
approximately one part  5n ten t o  the eleventh (1 x frequency 
offset i s  the result  of gaining or losing one microsecond i n  one day. 

Computing frequerxy offset af ter  measurerent of the gained o r  l o s t  
over a period of days elapsed is  routinely used by the A i r  Force 
Precise Time Synchronization Teams t o  determine the frequency offset 
of various activit ies s i t e  clocks. 
are determined using the results of these computations. 
is about the only method used at the Air Force Measurement and 
Standards Laboratory in determining frequency offsets. 
this method i s  sometimes used when time is short and only a few hours 
or  days are available. In this case, a phase comparator/recorder i s  
used. Normally, the 1 M H z  signals from a reference and the standard 
t o  be measured are compared. 
time the indicator travels f u l l  scalee Hundredths of microseconds can 
be read from these recorders and the frequency offset calculations can 
be accomplished in  the normal manner. 
desired, a vector voltmeter can be utilized and the degrees phase 
chmse masured between the two frequencies being compared is 
converted t o  microseconds. Qne may then use this data t o  compute 
frequency offset 

C-Field adjustment of Cesium clocks 
Actually this 

A variation of 

This yields a 1 microsecond change each 

If greater resolution is  
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Two other measurenents are used by AGW as confidence checks. 
a good unchanging period count i s  required of the TV Line-10 pulses 
pr ior  t o  obtaining the d a i l y  delay nurnbers. Secondly, although a 
precise t i m e  synchronization team may leave A W  with sub-microsecond 
accuracy on t h e i r  1 pps of t h e i r  portable time standard, a check is  
always made t o  see t h a t  the clock readout indicates the proper hour, 
&Ute and second. 
claims t o  be carrying tine t o  be t te r  than one microsecond with a clock 
t h a t  indicates a several  second o r  minute error .  

First, 

Credibi l i ty  is sometimes i n  doubt when a team 

SUMMARY 

I have attempted t o  show the need f o r  precise time measurements 
within the  Air Force, how the  various measurements are accomplished, 
and applications of each of the measurements. 

87 



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 o r  just log i t ?  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. PICJSETT: 

Will they try to set the frequency offset ? 

MR. BARNABA: 

Our general rule of thumb on that is if it is 3 parts in 10l2 o r  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. W e  will try 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 o r  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, EglinAFB 

INTRODUCTION 

An introduction, or rather a reintroduction for many, to the practical 
utilization of time synchronization and time 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 cor.relation 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 mutual 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, N V . ,  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 local 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 o r  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., CORRanges, NWC., 
and Yuma Proving Ground, AZ. These ranges employ two different 
concepts of approaching PTTI: (I) 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. A s  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 o r  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, e r rors  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. A s  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 PEFUOD 

DR. REDER: 

What is the parL3ular transmission reliability problem in Le 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 problem, 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 lo9 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 havy or somebody will feed- 
back into the labs so we can come up with a product. 

DR. REDER 

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 becorning 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 Chain. 

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 Nel l i s  
will be permanent, won't leave. 

Does anybody from the Observatory know that now? 

MR. LAVANCEAU: 

Jean Lavanceau from the U. S. Kava1 Observatory. 

The crew of the station of the Loran-D network are being deployed now to 
Germany. However, the master station located in Nel l i s  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 Nel l i s  A i r  Force 
Base. 
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THE PRESENT DEVELOPMENT 

~ 7 5  27181 
OF TIME SERVICE IN BRAZIL, WITH 

THE APPLICATION OF THE TV LINE-10 METHOD FOR 
COORDINATION AND SYNCHRONIZATION OF ATOMIC CLOCKS 

Paul0 Mourilhe Silva and Ivan Mourilhe Silva 
Obse rvator io Nac ional 
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. 
Various 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 wil l  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 taka 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 between 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 law n? 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. It determined that the National Observatory of Rio de Janeiro , as well 
as future stations that may be designated, are responsible for the determination 
of time and its transmission for geographical and navigational purposes by tele- 
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 55s to14hOOmOOs, andfrom 
23h 55m 55s to OOh 00m O O s ,  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 l'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, 

11 - 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-scientific users. W e  are only begin- 
ning to adapt to our conditions , some techniques previously usedby other countries. 

Of course this adaptation implies, in all cases, an investigation of the methods of 
allpossible 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 Paul0 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, Nata l  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 Con-  
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, o r  they come to us, 
o r  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- 
a l  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. 

W e  have daily reception of Time signals from other countries in VLF, HF and 
VHF , (Dwo years 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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IXI - LINE-10 ZMETHOD IN BRAZIL 

EMBRATEL 
UFRJ 
ON 
INPE 
LAG 
CRAAM 

As there are now or soon will be, various laboratories with atomic frequency 
standards (commercial @-pes only) in Brazil, itwasdecided by the GTH (fWork- 
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. 

~ 

Cs (1) H P  
C s  (1) Ebauche 
Cs  (2) HP. Rb (2) H P  and Tracor 
C s  (1) H P  
C s  (1) Ebaushe; Rb (1) Sulzer 
Cs (1) HP, Rb (2)  Tracor 

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 o r  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 

Rio de Janeiro-GB 

S. Jose dos Campos-SP 
S. Paulo-SP 
Atibaia-SP 

EMBRATEL - Brazilian Telecommunication Corporation 
UFRJ - Federal University of Rio de Janeiro 
INPE - Space Research Institub 
IAG - Astronomical and Geophysical Institute of S. Paul0 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 3 0 0 b  apart. 

ONRJ versus INPE 

The measurements are made twice per week for six minutes each day. A s  there 
is transmission in both 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 measurements 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 Ringle standards, 
whereas the NAFS-USNO is 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. 

i 

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. 

e - the variation, -1.5 x 10-12 and +l. 0 x is in agreement with the specifi- 
cation of the two standards, which is f5 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 io. 3 p s  . 
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THE MEASUREMENT OF FREQUENCY AND FREQUENCY STABILITY 
OF PRECISION OSCILLATORS 

David W. Allan 

Time and Frequency Division 
National Bureau of Standards 

ABSTRzlCT 

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 measurements in certain ways, one may 
be able to state more general characteristics of 
the oscillators being measured. The goal in this 
regard is to allow the comparisons of different 
manufacturers'specifications and more importantly 
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- 
s i ca l ly  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, In this 
paper 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; hovi7ever, 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 v and a 
period of oscillation T , which is the reciprocal of the 
frequency, v = l/~, 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: 

V1 = V sin (2avlt) (1) P 

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 that any frequency measurement always 
involves two oscillators. In some instances the oscillator 
is in the counter. One can never measure purely only one 
oscillator. In 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: 

v - v  

0 

1 0  
y (t) = V 
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as t h e  f r a c t i o n a l  frequency dev ia t ion  of say oscil lator one, 
vl, wi th  r e s p e c t  t o  a r e fe renee  osci l la tor  vo divided by the  
nominal frequency v0 e Now, y ( t )  i s  a dimensionless quant i -  
t y  and u s e f u l  i n  desc r ib ing  osci l la tor  and clock per for -  
mance; e.g. t h e  t ime f l u c t u a t i o n s ,  x ( t ) ,  of an  osc i l la tor  
over a per iod of time t are simply given by: 

x ( t )  = At y ( t )  d t  (31 

Since it i s  impossible t o  measure ins tan taneous  frequency, 
any frequency or  f r a c t i o n a l  frequency measurement always 
involves  s o m e  sample t i m e , ?  --some t i m e  window through which 
t h e  osci l la tors  are 0bserved;whether i t ' s  a picosecond, a 
second, or  a day, t h e r e  is  always some sample time. So when 
determining a f r a c t i o n a l  frequency, y ( t ) ,  i n  f a c t  what 
happens i n  t h e  device  is t h a t  t h e  t i m e  f l u c t u a t i o n  is  being 
measured say s t a r t i n g  a t  some t i m e  t and aga in  a t  a l a te r  
time, t + T. The d i f f e r e n c e i n  these  t w o  time f l u c t u a t i o n s ,  
divided by T g ives  t h e  average f r a c t i o n a l  frequency over 
t h a t  per iod T : 

Y (t ,  x ( t  + 9) - x ( t )  
T 

( 4 )  

Tau, T ,  may be c a l l e d  t h e  sample t i m e  or averaging t i m e ;  
e.g. it may be determined by t h e  g a t e  t h e  of a counter .  

What happens i n  many cases is t h a t  one samples a number of 
cyc le s  of an o s c i l l a t i o n  during t h e  p r e s e t  g a t e  t i m e  of a 
counter ;  a f t e r  t h e  g a t e  t i m e  has elapsed the  counter  l a t c h e s  
the  va lue  of t h e  number of cyc le s  so t h a t  it can be read 
o u t ,  p r i n t e d  or stored i n  some other h7ay, and then there is  
a de lay  t h e  for such  processing of t h e  data before t h e  
counter  arms and starts again on the next  c y c l e  of t h e  
o s c i l l a t i o n .  During the  de lay  t i m e  or process  t i m e  i n f o r -  
mation i s  los t .  W e  have chosen t o  c a l l  it dead t i m e  and i n  
some ins t ances  it becomes a problem. Unfortunately it 
seems t h a t  i n  t y p i c a l  o s c i l l a t o r s  t h e  effects of dead t i m e  
h u r t  t h e  most w h e r e  it is t h e  hardes t  t o  avoid. I n  o t h e r  
words, f o r  times t h a t  are s h o r t  compared to a second, where 
it is  very d i f f i c u l t  t o  avoid dead t i m e ,  t h a t  is usua l ly  
where whether you do or do no t  have dead t i m e  makes a 
d i f f e r e n c e  i n  t h e  d a t a .  Typica l ly  for common o s c i l l a t o r s ,  

t i m e  makes l i t t l e  d i f f e r e n c e  except  i n  data a n a l y s i s  
un less  it i s  excessive E 3 I .  

' i f  t h e  sample t i m e  i s  long compared t o  a second, t h e  dead 
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som METHODS OF MEASUREMENT 
In reality of course, the sinusoidal output 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 signal 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 jato 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 a l l  
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 
that a very loose phase lock condition exists. Caution: 
the attack time is not the time constant of the RC network 
shown . 
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.equa1 to the inverse of TT 
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 €or sample times 
shorter than the attack t h e  or for Fourier frequencies 
greater than about 1 Hz. Depending on the quality of the 
oscillators involved, the amplification used may be from 
4 0  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. In 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 t h e  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 lo9 per volr.. 
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 logging device. The coefficient of the varicap and the 
coefficient of the voltage to frequency converter are used 
to determine the fractional frequency fluctuations, yi, 
between the oscillators, where i denotes the ith measurement 
as shown in Fig. 3 .  The sensitivity of fhe system that we 
have set up at NBS is about a part in 10 per Hz resolu- 
tion of the frequency counter, so one has excellent preci- 
sion capabilities with this system. 

The voltage fluctuations 

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 controllable 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#hows 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 vb, 
by the nominal carrier frequency uo. 

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 t h e  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 -1  of the beat frequency. The frequencies 
of the two oscillators must be different.. 

p .  Dual Mixer T h e  Difference System. The last system is 
one that has just recently been developed at N9S* that 
*Dr. Costain informed me that Herman Dams has developed a 
similar system at NRC. 
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shows some s i g n i f i c a n t  promise. A block diagram is  shown 
i n  Fig. 5. I n  p re face  it should be mentioned t h a t  i f  t h e  
time o r  t h e  t ime f l u c t u a t i o n s  can be measured d i r e c t l y  an 
advantage is  obtained over j u s t  measuring t h e  frequency. 
The reason being t h a t  you can c a l c u l a t e  t h e  frequency f r o m  
t h e  t i m e  without  dead t i m e  as w e l l  as know t h e  time behav- 
ior.  The reason i n  t h e  p a s t  t h a t  frequency has  no t  been 
i n f e r r e d  from t h e  time for sample t i m e s  of t h e  o rde r  of 
several seconds and shorter i s  t h a t  t h e  t ime d i f f e r e n c e  
between a p a i r  of osci l la tors  opera t ing  as c locks  could no t  
be measured with s u f f i c i e n t  ytjecision (commercially t h e  
best t h a t  is a v a i l a b l e  is 10' seconds) .  The system de- 
scribed i n  t h i s  s e c t i o n  demonstrated a p rec i s ion  of 
seconds wi th  t h e  p o t e n t i a l  of doing about 10-14 seconds. 
Such a p rec i s ion  opens t h e  door t o  making t i m e  measurements 
as w e l l  as frequency and frequency s t a b i l i t y  measurements 
f o r  sample t i m e s  as s h o r t  as a few mi l l i seconds  as w e l l  as 
f o r  longer  sample t i m e s  and a l l  without  dead t i m e .  I n  Fig.  
5 ,  o s c i l l a t o r  1 could be considered under test and oscil la- 
to r  2 could be considered t h e  r e fe rence  oscil lator.  These 
s i g n a l s  go t o  the  p o r t s  of a p a i r  of double balanced mixers. 
Another osci l la tor  w i t h  s epa ra t e  symmetric buffered outputs  
i s  f ed  t o  t h e  remaining o t h e r  t w o  p o r t s  of t h e  p a i r  of 
double balanced mixers.  T h i s  common osc i l la tor ' s  frequency 
is  o f f s e t  by a d e s i r e d  amount from t h e  o t h e r  two oscil lators.  
I n  which case two d i f f e r e n t  bea t  f requencies  come o u t  of 
t h e  t w o  mixers as shown. These t w o  bea t  f requencies  w i l l  
be o u t  of phase by an amount propor t iona l  t o  t h e  t i m e  d i f f e r -  
ence between oscil lator 1 and 2--excluding t h e  d i f f e r e n t i a l  
phase s h i f t  t h a t  may be inse r t ed ;  and w i l l  d i f f e r  i n  
frequency by an amount equal  t o  the  frequency difference 
between o s c i l l a t o r s  1 and 2.  Now t h i s  system i s  also very 
u s e f u l  i n  t he  s i t u a t i o n  where you have osc i l la tor  1 and 
osci l la tor  2 on t h e  s a m e  frequency. The hetrodyne or b e a t  
frequency method, i n  c o n t r a s t ,  cannot be used if both.  
osci l la tors  are on t h e  same frequency. Q u i t e  o f t e n  it i s  
t h e  case with A t o m i c  s tandards  (Cesium, Rubidium and 
Hydrogen frequency s tandards)  t h a t  osci l la tor  1 and 2 w i l l  
nominally be on t h e  same frequency. 

I l l u s t r a t e d  a t  the bottom of Fig. 5 is  what might be 
represented as t h e  beat f requencies  o u t  of t h e  t w o  mixers. 
A phase sh i f te r  may be i n s e r t e d  as i l l u s t r a t e d  t o  a d j u s t  t h e  
phase so t h a t  t h e  t w o  b e a t  rates are nominally i n  phase; 
t h i s  adjustment sets up t h e  n i c e  condi t ion  t h a t  t h e  noise  
of the common o s c i l l a t o r  tends t o  cancel  when t h e  t i m e  
d i f f e r e n c e  is  determined i n  the  nex t  step--depending on t h e  
l e v e l  and the  type of no i se  as w e l l  a s  t h e  sample time in-  
volved. A f t e r  amplifying these beat s i g n a l s ,  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 
comon oscillator are small during this interval as com- 
pared to the phase fluctuations between oscillators 1 and 2 
over a f u l l  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 comon 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 ith measurement between oscillators 
1 and 2 is given by equation 5: 

where At(i) is the ith time difference as read on the 
counter, T is the beat period, v is the nominal carrier 
frequency, 9 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. 

2 wl{i,-r) - v (i,T) 
V 

\ ,At (i + 1) - At(i) 
T2 v 

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 vl - v2 starts 
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and V - V stops the time interval counter. The sample 
time 6y apgropriate calculation can be any integer multiple 
of ‘t: 

I (7 1 x(i + m) - x(i) (i, m T) = 
y1,2 m-r 

where m is any positive integer. If 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 2 -  Sample times as short as a few milli- 
seconds were easily obtained. Logging the data at such a 
rate can be a problem without special equipment, e.g. 
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 t h e  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 tandw with both low pass filters being symmetrical). 
The measurement precision is such that one can measure 
essentially all state-of-the-art oscillators. For exanple, 
if the oscillators are at 5 MHz, the beat frequencies are 
0.5 Hz, and the time interval counter employed has a pre- 
cision f 0.1 ps, then the potential measurement precision 
is 10-18s (10 femto seconds) for T = 2s; other things will 
limit the precision such as noise in the amplifiers. As 
has 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 quartz oscillator and the quartz oscillator in 
the cesium servo 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. 

SONE 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 Going 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 F luc tua t ions  

Non-random f l u c t u a t i o n s  are u s u a l l y  t h e  main cause of depar- 
t u r e  from " t rue"  t i m e  o r  " t rue"  frequency. 

I f  f o r  example one has  t h e  va lues  of t h e  frequency over a 
per iod of time and a frequency o f f s e t  from nominal is ob- 
served, one may c a l c u l a t e  d i r e c t l y  t h a t  t h e  t h e  f luc tua -  
t i o n s  w i l l  d e p a r t  as a ramp (see F ig ,  7 ) .  I f  t h e  frequency 
va lues  show s o m e  l i n e a r  d r i f t  then  the  time f l u c t u a t i o n s  
w i l l  d e p a r t  as a quadra t i c .  I mention t h i s  because i n  
almost a l l  osc i l la tors  t h e  sys temat ics ,  as  they  are s o m e -  
times c a l l e d ,  are t h e  primary cause of time and/or fre- 
quency depar ture .  A u s e f u l  approach t o  determine t h e  value 
of t h e  frequency o f f s e t  is t o  c a l c u l a t e  t h e  simple mean of 
t h e  set, or  f o r  determining t h e  v a l u e  of t h e  frequency d r i f t  
by c a l c u l a t i n g  a l i n e a r  l e a s t  squares  f i t  t o  t h e  frequency. 
A precaut ion  is t o  no t  c a l c u l a t e  a least  squares  quadra t i c  
f i t  t o  t h e  phase o r  t h e  departure--such is n o t  a s  e f f i c i e n t  
an estimator of t h e  frequency d r i f t  f o r  m o s t  o s c i l l a t o r s .  

B. Random Fluc tua t ions :  

A f t e r  c a l c u l a t i n g  or e s t ima t ing  t h e  sys temat ic  o r  non- 
random e f f e c t s  of a data set, these may be subt rac ted  f r o m  
t h e  d a t a  leav ing  t h e  r e s i d u a l  random f l u c t u a t i o n s .  These 
can u s u a l l y  be b e s t  cha rac t e r i zed  s t a t i s t i c a l l y .  I t  i s  
o f t e n  t h e  case  f o r  p r e c i s i o n  oscil lators t h a t  t h e s e  random 
f l u c t u a t i o n s  may be w e l l  modeled w i t h  power l a w  s p e c t r a l  
d e n s i t i e s ,  [4,5,6,7]: 

where S ( f )  is t h e  one-sided s p e c t r a l  d e n s i t y  of t h e  frac- 
t i o n a l  Yrequency f l u c t u a t i o n s  , f i s  the  Four ie r  frequency 
a t  which t h e  d e n s i t y  i s  taken ,  h, i s  t h e  i n t e n s i t y  c o e f f i -  
c i e n t ,  and a is a number modeling t h e  m o s t  appropr ia te  
power l a w  for  the  data. I t  has  been shown [3,4,5,8], that  
i n  t h e  time domain one can n i c e l y  r ep resen t  a power l a w  
s p e c t r a l  d e n s i t y  process  using a w e l l  def ined  time-domain 
s t a b i l i t y  measure, C T ~ ( T ) ,  which I w i l l  exp la in  later.  
example, i f  you have a log CT (T) versus  log T diagram and 
you observe a p a r t i c u l a r  slo$e--call it 1-1 --over c e r t a i n  
regions of sample time, T ; t h i s  s lope  has a correspondance 
t o  a power law s p e c t r a l  d e n s i t y  o r  a set of t h e  s a m e  w i t h  
s o m e  amplitude coeff ic ient  h, , i.e. u = - a-1 f o r  -3< a < 1  
and u N -2 fo r  1 - a .  Fur the r ,  a correspondance e x i s t s  
between h, and the  c o e f f i c i e n t  f o r  cs (T). These c o e f f i c i e n t s  
and r e l a t i o n s h i p s  have been ca l cu la tgd  and appear i n  t h e  

For 

< 

119 



literature [2 ,3 ,41 .  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 
t o  the frequency domain and vise-versa. Some examples of some proc- 
esses modeled by power law spectra tha t  have 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 b! in Fig. 8 is angular Fourier frequency, ('1 = 2 x f )  .) 
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(N3S) 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 
?.rift has been subtracted from the data. The peak-to-peak 
fluctuations are again about 6 microseconds. Figure 11 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 outlined 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 fluctustions 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, yi. Now there 
are many ways to analyze these data. Historically, people 
have typically used the standard-deviation equation shown 
in Fig. 
frequency over the data set and is subtracted from each 
value of yi before squaring, summing and dividing by the 
number of values minus one, ( M - l ) ,  and taking the square 
root to get the standard deviation. At NBS, we have studied 

( T ) ,  where y is the average fractional 12' 'std. dev 
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what happens to the standard deviation when the data set may be character- 
ized by power law spectra which are more dispersive than classical white 
noise frequency fluctuations. In other words, if you have flicker noise o r  
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). 
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. 
simply add up the squares of the differences between adjacent values of yi, 
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. 

For exam- 

This equation is very easy to implement experimentally as you 

One would l i k e  t o  know how (7 (7 : )  v a r i e s  with t h e  sample 
time, T . A simple t r i c k  thXt one can use,  t h a t  is very 
u s e f u l  i f  t h e r e  i s  no dead t i m e ,  is  t o  average yL and y2 
and ca l l  t h a t  y 1  averaged over  2 ~ ,  then average y and y4 

apply the same equat ion as before  t o  get (7 ( 2  T). One can 
r e p e a t  t h i s  process  for  other des i r ed  i n t e z e r  mul t ip l e s  of 
T and from t h e  same data set be a b l e  t o  genera te  va lues  for  
oy(m 7:) as a func t ion  of m7: from which one may be able t o  
i n f e r  a model for t h e  process  t h a t  i s  c h a r a c t e r i s t i c  of t h i s  
p a i r  of o s c i l l a t o r s .  I f  you have dead t i m e  i n  t h e  measure- 
ments you cannot average ad jacen t  p a i r s  i n  an unambiguous 
way t o  simply inc rease  t h e  sample time. You have t o  retake 
t h e  d a t a  f o r  each new sample time--often a very t i m e  consum- 
ing  task.  T h i s  i s  another  i n s t ance  where dead t i m e  can be 
a problem. 

and c a l l  t h a t  y 2  as averaged over 27: , e tc . ,  and 3 i n a l l y  

How t h e  classical var iance  ( s tandard  dev ia t ion  squared) 
depends on the number of samples is  shown i n  Fig.  13. 
Plo t t ed  i s  the  ra t io  of t h e  s tandard dev ia t ion  squared for  
N samples t o  t h e  s tandard d e  i a t i o n  squared fo r  2 samples 

(a2(2, ‘I) is t h e  same as (r (7:)  1. One can see the  Y 
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dependence of t h e  s tandard dev ia t ion  w i t h  t h e  number of 
samples f o r  va r ious  kinds of power l a w  s p e c t r a l  d e n s i t i e s  
commonly encountered as reasonable  models f o r  many impor- 
t a n t  p r e c i s i o n  oscillators. N o t e ,  O2 (‘t) has t h e  same 
value as t h e  classical var iance  for  txe classical no i se  case 
(white no i se  F M ) .  One main p o i n t  of Fig. 13 i s  simply t o  
show t h a t  wi th  t h e  inc reas ing  d a t a  l e n g t h  t h e  s tandard 
dev ia t ion  of t h e  common classical va r i ance  is n o t  w e l l  be- 
haved f o r  t h e  kinds of n o i s e  processes  t h a t  are very  o f t e n  
encountered i n  m o s t  of t h e  p r e c i s i o n  oscil lators of  i n t e r e s t .  

Figure 1 4  is an a c t u a l  (5 (T) versus  T p l o t  f o r  a rubidium 
standard t h a t  w a s  analyzzd a t  t h e  Bureau. One observes  
apparent  white  no i se  F M  wi th  t h e  s lope  of T - ~ / ~  and then  
f l i c k e r  no i se  frequency modulation, TO; and some random 
walk F M  f o r  sample t i m e s  of t h e  o rde r  of a t e n t h  of  a day . 
and longer.  Having t h i s  time-domain a n a l y s i s ,  one can use  
t h e  equat ions  and t h e  t a b l e s  mentioned be fo re  t o  transform 
t o  t h e  frequency domain, S ( f )  versus  Four i e r  frequency f ,  
and t h i s  t ransformat ion  is’plotted i n  Fig. 15. 
which shows d i r e c t l y  t h e  mapping f o r  a model t h a t  i s  o f t e n  
used f o r  cesium decives  for  sample t i m e s  longer  than  1 
second is  given by t h e  following p a i r  of equat ions:  

An equat ion 

= ho + h-lf-L 

2 
(5 ( T I  = 2 ho + 2 ln2 h-l Y 

The h, term i n  each case is  due t o  t h e  white  no i se  F M  
fundamentally induced by t h e  s h o t  no i se  i n  t h e  cesium beam. 
The second term is f l i c k e r  no i se  FM ( f l i c k e r  f l o o r )  t h a t  
seems t o  always appear as  a reasonable  model f o r  cesium as 
w e l l  as o t h e r  s tandards ,  I t  does n o t  have a w e l l  under- 
stood cause. As an example of equat ion ( 9 )  and ( l o ) ,  
suppose from a u (T) versus  ‘t p l o t  we  determined t h a t  

$= = 2 x 10”12[Sl 1’2 and d-= 1 x 10 

for one comparison m a d e  between t h e  NBS prhnar  frequency 
s tandards ,  NBS-4 and NBS-5, then ho = 4 x 
h-1 = 7.2 x 

If  t h e  frequency d r i f t  is n o t  sub t r ac t ed  from t h e  d a t a  then 
t h e  (5 (r) versus  r p l o t  as shown i n  Fig.  15, t akes  on a 
‘t” behavior. 
oscil lators.  The equat ion r e l a t i n g  (5 (r) and t h e  d r i f t ,  D,  

Y 
-14 as 

and 

Y 
Often such is t h e  case wi th  qua r t z  c r y s t a l  

Y 
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is as follows: 

where D has the dimensions of fractional frequency per unit 
of r , i.e. if T 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 (5 (T) versus T diagram 
may appear as shown in Fig. 17. Thg model for this figure, 
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 CT ( T )  versus T 
behavior for a high performance cesium staxdard 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 t e m  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 T = 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 
becomfy2the predominant power law causing 
as T 
oscillator (Diane), in this case 6 parts in 1013, becomes 
the predominant noise source. Thus using this particular 
measurement system I was able to k7ell characterize fqr 
sainple times of a few milliseconds all the bray out to 1000 
seconds, the stability characteristics of this particular 
pair of oscillators. Longer sample times are of course 
easily achievable. 

(5 ( T )  to improve 
until the flicker floor of the qua& crystal 

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 ( T  >few milliseconds) with a time difference preci- 
sion of better than 1 picosecond. Fraction frequency in- 
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16 
stabilities due to the noise in this novel measurement 
method were demo strated to be less than one part in 10 
for oy(T-> 2 x 108 s ) .  

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, o Y ( ~ ) ,  between two state-of-the-art commercial 
standards, i.e. a quartz oscillator and a high performance 
cesium standard for 2 m5 5 ‘I 5 103 s .  
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APPENDIX: 
COMPUTING COUNTER PROGRAM 

A. The fo l lowing  program may be used i n  a computing coun te r ,  
i s  u s e f u l  i n  de te rmining  t h e  f r a c t i o n a l  f requency s t a b i l i t y ,  
o (T), and i s  unique as compared wi th  o t h e r  similar types  
0% programs t o  de termine  s t a b i l i t y  i n  t h a t  it does so w i t h  
no dead t ime. The fo l lowing  program a t u a l l y  determines t h e  

d i f f e r e n c e  r ead ings  between a p a i r  of c l o c k s  o r  osc i l la tors ,  
and t h e r e f o r e  complements ve ry  n i c e l y  t h e  d u a l  mixer t i m e  
d i f f e r e n c e  measurement system desc r ibed  i n  t h e  t e x t .  The 
f r a c t i o n a l  frequency s t a b i l i t y  may be c a l c u l a t e d  from com-  

root-mean-square second d i f f e r e n c e ,  ( A  5 (At))ms, of t h e  t ime 

p u t e r  program 

I f  a d d i t i o n a l  
could program 

r e s u l t s  as follows: 
n 

programing s t e p s  were a v a i l a b l e ,  of cour se  one 
t h e  computing coun te r  t o  c a l c u l a t e  an estimate 

o f  0 (T) d i r e c t l y .  Following i s  t h e  program procedure t o  
genexate  (a2 ( a t )  ms: 

1. 
2. 

3 .  

4 .  

5. 
6. 
7. 
8. 
9. 

10 * 
11. 

1 2  * 

13. 

14. 
15. 
The 

clear x 
c-x 

ah-/x 

a-x 

L 

Plug-in 
n 

Plug-in - 
a x y  
- ( s u b t r a c t )  

Xfer Program 
Plug-in 
/“y a vx - 

a x y  
- ( s u b t r a c t )  
b.;, -X 

16. 
17. 
18. 
19. 
20. 
21. 
22. 

23. 
2 4 .  

25. 

26. 

b X Y  
- ( s u b t r a c t )  

xy 
x (mul t ip ly )  

C X Y  

+ (add) 

L 

/Isr c x  u 
Repeat 
Xfer Program 

27. - ( d i v i d e )  
28. 
29. Display x 
30. Pause 

confidence o f  t h e  es t imate  w i l l  improve approximately 
as t h e  square  root  of t h e  number of t i m e s  ( N )  t h e  sub loop 
i s  repea ted  as p r e s e t  by t h e  programmer [lo]. 
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PERIOD OF A N  OSCILLATOR 

OSCILLATOR 

0 0 0  
I O O k H z  1MHz 5MH 

I I 

FIS. 1 Depic t ion  of t h e  s i n u s o i d a l  v o l t a g e  o u t p u t  from a 
p r e c i s i o n  osc i l la tor ,  e.g.  u s ing  q u a r t z ,  rubidium, 
cesium or hydrogen as t h e  f requency determining 
element. I f  t he  frequency o u t  is vl ,  t h e  t h e  per- 
iod of o s c i l l a t i o n  is T~ = l / v 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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M I X E R  

TO V A R I C A P  
COEF X 

BIAS BOX 

I 
TIGHT PHASE LOCK LOOP 
METHOD OF MEASURING 
FREilUENCY STABILITY 

FIG. 3 A frequency fluctuation measurement system. The 
attack time of the phase lock loop in this case is 
much less than a 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. 

M I X E R  

C O U W E R  

HETERODYNE FREIlUENCY 
MEASUREMENT METHOO 

FIG. 4 A frequency and frequency fluctuation measurement 
system. The difference frequency, I V 1  - V I is 
measured with a frequency counter. 
measuring the period (or multiple period) of the 
beat (difference) frequency could equivalently be 
used. 

A counker 
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DUAL MIXER TIME DIFFERENCE SYSTEM 

T I M E  I N T E R V A L  

Av = v2 - v, 5.0 I., - V O I  

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 count75 after suit- 
able low noise amplification. The i time differ- 
ence between oscillator 1 and 2 is the At(i) reading 
of the counter divided by T V  and plus any phase 
shift added, $, where v ,u VI N w 2  is the nominal 
carrier frequency. The frequency difference is 
straight forwardly calculated from the time differ- 
ence values. 

130 

h 



x\, QUARTZ OSC (DIANA) vs CESIUM 601 

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 
lok7 noise synthesizer. The measurement system 
noise was about 0.1 ps. 
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CY O F F S E T  

- 1  

N E G A T I V E  FREQUELCY DRIFT I \ 

Tt N E G A T I V E  F R E Q U E N C Y  D R I F T  

F I G .  7 Depiction of some commonly encountered non-random 
frequency and t i m e  dev ia t ions ;  i .e. a frequency 
o f f s e t  e r r o r  which maps i n t o  a l i n e a r  t i m e  d r i f t ,  
and a l i n e a r  frequency d r i f t  which maps i n t o  a 
quadra t i c  t i m e  dev ia t ion .  
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PROCESSES MODELED BY POWER LAW SPECTRA 

FIG. 8 Some sample plots of processes which may be modeled by power law 
spectral densities, S(f) = haf" (a= 27rf), as simulated with a 
computer. The white noise, lwIo, is bandwidth limited. The sub- 
script is left off of S(f) as these plots may represent anything, 
e.g. frequency or time fluctuations. 

F I G .  9 The r e s i d u a l  t i m e  f l u c t u a t i o n s  between t h e  Nat ional  
Bureau of S tandards  A t o m i c  Time Scale, AT(NBSf, and 
t h e  I n t e r n a t i o n a l  Atomic T i m e  Scale, T A I ,  a f t e r  
s u b t r a c t i n g  a least  squares  f i t  t o  t h e  frequency. 
The v e r t i c a l  scale is i n  microseconds and t h e  ab- 
scissa shows 1 4 2 0  days follotiring 8 May 196s. The 
peak-to-peak d e v i a t i o n  i s  about 6 ~ s .  

y: 
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FIG 1 0  The r e s i d u a l  t i m e  f l u c t u a t i o n s  between t h e  United 
States Naval Observa tory ' s  A t o m i c  T h e  Scale, AT 
(USWO), and t h e  I n t e r n a t i o n a l  A t o m i c  T h e  Scale, 
T A I ,  a f t e r  s u b t r a c t i n g  a least squa res  f i t  to t h e  
frequency. The v e r t i c a l  scale is  i n  microseconds 
and t h e  abscissa shows 1540 days fo l lowing  8 Jan.  
1969. The peak-to-peak d e v i a t i o n  i s  less than  6 ~ s .  
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F I G  11 The r e s i d u a l  t i m e  f l u c t u a t i o n s  between a high per-  
formance commercial cesium s tandard  and one o f . t h e  
NBS primary frequency s t anda rds ,  NBS-5, a f t e r  sub- 
t r a c t i n g  a mean frequency d i f f e r e n c e .  The v e r t i c a l  
scale is  i n  u n i t s  of 0.1 us, and t h e  a b s c i s s a  shows 
41100 s duration(-1/2 day ) .  The peak-to-peak devia-  
t i o n  is  about 0.9 ps. 
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i + l  x i  x 

' i + l - ' j  
Y .  = -- 1 T 

- ORIGINAL PAGE IS . - 
OF POOR QUALITY ___. - 

c 

Y M  

FIG 12 A simulated plot of the t h e  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 r . 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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lo ,- ' 1 10' IO' 10 

YUMBER OF SAMPLES f N l  

FIG 13 The r a t i o  of the t i m e  average of t h e  s tandard 
dev ia t ion  squared f o r  N samples over the  time 
average of a ttr7o sample standard dev ia t ion  squared 
as a func t ion  of t h e  number of Samples, N. The 
ra t io  is plotted for var ious  power l a w  s p e c t r a l  
d e n s i t i e s  t h a t  commonly occur i n  p rec i s ion  osci l la-  
tors. The f i g u r e  i l l u s t r a t e s  one reason why t h e  
s tandard dev ia t ion  is not  a convenient measure of 
frequency s t a b i l i t y ;  i .e. it may be very important 
t o  spec i fy  how many d a t a  p o i n t s  are i n  a data set 
i f  you use  t h e  s tandard devia t ion .  
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RUBlDIUM STAIKIARilS PERFORMANCC 

FIG 14 A 0 (TI versus  T p l o t  modeling s o m e  a c t u a l  da t a  Y taken a t  NBS on s m e  commercial rubidium standards.  
Notice t h a t  i f  o:(r) - T ~ ,  then a y ( ~ )  - f U / 2  
hence t h e  T -112 s lope  f o r  p = -1. etc. 

SPECTRAL DENSITY vs FOURIER FREWmCY 

iinmn WALK FM 

FLICKER BOISE FM 

F I G  15 A p l o t  of Sy ( f )  versus  f as transformed from t h e  
time-domain d a t a  p l o t t e d  i n  Fig. 14. 
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F I G  16 An example CJ~(T) versus T plot of an oscillator 
with both random fluctuations of flicker noise FM 
and a non-random linear fractional frequency drift 
of 10"lo per day. 
h7ould be comon for quartz crystal oscillators, 
for example. 

A plot appearing similar to this 
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l o - ’  

u p )  10-1 

l o - ’  

10-1 

f h  = 1 k H z  

I I I I 

1 o - ~  l o - ’  1 oo 
T ( S E C O N D S )  

FIG 17 A calculated O,(T) versus T plot of white phase 
noise (a = +2)  with some 60 €iz 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, f . Note: 
and @(t) = ( 2 ~ ) ~  v9 - x(t). S @ ( f )  = ( v2/ f2)  Sy(f) 
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QUARTZ OSCILLATOR (DIANA) VS COMYlERCIAL CESIUM ($601) 

10-10 

10-11 

10-12 

1 0 - l ~  

1 0 - l ~  

FREQUENCY 
S T A B 1  L I T Y  

O,(T) 

- 

- 

- 

- 

- 

r ' " 0 
ATTACK T I M E  O F  Cs  SERVO 

F L I C K E R  N O I S E  FM 
OF Q U  = 6 ~ 1 0 - l ~  

Q,Q-o--- - -. 2 

10-151 I I I I I I I 
10-1 100 101 lo2 1 o3  1 o4  

SAMPLE TIME, T ( 5 )  

FIG.18 A CJ (T) versus T plot of the fractional frequency Y 
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 

D R  COSTAIN 

National 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. 

M R  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 

li3STRACT 

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 
1s 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-te stability. Stabilities of 
order 1 part in l.P2 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 
nultiply'mg 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 contributuion of our 
present multiplier chains and will be briefly 
outlined, 

INTRODUCTION 

Quartz crystal controlled oscillators play a key roll in fse- 
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. 

EXPERLWNTAL 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 k~hich 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 [ I f .  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, Sy(f), or the time domain stability, 
a,(~), per the recommendation of the IEEE subcommittee on 
frequency stability 121. 

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, f, 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 €12, 
which was the lower limit of our spectrum analyzer. 

Figure 4 shows the t h e  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-l and hm2 are the intensity coefficients for the 
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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 y, of the crystal, The functional dependence is 
LT (T) = KT=. As one goes to shorter and shorter times the 
&ability 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- 

will go as ,-1 for times larger than the inverse bandwidt 

seconds . 

1 

ations will have a white phase modulation character and LT 

of the measurement system, which in this case was-4 x 

The line labelled "Johnson noise from amplifier" indicates 
the estimated contribution of our measurement system to 
c s y ( ~ ) .  
resistance of the crystal, R ~ ,  show that this contribution to 
a,(~) is very small compare'd to that of most active 
circuits El]. 

Calculations of the Johnson noise in the series loss 

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

The character of the oscillator stability for times less 
than 1s 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.[3,41), 
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 151 by J. Groslarnbert, G. Marianneau, M. Oliver 
and J. Uebersfeld on a crystal controlled oscillator with 
50pW 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 1pW of drive. In 
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 of 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 controlled oscil- 
lators. 
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. 

Stabilities approaching one part in lo1* at .001 

The medium term stability of a crystal controlled osciliator 
is determined by the flicker of frequency level in the 
crystal. Measurements on a number of crystal pairs show I 

that the flicker of frequency level or stability floor is i 

approximately given by CJ (T)= . This has been 
24 Y 

verified for crystals ranging in frequencg from 5MHz to 
125MHz and crystal Q's from lo4. to 2 x 10 . Individual 
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-1 from the experhen- 
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 frequef5y stability of the oscillator. 
In this case (J (T) =(2 x 10- )/r :  The carrier width is 
determined by xhe flicker of frequency level of the oscilla- 
tor. The width is 

at 9.2GHz for the narrow peaks of 
= .006Hz 

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 level has been increased by a factor 
of 50 over its initial value. This corresponds to a short 
term stability of ay (T) = 10-ll/r. Note that the relative 
power in the carrier has dropped 8dB and that the height of 
the noise pedestal has risen 34dB. The power in the carrier 
is now -8dB or 16% of the total available power. Curve C 
shows the rf spectrum at 9.2 G H z  when the additive noise has 
been increased by a factor of 150 over its initial value. 
This corresponds to a short term stability of a,(~c) = 3 x 10-ll. 
The carrier has now totally disappeared! 

Although there still is Tower available, the line width has 
increased a factor of 10 from -006 Hz to 600 KHz. Clearly 
Curve c 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. 

I 

These results can be generalized and summarized by the 
following. The relative power in the carrier, Pc, and the 
relative power in the pedestal, Pp, are given byf71: 

Pc(v) = e -@P('), and 
P = l - P c = l - e  -Qp ( V I  

P 

where @p(') = /pedestal y 'f) (s) df 

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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whefe Bo 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 lo-'' and ( 4 )  

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. 

T CJYW = 
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PASSIVE CRYSTAL EASUREIIENT SYSTM 

FIGURE 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 
SA-200 at 28O 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 3 Frequency domain measurements on crystal pair 
5B-2 at 28O C. These are 5 MHz crystals with a 
bandwidth of 2 Hz. s (f) is shown for a single 
crystal. Y 
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F I G U R E  4 Time domain measurements as a function of sample 
time T, for crystal pair 5B-2 at 28O C. Also 
shown are the frequency domain results of Figure 
3 converted to time domain, and the stability of 
a high quality oscillator controlled by one 
5B-2 crystal at + 65O C. y = TBW; here the 
bandwidth is BW = 2 Hz 

F I G U R E  5 rf spectrum of 5 MHz crystal controlled 
oscillators after multiplication to 9.2 GHz 
for 3 different short-term stabilities. 
Curves a, b and c are for oscillators having a 
short-term fractional frequency stability of 
( T ~ ( T )  = 2 x 10 -13 , 10"l and 3 x 

T T T 
respectively. 

153 



QUESTION AND ANSWER PERIOD 

DR. WINKLEE 

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 pur'ity 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. WALIS: 

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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, D R  WALLS: 

Yes. You would want to have as hi@ a Q crystal as you could which is about 
2-1/2 million at 5 megahertz and you would want to 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. 

D R  WALLS: 

That's true. 

D R  WNKLER: 

So it's not an expensive substance. 

DR. WALLS: 

I 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 standmds, 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. 
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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 #at oscillator. 

DR. WALIS: 

I would prefer that. 

DR. WINKLER: 

Yes. It's much cheaper and much more direct and much more reliable. 

DR. WALIS: 

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. 

M R  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 #is is 
a very powerful approach for #e 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 #at we hope to do. 
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D R  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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INTRODUCTION 

THE MAGNETIC MATRIX TIME INTERVAL METER* 

S. K. Merrill and B.  V. Rodgers 
EGEG, InC. 

ABSTRACT 

A time interval  meter is being developed 
which allows the  recording of a number of 
event times wi th  high resolution over a 
re la t ive ly  long period of time. 

In a number of experimental areas, a means fo r  accurately recording rela-  
t i v e  times of occurrence of a series of events is  needed. A technique 
which eas i ly  lends i tself  t o  such recording w a s  investigated during the 
development of a high-speed s ingle- t ransient  recording device, the 
Magnetic Matrix R e ~ o r d e r . l - ~  
in te rva l  meter r e su l t s  i n  a system tha t  has capabi l i t ies  f o r  measurement 
of large timing in te rva ls  with high resolution, multiple channels timed 
d i r ec t ly  from the same reference source, non-volatile radiation-hard data 
storage,  computer-compatible data r e t r i eva l ,  and small physical s ize .  

The application of t h i s  technique t o  a time- 

DISCUSS I O N  

The b a s i s  of t h e  system i s  a matrix of thin-fi lm magnetic recording 
elements, located a t  the intersect ions of two orthogonal s e t s  of control 
t races  (Figure 1). With no current flowing in  the l ines ,  the magnetiza- 
t i on  of an element points e i the r  direct ion along an "easyTg axis b u i l t  
i n t o  the  matrix during fabrication. 
current t o  a word l ine  w i l l  p u l l  the magnetization in to  the hard axis. 
A current i n  the  b i t  l i ne  pu l l s  the  magnetization toward the easy axis,  
t he  d i rec t ion  depending on the po la r i ty  of the current. When t h e  word- 
l i n e  current is  removed, the magnetization w i l l  f a l l  back t o  the easy-axis 
direct ion it is being pulled toward, recording the  state of the  b i t - l i n e  
current at tha t  instant.  

The application of a su f f i c i en t  

.In the application of t h i s  technique t o  a Time Interval Meter (TIM), the 
b i t  l ines  are driven with bipolar  s ignals  developed by time-code generating 
d i g i t a l  logic. 
i n t e re s t ,  with the state of the clock recorded at the time each word-line 
i s  triggered. 

The word-line currents are controlled by t h e  events of 

*This work being supported by the U.S. Atomic Energy Commission, Nevada 
Operations Office, under Contract AT (29- 1)  -1183. 
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An i n i t i a l  bread-boarded prototype of such a TIM w a s  constructed, and 
ver i f ied  the  f e a s i b i l i t y  of  t he  concept. 
s t ruct ion is an engineering prototype designed t o  allow a f u l l  investigation 
of the  capab i l i t i e s  of t h i s  technique (Figure 2). 

The time code i n  t h i s  un i t  i s  synchronized by a 100-MHz crystal-controlled 
o s c i l l a t o r  feeding two separate generators. 
an 8-bit  binary Gray code, a minimum-transition timing code, which gives 
2.5-nanosecond resolut ion over a period of 0.64 microseconds. 
generator contains a set of delay l ines ,  giving eight  separate phase- 
delayed signals a t  t he  main o s c i l l a t o r  frequency. Combined with the  
Gray code, t h i s  allows 0.5-nanosecond resolution, f o r  somewhat greater  
than 10 b i t s  of overall  resolution. 

The uni t  presently under con- 

The first generator produces 

The second 

In t h i s  design, t he  word-lines are controlled through buffer logic  by 
d i f f e ren t i a l  ECL-compatible input signals.  
externally supplied by t h e  system user, serves t o  gate  t h e  channels only 
during the  t i m e  of i n t e re s t .  A ca l ib ra t e  mode i s  a l so  provided, i n  which 
an external ca l ib ra t e  signal w i l l  s t robe a l l  16 channels a t  the  same 
instant ,  allowing channel-to-channel cal ibrat ion of t he  uni t  at  any t i m e .  

A record enable signal,  

Since t h e  timing code generators are free-running, t h e  data recorded 
gives t h e  r e l a t i v e  time of occurrence f o r  each event. 
time measurement i s  desired, one channel would be strobed by a reference- 
time s ignal  t o  relate t h e  data t o  an absolute standard. Also, s ince the 
code i s  cycl ic ,  the un i t s  can be cascaded t o  increase the  system time 
range covered. For example, adding another un i t  with 16 b i t s  of Gray 
code t o  the  above would allow timing over .04 seconds with 0.5-nanosecond 
resolution. 

If an absolute 

Although tests have not yet been performed on t h e  engineering prototype, 
an idea of the overal l  system performance can be gathered from t h e  bread- 
boarded prototype. Since the  system is d i g i t a l ,  i t s  timing accuracy is 
affected primarily by var ia t ions i n  logic  Sehavior caused by changes in  
temperature or  supply voltages. With the  uni t  calibrated,  t h e  overal l  
accuracy is  expected t o  be within k 1  least-s ignif icant-bi t  (20.5 ns i n  
t h i s  case). 
code generators, which has a specified accuracy of 0.0001% f o r  t h e  present 
unit .  
levels  can be used t o  obtain higher s t a b i l i t y  and accuracy. 

The other source of e r ror  i s  i n  t h e  o s c i l l a t o r  driving the  

However, any external o sc i l l a to r  capable of being adapted t o  ECL 

To read out da ta  from t h e  matrix, the  word l i n e  f o r  a selected channel is 
strobed by the  internal  readout logic, and the  outputs of t h e  b i t - l i ne  
sense amplifiers a r e  t ransferred t o  buffer reg is te rs .  
out mode, t h e  channel i s  selected with front-panel switches and t h e  da ta  
appear on a l ight-emitt ing diode display. 
takes place through computer control v i a  a CAMAC Dataway a t  r a t e s  up t o  
the  CAMAC maximum of  1 megaword/second. 

In t h e  manual read- 

Under t h e  remote mode, readout 
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The d i g i t a l  c i r cu i t ry  i s  primarily ECL logic, with t h e  high-speed portions 
using Motorola's MECL I11 c i r c u i t s .  For both speed and s ize  benefi ts ,  the  
c i r c u i t s  surrounding the  matrix card are fabricated using hybrid c i r c u i t  
techniques. 
module arrangement allows ease of  fabr icat ion and maintenance as well as a 
multi layer c i r c u i t  capabi l i ty  in  the  hybrid portion. 
type uni t  w i l l  be housed i n  a 1 3/4" x 19" rack chassis,  with fu r the r  
packaging emphasis directed toward a CAMAC Instrumentation Module. 

Both th in  and th ick  f i l m  approaches have been used. A plug-in 

The engineering proto- 
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OMEGA NAVIGATION SYSTEM STATUS 
AND FUTURE PLANS 

CDR Thomas P. N o l a n  
M r .  David C. S c u l l  

USCG OMEGA Navigation System Operations D e t a i l  

INTRODUCTION 

OMEGA is  a very l o w  frequency (VLF) r a d i o  nav iga t iona l  
system ope ra t ing  i n  the i n t e r n a t i o n a l l y  allocated naviga t ion  
band i n  t h e  electromagnet ic  spectrum between 1 0  and 14 
k i l o h e r t z .  F u l l  system implementation.with worldwide 
coverage from e i g h t  t r a n s m i t t i n g  s t a t i o n s  is planned f o r  
t h e  l a t t e r  1970's.  Experimental s t a t i o n s  have operated 
s i n c e  1966 i n  support  of system eva lua t ion  and test. These 
s t a t i o n s  provided coverage over  m o s t  of t h e  North A t l a n t i c ,  
North American Continent ,  and e a s t e r n  po r t ions  of t h e  North 
P a c i f i c .  This  coverage provided t h e  fundamental basis for  
f u r t h e r  development of t he  system and has  been e s s e n t i a l  t o  
t h e  demonstrated f e a s i b i l i t y  of t h e  one t o  two n a u t i c a l  
m i l e  root-mean-square system accuracy. OMEGA i s  a v a i l a b l e  
t o  u s e r s  i n  a l l  n a t i o n s ,  both on s h i p s  and i n  a i rcraf t .  

HISTORICAL 

OMEGA uses  very l o w  radio frequencies  and phase-difference 
measurement techniques t o  provide r a d i o  naviga t ion  i n f o r -  
mation. These p r i n c i p l e s  w e r e  proposed t o  t h e  N a v y  i n  1 9 4 7  
by Professor  J ,  A. Pierce of Cruf t  Tkiboratory, Harvard 
Universi ty .  

As a r e s u l t  of  h i s  proposals  and h i s  experiments i n  
measuring phase de lay  a t  VLF and e s t a b l i s h i n g  t h e  phase 
s t a b i l i t y  of s i g n a l s  a t  VLF, t h e  N a v y  developed an exper i -  
mental system ope ra t ing  i n  t h e  v i c i n i t y  of 50 kHz with a 
s i n e  wave modulation of 200 Hz. The system w a s  designed by 
Naval E lec t ron ic s  Laboratory Center (NELC) , S a n  Diego, and 
w a s  c a l l e d  Radux. Radux had an accuracy of t h r e e  t o  f i v e  
m i l e s  and a range of about 2,000 m i l e s .  While t h i s  system 
showed the w i s d o m  of using phase-difference measurement 
techniques,  the a t t a i n e d  accuracy and desire t o  o b t a i n  even 
greater range r e s u l t e d  i n  another  system which combined a 
s e p a r a t e  VLF t ransmission near  10 kHz w i t h  t he  l o w  frequency 
(LF) s i g n a l .  This, system w a s  called Radux-OMEGA. To 
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f u r t h e r  i n c r e a s e  t h e  range of the system, t h e  LF s i g n a l s  
were discont inued.  The s i n g l e  frequency VLF system w a s  
c a l l e d  OMEGA and, later,  expanded t o  a multi-frequency 
OMEGA system. Thus, OMEGA can trace its development back 
over a twenty-year period. 

Early t ransmiss ions  from t h e  shore-based s t a t i o n s  w e r e  
der ived from a conventional primary-secondary conf igura t ion .  
Modern t ransmission of OMEGA s i g n a l s  is der ived  from a 
cesium frequency s tandard  a t  each s t a t i o n  and each s t a t i o n  
is c o n t r o l l e d  as a source or s tandard s i g n a l s .  T h i s  
arrangement is  most e f f i c i e n t  and p r a c t i c a l  f o r  a global 
system because t h e  naviga tor  can p a i r  s t a t i o n s  i n  any con- 
venien t  way t o  o b t a i n  u s e f u l  hyperbol ic  geonetry and s i g n a l s .  

SYSTEM CONFIGURATION 

TRANSMITTING ANTENNA SITES - 
The OMEGA naviga t ion  system is a shore-based e l e c t r o n i c  aid 
t o  naviga t ion  t h a t  uses  measured s i g n a l  phase-differences 
from sets of s t a t i o n s  f o r  f i x  reduct ion.  Eight  s t a t i o n s  
geographical ly  d ispersed  are requi red  t o  provide worldwide 
coverage. Two of the e i g h t  s t a t i o n s  are loca ted  on U, S. 
sovereign so i l .  The remaining s i x  are being sited i n  
cooperat ion w i t n  p a r t n e r  coun t r i e s .  

Experimental s t a t i o n s ,  opera t ing  s i n c e  1966 ,  were located 
a t  F o r e s t p o r t ,  New York; Brat land,  Norway; Tr in idad ,  W e s t  
Ind ies ;  and Haiku, H a w a i i .  T h e s e , s t a t i o n s  employed e i t h e r  
e x i s t i n g  f a c i l i t i e s  or  temporary e l e c t r o n i c  equipments 
which proved adequate for t h e  eva lua t ion  phase. The s t a t i o n s  
provided about one k i l o w a t t  of radiated power. Two of t h e s e  
four  s t a t i o n s  w e r e  s e l e c t e d  as sites f o r  permanent s t a t i o n s :  
Bra t land ,  Norway; and Haiku, Hawaii. 

The f i r s t  high power OMEGA s t a t i o n  of t h e  p ro jec t ed  con- 
f i g u r a t i o n  of e i g h t  s t a t i o n s  is  located i n  L a  Moure, North 
Dakota. T h i s  s t a t i o n  has been ope ra t iona l  s i n c e  la te  1972. 
The second s t a t i o n  t o  be b u i l t  on U. S. sovereign s o i l  i s  
loca ted  a t  Haiku, Hawaii. This  s i t e  i s  t h e  l o c a t i o n  of one 
of the  o r i g i n a l  experimental  s ta t ions .  T h i s  s t a t i o n ,  l i k e  
a l l  others ,  w i l l  broadcast a s i g n a l  of t e n  k i l o w a t t s .  

The Bra t land ,  Norway, s i te  o r i g i n a l l y  used during the 
ope ra t iona l  eva lua t ion  phase provided s i g n a l  coverage f r o m  
temporary e l e c t r o n i c s  housed i n  vans. I n  cooperation wi th  
t h e  Government of Norway, t h i s  s i t e  w a s  selected as one of 
t h e  e i g h t  permanent s t a t i o n s .  T h i s  s t a t i o n  has s i n c e  been 
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completed w i t h  a permanent new f a c i l i t y  housing a f u l l  set 
of new OMEGA e l e c t r o n i c s .  It is c u r r e n t l y  broadcast ing 
w i t h  an e f f e c t i v e  radiated power of s i x  t o  seven k i l o w a t t s  
b u t  once antenna problems are resolved, the s t a t i o n  should 
radiate t e n  k i l o w a t t s .  

As w a s  the case w i t h  Norway, rather than nego t i a t ing  for  
permission t o  b u i l d  and ope ra t e  U. S. t r a n s m i t t i n g  s t a t i o n s  
on fo re ign  s o i l ,  the N a v y  sought o u t  fo re ign  p a r t n e r s  t o  
j o i n  t he  U. S. i n  completing t h e  OMEGF. system. T h i s  po l i cy  
emerged f r o m  t h e  cons idera t ion  t h a t  OMEGA i s  n o t  p e c u l i a r l y  
a m i l i t a r y  system, nor even a U, S, system, b u t  an i n t e r -  
n a t i o n a l  naviga t ion  system t h a t  can be and undoubtedly w i l l  
be used by a l l  s e a f a r i n g  and a i r l i n e  ope ra t ing  na t ions  of 
the world. 

T h e  Governments of Japan, S rgen t ina ,  and Liberia have con- 
cluded diplomatic  agreements with t h e  U. s.  for  s t a t i o n s  
on t h e i r  soil. T h e  f i n a l  agreement w i t h  France for  a 
s t a t i o n  on t h e i r  s o i l  is  near  f i n a l  approval. Construction 
work i s  c u r r e n t l y  i n  progress  on these s t a t i o n s .  The sites 
are located on the I s l and  of Tsushima i n  t h e  Sea of Japan, 
on t h e  I s l a n d  of La Reunion i n  t h e  Indian Ocean, Golfo 

. Nuevo, Argentina,  and near  Monrovia, Liber ia ,  r e spec t ive ly .  

Diplomatic nego t i a t ions  are c u r r e n t l y  i n  progress  w i t h  tne 
Government of A u s t r a l i a  fo r  s i t i n g  of the f i n a l  t r a n s m i t t i n g  
s t a t i o n .  Figure 1 d e p i c t s  t h e  e x i s t i n g  s t a t i o n s  along w i t h  
s t a t i o n s  under cons t ruc t ion  and a probable loca t ion  for t n e  
Aus t ra l ian  s t a t i o n .  

. 

SYSTEM DESIGN 

S I G N A L  FORMAT - 
The system design calls fo r  a network of e i g h t  s t a t i o n s  each 
t r a n s m i t t i n g  a continuous wave (a?) s i g n a l  which is period- 
ical ly  i n t e r r u p t e d  t o  allow it and other OMEGA s i g n a l s  t o  
e n t e r  a t h e  sha r ing  o r  mul t ip lex  p a t t e r n .  T h e  var ious 
OMEGA s t a t i o n s  always t r ansmi t  i n  t h e  same order w i t h  t he  
length  of the t ransmiss ion  varying between 0 .9 ,  1 .0 ,  1.1, 
and 1.2 seconds from s t a t i o n  t o  s t a t i o n .  Each t r a n s m i t t i n g  
s t a t i o n  broadcasts three basic nav iga t iona l  f requencies  
1 0 . 2 ,  11-1/3, and 13.6 kHz and is also capable of broad- 
c a s t i n g  w h a t  has been termed t w o  unique frequencies .  The 
o r i g i n a l  purpose of these f requencies ,  unique t o  each 
s t a t i o n ,  w a s  fo r  use i n  the  synchronizat ion process through 
i n t e r s t a t i o n  communication. The high s t a b i l i t y  of atomic 
frequency standards (cesium beam) now used i n  the  system 

167 



has made t h i s  requirement obsolete  and other uses have been 
proposed. A final use for these frequencies has not  been 
determined, however, and is s t i l l  under study. 

F i g .  l--OMEGA Navigation System 
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The complete, as o r ig ina l ly  envisioned pa t t e rn  or t rans-  
mission f o r  a l l  s t a t ions  is  shown i n  Figure 2. It should 
be noted t h a t  the various pulses are length-coded t o  pro- 
vide one of several  ways i n  which emissions of t he  various 
s t a t i o n s  can be iden t i f i ed .  Each of t h e  shared carrier 
frequencies ( tha t  i s ,  every frequency except the  unique 
ones) passes through a pa r t i cu la r  phase a t  the end of each 
30 seconds. Thus, a t  each half-minute of t i m e ,  a l l  carrier 
frequency cur ren ts  i n  a l l  t ransmit t ing s t a t i o n s  pass through 
zero w i t h  a pos i t i ve  slope.  Thus, a l l  s t a t i o n s  are synchro- 
nized t o  a given point  i n  t i m e  and can be considered inde- 
pendent. I t  is important t o  note t h e  OMEGA epoch does not  
correspond w i t h  universal  coordinated t i m e  (UTC) . 

R-15394 

I I D I E F G H I S C 

NORWAY (A) 10.2 13.6 11 113 12.1 12.35 

LIBERIA (S)* 1 12.25 u 10.2 13.6 11 113 

HAWAII IC) 11N11.5 13.6 

13.1112.85 N. DAKOTA (01 13.1112.85 102 13.6 1 1  113 13.1 

LA REUNION (E)* 12.3/12.05 12.05 10.2 13.6 11 113 12.3 

ARGENTINA (F)' 12.9 13.15 10.2 13.6 11 113 

AUSTRALIA (GI* 1 1  113 13.0 10.2 13.6 

1 1  113 U U 10.2 JAPAN 

0.0 1.1 2.3 3.6 5.0 6.3 7 A 8.8 10.0 
TIME ISEC) 

*HELIX NOT YET TAPPED 

Fig.  2--0MEGA S i g n a l  Transmission Format 
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PROPAGATION - 
The OMEGA navigat ional  system is  a skywave dominant system 
t h a t  i s  inherent ly  dependent on the  a b i l i t y  t o  predic t  
propagational f ac to r s  associated with such skywaves i n  order 
t o  a r r ive  a t  a useful  navigat ional  system. Thus, t he  
accuracy of navigation is dependent on a b i l i t y  t o  der ive a 
useful  set of cor rec t ions ,  such t h a t  t h e  navigator a t  a 
given t i m e  and loca t ion  can reduce the phase-difference 
measurements t o  a geographic posi t ion.  

The f i e l d  s t rength  and ve loc i ty  of propagation a t  VLF form 
too conplex a subjec t  f o r  detailed discussion i n  t h i s  sho r t  
paper. A simple summary can be given best i n  terms of the  
mode and wave guide theory. W e  would l i k e  t o  have a s i n g l e  
mode of propagation g rea t ly  exceeding all others  a t  a l l  
necessary dis tances .  This condition is  m o s t  near ly  m e t  
near 1 0  kHz. At higher  frequencies such as 20 kHz, the 
exc i ta t ion  of the  f i r s t -o rde r  t ransverse magnetic wave is  
i n f e r i o r  t o  the  exc i t a t ion  of the second-order wave, 
especial ly  a t  n igh t ,  w h i l e  t h e  a t tenuat ion rate of t h e  
f i r s t -order  i s  considerably less than t h a t  of t h e  second. 

There i s ,  a t  VLF, a considerable a symet ry  i n  transmission 
normal t o  t h e  hor izonta l  component of t h e  earth#s magnetic 
f ie ld .  A t  t he  geomagnetic equator ,  a t  10.2 kHz, the  day- 
t i m e  a t tenuat ion rate for transmission toward the W e s t  is 
more than t w i c e  t h e  value f o r  transmission toward t h e  E a s t .  
This r e s u l t s  i n  l a r g e  differences i n  u s e f u l  range of a 
s igna l  i n  various d i rec t ions .  Transmission toward the  W e s t  
(a t  t he  geomagnetic equator) cannot be used f o r  more than 
4,500 nm. Toward t h e  E a s t ,  however, transmission is  satis- 
factory f o r  about 10,000 nm, except t h a t  t he re  is  a region 
probably a few hundred m i l e s  i n  radius ,  a t  the  antipode of 
the  t ransmi t te r ,  where t h e  l a rge  f i e l d  s t rength  i s  provided 
by rays coming from many d i rec t ions  and t h e  predict ion of 
r e su l t an t  phase is  d i f f i c u l t .  

The ve loc i ty  of propagation is r e l a t i v e l y  less affected by 
d i rec t ion  than is t he  f i e l d  s t rength.  O f  major importance 
is the  change i n  veloci ty  between day and night .  The veloc- 
i t y  is reduced by transmission over land,  b u t  t he  e f f e c t  is  
not  major unless t he  land is of unusually poor conductivity,  
as i n  the arctic and a n t a r c t i c  regions. 

From the  p r a c t i c a l  s tandpoint ,  these phenomena r e s u l t  i n  
resonant modes, each with a d i f f e r e n t  ve loc i ty  and attenua- 
t i on ,  being developed within the  spher ica l  s h e l l  wave guide 
between the  earth and ionosphere. A t  frequencies near 10 
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kHz, t h e  f irst  mode is  gene ra l ly  dominant over others a t  
ranges g r e a t e r  than  600 m i l e s .  A t  t ne  s a m e  t i m e ,  d i u r n a l  
changes i n  ionospheric  h e i g h t  are respons ib le  for  expansion 
o r  compression of t h e  wave guide a long  t h e  propagation pa th ,  
w i th  the r e s u l t  t h a t  t h e r e  i s  a corresponding v a r i a t i o n  i n  
t h e  propagated phase. 

Propagation of t h e  VLF s i g n a l  must be corrected t o  co inc ide  
wi th  char ted  phase contours  p r i o r  t o  naviga tor  u t i l i z a t i o n  
t o  a t t a i n  OMEGA'S phase-of-the-signal fundamental neasure- 
ment. Propagation c o r r e c t i o n s  accomplish t h i s  melding 
opera t ion .  

These c o r r e c t i o n s  are e a s i l y  p red ic t ed  because t h e  basic 
parameters concerned with propagation of t h e  f i r s t  mode are 
known and ionospheric  he igh t s  can be c a l c u l a t e d  along day/ 
n i g h t  pa ths ,  
l a t i o n ,  s i n c e  effects of the geomagnetic f i e l d  on east-west 
propagation pa ths  and t h e  secondary phase r e t a r d a t i o n  
factors a t t r i b u t e d  t o  ground conduct iv i ty  must also be con- 
sidered, 

This is n o t  t o  oversimplify t h e  t a s k  of calcu- 

Previous ly ,  a l l  publ ished propagation co r rec t ion  tables 
w e r e  based on a g loba l  theory of OMEGA propagation incor-  
po ra t ing  t h e o r e t i c a l  and e n p i r i c a l  p r i n c i p l e s  where the  
r e l a t i v e  con t r ibu t ions  of the.  var ious  e f f e c t s  are determined 
by regress ion  a n a l y s i s  on m i l l i o n s  of hours of d a t a ,  The 
phys ica l  model has undergone con t inua l  refinement fo r  t e n  
years .  Curren t ly ,  skywave co r rec t ions  for l i m i t e d  areas 
are also rece iv ing  the b e n e f i t  of a "Force-Fit" wherein 
l o c a l  p r e d i c t i o n  errors are determined by monitoring and 
then  removed over whatever s p a t i a l  e x t e n t  may be j u s t i r i e d  
by t he  statist ics.  Regardless of the  method of d e r i v a t i o n ,  
t h e  purpose of t h e  propagation co r rec t ion  is t o  remove 
undes i rab le  v a r i a t i o n s  so t h a t  t h e  observa t ions  can be 
corrected t o  charted LOP'S w i t h  t h e  best p r a c t i c a l  accuracy. 
A sample propagation co r rec t ion  table is  shown as Figure 3. 

1 
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F i g ,  3--Sample Propagation Correct ion T a b l e  

The t w o  p r i n c i p a l  sources  of error are propagat iona l  var ia -  
t i o n  and a b i l i t y  t o  p r e d i c t  propagation co r rec t ions .  The 
d i s t i n c t i o n  is  s i g n i f i c a n t .  Propagation c o r r e c t i o n s  are 
computed for  i n t e r v a l s  w e l l  i n  advance of use.  Thus, they 
cannot be expected t o  reflect p a r t i c u l a r  propagation condi- 
t i o n s  on any s i n g l e  day, b u t  only the  a n t i c i p a t e d  average 
phase-difference observa t ions  for  t h e  l o c a t i o n  and t i m e  
considered. Error with p e r f e c t  propagation co r rec t ions  
would s t i l l  exist ,  s i n c e ,  i n  gene ra l ,  phase d i f f e r e n c e  
measurements on a p a r t i c u l a r  day would n o t  exactly match 
the  a n t i c i p a t e d  normal measurements. The d i s t i n c t i o n  i s  
l a r g e l y  academic t o  the  p r a c t i c a l  naviga tor  s i n c e  he is 
constrained t o  use  published propagation co r rec t ions .  T o  
t h e  system des igner ,  however, t h e  d i s t i n c t i o n  is  real ,  
s i n c e  propagation co r rec t ion  e r r o r s  can be reduced as expe- 
r i ence  is gained and p r e d i c t i o n  techniques are refined. 

Figure 4 shows a typical  phase v a r i a t i o n  curve. The pre- 
dicted values  i n d i c a t e d  are derived from c a l c u l a t i o n s  and 
are available i n  the form depic ted  i n  Figure 3 .  The d i f -  
ference i n  predicted and a c t u a l  values  inc ludes  both e r r o r s  
noted above. T h i s  sample is typical  and would produce 
about one-half mi le  for  the nav iga t iona l  f i x .  
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Fig,  4--Typical Phase Var ia t ion  Curve 

LANE IDENTIFICATION - 
I f  p o s i t i o n a l  measurements are made i n  terms of carrier 
phase a t  only a s i n g l e  frequency, it is clear t h a t  t h e  phase 
observa t ions  w i l l  be i d e n t i c a l  a t  a large number o f - p o i n t s  
i n  a nea r ly  r ec t angu la r  g r i d ,  A t  10.2 kHz t h e  sepa ra t ions  
of these  ambiguous p o i n t s  would be about 8 m i l e s ,  o r  1/2 
wavelength. This  problem of ambiguity would never arise i f  
t h e  naviga tor  should s ta r t  from a known p lace  and c a r r y  his 
p o s i t i o n s  forward by making observat ions ( o r  having them 
cont inuously recorded) a t  i n t e r v a l s  smaller than  t h e  t i m e  
wi th in  which h i s  e r r o r s  of dead reckoning could reach 4 
m i l e s .  On shipboard,  t h i s  i s  t h e  chosen s o l u t i o n .  I n  an 
a i rcraf t ,  however, a 4 m i l e  unce r t a in ty  can accunulate  i n  a 
f e w  minutes,  and t h e  nav iga to r  might n o t  care t o  place h i s  
e n t i r e  r e l i a n c e  upon t n e  c o n t i n u i t y  of opera t ion  of h i s  
equipment and of t he  s i g n a l  recept ion .  
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For these  and o t h e r  reasons,  t h e  system has  been designed 
t o  provide l a n e  i d e n t i f i c a t i o n ,  i n  such a way t h a t  it may 
be used (or no t )  a t  the  ope ra to r ' s  convenience. I n  OMEGA, 
complete i d e n t i f i c a t i o n  must be  done i n  several stages. 

If  one made a second measurement of a l i n e  of p o s i t i o n  a t  a 
frequency of 3400 Hz (1/3 of 1 0 . 2  kHz) , it is clear t h a t  it 
would coincide wi th  one of each t h r e e  p o s s i b l e  10 .2  kHz 
p o s i t i o n s ,  i f  t h e  error of t h e  measurement a t  t h e  l o w e r  
frequency weresafely less than 1/2 of t h e  per iod  of t h e  
higher  frequency. Since 3.4 kHz cannot be r a d i a t e d  success- 
f u l l y  from t h e  OMEGA antenna, t h i s  comparison is  made by 
measuring t h e  phase of t h e  b e a t  between 10 .2  kHz and 13.6 
kHz. These t w o  f requencies  cannot be r a d i a t e d  simultaneous- 
l y ,  bu t  i n  e f f e c t  t h e  1 0 . 2  kHz phase i s  stored f o r  t h e  
carr ier-frequency measurement and t h i s  s t o r e d  phase can be 
compared wi th  t h e  13.6 kHz phase when it appears.  

Continuing t h e  p rocess ,  a per iod of 3400 Hz s i g n a l  can be 
i d e n t i f i e d  by a measurement a t  a frequency t h r e e  t i m e s  
lower, o r  at- 1133-1/3 Hz, 
between the 1 0 . 2  kHz carrier and t h e  11-1/3 kHz carrier. 

This freqGency- is  t h e  d i f f e r e n c e  

These mul t ip l e  f requencies  are employed as noted t o  create 
lanes  which are l a r g e r  than  t n e  b a s i c  8 nm ha l f -cyc le  wave- 
length.  U s e  of t h e  3400 Hz frequency gene ra t e s  a 24 nm lane 
and 1133-1/3 Hz genera tes  a lane  width of 72 nm. U s e  of 
t hese  f requencies  reduces t h e  problem of l a n e  ambiguity 
comensura te ly .  Very few receivers should need t o  resolve 
ambigui t ies  of 72 nm unless an i n t e r m i t t e n t  ope ra t ion  i s  
expected. F igure  5 shows t h e  r e l a t i o n s h i p  of t h e s e  lanes. 
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FREQUENCY 

BASIC DIFFERENCE 
~- ~ 

10.2 kHz 
11.3 kHz 
13.6 kfhG 

Fig. 5--Lane Resolution Relat ionships  

SYNCHRONIZATION - 
As noted previous ly ,  t h e  d e f i n i t i o n  of synchronizat ion i n  
OMEGA is  tha t  a l l  antenna c u r r e n t s  s h a l l  be  i n  absolu te  
phase whatever t h e  l o c a t i o n s  of t h e  antenna. This d e f i n i -  
t i o n  obviously neg lec t s  t h e  fact t h a t  the  var ious  s t a t i o n s  
a c t u a l l y  radiate their common f requencies  a t  d i f f e r e n t  
epochs. The sources of frequency are, however, continuous 
and i n  phase. This  cond i t ion  i s  achieved and maintained as 
follows * 

Each s t a t i o n  i s  c o n t r o l l e d  by t h e  mean of t h e  frequencies  
of four  s t anda rds ,  each locked to an atomic resonance bu t  
adjustable over a t  least  a f e w  parts i n  IO1’. All needed 
frequencies  are der ived from t h i s  combined source ,  and are 
i n t e r n a l l y  checked and maintained t o  achieve very high 
r e l i a b i l i t y  of phase. The p r e c i s i o n  of frequency is  s u m  
t h a t  each phase can be t r u s t e d  t o  1 micro-second p e r  day. 
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T h i s  frequency source i s  used t o  provide a l l  radiated s igna ls  
and also t o  drive a clock. A t  each s t a t i o n ,  this clock is 
used t o  record the  t i m e  of a r r i v a l  of every signal from 
every other  s t a t i o n .  Once each day these observed t i m e s  of 
arrival are reduced t o  a s ingle  number f o r  each s t a t ion .  
By appropriate  ca lcu la t ions ,  these numbers are i n t e  
t o  each o the r  and t o  standard t i m e ,  such as f r o m  the Naval 
Observatory, t o  compensate f o r  any offset  t h a t  may occur 
between the atomic clocks of the var ious s t a t i o n s .  

TRANSMITTING STATION IMPLEMENTATION 

The OMEGA system, when completed, w i l l  cons i s t  of e i g h t  
s t a t i o n s  as discussed earlier. For ease i n  iden t i f i ca t ion ,  
,these s t a t i o n s  have been assigned fetter designations of 
A through H. T a b l e  I iden t i f i e s  t h e  s t a t i o n  by letter 
designat ion,  loca t ion ,  and antenna type. 

TABLE I 

STATION LOCATION ANTENNA TYPE 

A 
B 
C 
D 
E 

F 
G 
H 

Bratland, Norway 
Trinidad/Liberia 
Haiku, H a w a i i  
L a  Moure, North Dakota 
L a  Reunion I s l and ,  

Indian Ocean 
Golfo Nuevo, Argentina 
South E a s t  Austral ia  
Tsushima Is land,  Japan 

Valley Span 
Valley Span/Grounded Tower  
V a l l e y  Span 
Insulated Tower 

Grounded Tower  
I n s u l a t e d  Tower 
Ground-Tower (Proposed) 
Insulated Tower 

Except f o r  t he  commutation pa t t e rn  depicted i n  Figure 2 ,  t he  
e lec t ronics  characteristics of t h e  s t a t i o n  are ali-ke.  The 
pr inc ipa l  difference is associated w i t h  the  antenna type 
which has s o m e  effect on the  bandwidth, and thus on the rise and 
decay times of the  waveform. These minor differences have 
no p r a c t i c a l  impact on the  navigator.  The se l ec t ion  of the  
antenna type w a s  based on s i te  characteristics and cost 
associated trade-offs. 

The Norwegian S ta t ion  construct ion w a s  completed i n  December 
1973 by t h e  Norwegian Telecommunications Administration. 
This s t a t i o n  i s  cur ren t ly  broadcasting the  OMEGA s igna l s  a t  
an e f f e c t i v e  radiated power of s i x  t o  seven kilowatts.  
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The Trinidad OMEGA s t a t i o n ,  i n  ex i s t ence  as an ope ra t iona l  
eva lua t ion  s t a t i o n  s i n c e  1966,  w i l l  be replaced by a new 
s t a t i o n  i n  Liberia.  Pelocat ion of t h i s  mid-equatorial  
A t l a n t i c  s t a t i o n  t o  the African C o a s t  w i l l  improve t h e  
OMEGA coverage a v a i l a b l e  t o  t h e  major shipping and t r a d e  
routes  f r o m  Europe around Cape of Good Hope. L ibe r i a ,  i n  
cooperat ion w i t h  the United States, has made f i n a l  t h e  s i te  
s e l e c t i o n  and survey. Construction is i n  progress  wi th  a 
scneduled completion d a t e  of September 1975. 

The Haiku, H a w a i i ,  OMEGA s t a t i o n  renovat ion and upgrading 
has  been completed. A new v a l l e y  span antenna complex and 
ground system has  been i n s t a l l e d .  I n t e r i o r  b u i l d i n g  reno- 
va t ion  t o  accommodate a new e l e c t r o n i c  s u i t e  i s  included, 
Construction has been completed. 

The La  Moure, N o r t h  Dakota, OMEGA s t a t i o n  w a s  the  f i r s t  
permanent OMEGA s t a t i o n .  T h i s  s t a t i o n  has  been providing 
ope ra t iona l  s i g n a l s  s i n c e  October 1972.  

The La  Reunion I s l and  OMEGA s t a t i o n  is  under cons t ruc t ion  
by t h e  French Navy on a s i te  near  P o r t  des  Galets. This 
s i t e  is  located i n  t h e  Indian Ocean cyclone a r e a  which has 
s i g n i f i c a n t  impact on cons t ruc t ion  schedules ,  i n  p a r t i c u l a r  
the schedule f o r  e r e c t i o n  of t h e  1,400' tower. Tower  
f a b r i c a t i o n  and e r e c t i o n  schedules c u r r e n t l y  support  an 
on-air  d a t e  of no earlier than December 1975. 

The Argentine OKEGA s t a t i o n  a t  Golfo Nuevo, l oca t ed  i n  t h e  
c o a s t a l  area of c e n t r a l  Argentina,  i s  approximately 600 
m i l e s  south of Buenos A i r e s .  This region of t h e  country is  
comparable t o  the southwestern United States, and i t s  f l a t  
t e r r a i n  provides an e x c e l l e n t  platform for a tower antenna 
system. The t o w e r  f o r  OMEGA Argentina i s  on s i t e  with 
cons t ruc t ion  i n  progress  under supervis ion of t h e  Argentine 
N a v y .  Scheduled on-air  d a t e  is J u l y  1975. 

The Government of A u s t r a l i a  is cu r ren t ly  reviewing a pro- 
posa l  f r o m  t h e  Government of the United States t h a t  
A u s t r a l i a  c o n s t r u c t  and ope ra t e  an OMEGA naviga t ion  s t a t i o n  
on t h e i r  sovereign so i l .  It is a n t i c i p a t e d  t h i s  s t a t i o n  
might be loca ted  i n  southeas te rn  Aus t r a l i a .  I n  a l l  l i k e l i -  
hood, it w i l l  use a t o w e r  antenna system. U n t i l  diplomatic  
procedures have been completed, no e s t ima te  of an on-air 
d a t e  can be made, but p a s t  experience has ind ica t ed  about 
t h i r t y - s i x  months i s  requi red  from f i n a l  s i te  s e l e c t i o n  t o  
on-air . 
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Japan has undertaken t o  cons t ruc t  an OMEGA s t a t i o n  on 
Tsushima I s l and  i n  t h e  Sea of  Japan. This  venture  repre-  
s e n t s  t h e  first major OMEGA cons t ruc t ion  program t o  be 
t o t a l l y  d i r e c t e d  by a p a r t n e r  na t ion .  Design has been 
completed and cons t ruc t ion  i s  i n  progress .  This s t a t i o n  
w i l l  f e a t u r e  a 1,500' c y l i n d r i c a l  tower antenna s t r u c t u r e .  
I t  is  now broadcas t ing  and it is  expected t h a t  t h e  s t a t i o n  
w i l l  be o p e r a t i o n a l  by Apr i l  1975. I t  w i l l  provide t h e  
first expansion t o  system coverage s i n c e  1966.  

SYSTEM MANAGEMENT 

Overall system implementation is cont inuing  under the 
d i r e c t i o n  of t h e  U. S ,  Navy OMEtiA P r o j e c t  Manager1. 
Agencies of t h e  o t h e r  p a r t i c i p a t i n g  na t ions  are coord ina t ing  
t h e i r  programs w i t h  t h e  United States. The U. S.  Coast 
Guard ope ra t e s  t h e  U. S .  stations.  

The Coast Guard OMEGA Navigation System Operations Detail2 
was e s t a b l i s h e d  i n  J u l y  1971.  Tnis organiza t ion  has  
r ecen t ly  assumed ope ra t iona l  r e s p o n s i b i l i t y  for t h e  OMEGA 
system. It i s  intended t h a t  the  Coast Guard Operations 
D e t a i l  ope ra t e  the system for the Navy pending total  imple- 
mentation or when mutual agreement is reached for  the Coast 
tiuard t o  assume f u l l  U. S.  r e s p o n s i b i l i t y  for the  OMEGA 
system. 

OMEGA s t a t i o n s  on fo re ign  s o i l  w i l l  be opera ted  by host 
na t ion  agencies who w i l l  be respons ib le  f o r  maintaining t h e  
OMEGA s i g n a l  without  i n t e r r u p t i o n  and i n  phase with the  
worldwide OMEGA naviga t ion  system. These agencies  are 
listed i n  T a b l e  11. 
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TABLE 11 

A. 

B. 

c. 
D. 

E. 

F. 

G. 

H. 

STATION AGENCY 

Norway 

Liberia 

H a w a i i  

North Dakota 

La Reunion 

Argentina 

A u s t r a l i a  

Japan 

The Norwegian Telecommunicatiom 
Adminis t ra t ion 

Department of Commerce, Indus t ry ,  
and Transpor ta t ion  

U. S. Coast Guard 

U. S.  Coast Guard 

French Navy 

Argent ine Navy 

Department of Transport  Coastal 

Japanese Maritime Sa fe ty  Agency 

Serv ices  Division 

Commander N e a l  F. Herbert, USCG 
OMEGA P r o j e c t  Of f i ce  (PME-119) 
Naval E lec t ron ic  Systems Command 
Washington, Do e., 20360 

1 

(202) 692-8777 

Commander Thomas P. Nolan, USCG 
Commanding O f f i c e r  
USCG OMEGA Navigation Operations D e t a i l  
U. S. Coast Guard Headquarters (G-ONSOD/43) 
Washington, D. C.,  20590 

2 

(202) 245-0837 
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QUESTION AND ANSWER PERIOD 

M R  STETINA: 

Fran Stetina from Goddard. 

How long will the Trinidad station be operational? 

MR. SCULL: 

Until the Liberian station becomes operatioM1 which we estimate now as being 
December of "75. 

MR STETI'NA: 

Is the North Dakota station going to be torn down for maintenance? 

M R  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 evidently 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 conside&ions. 

Number l-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 shtching on 
and off some of ;these remaining five segments on two frequencies. 

Point number 2-unique frequencies are Gamble of being received by receivers 
without switching-without segment switching, and if all the power which is avail- 
able on 5 segaments, is concentrated on just one unique frequency which can 
~ o c e e d  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 some 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 sim- 
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 conclusion is that it may be the wisest to transmit 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. 

M R  SCULL: 

I've seen some but I Wnk 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 appear 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. ]Et's only through an analysis of long-term data that this can be 
shown and through comparison with the theoretical models such as integrated 
prediction problems, a program developed by N E E  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, -1 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 illcterference 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, it'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. 

D R  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? 

M R  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 h o w  which ones to choose and that's a very important point. We 

i have to develop the data base and the data bank is aimed toward that goal. 

M R  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? 

M R  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. However, there are some prob- 
lems which should probably be considered. 

One is lane identification or  cycle I.D. Specifically, it's on the phase stability. 
The theory, if one uses the present model for propagation delay prediction, is 
not quite as good as we would like to have, especially if  you want to expand to 
global coverage. For certain areas it is good. 

On the other hand, the use of the unique frequencies which permit all the timing people 
to enter in the measurement of the time transmission, improves the propagation de- 
lay measurement by simplyusing clocks to measure the propagationdelay. The re- 
sult could be overwhelming in the refinement of the model of the prediction. 

Additionally, I feel that the phase stability obtained by using two closely spaced 
frequencies would help in the reception of the signals, although one can certainly 
use present OMEGA navigation frequencies for timing. There is no difference 
between using two or even three frequencies. of course, the minimum is two. 
The problem involved is that if there are sudden phase pertubations, if the fre- 
quencies of the pair on diffusion are too far apart, the difference in phase will 
not be quite as close as  it would be if the frequencies were closely spaced. 

\ 

Certainly there is room for discussion in the design and transmission of the 
frequencies. On the other hand, I believe the objective in the application of the 
OMEGA system, is the same as in the Loran-C system. It is to serve as many 
users as possible. 

The question is what is really needed. 

MR. BEEHLER: 

At the risk of disagreeing a bit with Dr. Winkler on his home pound, I think we 
shouldn't be too hasty about writing off the utility of a time-of-day code on 
OMEGA. At NBS we have been studying this question as  long ago as five years, 
and after throughly exhaustive studies, of the user community, we have 
come to a couple of conclusions. One of them is that there is a real need, par- 
ticularly for wide scale or wide spread systems, for data monitoring networks 
which can benefit appreciably from providing, or making generally available, 
time-of-day information to which the user has access on a 24 hour a day con- 
tinuous basis and at a fairly nominal cost. 

Now, our sadies indicate the number of users are fairly significant. For ex- 
ample, there are many hundreds of data monitoring stations involving geophys- 
ical data, and they do need to have, for example, a time code that can be put 
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right onto their chart recorders for a time index and this sort of thing. I think, 
contrary to what Dr. Winkler indicated, that while there are other alternatives, 
they are not nearly as good, at least in short-term. Perhaps satellites will 
eventually turn out to be better. But I think this is a good short to mediumterm 
solution to good time of day information. 

NBS has made proposals for doing this in a fairly simple way. Furthermore 
we feel that it can be done compatibly with some of the other proposed uses for 
the unique frequencies. 

So I would like at this point simply to kind of reaffirm the M3s interest in the 
time code on OMEGA and state that we do have funding available for further ex- 
perimentation that is committed i f  that is agreeable at some point with the 
OMEGA people. Finally, I would like to conclude with kind of a quick question 
or  ask for clarification. I tended to interpret your comment about not using 
OMEGA for communications as referring to the original, more internal use of 
the system or internal communications within the system, rather than the more 
general interpretation of communicating any kind of information such as time-of- 
day to the outside. I wonder if you could elaborate at all on that? 

M R  SCULL: 

Well, just briefly. I base everything on the SOR, the Statement of Operational 
requirements that's put forth by the Navy in the system and developed in the 
system. They do not address in that document any requirement for the unique 
frequencies. 

The primary objective is to use it as a navigational system. 

MR. TAYLOR: 

You remarked that the positional accuracy of the system was one or  two miles. 
I'd like to know whether this is a conservative estimate on your part. Do you 
think you can get better, or is it going to be hard to attain this? The second 
question is, is this accuracy based on equipping a ship with a cesium beam 
standard for running the OMEGA instrument or whether it's including the oscil- 
lator that's presently installed by some of the companies in the equipment? 

MR. SCULL: 

That's a two-part question. The figure I used is one to two nautical miles. I 
believe it is a conservative figure, if you use the qualification, after the sys- 
tem is calibrated. 

185 



We have demonstrated that accuracy in certain parts of the North Atlantic area. 

Further accuracy is achievable through the use of differential OMEGA which re- 
quires the establishment of a local monitor; asuming that local propagation 
conditions are the same, we can use a differential technique and there have been 
various studies, range of accuracies runs from a quarter of a mile or  even 
down to a tenth of a mile, over distances of 150 to-well, I think the most accu- 
rate figure I saw is a quarter mile up to 50 miles in range. After that it falls 
off to something like three-quarters of a mile in 150 miles. 

But there have been numerous reports and I think a lot of them have been hard- 
ware limited. We haven't had the receivers until quite recently to be able to 
demonstrate this. 

Yes, greater accuracy is achievable. 
continental United States it has been established that Loran-C will serve as the 
system for the coastal component zone navigation, and we have no plans at least 
within the Coast Guard to implement differential OMEGA in the continental 
United States. 

Another point, however, is that in the 
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RECENT FIELD TEST RESULTS USING OMEGA 
TRANSMISSIONS FOR CLOCK SYNCHRONIZATION 

A. R. CHI 
s. e. WARDRIP 

Goddard Space Flight Center 

ABSTRACT 

This paper presents the results of clock synchronization experiments 
using OMEGA transmissions from North Dakota on 13. lOkHz and 
12.85 kHz . The OMEGA transmissions were monitored during April 
1974 from NASA tracking sites located at Madrid, Spain; Canary Island; 
and Winkfield, England. The sites are located at distances between 
6600 kilometers (22, 100ps) to 7300 kilometers (24,400 ps) from Nor# 
Dakota. 

The data shows that cycle identification of the received signals was ac- 
complished. There are, however, discrepancies between the measured 
and calculated propagation delay values which have not been explained, 
but seem to increase with distance between the receiver and the trans- 
mitter. The data also indicates that .three strategically located OMEGA 
transmitting stations may be adequate to provide worldwide coverage 
for clock synchronization to within * two (2) microseconds. 

INTRODUCTION 

The field tests were conducted from April 1 through April 22, 1974. The ob- 
jectives of these tests were to determine the adequacy of unique OMEGA trans- 
missions for time determination at distances greater than 60OOkm from the 
transmitter and to collect experimental data that would indicate the minimum 
number of sites, appropriately located, required for worldwide clock synchro- 
nization to within k2 ps . 
Receiving transmissions from the OMEGANorth Dakota(N. D.) station, data were 
collected at Madrid, Spain (7185 km) ; Canary Island (7298 km) ; and Winkfield, Eng- 
land (6626 km) . Previous test results conducted at Greenbelt, Md. (1934km) ; 
Washington, D.C. (1922km) and Rosman, N.C. (1794km)were reported at the 1973 
PTTI Meeting.(l) Further tests will be conducted during September-October 1975 
at Hawaii andAustralia.(2) Transmissions from OMEGA stations N. D. andHawaii 
will  be used. Transmissions from 0MEGAN.D. will be monitored at Kauai, Ha- 
waii (5926 km) and from both N. D. and Hawaii will be monitored at Orroral, Aus- 
tralia (14,408 km and 8443 km respectively from the transmitters). 
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The use of the OMEGA system for time transmission not only will augment ex- 
isting systems such as Loran-C by providing an additional capability in the north- 
ern hemisphere, but would also provide coverage in the southern hemisphere 
where Loran-C transmitters do not exist and time synchronization is limited to 
within *25 ps, 

PROPAGATION DELAY MEASUREMENT 

If the phase velocities for two VLF signals (fl and f, ) are v1 and v2 respectively, 
then the propagctjon delays for a path length D are: 

D = -  
t P l  v1 

and 

Since the two signals were emitted in phase at time tm at 
signals as received at a station at time t, relative to the 
isfy the following conditions(3): 

the transmitter, the 
station clock must sat- 

where t 
receiving station clock, and tpy and 
The received cycle of each carrier, nl and q is determined from the phase 
measurements Anl and An,. 

and tWz are the time of signal reception of f ,  and f2 relative to the mi are  measured propagation delay values, 

The ambiguity identification of n for T ,  (20 milliseconds) is considered a priori 
knowledge or determined from the theoretical predicted propagation delay (see 
table 1) which is in error by much less than 4 milliseconds. The receiver de- 
sign ‘actually requires the ambiguity resolution to 4 milliseconds (see cycle iden- 
tification p. 193 and reference 2). 

Equations (3) and (4) can be used to calculate the measured propagation delay if 
the receiving station clock time is known relative to the transmitter clock. Hav- 
ing measured the propagation delays via portable clock, the received VLF sig- 
nals can be used to synchronize a receiving station clock. 
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Table 1 

Predicted Delay ( p s )  NASA 
Tracking 

Sites t P  1 tP2 
(13.10kHz) (12.85kHz) 

Madrid 23,974.8 23,972.1 

Canary Island 24,346.3 24,343.5 

Winkfield 22,113.0 22,110.5 

Ambiguity Determination 

n nr, ( P S I  

1 20,000 

1 20,000 

1 20,000 

EXPERIMENTAL DATA AND PROCESSING 

V L F  phase data at each station visited were recorded in both analog and digital 
form as shown in Figure 1. The analog data was replotted for the 13.1 and 12.85 
M z  signals to demonstrate the diurnal phase signature for each station as shown 
in Figures 2, 3, and 4 (solid line). The predicted phase data furnished by C . P. 
Kugel of the Naval Electronics Laboratory Center (NELC) is the dotted curve. 
It can be seen from these figures that the agreement between the observed and 
predicted phase is rather good. 

I 
Figure 1. VLF signa3 phase data as recorded by the 
OMEGA Timing Receiver in analog (left) and digital 

(right) form. 
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MEASURED AND PREDICTED DIURNAL PHASE OF 
13. I KHz OMEGA N DAKOTA TO MADRID, SPAlN 

I2 24 I2 24 12 24 I2 24 12 24(M) 
3 APRIL 4 APRIL 5 APRIL 6- 7APRILif974) 

MEASURED AND PREDICTED DIURNAL PHASE O f  
12.85KHz OMEGA N.DAI(OTA TO MADRID, SPAIN 

Figure 2 .  Diurnal phase records of OMEGA 
North Dakota transmitted signals as received at 

Madrid, Spain on April 3 to 7, 1974. 

I 
7 A r n l L  OAPRIL 9APRlL  IO lR l lL  11 APt?IL i 19741 

MEASURED AND PREDICTED DIURNAL PHASE OF 
13. I KHr OMEGA N.DAKOTA TO CANPRY ISLAND. SPAIN 

MEASURED AND PREDICTED DIURNAL W E  OF 
12.85 K H Z  OMEGA N. DAKOTA TO CANARY ISLAND, SPAIN 

Figure 3. Diurnal phase records of OMEGA North 
Dakota transmitted signals as received at Canary 

Island, Spain on April 6 to 11, 1974. 

ORIGINAL PAGE 18 
OF POOR QUALITY 190 



I I I I I 1  
4 

’. 

L I I . I . , . . , , I  -%E I , I I . I a I . I . . . I . I . I . I . I . I . I . . . . J . J 
12 24 I2 24 I2 24 I2 24 I2 24tGMT) 

16 APRIL 17 am.  i8 MRIL t S M I L  20 aPRn (19741 

MEASURED AND PREDICTED DIURNAL PHASE OF 
13. I KHz OMEGA N. DAKOTA TO WINKFIELD, ENGLAND 

--roe*su(KD 
. . . , . , , , * . I  “ “ ‘ ~ t . , ,  1 1 1 1 1 , 1 * 1 , ,  1 1 , , . , , , , . ,  I , ‘ , # , I * I , I  

t2 24 0 24 I2 24 12 24 I2 2UW) 
I6 APRIL I? am& 18 M I L  19 hPRk 20 APRIL (19741 

MEASURED AND PREDICTED DIURNAL PHASE OF 
12.85 KHz OMEGA N. DAKOTA TO WINKFIELD, ENGLAND 

Figure 4. Diurnal phase records of OMEGA North 
Dakota transmitted signals as received at Winkfield, 

England on April 16 to 20, 1974. 

The digital data were grouped in time periods according to the diurnal phase rec- 
ord. This was done by taking the average of the data points obtained over 15 or 
20 minute intervals during the periods of sunrise, daytime, sunset, and nighttime 
(see table 2). Due to local interference problem in Madrid, only phase record 
during the daytime transmission period were collected. 

l 

With reference to the results given in table 3, An, is the phase difference of the 
received signal (13.10kHz) relative to the station clock and similarly for An, 
(12.85kHz). The difference of the two received signal phases is given as An,, 
which is An, - h, . 
C Y C U  DETERMINATION 

Combining equations (3) and (4): 

= (nl + A n , ) q  -(n2 + A I I ~ ) T ~ .  m Atp E At: = tpl - tP2  (5)  

Let: 
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Table 2 

I I 1 Night - 0310 - 0610 0010 - 0450 

Table 3 

Average of Measured VLF Signal Phase in April 1974 

* 554 Sunset 

Night - - .808 .164 .999 .556 

- - - .136 - 

* 

wd 

An,, = An, - An, 
then equation (5) becomes: 

192 



At: = (ni + Anl ) (72 + Ar) - (n2 + An2) r2 

= (nl - n2 + An, - An2) 7-2 + (nl + An1 )Ar 

:. A$ = (m + + (nl + Anl )AT 

Rewriting equation (6): 

Similarly: 

7 2  Atm 
nl +An, = -(m+An12) + 

Either equation (7) or  (8) can be used to determine the received carrier cycle of 
either f l  or  f 2  respectively. This is so because Ani, An2 and Anl2 are  measured 
quantities; m is the highest integer multiple of the beat frequency period within 

Values of (n) and (m) are therefore known. The values of (n) and (m) used for 
the stations visited in 1973 and 1974 are given in table 4. 

# the propagation delay value between the transmitter and the receiving station. 

The particular cycle of a carrier signalreceived at a station as calculated from equa- 
tion (7)or (8) is found by assuming a parametric value for At;, Le.,  At: = 0, 
1, 2, 3, 4, etc. ps .  After nl + An, has been calculated, the value is rounded to 
an integer by the following rule: 

{a) Round nl + An, downward to nl, if 

An, 50.44546 + 0.4455 + 0.446 +0.45 + 0.4 + 0 

@) Round n l +  An,upward to nl + 1, if 

An, 2 0.54546 -+ 0.5455 --* 0.546 --* 0.55 -+ 0.6 + 1 

The 0.1 cycle difference, between the upper bound of one cycle, nl , (0.44546) 
and lower bound of another cycle, nl f 1, (0.54646), is the wall thickness of the 
cycle well. This is the same as saying that 90% of the data is grouped correctly 
into a particular cycle and 10% of the data is grouped into eifher one cycle high 
or  one cycle low. 
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Table 4 

Station 

Rosman, N.C. 

USNO, Wash., D. C. 

GSFC, Md. 

NELC, Ca. 

Winkfield 

Madrid 

Canary Island 

Ambiguity Reduction 
Predicted 

Propagation Predicted 
Delay (PS) n m Propagation 

Delay trs) 

5994 0 1 1994 

642 1 0 1 2421 

5458 0 1 1458 

7388 0 1 3388 

22113 1 0 2113 

23974 1 0 3974 

24346 1 1 346 

PROPAGATION DELAY ANOMALY, Gtp" 

The knowledge of the propagation delay anomaly in the frequency range of 11.05 
kHz and 13.15 kHz is not accurate. This is because there is a lack of adequate 
phase velocity data in this frequency range. A more accurate method to deter- 
mine the propagation delay anomaly is perhaps by the use of the time measure- 
ment. Table 5 gives a comparison of predicted and measured propagation delay 
values. 

One area in which more research needs to be done is the determination or anal- 
ysis of propagation anomalies in the OMEGA frequency raqge where propagation 
predictions are not known to sufficient accuracy for microsecond clock synchro- 
nization. The propagation delays must be measured with a clock which is known 
relative to the clock at the transmitter. An alternate approach is to obtain an 
average of the measured. phase differences for f l  and f 2 for day and night time 
transmissions. From these average values one can calculate the propagation 
delay, such as shown by Table 6. Table 6 gives the sample calculation of cycle 
determination for data obtained from Winkfield. 
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Table 5 

Madrid 

Canary 
Island 

Greenbelt 

Comparison of Predicted and Measured Propagation Delay Values in 
Microseconds for Indicated Values of tp's 

23,974.8 2.7 1 0 0 23,644.8 - - 
3 23,498.1 52 45 

24,346.3 2.8 1 1 0 24,585.7 - - 
3 24,508.6 57 59 

5 24,355.9 57 

6,458 - 0 1 2  6,463.8 84 84 

4 24,432.3 58 

I 

RESULTS 

The propagation delays for each station visited were measured. The results are 
given in Table 5. It is to be noted that for At, = 3 PS , the measured propagation 
delays for Winkfield and Madrid are lower than the predicted values; Canary 
Island is higher. 

A sample calculation of cycle determination of nl  for At ,  = 0, 1, 2, 3, 4 p s  is 
given in Table 6. The average of the measured propagation delays are 2097.5 
and 2137.3 ps respectively fo+ day- and night-time transmission paths. 

It is noted that the propagation anomaly €or a particular receiving station is de- 
termined only when the station clock is known relative to the transmitter clock. 
This information can be obtaiied by the use of a portable clock. During these 
field tests the OMEGA North Dakota station was measured relative to the U.S. 
Naval Observatory (USNO) Naster Clock (MC) via a portable clock. It was de- 
termined by the USNO that OMEGA North Dakota was slow relative to USNO-MC 
by 7.4 microseconds. Also, during the tests a portable clock referenced to the 
USNO-MC was used. All known biases such as clock differences must be taken 
into account in the calculation of the propagation delay values. Once these values 
are  established, microsecond time can be obtained since the only limitation is 
the phase stability of the received VLF signals. 
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Table 6 

Data 
No Date 

- - 
An, An,, 

Cycle Cycle 

1974 Apr ~ 29 29 28 

(Day Time 
Path) 

27 

27 

27 

27 

27 

27 

28 

27 

3 4  

27 

26 

26 

27 

26 

26 

27 

26 

1974 Apr 

0110 - 0530 

29 

29 

29 

29 

29 

30 

29 

I :I ~ :: I 0.955 10.566 
0.950 0.547 

(Night Time 
Path) 

28 27 

28 28 

29 28 

28 28 

28 28 

29 28 

28 27 
I I I 1 

n, For 

L 

tp": (PSI = 
- 

(27 + An,) 7,  

2099.2 

2100.0 

2099.8 

2099.1 

2144.1 

2137.6 

2133.9 

2133.6 

tp"l (Day) = (27 + An,) T,  = 2097.5 ps 

tg (Night) = (27 + An,) T ,  = 2137.3 ps 

CONCLUSIONS 

Besults based ,on the phase data collected during the field tests show that cycle 
deternoination of a received carrier signal can be determined and that the accu- 
racy of time measurement using two VLF signals is within *2 microseconds. 

For a worldwide time transmission system the field test results indicate that a 
.minimum of three transmission stations are needed. These stations which trans- 
mit the present dual frequency format must be selected from the OMF,GA Navi- 
gation System appropriately in order to provide the coverage. 
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FREQUENCY CALiBRATION TECHNIQUES 

James M. Williams, Jr. and Joseph M. Rivamonte 
U. S. Army Metrology and Calibration Center 

U. S. Army Missile Command, Redstone Arsenal 

ABSTRACT 

The techniques and standards used by the U. S. Army 
Metrology and Calibration Center for frequency calibration 
are discussed. 

I .  INTRODUCTION 

This paper on frequency calibration techniques i s  intended as a tutorial discussion 
of the frequency calibration techniques used by the U. S. Army Metrology and 
Calibration Center (USAMCC). Hopefully, a discussion of the equipment and 
techniques used by USAMCC wi l l  assist persons faced with the task of performing 
similar measurements. 

Background 

The most stringent workload for frequency calibration by USAMCC i s  presently 
frequency counter time base oscillators. Requirements for time exist in  the Army, 
however, these requirements are presently being met by NBS and the U. S. Naval 
Observatory. Pending final studies of the long-term requirements for time in the 
Army, USAMCC may be required to provide frequency and time calibration 
support. In the meantime, the Army must support crystal oscillators of  virtually 
every type now commercially available. 

Until about 1968, frequency calibration of crystal oscillators used the 5, 10, and 
15 megahertz signals from W. As accuracy measurements exceeded the capa- 
bilities of WWV reception, USAMCC engaged in a program to improve frequency 
calibrations. 

The first attempt to replace VHF signals visualized no dependence on radio signals. 
A prototype calibration system, constructed for USAMCC by a contractor, used a 
rubidium frequency standard for frequency calibration. Analysis by USAMCC of 
the rubidium system and other techniques showed that VLF signals could meet Army 
requirements in the most cost effective manner. 
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I!. THE ARMY FREQUENCY CALIBRATION EQUIPMENT 

The equipment now used for frequency calibration (refer to Fig. 1) includes a VLF 
tracking receiver, a quartz oscillator, a frequency difference meter, and an 
Omega gating unit. This system i s  used in a small number of fixed locations, but 
i s  principally used in mobile Army Calibration Teams which are referred to as 
"ACT'S. It An ACT may move as often as twice a week or may remain for 90 days 
in  one location, 

A. VLF Receiver. The VLF Tracking Receiver, Tracor Model 5995, i s  the 
key element of the system. The VLF Tracking Receiver (Tracor Model 5995) com- 
pares the phase of the received signal to the phase of a local 1 MHz frequency 
source and produces an error signal which i s  displayed by a strip chart recorder. 
It is used to monitor the frequency of the quartz oscillator which is  then corrected 
as shown by the VLF receiver's phase plot. 

B. Quartz Oscillator. The Quartz Oscillator, Vectron Model FS-323, 
MIS-10223, has a basic stability specification of f  5 par ts  in  10" per day. 
Output frequencies are 100 kHz, 1 MHz, and 5 MHz. 
the oscillator. Consequently, every time the ACT truck i s  moved, the quartz 
oscillator must be restabilized and adjusted as shown by the VLF receiver. 

No battery i s  used with 

C. Frequency Difference Meter. The Frequency Difference Meter (FDM), 
Hickok Model FDM 2100, i s  used to compare stable 100 kHz, 1 MHz, and 
5.0 MHz sources to the ACT's quartz oscillator or other local standard. The FDM 
compares an unknown frequency standard with a reference frequency standard and 
indicates the difference. The FDM indication is  a relative reading; therefore, the 
accuracy and stability of the reference must be considered i n  using the FDM. The 
comparison capability of the FDM i s  from 0 to* 10 parts in  lo7 through 0 to& 10 
parts in 1011 (direct reading). 

0. Omega Gating Unit. The Omega Gating Unit, Tracor Model 543, 
enables the VLF receiver to operate with the Omega navigation signals or with the 
standard VLF transmissions. 
while time sharing the same frequency with the Omega stations, it is necessary to 
gate the VLF receiver ON only during the desired I-second burst. 

Since Omega stations-broadcast in 1 -second bursts 

111. GENERAL TECHNIQUES 

After arriving at a new location the calibration team wil l  energize the frequency 
calibration system and align the antenna for maximum signal strength. After the 
desired VLF signal i s  located, the VLF receiver i s  used to monitor the warmup of 
the quartz oscillator. Fig. 2 shows an actual warmup of the Vectron Quartz 
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Oscillator following a 24-hour OFF period. Fig. 2 has been redrawn from the 
original strip chart. Note that each vertical segment represents 15 minutes. 

Fig. 3 shows another warmup for the same oscillator also after 24 hours OFF, 
however, this time the frequency error i s  corrected. Thereafter, the operator 
monitors the VCF receiver and makes corrections as needed. The procedure, as 
shown, uses al l  daylight paths from the transmitter to the receiver site. In remote 
locations, obtaining a good DoD signal can be a problem i f  rapid set up of the 
quartz osci I lator i s  desired. 

After sei up of the equipment, calibration i s  performed according to a Technical 
Bulletin step-by-step procedure for each test item. Typically a Technical Bulletin 
of 1968 vintage required adjustment of the time base osci1lator to a minimum 
frequency difference with a standard oscillator by observing the drift rate on a CRT 
display. Having adjusted for a minimum frequency difference, Calibration of the 
osciflator was considered complete. USAMCC has attempted to improve the 
calibration procedure for quartz oscillators while s t i l l  keeping costs down to a 
reasonable level. Current procedure i s  outlined as follows: 

. 

A. Warm up at I osci I laton to manufacturer's specifications. 

8. Set the time base oscillator to a minimum frequency difference with the 
standard oscillator. (As a rule of thumb we say adjust to a minimum frequency 

I difference which i s  less than the daily stability specification.) 

C. After setting to a minimum frequency difference, monitor the oscillator's 
stability. To date, we have only implemented this change for 24-hour stability 
specifications. 

USAMCC's present procedure i s  to observe those o cillators with 24-hour stability 
specifications of approximately f 5.0 parts in 10 lii  per 24 houts .:or 24 hours and 
oscillaton with specifications of approximately 3 parts in 10 9 per 24 hours, for 

8 hours. A 24-hour stability i s  extrapolated from the 8-hour measurement. 
Stability specifications for weekly or monthly rates extend over too long an inter- 
val to allow ACT'S to monitor a significant period. Extrapolation of 24-hour data 
in these cases i s  not recommended. 

Short-term stabilities - for example, over a period of 1 second - are presently not 
being calibrated by USAMCC. Discussions with several manufacturers have shown 
litfle benefit to be expected from such a calibration at this time. Comments on 
the validity of not performing regular measurement of the short-term stability of 
quartz osci 1 lators are of interest to USAMCC. 
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At present, the Amy Calibration System has made no significant changes to the 
calibration of air bath crystal oscillators. Tests have shown that frequency changes 
due to temperature variations under normal operating conditions exceed daily 
crystal long-term aging specifications. Discussions with one manufacturer showed 
that Calibration of an air bath crystal temperature characteristics might be much 
more useful than any attempt to determine the long-term aging rate from observa- 
tions over a relatively short time period at a fixed temperature. However, such a 
calibration of temperature characteristics would be expensive and probably achieve 
l i t t le real benefit in increased accuracy of the product. 

The problem of characterizing the actual accuracy of quartz oscillators over an 
extended period requires historical data. As automation enables data keeping and 
analysis to reach affordable levels, we plan to keep records on the stabiiity of 
instruments. At present each calibration is  a separate entity with no data carried 
forward to the next calibration. Data keeping would particularly aid the customer 
to determine 'the expected accuracy of his equipment under field conditions and 
would give solid data on which to base calibration intervals. 

Due to manpower and power restrictions, we have been asked to look into shorten- 
ing the warmup time for oscillators prior to calibration, We plan to conduct test- 
ing during the next year on some high density frequency counten to determine i f  
this shortened warmup can be used without undesiruble effects on the required 
accuracy of the equipment the counters support. 

1V. PROBLEMS 

A. VLF Receiver. The VLF receiver has been generally reliable, both in 
terms of maintenance and operation. Some locations have had difficulty obtaining 
good quality DoD signals for a sufficient length of time. In Europe, for example, 
a full 8-hour workday is not available from a DoD signal which has an all daylight 
path - except for Omega. Due to these problems and other complaints, the 
Omega gating unit was added to the VLF receiver. 

B. Omega Gating Unit. The Omega gating unit's main difficulty lies with 
synchronization. No VHF time signals are available, or any other source of time, 
except in those few cases where a calibration team i s  operated near an organiza- 
tion with access to a time signal such CIS a communications unit. Instead of time 
signals, the Omega gating unit is synchronized by ear. The advance or retard 
controls are manipulated as necessary to match the blinking light for the required 
time segment with the tone from the selected Omega station. It has been often 
necessary to utilize headphones and careful adjustment of the blanking on the 
receiver to find the Omega signal. The synchronization is  performed with the VLF 
receiver ON al l  the time - not gated. After the Omega signal and the required 
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time segment are aligned, then the receiver i s  switched to the gated position and 
the phase track observed to determine if the receiver has locked on to the Omega 
signal. Reception of Omega is made more difficult by the noisiness of the recep- 
tion. In fact, i f  one attempts to adjust the gating in the gated mode, the l-second 
burst of  noise i s  filtered by the receiver and sounds very similar to an Omega 
signal. Consequently, i t  i s  necessary to get an accurate identification of the 
Omega tone and not confuse i t  with noise. 

C. Quartz Oscillator. The quartz crystal oscillator has performed well with 
one exception, that exception being an unexpectedly high failure rate due to 
crystal fracture. At one point over 5% of the 150 units fielded had suffered crystal 
fracture. No exact reason has been determined but part of the problem may l ie 
with the physical shocks the oscillator unit absorbs in  a mobile environment. 

D. Antennas. The VLF receiver was originally supplied with a loop antenna 
which was effective - i f  somewhat cumbersome. The difficulties of antenna 
erection and storage, combined with new requirements which necessitated monitor- 
ing by the VLF receiver at locations outside the truck, made a more convenient 
antenna necessary. A ferrite core antenna was procured which utilizes a low 
noise amplifier to achieve the required sensitivity. The ferrite antenna has proven 
to be a very satisfactory unit with no significant failures. The unit i s  easily field 
mounted and in many good signal areas i n  the United States functions well setting 
on top of the receiver i n  unshielded locations. 

E. Frequency Difference Meter. 

The frequency difference meter has had excellent reliability. The zero center 
meter display of frequency difference has proven to be particularly well suited to 
adjusting one oscillator to match the frequency of another. The CRT display has 
proven to be o f  l i t t le benefit and requires periodic replacement due to burning of 
the phospher. 

An additional output of 25 kHz was obtained with the frequency difference meter 
produced for the Army Calibration System which i s  derived from the 5 MHz output 
of the local frequency standard. By attenuating the 25 kHz signal to a level 
approximating that of a typical RF signal (which would be present at the input to 
the VLF receiver) a system checkout can be easily performed which wi l l  give the 
user added confidence i n  his equipment (refer to Fig. 4). Since the VLF receiver 
i s  a phase tracking device, feeding a 25 kHz signal in the antenna connector and 
a 1 MHz signal in the reference oscillator input wi l l  yield a vertical track on the 
recorder chart when the signals are derived from the same oscillator. 
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I f  the ideal frequency difference meter were purchased now, it would have both a 
zero center meter for setting oscillators to a minimum frequency difference and a 
digital display for monitoring the stability of the oscillator under test. 

V. SUMMARY 

The system used by USAMCC has generally performed well and has thus far justified 
i t s  selection over alternate techniques and systems. Reliance on VLF does require 
labor,setting up and operating the VLF receiver, making judgments on the displayed 
phase plot, and adjusting the quartz oscillator. 

, 
I 
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“THE GLOBAL RESCUE ALARM NET (GRAN) : 

CONCEPT AND APPROACHES’’ 

Clara L. Calise and CDR William R, Crawford, 
Naval Air Test Center 

ABSTRACT 
, 

The GRAN Experiment is designed to prove a world-wide 
search and rescue (SAR) system utilizing Omega navigation 
system signals and geo-synchronous satellites. In order 
to develop a SAR system, the original NASA Omega Position 
Locating Equipment (OPLE) experiments have been expanded 
by the Naval Air Test Center, Patuxent River, Specifically, 
a fourth frequency 110.880 KHz) has been added experi- 
mentally to two Omega transmitters, This will increase 
line of position (LOP) ambiguities from 72 nautical miles 
to 360 m i  apart. Algorithms have been developed to 
resolve the 360 n m i  ambiguities. During September and 
October 19.74, two series of tests were conducted with 
Lincoln Experimental Satellite 6 (LES-6) to demonstrate 
the position locating potential of the four-frequency 
Omega concept. This paper presents the experiment design, 
results, and conclusions as they apply to the GRAN system, 

INTRODUCTION 

The Global Rescue Alarm Net IGRANI.was conceived as a worldwide 
search and rescue GAR) system designed to provide real time 
distress alerting, identification and position location. The 
Omega Navigation System, presently under construction, will 
provide the information from which the distress site will 
be computed, The GRAN concept basically consists of portable 
battery powered search and rescue communicators (SARCOMs), 
appropriate frequency translators aboard earth synchronous 
satellites (SARSATS) and a network of three or more ground 
receiving stations (SARCENs) (figure 1). The GRAN concept 
has been under development for five years. It evolved as an 
application of the OMEGA Position Location Experiment (OPLE) 
performed in 1967 by the NASA Goddard Space Flight Center. 
In this experiment, raw OMEGA navigation signals were received 
at a remote test site, upconverted in frequency to VHF, and 
retransmitted to a synchronous satellite (ATS-1 and 3 )  
for relay to a ground processing center where a geographic 
position was computed. 
OMEGA data could be relayed without distortion. (reference 1). 

This experiment demonstrated that 

In 1969, the U, S. Naval Air Test Center at Patuxent River, 
Maryland, performed an OPLE test using a low power (less than 
5W EIRP) UHF uplink. This series of experiments demonstrated 
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the feasibility of low power SARCOMs for retransmission of 
raw OMEGA data to earth-synchronous satellites (reference 8 ) .  

The OPLE experiments required a foreknowledge of the re- 
transmission site to within 72 miles which is the ambiguous 
"lane" structure of the basic three frequency OMEGA system. 
For the GRAN application to search and rescue such foreknowledge 
cannot be assumed. Thus, it became necessary to devise a 
method for obtaining unambiguous position location from 
Omega in the absence of any foreknowledge of position. 

Originally, OMEGA was proposed as a five frequency system 
with ambiguities arising approximately every 3600 miles. 
However, the U. S .  Navy found little demand for the five 
frequency format. Instead, maritime users seemed willing 
to accept a three frequency system with its 72 mile 
ambiguities. This appeared to pose no special problems for 
ships which could "initialize" their Omega receivers at 
known geographic positions upon embarkation, and keep count 
of lanes as they slowly traversed the seas to their desti- 
nations. The U. S ,  Navy was satisfied to construct the less 
costly three frequency Omega system with its concomitant savings 
in individual receiver-processor units for shipboard use. 
It is probable that that decision underestimated the potential 
user population for OMEGA, particularly air traffic. As of 
this writing at least one U. S .  carrier is testing Omega 
receivers as a potential replacement for  some on board inertial 
platforms which have demonstrated very high cost of acquisition 
and maintenance. For instance, many Boeing 7 4 7  passenger 
jets carry three inertial platforms. These remarks are offered 
to justify the GRAN efforts to expand the present three 
frequency Omega system to a four frequency system. These 
efforts are well within the scope of the original Omega 
concept, and the applications for an expanded Omega satisfy 
an unforeseen demand for a worldwide, reliable, inexpensive 
area navigation system. 

The GRAN concept utilizes a four frequency OMEGA format with 
an additional signal at 10.880 KHz. The additional frequency 
was selected by Dr. J. A. Pierce of Harvard University, and has 
been added to two Omega transmitters for test purposes. The 
addition of the fourth frequency increases the lane width from 
72 nmi to approximately 360 nmi, and permits use of the 
maximum likelihood estimator technique f o r  resolution of 
position within the larger lane. 

The location of the SARCOM in distress is accomplished in three 
steps : 

determines which 1/3 of the earth's surface contains the 
distress site, 

1. Reception from one of three geo-synchronous satellites 



2. A coarse lane estimate is then determined by one of 
two methods: 

a. Signal-to-signal comparison of the relayed Omega 
can be used to reduce the area of interest to approximately 
1000-2000 nmi. 

b. Difference in time of arrival (TOA) of the Omega 
pulse envelope to determine a 360 nmi lane. 

3. A maximum likelihood estimator, or walkup algorithm, 
refines this estimate to a correct 8 nmi lane and then further 
to a 1-2 nmi area. 

The signal-to-signal comparison is based on the fact that 
the amplitude of very low frequency (VLF) signals decrease 
in strength approximately inversely with distance from the 
transmitter. A comparison of signals from Omega receivers 
potentially could be used as a coarse ranging function. 
Preliminary computations indicated an accuracy of + 500 nmi 
at the baseline (between two Omega stations) and - +-750 nmi 
at the farthest locatj.on away from the baseline. Initial ’ 

experiments to prove this concept were conducted by the Naval 
Air Test Center and Texas Instruments, Dallas, Texas, and 
are reported in reference (2). These experiments indicate 
that when the Omega transmitters are at full power (10 KW at 
10.2 K H z )  the signal-to-signal ratios may provide a coarse 
ranging function, but this function will not satisfy the GRAN 
requirements for a + 180 nmi estimate to the increased lane 
width from the addizional Omega frequency. 
time of arrival (TOA) is more applicable to the GRAN needs 
than the signal-to-signal comparison. 

The method of 

The solution to determine the TOA of the pulse envelope can 
be approached in a number of ways. One approach that has 
been considered is outlined in figure 2. Four frequency Omega 
data from a recent test period has been stored on magnetic 
tape. This data would be digitally filtered to obtain the 
four individual Omega frequencies from each station. Reconstruction 
of the signal would then be accomplished using a third order 
hold technique. The reconstructed signal would then be sampled 
in quadrature and a technique developed by Mr. Eric Swanson 
of the Naval Electronics Laboratory Center (NELC), San Diego, 
(reference 3 )  would be used to construct a pulse envelope. 
The envelope for each frequency would then be cross correlated 
with a model of pulse rise and pulse decay to establish a 
relative time of arrival. The resulting pulse time of arrival 
estimate would then be averaged. The final result would be 
a TOA estimate with respect to the time reference, recorded 
on the data tapes, for each Omega station frequency. This 
approach will work only if amplitude information is available 
to determine the start of the signal. Since this amplitude 
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information is not available in our present system configuration, 
another approach also is being considered. 

Instead of detecting pulse TOA via amplitude, a means for 
frequency detection is being explored. This can be accomplished 
by : 

1. Fast Fourier Transform 

The application of this technique depends on the rise 
time of the pulse. If the signal is distorted enough in the 
rise time region by the automatic gain control (AGC) in the 
ground station, then the frequency may not be detected until 
the level period of the pulse, thus, diminishing the possible 
use of a fast fourier transform. 

2.  Coherent Detector 

This detector provides a translation of the carrier 
frequency to direct current. It does not destroy phase infor- 
mation nor does it dest,rgy amplitude information. The coherent 
detection is efficient especially when signal-to-noise ratios 
are low. It has the disadvantage that pulse rise times may 
be distorted. 

3 ,  Zero-Crossings Detector 

Information contained in the zero-crossings of the 
waveform can be used to detect the presence of signal in noise. 
Of particular interest is the distance between the crossings 
of the waveform along the zero voltage axis. The variations 
in distance depend on whether signal plus noise is present, 
or noise alone. One possible form of this detection is 
a phase filter which is dependent on the frequency of the 
input signal and not its amplitude. 

These are just a few of the possible avenues for solution 
of TOA estimation. Each is being evaluated to determine its 
adaptability to the needs of the GRAN system. 

The final step in determining position location utilizes the 
maximum likelihood estimator derived by LCDR C. J. Waylan of 
the Naval Postgraduate School, Monterey, California (reference 
6). His work was supported by the GRAN project and has been 
incorporated in the GRAN processing technique. This maximum 
likelihood estimator assumes that the correct major (360 nmi) 
lane has been identified. The estimation is then performed 
within this unambiguous lane by fixing the sum of the great 
circle distances from each of the Omega stations to the 
center of the lane of interest, and then varying one great 
circle distance over a range of values necessary to traverse 
all candidate lines of position (LOP) in the given lane. 

i 
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This variation would be + 180 nmi on the baseline between 
the two stations (figure-3). The likelihood function varies 
with great circle distance (figure 4 ) ,  and the number of local 
maxima in the unambiguous lane is determined by the values of the 
function and the number of Omega frequencies. The cyclic 
nature of the function shows the necessity for lane ambiguity 
resolution and yields LOP estimates which fall into three 
categories: 

1. Estimates within 1-2 nmi or less of the correct LOP. 

2. Estimates one half wavelength of the four Omega 
frequencies form the correct LOP (minor lane error). 

3 .  Estimates farther from the correct LOP than the 
previous two (major lane error). 

In the GRAN application at least three stations (two station 
pairs) would be used to obtain two LOP'S. The intersection 
of these LOPS would yield a better position estimate of the 
SARCOM than the use of one LOP. The use of four stations 
(three station pairs) would pinpoint the 1-2 nmi distress 
area. 

Data retransmission tests are presently being conducted at remote 
sites using LES-6 as the SARSAT link and two experimental four 
frequency Omega stations (Forestport and Trinidad). The data 
collected from each of the seven remote sites will be processed 
using both the maximum likelihood estimator and the walk-up 
technique developed by Professor Pierce (reference 4 ) .  Processing 
using the walk-up method, is being done at Texas Instruments, 
Inc., Dallas, Texas. These results will be compared with 
those of the maximum likelihood estimator as part of the 
analysis to help determine the adapatability of the 
estimator in the present configuration. Further analysis of the 
data will be done to determine the effect of using skywave 
correction factors in the calculations. 

From the detailed analysis of the collected data it will be 
possible to determine the best position estimate, using the 
maximum likelihood estimator, based on a foreknowledge of the 
correct 360 nmi. Also, the best technique for arriving at a TOA 
estimate of this 360 mile lane in order to fit the GRAN system, 
will evolve from this collected data. Each of these pieces 
when added together, will equal a global search and rescue 
system with a position location ability of 1-2 nmi. 
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QUESTION AND ANSWER PERIOD 

MR. CHI: 

In the global rescue system, what is the philosophy in the first large determina- 
tion of the location of the person to be rescued? How far do you have to know- 
distance wise ? How do you locate. i t ?  Do you have several stations in the globe ? 

MS. CAUSE: 

There will be several SAR centers or,  search and rescue cente'rs, located in 
different parts of the world. 

MR. CHI: 

So what is the ambiguity resolution then you need? 

MS. CAUSE: 

We need a 360 mile lane, which will be accomplished with the fourth frequency. 
The data that we've selected has shown that if we're using a 360 mile lane we 
can come within, say, one to two nautical miles, in determining the position- 
actually in this case, a line of position. 

MR. CHI: 

If there are numerous users with this equipment, then I believe you will need 
perhaps a system to reduce the distance in order to mahe quick rescue, 

Ms. CAUSE: 

The techniques that we'd use would take the 360 mile lane. And resolve it down 
to a position, if I understand you right. 

MR. CHI: 

How do you know which 360 mile lane? 

CDR. CRAWFORD: 

The philosophy is, at this point, to make some kind of trade-off between not 
having any knowledge of where you are and zeroing in within one o r  two miles. 
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First of all, you know which satellite's0 that puts you in 8n area-we're talking 
about a global system and we're also talking about getting a snapshot of OMEGA 
data. And this is really where the trade-off comes in, how long a snapshot do 
you really need. 

So when Clara talked about having a computation time of three minutes, we're 
looking at still maintaining the three minute Opal retransmission *time of the 
data. Of course, the longer you collect OMEGA data the better you're going to 
get a feeling for the phase. 

So this puts some demands on the amount of power that you're going to carry in 
the battery in the SARCOM. Some studies by Eric Swanson at NELC, and he 
took the worse case conditions, indicated that with three frequencies his integra- 
tion time, in order to get within the 72 mile lane, o r  really half of 72 mile lane, 
was something like between 30 and 45 minutes. 

If you have four frequencies you have more data but with the fourth frequency 
you have the wider lane. In this case, on the base line you have 360 miles. 
Start looking at that integration time under worse case conditions and the inte- 
gration time then goes down toward between 3 and 6 minutes. 

This is also almost within the present window of Opal transmission time of 3 
minutes of relaying of data. So, it's a tradeoff between lane width and integra- 
tion time to be able to pick the correct length. 

MR. CHI: 

The reason I raised the question is that I believe the system is very good if the 
time of arrival of rescue is short. In any event, the philosophy of reducing to 
the positional location of the person in need of help, is the lapse of time which 
really is under consideration. Whether you go from 8,000 miles to 360 miles 
and go down to 72, but I obviously have to go to the direct point before you can 
help the person. 

Now, what is the overall time regardless of how you would do it, and what is 
the philosophy of approaching it which would, actually should, allow one to re- 
duce time to a minimum to yet the location of the person? 

I can see there are difficult tradeoffs that you can use. The question is, how 
long do we have? 



CDR. CRAWFORD: 

I'm going to take a tangent here for a minute. Let's look at the OMEGA format 
problem which I'm certain is behind some of your comments here. One of the 
things we proposed, and Miss Calise made reference to it, is that a fourth fre- 
quency, a fourth navigational frequency, be transmitted, and of course the 1088 
does give you with two frequencies differences 226 hertz lanes. 

Another set  of frequencies, let's say some timing frequencies, spaced by 250 
hertz certainly is a solution to doing the lane identification, you know, the 72 
mile lane identification in this philosophy of stepping down. Although, then there 
is a tradeoff, there's another tradeoff that we've looked at as far as the band- 
width of the system goes. 

This means that we're looking at trying to fit say, 40 channels into the 100 kilo- 
hertz bandwidth which has already been assigned as a search and rescue fre- 
quency at 406.0 to 406.1 megahertz. We're looking at a 2-1/2 kilohertz band- 
width for each one of the retransmissions so this allows us to accommodate a 
large number of users. 

So you can use a frequency in time diversity, let's say, because you won't have 
somebody coming on calling for and sending in an alarm at the same frequency 
at the same time. Now as far as time to get to a person, this is going to be 
primarily determined by the distance from the accident site and the nearest 
search and rescue force. 

Now, we're looking at the total amount of processing time, the retransmission 
between the three minutes, let's say for the SARCOM, and a two minute proces- 
sing time, total computer time, before you get an identification of who it is and 
where he is. So that this should take approximately five minutes. 

Then you have to relay the information to the appropriate Coast Guard site or 
Air  Force recovery site and then it's up to them to get there. 

Does that answer your question as far as time goes ? What we're really looking 
at i s -can  a small snapshot of OMEGA data, say three minutes long, collected 
from anywhere in the world, give us a unique location or, with some confidence, 
let's say a number of locations, but certainly not a complete coverage area that's 
maybe 300 miles square? 

c 

DR. WINKLER: 

You have proposed a fourth OMEGA frequency which presumably will also be time 
shared. Could that be accomplishedwith a unique frequency at each stationwith 
just one which also should give you the same lane resolution, albeit at a small penalty? 
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The answer's yes? 

CDR. CRAWFORD: 

How many unique frequencies would you have on those? Are you talking about 
eight ? 

Yes. But of course these would not be audible in all segments which you have 
serviced, It was said in one from North Dakota for instance, cannot be received 
anywhere in the Indian Ocean, I think. So there would be no likelihood for the 
frequency to appear at that time. 

On the other hand when you hear a certain one loud and strong you would know 
you have your fellow somewhere on North America. It would make identifica- 
tion much simpler, I think. 
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A GENERAL DESCRIPTION OF LORAN-C: PRESENT AND 
POTENTIAL APPLICATIONS 

Robert H. Doherty 
U. S. Department of Commerce 

Office of Telecommunications 
Institute for Telecommunication Sciences 

ABSTRACT 

Loran-C is a low frequency (100 kHz) pulse naviga- 
tion system. 
of the system are of paramount importance for both 
navigation and time synchronization using this system. 

The pulse format and phase stability 

The need for a low frequency loran system was born 
out of the shortcomings of the standard loran system 
used during World W a r  II. Many early tests of low 
frequency loran culminated in the testing of Cytac by 
the U. S. Air  Force in the early and mid 1950's. 
This was a tactical bombing system, and was a direct 
predecessor to Loran-C. 

Present L o r a n 4  installations operated by the U. S. 
Coast Guard cover much of the northern hemisphere. 
A recent government-wide decision has declared that 
Loran-C will be the U. S. Coastal  confluence naviga- 
tion system for the immediate future. Therefore, 
Loran-C stations are presently being installed or 
planned to  cover the entire U. S. coastline. 

In addition to  standard navigation and timing appli- 
cations of Loran-C , auxiliary navigation and timing 
applications are presently being considered or a re  
potentially available. These include differential or 
relative Loran-C for high precision positioning, 
urban vehicle or  residence location by the AEC, the 
FBI and the Census Bureau, off shore oil drilling, 
and collision avoidance by ships or aircraft. 
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Finally, the unique nature of the L o r a n 4  pulse trans- 
mission allows one to separate ground wave itpd sky- 
wave transmission. Also, the pulse provides a transient 
capable of validating transient propagation theory. 
Therefore, the Loran-C transmissions have proven to 
be very effective diagnostic tools for validating propaga- 
tion theories. Continued efforts in this direction will 
undoubtedly lead to improved prediction and calibration 
procedures for use with all Loran-C systems. 

INTRODUCTION 

Loran-C is a hyperbolic radio navigation system utilizing 3 or more 
transmitters in a simple chain configuration (see figure 1). The 
transmitters radiate fast rising pulses so that a phase and envelope 
measurement can be made on the early part of the pulse (ground 
wave), before &e arrival of the first hop sky wave (the first signal to 
arrive after reflecting once from the ionosphere D-region-see 
figure 2). By tagging a point in time on the ground wave portion of 
the radio wave pulse, stabilities of about one order of magnitude 
more accurate than the combined ground wave and sky wave p k s e  
measurement on the propagated pulse a r e  observed (Le. to propaga- 
tion time measurement e r ro r  less than one microsecond). The above 
description explains the method for deriving time information from 
Loran-C within the ground wave range of any transmitter. 

F o r  navigation purposes, the user must also be within ground wave 
range of two or more slaves. A similar propagation time measure- 
ment is made on the slave and the master and the difference between 
these measurements is shown as a TD (time difference). A single TD 
measurement will define an LOP (line of position) relative to the 
master and slave. 
will then define a position fix as indicated in figure 1. 

Two LOP'S relative to a master and two slaves 

To insure that the master and subsequent slave signals will not over- 
lap in time within the service area, coding delays a re  introduced into 
the slave transmissions in a sequential order. Each station radiates 
groups of 8 pulses, and the master station radiates a nhf5 pulse for 
identification purposes. All stations transmit the phase of the pulse 
in a 0 or 180' coded format. This phase code aids in automatic 
receiver identification and automatic phase synchronization of the 
receiver with the master and slave signals. The phase coding also 
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impedance .calculators [ 31 which converted conductivity into impedance 
and then calculated a secondary phase correction, or  the phase cor- 
rection due to the fact that the signals travels slower than the speed of 
light in microseconds. Early attempts to  evaluate the effect of ground 
conductivity and indeed to predict and update predictions by using 
measured data have been reported c 11. 

/-&%st-Hop, Sky Wove 

1 
0 10 20 30 40 

Time @ s e d  

Figure 2. Loran-C pulse as transmitted along wi th  the effect of 
ground wave and sky wave signals received. This figure 
also demonstrates the ground wave sampling prior to the 
sky wave arrival time. 
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The decision to employ Loran-C as the coastal confluence navigation 
system does not require mid continental deployrnent of the L o r a n 4  
system. A number of governmental and civilian agencies are potenti- 
ally interested in using Loran4 in the continental U.S. There is a 
specific interest in using Loran-G to located nan-urban or rural  
residences in the 1980 census; there is interest in vehicle tracking 
and locating by both the F.B.I. and the A.E.C.; and there is con- 
siderable interest in using L o r a n 4  for locating off shore oil drilling 
platforms. There has also been considerable interest in using 
L o r a n 4  or the mini loran version of Loran-C for urban vehicle 
tracking. This last application is most difficult because large steel 
structures and power and telephone lines can act as reradiators and 
thus destort the received signal, 

In addition to the long range navigation system, Loran-C, some short- 
e r  range systems variously known as Loran-D, mini loran, augment- 
ed loran, etc. have entered the picture. A l l  of these systems have 
been developed to  meet specific needs in areas where Loran-C cover- 
age  is not available. The only notable change between these short 
range systems and the Loran-C long range system is the use of 1 6  
rather than 8 pulses in the Loran-D system and the changing of the 
ground wave sampling point from 30 t o  50 microseconds (grd to 5& 
cycle). 
system where me hop sky wave time delays a re  greater, and rnulti 
hop sky wave interference is less severe. 

Both of these changes a re  possible because it is a short range 

Loran-C low frequency ground wave propagation, as mentioned pre- 
viously, differs from the speed of light propagation by the small cor- 
re ction, denote d as the secondary phase corre ctim. F or example , 
figure 8 shows predicted and observed variations of approximately 
2 microseconds over a small change in path distance on a path where 
the total propagation time is approximately 1000 microseconds. The 
solid cruve represents predictions along a path that crosses Death 
Valley California. The X s  represent measurements a t  points that lie 
essentially on this path including point D that w a s  directly below the 
precipitous drop into Death Valley. 
represent measurements made along the highway that decended grad - 
ually into Death Valley. A much more complete description of the 
experiment is given in reference [ 51. 
severe or maximum deviation case in the navigation or tirning pre- 
dictability of the system. Although this variation represents only 3 
part in 250 to  300 of tbe predicted propagation time, such a variation 
could develop an e r ro r  of several thousand feet in a navigational fix. 

The t;? marked 1 through 9 

This is considered to be a 
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This size of e r ror ,  i f  not corrected, is unacceptable in many appli- 
cations. Fortunately, the prediction ability exists, but it is not 
simple . 
The spatial variations described above are essentially time invariant 
i. e. you would always return to the same place with the same meas - 
urement. As one probes further and further into the measurement 
capability of this system, one finds that the system is capable of 
measuring temporal phase changes in the graund waves 62.  These 
changes have been correlated with weather variations such as temper- 
ature changes, as well as the passage of frontal systems. The degree 
of correlation of these signals with weather phenomena suggest that 
measurements of the signal might be used as a n  adjunct to weather 
predictions. 
seconds in the most severe case. 
path over land subjected to sub freezing conditions. 
propagating paths, in temperate climatic regions and propagation 
paths over sea water temporal variations seldom exceed 0.1 or 
0.2 microseconds. 

The temporal variations can approach one or two micro- 
This case is a long propagation 

Over shorter 

'i' 

n El-. 

5.. 

I 
Figure 8. Predicted and observed direct propagation time (U) for a 

Loran-D signal in rough terrain. 
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One obvious method for eliminating the error caused by temporal 
variations over long paths is by using "differential" or relative 
Loran-C. 
location will observe and broadcast corrections to users  within the 
vicinity of the control station. Figure 9 and reference 1: 71 show some 
initial comparisons between differential loran and differential Omega. 
The upper solid curve designated A shows a differential Loran-C meas- 
urement over a 10 day period where the distance between the two 
receivers was 300 km. 
measurements over the same 10 day period for receiver separation 
of 700 km. 
0, = . 08  and 0 6  = .XI microseconds. Fo r  comparison the bars r e -  
presenting 1. 62 microseconds and 2. 63 microseconds were given by 
Nard I: 81 for differential Omega. Also peak deviations for differential 
Omega give by Beukers [91 exceeded the scale of the graph. These 
measurements are  explained in greater detail in reference 1.71. A 
subsequent study L l O ]  has shown that a U. S .  Coast Guardharbor 
and estuary requirement for 50 feet positional accuracies c d d  be 
met using a relative loran concept. 
data used in the "differential" or relative Loran-C study [lo] has 
shown that major temporal variations during summer months a re  due 
to chain variations. New data will be collected during the winter 
months in early 1975 for direct comparison with the summer data 
previously reported. 

In this mode of operation a station at a h o w n  control 

The lower solid curve designated B shows 

The standard deviations for these measurements were 

Continuing studies of the same 

The use of loran in a relative or "differential" mode can improve 
position fixing capability and potentially could be used for aircraft or 
ocean vessel collision avoidance through retransmission of the meas- 
ured TDs to other craft in the immediate vicinity. Accuracies of this 
order of magnitude a r e  also potentially competitive with the extensive 
DME -VOR system used by commercial aircraft. 

It was recognized prior to  1960 [ I l l  that Loran-C would be capable of 
time synchronization of remotely separated clocks. 
time synchronization can be established periodically, time interval 
measurement capability also exists. In the 1961 publicatim, it was 
suggested that synchronization capability of 1 microsecond or better 
could be achieved operatimally using ground wave propagation. The 
paper also stated that operational capabilities of IO microseconds 
could be achieved using sky waves. A subsequent publication in 
1972 reported ground wave synchronization capability with cf = 0.28 
microseconds, and that initial tests by NASA suggested sky wave 
synchronization capabilities on the order of several microseconds 
were possible . 

Furthermore, if 

. 
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T W O  DIFFERENTIRL LORRN--C PATH5 FIT 30EI KM 
RND R T  700 K M  

TOTRLS N=232.08 

R = El.m6 6 = 0. I I CURR = 0.1 9 

NRRD 1.62 h5EC 
I r U M E G R  R V E  
FOR I I / E ; E 3 / 9 5  KM 
D I F F E R E N T I A L  P R T H 5  

MRSiTER 2 CYCLE - MOCKSVILLE 

NRRD 2.63 A5EC I r  
IJMEGR R V E  FUR. 26e3 KM 
5ERWRTER P R T H  CLOVERDRLE TDZ - MOCKSiVlLLE T 

BEUSERS P E R K  DEVIf lTlON5 F O R  12 1 n R  l e f S  M I L E 5  EXCEED THE GR#PH LIMIT 

DRY OF THE MONTH PlRRCH 1978 

Figure 9. Differential Loran-C compared to differential Omega. 

Loran-C has been used extensively for synchronizing clocks at widely 
separated locations where there was a need to  measure a common 
event. Specifically, this timing capability was very important in the 
early space program, and in measuring the arrival time of pulses 
from nuclear detonations. It should be recognized that the prediction 
capabilities discussed earlier will  be of paramount importance in a 
time synchronization application if the ultimate timing potential of the 
system is desired. 

Loran-C Sky Wave Applications 

Sky wave signals will  always be delayed relative to ground wave sig- 
nals, because they travel further in reflecting from the ionospheric 
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The theoretically predicted signal in figure 11 looks quite similar to 
the measured signal in figure 12. An example of the diagnostic use of 
these sky wave signals was the interpretation of the solar eclipse 
measurements in figures 12 and 13 in terms of Oxygen and ozane 
changes in the ionospheric D-region during an eclipse c14, 15, 161. In 
references [I51 and 16’1 many other observed phenomena on the 
Loran-C sky wave signals are noted and explained. Also, observa- 
tions of nighttime sky waves yielded identification of particle precipa- 
tation events in the D-region at lower latitudes than had been pre- 
viously suspected 1.171. Continuous observations of these signals have 
indicated that changes in the D-region occur seasonally as well as 
diurnal changes shown in figure 14. Variations with geomagnetic 
latitude have also been noted [ 151 . 
Problems and Limitations of L o r a n 4  

The propagation limitations an the L o r a n 4  ground wave systems have 
been previously noted. By way of review, spatial variations of 1 to 3 
microseconds will produce positioning e r ro r s  1,000 to 2,000 feet if 
not properly removed. Removal of these large e r ro r s  is possible by 
calibration or prediction using physiographic features of the surface. 
Temporal variations of tenths of microseconds will produce positian- 
ing e r ro r s  in the hundreds of feet if not properly removed. Temporal 
variations over sea water and temperate land paths wi l l  be much 
smdler .  Removal of temporal variations can best be achieved by 
using differential or relative loran. 
studies to predict temporal variations similar to the way spatial 
variatians can be predicted now. 

It may be possible after further 

System or chain variations of appraximately tenths of microseconds 
or hundreds of feet presently occur in the Loran-C chain operation. 
These variations could probably be reduced or removed by different 
chain operating procedures or by installation of new equipment. 
type of variation is also removed by using differential or relative 
Loran -C te chnique s . 

This 

A Loran-C problem that will increase with increasing density of 
Loran-C installations is the cross rate interference problem. As can 
be seen from figure 14, any interference problem Loran-C has with 
itself will be worse at night. The cross rate interference (one Loran- 
C chain interfering with another) can be minimized by proper selection 
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Figure 11. Theoretically predicted ground wave and sky wave 
pulse arrival times. 
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of pulse repetition rates. The problem cannot be eliminated entirely 
by repetition rate selection, and as more chains are added more sig- 
nals will be radiated, and the problem wi l l  become more severe. 

Proper cycle identification is a Loran-C problem because loss of 
proper cycle identification is nearly always the limiting factor in 
establishing the usable range of the system. This problem is more 
a function of different receiving equipment rather than propagation 
conditions. Fundamentally all Loran-C receivers measure an 
envelope arrival time and phase or  cycle arrival time. The envelope 
arrival time determines the coarse time and the phase or cycle arri- 
v a l  time gives the ultimate accuracy in units, tenths, and hundreths 
of microseconds. The difference between the envelope and cycle 
reading is denoted as the envelope to cycle "difference" or discre- 
pancy (ECD). 
curs for each signal and two ECDs are involved in a time difference 
(TD) measurement. 
tion of distance from the transmitter. To the author's knowledge, 
no receiver manufacturer has attempted to program this EQD cor- 
rection into their receivers. 
variations in the vicinity of irregular terrain [: I61 /. The ECD varia- 
tions associated with irregular terrain a re  unique to each particular 
terrain path. 

From this description, it can be seen that an ECD oc- 

The propagation theory predicts ECD as a func- 

The theory also predicts large ECD 

Finally, one of the most serious problems with Loran-C is the 
"jargon" used by the Loran-C community. It is difficult to  commu- 
nicate with people outside the Loran-C community when those within 
understand a complete set  of acronyms and speak in terms of them. 
As a result of these problems in communications between the loran 
community and the non loran community, a new set of nomenclature 
is proposed here. This nomenclature uses subscripts freely, and 
letters previously unassociated with Loran-C measurements. For 
example, 
than TD; 
tion time of a L o r a n 4  signal from a single transmitter. 
agation of Universal time through the system, which includes the 
baseline propagation time and the coding delay for the slaves, is 
designated by U. Formerly this measurement was called TOA to 
stand for time of arrival. 
described above, the Greek symbol was selected. The envelope 
propagation time correction is designated by T, and the cycle or 
phase propagation time secondary phase correction by tc, such that 
r=Tc-tc. The secondary phase correction is denoted tc and time delays 

y is used to denote a time difference measurement rather 
u is used to denote a direct measurement of the propaga- 

The prop- 

For  the ECD (envelope to cycle difference) 
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, associated with receivers a re  denoted R.  A subscripting system 

yisi tha ' C p i ,  ui*jx'i , or <p. ~j , X are  the latitude and longitude of these 
locations. In all cases, the i refers to a transmitter location, 
i = 0 is used for the master transmitter, i = 1 for the slave with the 
lowest coding delay (formerly called slave A ,  slave X,  or slave W) ,  
i = 2 for the slave with the second lowest coding delay, etc. 
cases the j stands for the receiver location 'pj , h j .  
script for a particular measurement is 4 or less, 
is located at a transmitting site. The j subscript may become as 
large a s  necessary to describe a given set  of Loran-C measurements. 
Since the time difference measurements always involve the slave 
arrival time minus the master arrival time, there will be no y 
values with an i subscript of 0. 

T i ,  j etc is used to refer  to  locations i and j,  such 

In al l  
Ifthe j sub- 

then the receiver 

The East Coast  Loran-C chain will be used a s  an example to demon- 
strate how this system works. For the master at Carolina Beach, 
i = 0,; for the Z slave (4th slave in the East Coast chain) at Dana, 
Indiana, i = 4. For  an arbitrary location where j = 7, the arrival 
time of the master s ignal  will be U O , ~  = q /  c(d0 7) t t,(dg, 7 )  + R7J 
and the arrival time of the Dana slave signal will be U = q /  c(d4,7) 
+ tc(d4,7) 4- R7 t 84, where d stands for distance, q for the surface 
index of refraction, c for the speed of light in a vacuum, and 
for the coding delay associated with the no 4 slave, Dana, plus the 
propagation time from the Master to the Dana slave. Following this, 
the time difference will be simply 
master station the direct phase measlirement of the bana slave s i g -  
nal would be U4,0r  and the time difference would be y4 0. At the 
Dana slave the direct phase measurement of the master &ould be 
u0,4 and the time difference would be y4,4. The r '  s a t  these 
sites would have the same subscripting a s  the U' sand they would 
relate to  the envelope measurement or prediction minus the phase 
measurement or prediction [: 1 61. This same nomenclature has been 
expanded to include the differential Loran-C measurements and their 
associated time constants. 

4J 

B4 

y4 = Uq, - U o  7. A t  the 
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CONCLUSIONS 

It would appear, in view of the great user interest and recent govern- 
ment wide decisions, that Loran-C will remain a viable and useful 
system for the forseeable future. A t  the present time it would 
appear that Loran& is one of the better long range timing and time 
interval standards available for general use 
considerable unexploited potential in differential usage, such as 
collision avoidance and high precision position fixing. Loran-C has 
been very useful for validating low frequency propagation theory for 
both ground wave and sky waves. It has also been useful as a 
diagnostic tool for  probing the ionospheric D-region to better evaluate 
its characteristics. 
could be exploited and extended much further. 

Loran-C still has a 

This particular usage of the Loran-C system 
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QUESTION AND ANSWER PERIOD 

DR. REDER: 

If you are  in a mountainous region and you have a Loran-C receiver, how ac- 
curately can it determine your position? 

M R  DOHERTY: 

If you are  in a mountainous location with a loran receiver and you're interested 
in being about to return to that position, then we feel that the accuracy is of the 
order of 50 feet. If you're interested in knowing precisely where that position 
is, then the answer is how much money are you willing to spend to predict where 
that position is theoretically. Because we again feel that we can approach the 
50 foot accuracy if we have the information necessary to predict it, but this 
means the terrain and impedance, information all the way back to the transmit- 
ting station. 

Now, we're rapidly approaching the ability to do this entirely digitally on com- 
puters. So, well you say it's trivial. It's not trivial. It takes big computers 
and lots of tapes and things like that, but we are getting to the point where we 
can do this. 

MR. KEATING: 
I 

Mr. Keating, Naval Observatory. 

One of the problems with this approach is that it requires, I believe, a fairly 
detailed knowledge of the terrain, the conductivities, the area over which you're 
going to integrate. You're quite right about this numerical integration being 
very complex, but how do you go about getting this data? Some of #is mapping 
of the terrain can be horrendous or  is your method much simpler ? 

Mfi. DOHERTY: 

No, it's not much simpler. Well, maybe it is in one way. The terrain mapping 
information exists in the form of digitized tapes at DMA for many locations. It 
boils down to a single tape for the entire United States, from which you can go 
from path A to path B. 

We have done that much and we believe that #e detail is sufficient for the anal- 
ysis that we have done here. We don't have the impedance information on mag- 
netic tape I might indicate at the present time. We're proposing that it should 
be done. 
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DESIGN AND OPERATION OF A 
LORAN-C TIME REFERENCE STATION 

Kenneth P u t  kov i c h 
U.S. Naval Observatory 

ABSTRACT 

The purpose of t h i s  paper is to explore some of the 
practical questions t h a t  ar ise  when one decides t o  
use Loran4 i n  a time reference system. Since the 
subject of Loran-C PTTI has been covered extensively 
i n  the l i terature (see bibliography), a minimum of 
time is devoted t o  the concept and implementation of 
precise time on Loran-C. An extensive effort  i s  made 
t o  provide basic, practical information on establish- 
i n g  and operating a reference station. 
covers four important areas i n  this regard. 

This paper 

1. The design,  configuration and operational con- 
cepts which should be considered prior t o  es- 
tab1 ishing and operating a reference s ta t ion 
using Loran-C. 

The op t ions  and tradeoffs available regarding 
capabilities, cost, size, versati l i ty,  ease 
of operation, etc., t h a t  are available t o  the 
designer. 

3. What measurements are  made, how they are made 
and what they mean. 

2. 

4. The experience the U.S. Naval Observatory Time 
Service Divis ion  has had in the design and op- 
eration of such stations. 

In general, an attempt i s  made t o  answer basic ques- 
t ions which ar ise  when Loran4 is being considered 
for  use in a time reference system. 

INTRODUCTION 

The purpose of this paper i s  to explore some of the practical problems 
that ar ise  in us ing  Loran-C i n  a precise-time reference system (PTRS). 
The use of Loran-C for  t i m i n g  has been covered extensively i n  the pub- 
lications listed i n  the bibliography. For the purpose o f  this paper i t  
is  assumed that the intended user has satisfied himself t h a t  h i s  timing 
requirements can be met us ing  Loran-C and t h a t  his location is such 
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that  reception of Loran-C is possible. 
easy t o  determine; i n  a few cases i t  may require some on-site field 
testing. 
i c  requirements and examining and analyzing systems available t o  meet 
these requirements is an absolute necessity. 

DESIGN, CONFIGURATION AND OPERATIONAL CONCEPTS 

In general, this is relatively 

In any case, a sound design philosophy of determining specif- 

The design, configuration, and operational concepts are formed w i t h  the 
objective o f  creating a system which w i l ?  produce consistently useful 
data. 
each individual case, a universal design is virtually impossible. The 
aspects common t o  a l l  the systems dictate some design uniformity; how- 
ever provisions mus t  be made t o  allow for  system modification where i n -  
dividual variations may become necessary. The design philosophy should 
be one o f  f lexibi l i ty ,  allowing for a variety of contingencies. 

As design parameters vary according to system requirements i n  

Configuration or hardware concepts must also be extremely flexible t o  
a1 low fo r  unforeseen operating problems, variations in space available 
for  equipment instal l a t i o n ,  or additional capabilities which may be 
needed. Operational concepts are the most important and least appreci- 
ated factor i n  p u t t i n g  a system i n t o  operation. The successful imple- 
mentation o f  operational concepts is an absolutely necessary complement 
t o  the des ign  and configuration concepts. Operational concepts deal 
w i t h  the people involved and t h u s  are the factors which may we17 spell 
the difference between success or failure. 

In developing these concepts, there are a number of questions which 
must be answered definitively i f  the design and operation of the sta- 
t i o n  is t o  have a chance a t  being successful. 

What types of data are required? A. 

1. Is i t  necessary to  know time-of-day, phase, o r  both? 

2. Will measurements be relative or absolute? 

3. To what accuracy do the quantities measured have to  be 
known? 

4. To what precision do the measurements have t o  be made? 

The types of data required w i l l  d i c t a t e  the type and complexity of 
equipment needed. The realization of absolute time-of-day t o  5 micro- 
seconds w i t h  a precision o f  * 0.1 microsecond requires more sophis t i -  
cated techniques’and equipment, for  example, t h a n  t h a t  needed t o  deter- 
mine relative phase t o  an accuracy of 10 microseconds w i t h  a precision 
of f 1 microsecond. Obviously, any measurement requiring greater accu- 
racy and precision requires more sophisticated techniques and equipment. 
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What is not obvious is the g r e a t  d i f fe rence  i n  the degree of d i f f i c u l t y  
i n  making an abso lu te  time-of-day measurement and making a relative 
phase measurement. T h i s  is true not  only due t o  the inherent  diff icul-  
ties i n  making absolu te  measurements of any type but  a l s o  due t o  the 
l i m i t a t i o n s  which  p re sen t ly  e x i s t  i n  the Loran-C time dissemination and 
moni tori  ng scheme. 

B. How c u r r e n t  m u s t  da t a  be, how of ten  must t hey  be reported and 
what means a r e  a v a i l a b l e  f o r  report ing? 

1. Are da ta  needed i n  real-t ime, hourly, d a i l y  o r  a f te r - the-  
f a c t ?  

2. Is a special  repor t ing  system necessary? 

3. What f a c i l i t i e s  a r e  ava i l ab le  f o r  da ta  conmunication? 

The  intended use o f  the da ta  d i c t a t e s  when, how and i f  they a r e  t o  be 
sent t o  a cen t r a l  c o l l e c t i o n  point.  
house a t  the si te,  there i s  no need f o r  reporting. 
s i t e  is p a r t  o f  a network requiring real- t ime response c a p a b i l i t y  f o r  
system synchronization, cons idera t ion  must be g iven  t o  designing a re- 
port ing system. 
w i t h  uniform and cons i s t en t  no ta t ion  a s  t o  u n i t s ,  s ign ,  etc., develop- 
ing a standard message format with b u i l t - i n  da ta  error checks and hav- 
i n g  a communication network ava i l ab le  which is  compatible w i t h  system 
needs. 

If data a r e  f o r  use s o l e l y  i n -  
However, i f  the 

T h i s  involves  developing a meaningful recording format 

i 

C. Where is the s t a t i o n  going t o  be loca ted?  

1. Is the loca t ion  w i t h i n  groundwave o r  skywave range of a 
Loran-C transmitter? 

2. What a r e  the loca l  s ignal  recept ion condi t ions?  

3. What loca l  primary power i s  a v a i l a b l e  f o r  operat ing the s t a -  
t i o n ?  

4. How much and what k ind  o f  space is a v a i l a b l e  f o r  equipment? 

The loca t ion  i s  a v i t a l  f a c t o r  i n  the design and operat ion of a time- 
reference s t a t i o n  u s i n g  Loran-C. Groundwave recept ion versus skywave 
recept ion  means the d i f fe rence  between u n i t s  and tens of microseconds 
i n  system capab i l i t y .  Severe interference problems may r equ i r e  addi- 
t i ona l  equipment and impose addi t iona l  demands on operat ing personnel 
if cons i s t en t  da t a  a r e  t o  be obtained. Poor regula t ion  and frequent, 
extended outages of  primary power a r e  conducive t o  equipment breakdowns 
and da ta  d i s c o n t i n u i t i e s .  Limitat ions i n  i n s t a l l a t i o n  space and oper- 
a t i n g  enviormnent may impose r e s t r i c t i o n s  on the reference  s t a t i o n  de- 
s ign.  
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D. How will the s t a t i o n  be in i t ia l ly  synchronized and periodically 
checked for  proper operation? 

1. Can portable clock visits be made? 

2. I s  there an operational PTTI s a t e l l i t e  system available? 

3.  Are there other timekeeping act ivi t ies  i n  that locale? 

If a station is t o  be part of a coordinated reference system, some 
means of performing an in i t ia l  synchronization and periodic checks m u s t  
be available for verification of ou tpu t  data. If there are  other time- 
keeping act ivi t ies  i n  the area or if  access t o  a PTTI sa t e l l i t e  system 
is available, the problem is minimal. If that is n o t  the case, and the 
location is not on a routinely traveled portable clock route, clock 
synchronization can be a vexing and costly problem. 

E. Who will be operating the s t a t ion  and taking data? 

1. Will a highly qualified and interested scientist ,  engineer, 
o r  technician be i n  charge? 

2. Will the station be operated by civilian or military person- 
nel ? 

The success o r  failure of any f ie ld  operation is dependent, upon field 
personnel. 
a secondary objective only loosely related t o  the s t a t i o n ' s  primary re- 
sponsibilities. The qualifications, attitudes, and interest of those 
imnediately involved i n  the system, coupled w i t h  the comnand or manage- 
ment structure, can be the factor that  spells success i n  situations 
where the technical aspects a re  marginal or the factor that  assures 
failure i n  situations that should otherwise be successful. 

T h i s  is particularly true i n  the case where timekeeping is 

F. How will logistical support be handled? 

1. Is  local logistical support  available? 

2. Will a l l  logistics be handled from headquarters? 

If the station is located i n  an area where supplies and services are 
available, no problems usually exist. Location i n  areas where no local 
suppliers exist or  transportation f ac i l i t i e s  are meager may require ex- 
tensive preplanning if the logistical problems are t o  be overcome. 

G. How will equipment maintenance and repair be handled? 
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1. 

2. Will i t  be local or  by a central depot? 

3. 

Will maintenance be on a repair or replacement basis? 

Will i t  be on a component, card, module or  equipment basis? 

All equipment included i n  the system mus t  be chosen on the basis of fa -  
vorable, established performance and mean-time-before-failure charac- 
teristics. However, most equipment needs periodic maintenance and some 
equipment will eventually f a i l .  How these problems are to  be solved is 
dependent on several factors such as s t a t ion  location, logistical sup- 
port available and the capabilities o f  local personnel. A t  one ex- 
treme, one might have highly qualified personnel i n  a location where 
expert help and adequate logistical support  i s  available. In this 
case, local repair a t  the component level would be indicated. A t  the 
other extreme, one might have inept, disinterested personnel a t  a re- 
mote s i t e  w i t h  no support available. In this case, replacement of the 
equipment and repair a t  some central depot would be necessary. The de- 
cision on what approach is  t o  be used m u s t  be made early i n  the design 
stage as the speed w i t h  which a system failure can be corrected is an 
important factor i n  deciding how redundant the system m u s t  be made. 

. 

H. How will t r a i n i n g  of  s i t e  personnel be accomplished? 

1. Will t r a i n i n g  be on s i te ,  on-the-job a t  each s i te  or cen- 
tral  ized? 

2. Are operating personnel permanent or subject t o  reassignment 

The probability of success i n  designing and operating any system is d i -  
rectly proportional t o  the capabilities, interest and enthusiasm of the 
operating personnel. Good data can be obtained by skilled, interested 
personnel u s i n g  a relatively poor system, while unskilled, disinterest- 
ed personnel can t u r n  the finest system i n t o  a shambles. Training can 
consist of anything from a formal , structured classroom and laboratory 
course t o  informal , on-the-job, self-instruction from an instruction 
manual. Whatever the means of instruction, motivation and interest are 
two factors which must be stressed. In cases where personnel are fre- 
quently reassigned, the problem is compounded by this repeated turnover 
and provisions m u s t  be made for periodic retraining. 

on a regular basis? 

DESIGN OPTIONS AND TRADE OFFS 

The options and trade o f f s  regarding cost, size, versatility, ease of 
operation, etc., available t o  the system designer are illustrated i n  
Figure 1 and Table 1. Table 1 summarizes the most important character- 
is t ics  of typical general equipment configurations. Figure 1 provides 
a breakdown o f  the equipment and costs fo r  each configuration. Numer- 
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SUBSYSTEM 

CLOCK 

RECEIVER 

D I SPLAY 

POWER 

MISC 

TOTAL (EXC 

Clock 5-23K 5-23K 18-45K 
M i  crost epper 3,000 
Distr ibut ion Amp 1,500 3,000 

TRF Receiver 

Auto Receiver 
Mu1 t i f  i 1 ter 
GRP Genera tor 
Osc i 1 1 oscope 

Counter 
Recorder 

DC Standby 1,500 3,000 

Uninterrupti ble 2,600 

~ Racks, etc. 1 200 I 800 1 2,500 

USIVE OF CLOCKS)-13,800 117,050 I 36,800 

Figure 1. Loran-C Reference Station Equipment Costs 

Cost (without clock) 
Size (inches of rack 
Versatility 
Ease of Operation 
Continuity o f  Data 
S k i l l  Required 
System Precision 

(microseconds) 

Basic Manual 

$3-4K 
20-30 
Least 

Difficult 
Least 
High 
rl-5 

Basic 
Automatic 

$1 5-20K 
40-50 

Better 
Moderate 

Better 
Moderate 
kO.1-1.0 

Automatic 
Redundant 

$30-40K 
90- 1 00 
Best 

Moderate 
Best 

Moderate 
20.1-1 .o 

Table 1. Comparison o f  Typical Systems 
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RECORDER 

DISTRIBUTION AMPLIFIER 

T IME INTERVAL COUNTER 
PATCH PANEL 

SWITCH PANEL 

LORAN-C RECEIVER 

OSCILLOSCOPE 

LORAN-C RECEIVER 

STANDBY POWER SUPPLY 

RECORDER 

I 
STANDBY POWER SUPPLY 

i 

Figure 2. U.S. NAVAL OBSERVATORY PRECISE TIME REFERENCE 
STATION 
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ous other configurations are possible. 
PTRS is shown i n  Figure 2. As is generally true w i t h  most systems, im-  
proved operational capability means increased size and cost. 

MEASUREMENTS 

A typical Naval Observatory 

Typical measurements made i n  a Loran-C time reference system are sim- 
ple. The required o u t p u t  data  are time interval between the local 
clock and the Loran-C clock. Using corrections available from the 
Naval Observatory, (TSA Series 4 ) ,  time relative t o  the master clock 
can be determined. 
making time interval measurements w i t h  a precision of 0.1 nanosecond. 
T h i s  is several orders of magnitude greater t h a n  the usable limits of 
Loran-C transmissions; hence no measurement problems exist which are 
due t o  hardware limitations. 

Present state-of-the-art equipment is available for  

There are, however, problems of ini t ia l ly  interpreting the meaning of 
the measurements. System delays (propagation times, antenna and re- 
ceiver delays, tracking p o i n t  locations, etc.) m u s t  be defined, meas- 
ured and removed from the time-interval measurement to  arrive a t  clock 
differences. The definition and measurement of these quantities are 
difficult and require special ski1 Is, techniques and equipment. Total 
uncertainties of several microseconds can exist in the measurements and 
calculations made t o  determine delays. Improper definition of tracking 
p o i n t  and antenna characteristics can lead t o  half-cycle and full-cycle 
errors of five or ten microseconds. Fina l  resolution of discrepancies 
usually involves field testing w i t h  a well calibrated system and por- 
table atomic clocks. 

USNO EXPERIENCE 

The Time Service Division of the U.S. Naval Observatory has been re- 
sponsible for the design, construction, and operation of a number of 
precise-time reference stations i n  the past seven years. Results have 
been mixed, w i t h  success or failure of any stat ion being directly re- 
lated t o  the organization and personnel operating the s ta t ion.  As one 
would expect, laboratories, whether government o r  private, directly in -  
volved i n  time-keeping are most adept  a t  successfully employing Loran- 
C i n  time reference centers. Conversely, a t  locations where PTTI is  a 
secondary effort, where highly qualified and interested personnel are 
unavailable, where personnel changes are frequent and where operational 
responsibility is spread over several organizations, attempts a t  con- 
sistent operation of the stations have met w i t h  numerous problems sev- 
erely l i m i t i n g  their value and adversely affecting their data output .  
Even though much more effort is expended i n  p u t t i n g  those stations to- 
gether and t r a i n i n g  station personnel, they experience significantly 
more discontinuities i n  data, more equipment failures and more opera- 
tional problems t h a n  expected. Attempts t o  lessen the impact of these 
problems by bu i ld ing  redundancy i n t o  the instrumentation have met w i t h  
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only limited success. More equipment i n  unfavorable circumstances 
seems to engender more equipment failures. With the exception of cor- 
recting obvious technical faults,  improved operations a t  these loca- 
t i o n s  depends entirely on what solutions can be found t o  the problems 
involv ing  operating personnel idiosyncracies. I t  has become obvious 
that these problems are  comnon t o  a l l  organizations which seek to e.s- 
tab1 ish remote monitoring capabilities and are  particularly acute i n  
areas such as  precise timekeeping where continuity and traceability are 
of primary i mpor ta  nc e. 

CONCLUSION 

An attempt has been made t o  h i g h l i g h t  some of the problems encountered 
i n  using Loran-C i n  a precise-time system. 
full  advantage o f  the t iming capability inherent i n  synchronized Loran- 
C transmissions. Success a t  employing t h i s  equipment is  dependent on 
operating personnel , organizational structure and system design phi los-  
ophy. 
has been proven workable; however, implementation is extremely d i f f i -  
cult if proper conditions are  not available. 

Equipment exists to take 

The concept of remote time-reference stations employing Loran-C 
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QUESTION AND ANSWER PERIOD 

I think Ken is absolutely correct, but there is another way of looking at it. My 
way of looking at it is that you're going to run into problems at any rate, w h t -  
ever you do. Our example is the SATCOM stations, the planning for the precise 
time reference stations is a good one, I think. Whatever you do, you will run 
into problems. If time is short, as it usually is, you may combine the learning 
period by throwing everything together and make the people learn how to do it 
while the system accumulates experience. That is a very unorthodox philosophy 
of management, but if it is coupled with a great degree of redundancy which also 
you must have at any rate, because even the best clock will stop, even at the 
best station, the best operators will goof, if you combine these, you end up, 
still despite all the trouble, with an operating system, and I think today, despite 
all the problems, there are many stations which produce with very little initial 
effort very useful data. And that is the other side of the coin. I think they both 
have to be looked at, but, of course, I think then the problems are increasing, 
the ones which Ken has mentioned, particularly I think our transportation prob- 
lems. There is no question about they are on the increasing side. 

. 

We have had no shipment recently without a damaged part and I'm increasingly 
becoming concerned. Maybe in a timing field where we do operate with greater 
requirements for attention and training, we may be the first ones to notice 
something. But I have a feeling that it will be more difficult to translate basic 
capabilities as mentioned by Bob Doherty before into actual operational ones, 
which was what Ken Putkovieh has been talking about. And where there is a 
factor of a thousand between the two. 

MR. MITCHELL: 

First off, we must have the transportation system that they use in Guam because 
we have that problem also. Being in the same area as Guam, I'm sure it is the 
same transport. 

We have just recently started collecting data from SS1. Now SS1 is a low power 
transmitter for Loran-C and due to the distance we're way down in the mud on 
the signal and it's fairly hard to distinguish when we are on the signal and if it 
is the right signal. 

The multifilter that you mentioned, would this help us in determining the signal 
and does it have any drawbacks? 
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MR. PUTKOVICH: 

Yes, it will help you if your noise is essentially discrete-in discrete frequencies 
I should say. You can, with the currently available filters, probably notch out, 
I think, 6 or 8 discrete frequencies that are bothering you. If you have a really 
bad noise problem where your noise is across the full spectrum, I don't know 
whether that will help you. There are drawbacks in using the multifilter in that 
you introduce additional delays and additional uncertainties in your system. 

MR. MITCHELL: 

One other question. Is there anybody that publishes some kind of data on new 
equipment that's available for the Loran-C? I b o w  we're kind of out of the 
country there and it's kind of hard for us to get information. We would like to 
make improvements to the system if we could. 

Is there a source of information for this ? 

MR, PUTKOVICH: 

Well, there's a problem in that area in that you have a very limited number of 
people producing Loran-C equipment and it was specifically requested that we 
don't advertise for any particular companies. It turns out however, that if you 
want a cesium oscillator, you don't have very many places to go and the same 
thing is true if you want Loran-C equipment. There is only one company that 
produces an automatic timing receiver now, possibly two; and if you get in touch 
with that company, you get the information on what's available. 

MR. STRUCKER: 

Pete Strucker with the Navy Metrology Engineering Center California. 

I'd just like to comment on that noise condition and say that you can get a syn- 
chronous filter that wil l  take care of broad band noise and it will pull the signal 
right out of the noise for you. 

MR. PUTKOVICH: 

It's produced by the same company, incidentally. 

DR. WINKLER: 

There is one more point maybe which we should also mention in this context and 
that is even for precisions of a tenth of a microsecond, temperature control in 
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the Loran-C receiver environment is an absolute must. Some of these filters 
have temperature coefficients which are inordinately high and I think they could 
be improved. 

We have 5 receivers on hand which are interrogated every hour by the computer. 
After you subtract from the readings, the individual receiver system delays 
(they operate on two antennas) you should end up with identical measurements 
every hour for these 5 receivers. They all operate in a reasonably well tem- 
perature-stabilized environment. 

Now what is the standard deviation for an individual reading? It is in the order 
of 50 nanoseconds and peak-to-peak variations can occur of several tenths of a 
microsecond, and we have no explanation for that except the temperature sensi- 
tivity of the receiver, number one. And number two, I think also not to be for- 
gotten is coherent interference. It's not only crossrate interference as  men- 
tioned before, but in most areas of civiliation, unfortunately civilization also 
produces coherent carriers, highly coherent carriers. 

In Europe transmissions at 75 and 60 and 50 kilohertz, in the United States 60 
kilohertz and 88 kilohertz are very dangerous and when that carrier comes on 
at 88 kilohertz it's being sampled coherently and unless you are careful to elim- 
inate that interference, you will have unavoidably a step of several tenths of a 
microsecond, in your received signal due to that source. 

Coherent interference and temperature instability are two things which one must 
remember. 

DR. REDER: 

Training of personnel seems to be a crucial thing. Now, you could say all right, 
let's try the handbook, you know how to do it, a cookbook. The trouble with a 
cookbook by the time it's finished, the system's obsolete. Now, you do publish 
a lot of tables-daily phase values and so on. Why not every time you run into 
a specific problem and since you are the ones who have apparently most the re- 
ceivers in the United States, so you should also have a lot of problems, so every 
time you run into such a problem write a very short thing in a single page and 
distribute it to users?  

DR. WINKLER: 

It is not a joke, but we now have an automatically produced teletype, which is 
sent to each station and every day inadvertently sent messages to the wrong 
address identifier and they don't look it up. 

261 



It's a real problem. Any kind of a sophisticated system which depends upon 
people looking even into instruction manual will be doomed, I believe. 

MR PUTKOVICH: 

That's exactly true, We go to many of the stations to find out why we're not 
getting good data from them, and you can't find the instruction manuals. You 
can't even find TOC tables that they're supposed to be using to set their receivers. 

D R  WINKLER. 

You must have redundancy. 

M.R. STRUCKER: 

One of the ways that we tried to overcome this training problem, since we do 
have a lot of time Loran-C calibration systems on board ship where the per- 
sonnel are rotated, was to produce a series of videotapes starting from the 
history of time and time dissemination and Loran4 and the operation of the 
system-how you use the system to calibrate the device that you have to cali- 
brate, maintenance of the receiver, and we even included some of the HP tapes 
on replacing the beam tube and on and on and on. 

We found the personnel are more apt to sit down and watch a TV program since 
everybody is already tuned in to television, rather than sit down and read a 
lengthy manual, and in most cases, we found it worked quite well. 

I'd like to add one other thing though, we did have a problem with the series of 
videotapes, we also had to supply a video cassette player and a TV set, and we 
did run into some problem with installing TV sets in the calibration labs aboard 
ships. 
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ABSTRACT 

With the advent of space science and applications the require- 
ments for precise and accurate time and time interval have 
approached to the order of microseconds and below. To 
meet these needs users must examine the various techniques 
to maintain the time scale and assess their long-term 
performance. 

Loran-C navigation system has been widely used in the last 
few years as  a precise time reference signal for international 
comparison of the primary clocks in the northern hemisphere. 
This paper presents the long-term performance of the eight 
Loran-C chains in terms of the Coordinated Universal Time 
(UTC) of the U. S. Naval Observatory (USNO) and the use of 
the Loran-C navigation system to maintain the user's clock 
to a UTC scale. 

The atomic time (AT) scale and the UTC of several national 
laboratories and observatories relative to the international 
atomic time (TAI) a re  presented. In addition, typical per- 
formance of several NASA tracking station clocks, relative 
to the USNO master clock, is also presented. 

Recent revision of the Coordinated Universal Time (UTC) 
by the International Radio Consultative Committee (CCIR) 
in its 13th Plenary Assembly is given in an appendix. 

263 



PERFORMANCE OF LORAN-C CHAINS RELATIVE TO UTC 

INTRODUCTION 

National time keeping and maintenance agencies for each country have primary 
responsibilities in the maintenance and dissemination of accurate time to the 
users. These primary clocks which provide the accurate time are maintained 
on a long term basis and are traceable to the origin of an epoch. The time 
signals1 are disseminated through radio frequency emissions or other techniques 
to users including other national time keeping agencies. The international com- 
parisons of time signals among the national time keeping agencies comprise the 
data base for the adoption of uniform time scales such as the Coordinated Uni- 
versal Time (UTC) and the International Atomic Time (TAI). It is the time as 
a scale rather than the time as an epoch that is in increasing demand by modern 
users, 

With the advent of space science and applications in the last decade the require- 
ments for precise and accurate time and time interval have approached the capa- 
bilities of national time keeping and maintenance agencies. To satisfy the so- 
phisticated users, the national time keeping agencies issue time corrections 
periodically in the form of bulletins or announcements. These corrections are 
given relative to a primary time standard or master clock. For example, the 
Bureau International de 1'Huere (BIN) issues a monthly circular, circular D, 
which gives the time comparison between the various national time standards 
relative to UTC and TAL The use of these bulletins announcements, and cir- 
culars and the long term stability of the primary time standards relative to the 
internationally adopted time scales is presented in this report. Users who need 
precise and accurate time and time interval on the order of microseconds or 
better undoubtedly recognize the need to use these corrections. The proper 
interpretation of the user's requirements in terms of time or time interval, the 
difference between accuracy and precision of measurement, and the accuracy 
of maintaining a clock relative to a time scale is generally the responsibility of 
the users who must communicate effectively to those experts who generate and 
maintain the time standards and/or who provide the techniques for clock 
synchronization. 

CLOCK COMPARISON TECHNIQUE AND DATA 

Clock comparison techniques are numerous and vary in accuracy and precision. 
In general, radio frequency transmissions in VLF , LF, and HF bands have been 
used as the work-horse and provided continuous, reliable and real-time time 
transfer references for clock comparisons. Portable clocks satellites (both 
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natural and artiicial), and coherent radiations from quasars are in increasing 
use to meet specific needs. A s  the accuracy in timing requirements is in- 
cret~sed, not only must the accuracy of transmission and the precision of meas- 
urement be increased, but also the stability of the oscillators (fly wheel) which 
generate the time must be increased. 

The most often used time transfer reference signal for clock comparison among 
primary clocks in national laboratories is the 1OOkHz transmissions of the 
hran-C navigation system. A t  present, Loran-C consists of eight chains 
which provide coverage for the northern hemisphere. The resolution of time 
comparison of an identified cycle of the received signal is about 1/1OOth of 
a cycle or  0.1 microseconds. The long term stability of the propagation de- 
lay, even for groundwave, is probably not much better than *O. 5 microsecond. 
The long term stability of the time transmission of a Loran-C chain at present 
is about one order of magnitude lower. The requirement imposed by users to 
the U.S. Coast Guard who operates the Loran-C chains for controlling the 
emitted time relative to the master clock of the U.S. Naval Observatory is 
much larger. This requirement has been stated between 15 and 25 microseconds. 
The performance of the Loran-C chains varies from chain to chain but is better 
than the stated requirement. 

The data collected by each national laboratory or observatory is published and 
is available to the users. For example, in the United States the Naval Observa- 
tory issues to general users a series of time bulletins and announcements on a 
weekly basis, and sends corrections by telegrams on a daily basis to special 
users. The National Bureau of Standards issues a special publication, NBS 
Special Publication 236, on a monthly basis. In other countries, for example 
in the United Kingdom. the Royal Greenwich Observatory publishes a monthly 
Time Service Circular. Also, the National Research Council of Canada pub- 
lishes their Loran-C measurements in letter form once every ten days and Time 
and Frequency Bulletins monthly. The Institute Electrotecnico Nazionale of 
Italy publishes a monthly circular and the Bureau International de 1Weure pub- 
lishes monthly circulars and annual reports. The contents, as well as the 
frequency of publications vary as do the needs. In general, the information 
is readily available and the publications can be had upon request. Typical 
time service notices, bulletins, announcements, and circulars are given in 
Appendix A. 

HISTORICAL BACKGROUND OF ATOMIC TIME 

Present primary time standards, as maintained by national laboratories, are 
based on cesium atomic oscillators which are made either in the laboratories 
or  by a commercial firm. The time maintained by these oscillators is referred 
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to as atomic time. Historically, A . l  was the weighted average of nine cesium 
atomic standards which were located in nine laboratories in four countries. 
This average was maintained by the U. S. Naval Observatory (USNO). A. 1 is 
presently the average of an ensemble of 15 to 30 commercial cesium atomic 
standards maintained at the USNO. Each individual national laboratory also 
maintained an atomic time scale identified with a laboratory such as the 
U. S. Atomic Time (USAT) of the National Bureau of Standards which is now 
known as AT (NBS). Other examples are the Greenwich atomic time (GA) 
and now the GA2 of the Royal Greenwich Observatory, and the A3 of the 
BIH . 
A s  the various atomic time scales went through the process of evolution it be- 
came obvious to many that an international standard must be adopted. 4, Thus, 
the m t h  General Conference of Weights and Measures (CGPM) adopted in 1967, 
the definition of the second as 'Ithe duration of 9,192 , 631,770 periods of the ra- 
diation corresponding to the transition between the two hyperfine levels of the 
ground state of the cesium atom 133. I 1  The CGPM also defined International 
Atomic Time (TAI) as !(the time coordinate established by the BIH on the basis 
of the readings of atomic clocks operating in various establishments conforming 
to the definition of the second, the unit of time of the International System (SI) 
of Units. 

The XDth Plenary Assembly of the International Radio Consultative Committee 
(CCIR) of the International Telecommunication Union, adopted in 1970 the im- 
proved UTC system. The improved UTC system was revised by the XIIIth 
Plenary Assembly of the CCIR in 1974 as given in Appendix C. This system 
eliminated the changing frequency offset between UTC and TAI and increased the 
step-time adjustments from 0.1 to 1 second which is now called a leap second.6 
Thus the UTC and TAI have the same rate. 

CLOCK COMPARISONS 

Based on the published clock correction data of BIH, the atomic time scales , as 
mainhined by several national laboratories and observatories, are plotted for 
900 days as shown in Figures 1 and 2. In these figures the ordinate is plotted 
as the clock difference, A t ,  in microseconds between TAI and the AT of a labo- 
ratory shown in parenthesis. The three abscissas shown are the elapsed time in 
days ,. the Modified Julian Day (MJD) , and the year, month, and day (YR , MO, 
DY). The clock off-sets of the several laboratories were not removed, for his- 
torical reasons or by choice, so as to maintain a continuous time scale for the 

. particular laboratory. 
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In Figures 1 and 2 these clock offsets were arbitrarily chosen so that the origins 
of the curves are near zero. The larger slope o r  clock rate difference between 
TAI and AT (NBS) shown in Figure 2 is attributed to the frequency difference 
between laboratory and commercially made cesium atomic standards. Although 
the Physikalisch-Techische Bundesanstalt (PTB) of Federal Republic of 
Germany and the National Research Council (NRC) of Canada also have labora- 
tory made cesium atomic standards, it is not known if these standards are used 
to steer their working standards, which are  commercially made cesium atomic 
standards. Atomic time scales are maintained by national laboratories; their 
relation to the International Atomic Time Scale is of interest. Only through this 
known relation can the time variant data collected by experimenters in different 
countries be correlated and compared. 
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Those measurements which are dependent on the earth’s position are made rel- 
ative to the Coordinated Universal Time (UTC). The UTC of each laboratory 
relative to the UTC of BIH is also plotted for 900 days as shown in Figures 3 
and 4. The difference between UTC (BM) and TAI is -10 seconds as of January 
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1,1972 (with the negative sign indicating UTC late) , -11 seconds on July 1,1972, 
-12 seconds on January 1, 1973, -13 seconds on January 1, 1974, and -14 sec- 
onds on danlrary 1, 1975. 

Figure 5 shows the UTC time comparison of three national laboratories for 550 
days using the East Coast chain of the Loran-C navigation system as the time 
transfer reference signal. The East Coast chain consists of five stations with 
the master station being located at Cape Fear, North Carolina and four slave 
stations located at: Jupiter Inlet, Florida; Cape Race, Newfoundland; Nantucket, 
Massachusetts; and Dana, Indiana. Also shown at the bottom of the figure is the 
time difference between UTC (USNO) and UTC as transmitted by the Mediter- 
ranean Sea chain. Thus, these data permit the time comparison between the 
East Coast and the Mediterranean Sea chains using UTC (USNO) as the time 
transfer reference. The obvious single break in the East Coast chain data, 
which occurred on MJD 41994 (Nov. 8, 1973) are  due to step time corrections 
made at  the master stations as  a re  the two breaks in the Mediterranean Sea data 
which occurred on MJD 41840 (June 7, 1973) and on MJD 42090 (Feb. 12, 1974). 
The smaller step time corrections and frequency changes of the oscillators made 
from time to time at the master station will become obvious when the detailed 
data is examined. It should be pointed out here that the time transmitted by 
Loran-C chains is required to be within only &25 microseconds of the master 
clock of the U. S. Naval Observatory (USNO MC) . This requirement (as can be 
seen in Figure 8 )  is met with a safety factor of one to three. 

Figure 6 shows the relative time differences of the Mediterranean Sea chain and 
the Norwegian Sea chain with respect to UTC of the Istituto Elettrotecnico 
Nazionale (EN) of Turin, Italy and UTC of the USNO. From this figure one can 
calculate the UTC time difference between IEN and the USNO and between the 
two Loran-C chains as shown in Figure 7. It should be pointed out that these 
calculations were made on the assumption that the propagation delays a re  con- 
stant for the time of observation between the monitoring stations and the Loran- 
C transmitters and between the slave stations and their master stations. This 
assumption is reasonable for a short period of time (days), and is under ques- 
tion for a longer period of time (months or longer), 

LONG-TERM TIME STABILITY OF LO'RAN-C CHAINS 

Figure 8 shows the time differences of six of the eight Loran-C chains relative 
to the master clock of the U. S . Naval Observatory (USNO MC) as a function of 
time for about 900 days. Figures 9,10, and 11 show the time difference of nine 
individual Loran-chains relative to the USNO MC. Figure 9 shows the present 
behavior of time controlled Loran-C chains. Figures 10 and 11 show the prog- 
ress of implementing the time control of a Loran-C chain. In Figure 11, the 
performance of the West Coast Loran-D chain, which was recently implemented, 
is also given. 
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For convenience some reference information on hran-C and Loran-D is 
given in Appendix B of this report. Table B-1 gives the stations of the nine 
Loran-chains , and their repetition rates. Use r s  of Loran-C are advised 
that therepetition rate for each chain has been changed from time to time since 
1970. This is done to avoid cross chain interference of the hran-C tranmis- 
sions and to identify the chains. Table B-2 gives the basic group repetition 
rates. Table B-3 gives the Loran-C group period in microseconds for basic 
and specific rates. Table B-4 gives the phase reversal coding sequence of the 
eight pulses within each group for the master and slave stations. 

USE OF UTC AND LORAN-C 

Based on the excellent performance of the clocks maintained by the national lab- 
oratories and observatories it is obvious that special facilities and supporting 
personnel are required to maintain a constant time scale in addition to an en- 
semble of highly accurate clocks. This is particularly true if the time scale is 
to be compared to another such as UTC PIE€) or TAT (BIH). Users  who have 
requirements for clock time accurate to a few microseconds or better relative 
to a national time standard such as TJTC (USNO MC) or  UTC (NBS) must use 
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Fig. 10-Performance of Individual 
Loran-C Chains Relative to U. S.  

Naval Observatory Master Clock -- 
Continued from Figure 9 

Fig. 11-Performance of Individual 
Loran-C Chains Relative to U.S. 

Naval Observatory Master Clock -- 
Continued from Figure 10 
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i the corrections provided by the national time keeping agencies. This is true 
even for precise time interval users who may correlate periodicities or  com- 
pare independent observations which were made over a long span of time. 

The daily time corrections made to the Loran-C transmission are deter- 
mined by real time measurements made by monitoring stations. In addition, 
portable clocks or satellite time transfer techniques are used to measure the 
clock differences between the monitoring stations and the USNO. From these 
clock measurements post corrections a re  occasionally generated to correct the 
Loran-C corrections. New users of precise time must pay special attention 
to the proper use of the circulars, bulletins, or announcements issued by the 
national laboratories. 

TYPICAL NASA TRACKING STATION CLOCK PERFORMANCE 

NASA Spaceflight Tracking Data Network (STDN) is equipped with cesium atomic 
frequency standards, VLF receivers, Loran-C receivers and WWV receivers. 
Each station has at least one cesium beam tube standard with automatic backup 
to a rubidium gas cell standard and a crystal oscillator standards in the event 
of a failure. Some sites have two cesium standards -- one prime and one back- 
up. Eventually, by late 1975, all sites will have two cesium standards. Each 
station also has either a dual redundant or a triple redundant majority logic time 
code genera t i i  system. The timing systems have many and varied frequency, 
pulse, and time code outputs to meet station frequency and time requirements. . ,  

i 

The station clock is rated with respect to the USNO MC via a naval communi- 
cations VLF transmission such as the VLF station NAA at Cutler, Maine. When 
it has been determined that the frequency of the station clock deviates by more 
than -+I x 1(r12 , for three months or longer, the station timing engineer is di- 
rected by the network operation engineer in charge of timing to change the clock 
frequency by an amount to minimize the deviation. A typical performance rec- 
ord is shown in Figure 12 which shows the phase difEerence between the Canary 
Island station clock relative to the USNO MC (labeled as time advance) as a 
function of time for fiscal year 1974. The phase difference measurement is 
actuallymade byusing the NAA VLF stationas the transfer frequency reference. 
When the VLFiphaue suffered a phased jump, as indicated by the crosses which 
a re  not in coincidence with the circles, the phase is corrected. If the VLF phase 
record is discontinuous, e.g. , due to propagation anomalies, the phase jump 
can often be measured and corrected as shown by the circles. If the discon- 
tinuity is due to equipment failure, the phase jump can only be estimated. Since 
a phase jump can be several cycles, the actual measured VLF phase differences 
often fa l l  outside the range of the scale *lo0 microseconds. The fact that the 
phase of a VLF signal is not continuous is a major shortcoming for time trans- 
missions. The use of dual VLF for time transmission is an approach to remove 
or  to reduce the phase jumps. 
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The station clock is synchronized via a standard time signal emission, such as 
WWV, for coarse time. The fine time is obtained via a Loran-C signal. Those 
stations which are within the range of the groundwave propagated signals at 100 
kHz, can usually maintain their clocks to *20 microseconds or better depending 
on the operation procedure and geographical location relative to a Loran4 chain. 
The curves in figures 12 through 15 represent the time difference and the circles, 
the phase difference. The least square f i t  of the phase difference of a segment of 
data is the frequency difference between the station cesium frequency standard 
and the USNO MC. Figure 13 shows the Canary Island (CYI) station clock rela- 
tive to USNO via Estartit , a slave station of the Mediterranean Sea chain. It is 
interesting to compare these frequency differences as measured via NAA (Fig- 
ure 12) and Loran-C Mediterranean Sea chain (Figure 13). The agreement is 
within 0.5  x 10-12. 

The best performance of a NASA station clock maintained to the USNO MC is 
that of the station at Merritt Island, Florida (MIL;) as shown in Figure 14. For 
the data shown it actually surpasses the performance of the Loran-C East 
Coast chain. While the East Coast chain was used as the transfer time reference, 
the fact that the frequency of the station clock was not adjusted probably 
accounts for its superior performance. 

When a NASA station is located outside the range of the groundwave propagated 
signal of a Loran-C chain such as Carnarvon in northwest Australia, the 
skywave propagated signal was used. For convenience in calculation it was 
assumed that the same mode of propagation took place for the path between the 
station and the transmitter. Figure 15 shows the station clock performance 
at Carnarvon relative to USNO MC via the 5th hop propagated from Iwo Jima 
of the Northwest Pacific Loran-C chain. It can be seen from this figure that 
the Carnarvon station clock was maintained to within 75 microseconds of 
USNO MC for the year shown. 

Although extensive analysis of the performance of the NASA's station clocks 
cannot be presented in this paper, enough evidence has been presented to the 
users for the need of the corrections to frequency or  time transfer reference 
signals if they are to be used to maintain the user's clocks. Some evidence 
was also presented to support the body of opinion that the best performance 
of a clock is achieved by fewer corrections or perturbations. 

The author wishes to express his appreciation to Mr. John K. Jones, GSFC 
Network Operation Engineer in charge of timing for implementing the computer 
data reduction and analysis of the NASA station clocks relative to USNO master 
clock and for providing the graphs to the author for publication. He also wishes 
to acknowledge the assistance of Leslie Lobe1 who plotted Figures 1 through 11 
during the summer of 1974. 

276 



0
 

c
,
 

m
 

r
l 

277 



0
 

if 

0
 

rv 
cu 

0
 

278 



i 

4 -- X
 

>
 

- I 

c 

E 

f
 

I I
.

 

1 i 



REFERENCES 

1. In a broad sense any radio frequency transmission which broadcasts time 
information may be considered as a time signal emission. In a strict 
sense only those stations which conform with the recommendations of the 
International Radio and Consultative Committee (CCIR) are considered 
as the standard frequency and time signal emissions. 

2. A. R. Chi, "A Survey Paper on Atomic Frequency Standards Used in the 
United States," NATO Conference of Experts on Electronics, Paris, 
France, Sept. 1962; also W. E. Fizell, On The Determination of Universal 
Time and The U s e  of U. S. Naval Observatory Time Service Bulletins, 
Notices, and Announcements, GSFC X-Document, X-521-70-108. 

3. G. M. R. Winkler, R. G. Hall, D. B. Percival, "The U. S. Naval 

Metrologia, 6, 4 p. p. 126-134, October 1970. 
Observatory Clock Time Reference and The Performance of a Sample 
of Atomic Clocks, 

4. H. M. Smith, "International Time and Frequency Coordination" Proc. 
IEEE 60, 5, p.p. 479-487, May 1972. 

5. J. T. Henderson, "The Foundation of Time and Frequency in Various 
Countries," Proc. IEEE, 60, 5, p.p. 487-493, May 1972. 

6. A. R. Chi and H. S. Fosque, "A Step in  Time Changes in Standard- 
Frequency and Time-Signal Broadcasts -- January, 1972" IEEE Spectrum 
9, 1, p. p. 82-86, January 1972. Also NASA Technical Note, NASA TN 
D-7065, January 1973. 

7. Private communication with J. A. Barnes of NBS. 

8. Cesium beam standards are Hewlett-Packard's models 5060, 5061A, and 
5061A with option 004 high performance cesium beam tube. Rubidium gas 
cell standards are Varian Associates' Model R-20 and Tracor Model 304D. 
Crystal oscillators are Hewlett-Packard's Model 106 and Sulzer's Model 
A5. 

280 



.., 

APPENDIX A 
U. S. NAVAL OBSERVATORY 
UASHI1IGTON. D.C. 20390 

28 AUGUST 1975 

DAILY PHASE VALUES AND TlElE OIFFERENCES SERIES 4 NO. 395 

REFERENCES: (A) TIME SERVICE INFOREUTION LETTER OF 15  AUGUST 1973 
( 8 )  TJM€ SERVICE ANNOUNCEMCNT, SERIES 9. NO. 36 (LORAN-C) 
(C) DAILY PHASE VALUKS AN0 TIME DIFFERENCES, SERIES 4, NO. 389 (LORAU-D) 
(U) DAILS PHASE VALUES AN0 TIME DIFFERCNCES, SERIES 4, NO- 195 (TV) 

THE TABLE GIVES: UTC(USHU )IC) - TRANSMITTING STATION UNIT - OllE MlCllOSECOtID 

*MEASUIlED BY USNO T I N E  REFEREtICE STATIONS bIITH111 GUOUNI) WAVE RANGE BUT CORRECTED TO 
HEFER TO UStlO ItkSTER CLOCK. 

UPEIUTlf& 011 TIlE UORTH ATLAILTIC REPETITION RATE AND FROM USfJO NEASUREflENTS. 
+*COMPUTEU FRO11 DIFFERENTIAL PHASE DATA PROVIDED I1Y THE U.S. COAST GUARD STATIOIIS 

LOIUfJ-C* LORAN-C+ LUWAN-C LOIIAN-C+* LOIUN-C*+ LOHAN-C+* 
s s 3  5 1  557 SL3 S L l  SL7 

FdEE(tJCNCY PACIFIC P h C I F I C  U.S.A. SEA SEA 
LHL (JTC) 100 100 100 100 100  100 

NOHTHUEST CENTRAL EAST COAST NOllHEG IA I I  MEDITERRANEAN HORTH 
A T U N T  I C 

AUG. 1 4  
15 
ib 
1 7  
1P 

1 Y  
20 
21  
22 
23 

chl 0 
42273 
42274 
42275 
42276 
42277 

4227Y 
42279 
42280 
42281 
42282 

42283 
42284 

62286 
42267 

w a 5  

-3.5 
-3.5 
-3.6 
-3 .5 
-3.5 

-3.b 
-3.b 

0.G -3.8 
0.5 -3.7 
0.4 -3.8 
0.4 -3.7 
0.3 -3.6 

0.3 -3.5 
0.2 -3.9 
0.2 -3.7 
0.1 -3.7 
0.0 -3.4 

-0.2 -3.7 
-0.2 -3.6 
-0.2 -3.9 
-0.3 -3.6 
4 . 3  -3.5 

-5.1 
-5.1 
-5.3 
-5.4 
-5.5 

-5.3 
-5.7 
-5.6 
-5.6 
-5.4 

-5.8 
-5.9 
-6.0 
-6 .O 
-5.9 

1.2 
1.4 
1.1 
1.3 
1.3 

1.4 
1 .2 
1 .2 
1.1 

-3.6 
-3.7 
-3 .a 

24 
25 
26 

-3.7 
-3.7 
-3.7 
-3.8 
-3 .6 

27 
2n 

LOIUN-C*+ 
SH3 

SOUTHEAST 
ASIA  

100 

-162.3 
-lGZ.b 
-162.1 
-162.5 
-162.9 

LORAN-C+ 
SH7 

fIORTH 
PACIFIC 

100  

- - - - - 

LORAN-0 6 

OMEGA ND 
10.2 

6,COO* 

527  
428 
428 
428 
428 

528 - - 
425 
426 

525 
525 
526 
426 
525 

3 
I L K  

18.6 
12,000* 

519 
589 
589 

589 
589 
589 

saa 

7 5 
5 7  

U.S.A. 
WEST COhST OMEGA ND OMEGA ND 

13.1 13.6 
6,0PO* 6,000* 

FUEUUENCY 
KHZ (UTC) 

AUG. 1 4  42273 
15  42274 
1 6  42275 
1 7  b227b 
1 8  42277 

19 52278 
20 42279 
2 1  42280 
22 42281 
23 42282 

24 42283 
25 42284 

27 42286 

IN0 

26 w z a 5  

ZY ~ 2 2 9 7  

100 

4.4 
4.3 
5.4 - - 
4.5 
C.6 
4.8 
4.7 
4.7 

- - 
5 .o 

Or8 l 2 8  
429 529 
529 529 
530 431  
430 431  

529 430 - - - - 
526 427 
426 427 

426 527 
426 427 
127  428 
427 428 
l 2 5  428 

5.1 
5.1 

1 
OtIEGA T 

13.b 
11.000+ 

b27  
62 7 
627 
52s 
628 
628 
627 

4 
GBR 

16.0 
19,000* 

2 8 bfASHIWGTON, DC 
N EA WTTG 

25.0 CHANNEL 5 
11,000* EMITTED 

- 3.9 
3.9 

E73 3.9 
073 
072 3.8 
E71  3.8 
070 - 

F IWIUENCY 
WL (UTC) 

NAA 
17.8 
3,000* 

&ID 
A N .  22 42281 

23 52282 
24 42283 
25 42284 
2 b  42285 
27 42286 
28 52287 

518  
517 
517 
517 
518 
5 1 6  
518  

224 
223 
223 
223 
224 
222 
223 
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DAILY PHASE VALUES ANI) TIME OIFFEIKNCES SERIES 4, NU. 395 (CONTINUED) 

NATl OIIAL TELEV I S I ON NETIIORKS 
1JBC f1RC C BS CBS ARC ABC 

1Y:25:00 UT 1 9 : 3 1 : 0 0  UT 19:26:0C UT 1 9 : 3 2 : 0 0  UT 1 9 : 2 7 : 0 0  UT 19:33:CO UT 
I U D  

9 , 2 3 8 . 8  2 , 2 1 6 . 3  
2, 1 2 2 8 2  7 . 2 9 2 . 7  3 , 2 1 5 . 1  23 ,U88.8  1 6 , 0 6 6 . 1  2 5 , 5 3 2 . 4  1 8 , 5 @ 9 . 9  
24 1 2 2 6 3  1 0 , 5 1 4 . 9  3 , 4 9 2 . 3  2 9 , 8 3 2 . 3  2 2 , 7 9 2  .5 26, ! )78 .6  19,62C.O 
25 4 2 2 8 4  2 , 4 5 2 . 0  2 8 , 6 5 9 . 2  2 2 , 2 4 0 . 1  1 5 , 2 1 9 . 4  1 0 , 6 5 2 . 7  3,1&93.6 

27  4 2 2 8 6  2 4 . 1 5 0 . 0  1 7 , 4 2 6 . 6  2 1 , 5 8 8 . 1  1 4 , 3 6 3 . 4  2 2 , 4 4 8 . 5  15,S2S.O 
2U 42287 1 1 , 0 0 8 . 6  4 0 6 . 2  4 , 2 7 7 . 1  3Ci l i21 .0  5 , 3 7 5 . 3  3 1 , 7 1 9 . 5  

AUG. 22  4 2 2 8 1  2 7 , 2 7 1 . 2  2 0 , 2 4 8 . 6  6, 6 3 1 . 2  3 3 . 1 7 5 . 2  

26  1 2 2 8 5  2 0 , 6 5 6 . 2  1 , 1 2 6 . 1  5 , 1 3 1 . 0  - 6 , 1 5  4 - 5  - 

NOTES: 

(1)  PROPAGATION 1)ISTURIlANCES WERE [)BSERVEI) WEAR THE FOLLOWING Tl f lES: 
2 3  AUG. 1 1 3 5 / 3  
2k AUG. l 4 3 0 / 3  
27 AUG. l S 5 5 / 3  
28 AUG. 1 6 5 5 / 4 .  

( 2 )  1IAVY STATION OFF-AIR TIMES: 
NBA 25 AUG. 1 1 2 7  TO 1 1 2 8  I jT 

1 4 3 3  TO 1 4 3 4  UT 
1 9 1 0  TO 1 9 1 2  UT 

( 3 )  (St133 SOUTHEAST ASIA LORAN-C 
1 2  [*Uti. - 1 6 1 . 5  
1 3  AUG. - 1 6 0 . 5  

( 4 )  (SL3-b0 NORWEGIAN SEA LOIIAN-C SLAVE SYLT, GEHMANY WAS OFF THE A I R  0 9 5 0  
TO 1 3 1 7  UT 27 AUG. 

( 5 )  (S1-X) CENTIUL PACIFIC LORAN-C SLAVE UPOLU POINT, HAWAII I S  SCHEDULED TO BE OFF 

1 SEP. AND FIVE-Mlt lUTE PERIODS DAILY AT 1 7 3 0 ,  2 2 0 0 ,  2300,  0200,  AND 0130 UT 
THE A l l t  1 7 3 0  TO 0 1 3 0  UT DAILY COW4ENCING 1 7 3 0  UT 27 AUG. AND ENDING 0 4 3 0  UT 

COt.lMENCING 1 7 3 0  UT 1 SEP. AND ENDING 0435 UT 1 5  SEP. 

(b) (SS3-14) NORTtIWEST PACIFIC LORAII-C NASTER 1\10 JtMA I S  SCHEDULfD TO IiE OFF THE A I R  
U130 TO OS30 UT 2 9  AiJG. 

( 7 )  ( S S 7 )  EAST COAST LORAN-C CHAIN I S  SCHEDULED TO BE DECREASED I N  FREQUENCY BY 

( U )  (SL7)  NORTH ATLANTIC LORAN-C C14AlN I S  SCHEDULED TO BE IIECREASED I N  FREQUENCY BY 

( 9 )  OMCGA S T A T I O M  OFF-AIR TIMES: 

APPROXIMATELY 8.0 PARTS I N  T E I  TO THE THIRTEENTH AT 16UO UT L SEP. 

APPROXIMATELY 1 .0  PART 111 TEN TO THE TWELFTH AT 1 6 0 0  UT 6 SEP. 

NORTH DAKOTA 2 4  AUG. 0502 TO 0 5 0 4  UT 
0 5 2 6  TO 0 5 3 5  UT 
0611 TO 0 6 4 3  UT 
2217 TO 2 2 2 0  UT 

2 5  AUG. 0 4 3 5  TO 0 1 3 7  UT 
0 4 5 2  TO 0 4 5 1  UT 
0 5 1 3  TO 0 5 1 5  UT 
0802 TO 0 8 4 4  UT 
0 9 2 1  TO 0 9 2 3  UT 
0929 TO 0 9 3 1  UT 
0 9 4 8  TO 0 9 5 0  UT 
1 0 1 8  TO 1050 UT 
1 2 5 7  TO 1 2 5 9  UT 
1 4 1 8  TO 1 4 2 0  UT 

1 8 1 7  TO 1819 UT 
1 9 1 8  TO 1919 UT 

1 7 1 0  TO 1 7 1 2  UT 

T R I f I I  DAD 2 8  AUG. ABOUT 1005 TO 1 0 1 5  UT 

I. '> 
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Circular n. 26 

DATE 
MARCH 
1974 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12  
13 
14  
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
2E 
29 
30 
31 

I. J.D.  

42107 
8 
9 

10 
11 
12 
13 
14 
75 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

IEN - Istituto Elettroteenico Nazionale - Turin (Italy) 
YLF, LF AND LORAN S SIGNALS RECEIVED AT IEN 

REFEREXCE: HP 5061 P. Cesiw Staxlard 

microseconds 
UTC(Ii3N) - SISliIikL 

N U  
kHz 17.8 
UT 1400 

9 ,ooo+ 
891.0 
891 .O 
887.0 
885.0 
886.0 
685.5 - 
888.0 
891 .o 
888.0 
8E8.0 
887.5 
8E8.0 

889.0 
8 9 . 0  
889.0 
890 .O 

8ag.o 

895.0 
893.0 
893 0 
892.0 
8% .O 
891 .o 
893.0 
890.0 
890.0 
890.0 
891.0 
E90.0 
891.5 

CBR 
16.0 
1400 

9,000+ 

934.5 
994.0 
992.5 
992.0 

992.0 

994.0 
S(rA.0 
993.5 
994.0 
395.5 
996.0 
996.0 
996.0 
995.5 
996.0 
996.0 
996.0 
996.5 
996.5 
997.0 
996.0 
997.5 
997.0 
997.0 
997.0 
997.0 
997.0 
997.0 
497.5 

992.0 
- 

KSF 
6C.0 
1400 

1 ,ooo+ 
671.5 
689.0 

655.0 
625.0 

624.5 
593 -0 
609.0 
609.0 
592.0 
579.0 
579.0 
579 - 0 
545 

673.0 
675.0 

- 

561 .o 
526.0 
513.0 
482.0 
447.0 
430 -0' 
448.0 
449.5 
450.0 
418.0 
400.0 
385.0 
369.0 
385.0 
365.0 

ESTARTIT 
100.0 
1400 

+9.4 
+9.5 
+9.6 

+9. 
e10.2 

+9.9 
+9.5 
+9.9 
+9.9 

+10.0 
+10.0 
+lo. 1 
+lo. t 
+lo.; 
+10.2 
+10.2 
410.1 
+lo. 1 
+lo. 1 
+lo. 1 
+10.2 
+lo. 2 
+10.2 
+10.3 
+10.2 
+?O. 1 
+10.2 
+10.3 

'9.8 

+10.3 - 
NATIONAL RESEARCH 

LORAN C 

DATE UJD 

740724 42252 
740725 42253 
740726 42254 
740727 42255 
740721 42256 
740729 42257 
7b0730 42258 
740731 42259 
7401P1 42260 
740802 42261 

COUNCIL, OTTAWA, CANADA 

YEASUREHENTS 

UTC(NRC1-LORAN C 
I 1  CROSECONDS 

1-40 
1.33 
1.21 
1.25 
1.29 
1.32 
1.27 
1.09 
0.99 
0.91 

THE M O V E  VALUES OF UTC(NRC)-LORAN C REFER 10 EUlSS lON 
TIMES FROY THE MASTER STATION AT CAPE FEAR AT 0O:OO UT. 
THE SIGNAL FROM THE NANTUCKET STATION IS MEASURED AT 

LINEAR INTERPOLATIONS BETWEEN ADJACENT YEASUREUENTS. 

ON A PORTABLE CLOCK COUPARISDN UAOE ON MAY 21, 1974. 
T H I S  CORRECTION IS ASSUM'EO CONSTANT. 

i5:oo UT ON WEEKDAYS owr, AND THE ABOVE VALUES ARE ALL 

PROPAGATION AND RECEIVER OELAY M)RHECTIONS ARE BASED 

SYLT 
100.0 
1400 

+7.0 
+7.2 

+7.2 
+7.4 
+7.0 

+7.7 
+8.2 

- 

- - - - - - - - - - - 
+7.8 
+7.5 
+7.2 
+6.9 
+6.9 
+6.7 
+6.8 
+6.9 
+7.0 
+7.0 - 

THE-TIHL-SCALE.UTCINRC)-I CEASED ON TWICE-WEEKLY 
CALIBRATIONS OF AN HP CLOCK ENSEMBLE I N  TERUS OF CS 111 .  
THE 2.1 METRE NRC PRIHARY CESIUU BEAU FREQUENCY STANDARD. 
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APPENDIX B 

Table B-1 

LORAN-C DATA SHEETS 

GENERAL SPECIFICATIONS AND NOTES 

The latitude, longitude, and baseline lengths listed herein were furnished by the 
Defense Mapping Agency, Hydrographic Center and are based upon Mercury 
Datum 1960 - Center of Mass (CM). Appropriate geodetic satellite shifts have 
been added to relate these coordinates to the center of the earth. 

The following parameters were used in the computations. 

a. Signal propagation: Use the velocity of light in free space as 2.997942 x 
lo8 meters/sec. and an index of refraction of 1.000338 at the surface for stand- 
ard atmosphere. 

b. Phase of the groundwave: A s  described in NBS Circular 573. 

c. Conductivity: Sigma = 5.0 mhos/meter (seawater), Baseline electrical 
distance computations were made assuming a smooth, all seawater transmission 
path between stations. 

d. Permittivity of the earth, esu: e2 = 80 for seawater 

e. Altitude in meters: h, = 0 

f. Parameter associated with the vertical lapse of the permittivity of the 

g. Frequency = lOOkHz 

h. Fischer Spheroid (1960): 

atmosphere: a = 0.75 . 

equatorial radius (a) = 6,378,166.000 meters 

polar radius (b) = 6,356,784.283 meters 

flattening (f) = (a-b)/a = 1j298.3 

Inquiries pertaining to the LORAN-C system should be addressed to: 

C O m d m t  (GWAN-3) 
U.S. Coast Guard 
400 Seventh Street, S.W. 
Washington, D.C., 20590 

NOTE 1. Monitor station and/or antenna physically relocated. Positions given 
on old Data Sheets no longer valid. System control established using correlated 
numbers. 
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ORIGINAL PAGE 56 
OF POOR QUALIm 

U. S. Naval Observatory 
Washington. D. C. 20390 

Table B-li 

Daily Phase Values Series 4 17 October 1973 

LORAN-D Transmissions No. 350 

Experimental transmissions of precise time a r e  available in the western part of the United States via the 
LORAN-D system. These transmissions are compatible with LORAN-C timing receivers. TOC tables and 
computed propagation time delays between user monitoring stations and any of the transmitting stations can 
be obtained from USNO. 

The chain operates with a repetition rate of 49,300 microseconds. Coordinates and total emission delays are: 

Glendale, Nevada (M) 36' 41' 17'!6 N, 114O 38' 39'13 W ON TOC 
Palmdale, California (SA) 34' 32' 40'1 5 N, 117' 51' 17'12 W 12,255.0 Microsec. 
Middlegate, Nevada (SB) 39' 17' 08'12 N, 118' 00' 53'19 W 24.380.0 Microsec. 
Little Mountain, Utah (SC) 41° 14' 46'13 N, 112O 13' 25'14 W 36,830.0 Microsec. 

Effective 23 a t .  1973 the transmission schedule of the master station (M) will be 1800 to 0200 UT seven 
days a week and of the slave stations (SA, SB, SC) will be 2000 to 2400 UT seven day8 a week. Any changes 
in transmission schedule will be announced in Series 4. 

U. S. Naval Observatory 
Washington, D.C. 20390 

1 7  July 1974 

No. 389 

Daily Phase Values and Time Differences Series 4 

The coordinates and total emission delays of the west coast U. S. A. LORAN-D stations are as follows: 

Master Lake Meade Awc, Nellis AFB, Nv 36' 14' 57'1296N 114O 58' 57'!459W ON TOC 
A Slave Pearblossom, Ca 34' 32' 40'!453N 117O 51' 17'1220W 12,077.30 gs  
B Slave Fallon. Nv 39' 31' 00'!402N 118' 54' 48'! 054W 24,675.14 p s  
C Slave Little Mountain, Ut 41' 14' 46'!924N 112' 13' 25'!413W 37,019.61 ps 
Monitor China Lake NWC, Ca 35' 41' 14'13931 117O 45' 16'1168W 

The chain is maintained on time to the UTC time scale every day between the hours of 1900 and 2300 UT. 

For more details see time service announcement Series 9, No. 86, of 19 Jul. 1974. 
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Table B-2 

LORAN-C Basic Group Repetition Rates and Periods 

Basic 
Designat or 

ss 
SL 

SH 

S 

L 

H 

J 

Rate 
(PPS) 

10 

12-1/2 

16-2/3 

20 

25 

33-1/3 

Corresponding Period 
for Specific Rate 0 

( w - 3  

100,000 

80,000 

60,000 

50,000 

40,000 

30.000 

Specific 
Rate 

0 

1 

2 

3 

4 

5 

6 

7 

Table B-3 

LORAN-C Group Repetition Periods for Specific Rates 

Basic Repetition Rate Iusec) 

ss 

100,000 

99,900 

99,800 

99,700 

99,600 

99,500 

99,400 

99,300 

SL I SH 

80,000 

79,900 

79,800 

79, 'io0 

79,600 

79,500 

79,400 

79,300 

60,000 

59,900 

59,800 

59,700 

59,600 

59,500 

59,400 

59,300 

50,000 

49.900 

49,800 

49,700 

49,600 

49,500 

49,400 

49,300 

40,000 

39.900 

39,800 

39,700 

39,600 

39,500 

39,400 

39,300 

30,000 

29,900 

29,800 

29,700 

29,600 

29,500 

29;400 

29,300 

Table B-4 

LORAN-C Pulse Coding for Master and Slave Stations 

I I 
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APPENDIX C 

REVISION OF UTC 

A s  Adopted by The 13th Plenary Assembly of 
The International Radio Consultative Committee (CCIR) in 1974 

(Excerpted from CCIR Recommendation 460-l-effective date January 1, 1975) 

ANNEX I 

TIME SCALES 

A. Universal Time (UT) 

In applications in which an imprecision of a few hundredths of a second can- 
not be tolerated, it is necessary to specify the form of UT which should be used: 

UT0 is the mean solar time of the prime meridian obtained from direct 
astronomical observation; 

UT1 is UT0 corrected for the effects of small movements of the Earth rel- 
ative to the axis of rotation (polar variation); 

UT2 is UT1 corrected for the effects of a small seasonal fluctuation in the 
rate of rotation of the Earth; 

UT1 is used in this document, since it corresponds directly with the aagu- 
lar position of the Earth around its axis of diurnal rotation. GMT 
may be regarded as the general equivalent of UT. 

B. International Atomic Time (TAI) 

The international reference scale of atomic time (TAI), based on the sec- 
ond (SI), as realized at sea level, is formed by the Bureau International de 
1'Heure (BIH) on the basis of clock data supplied by cooperating establishments. 
It is in the form of a continuous scale, e.g. , in days, hours, minutes and sec- 
onds from the origin 1 January 1958 (adopted by the C.G. P. M. 1971). 

C. Coordinated Universal Time (UTC) 

UTC is the time-scale maintained by the BIH which forms the basis of 
a coordinated dissemination of standard frequencies and time signals. It 
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corresponds exactly in rate with (TAI) but differs from it by an integral 
number of seconds. 

The UTC scale is adjusted by the insertion or deletion of seconds (positive 
or  negative leap-seconds) to ensure approximate agreement with UT1. 

D. DUTl - 
The value of the predicted difference UT1-UTC, as disseminated with the 

time signals is denoted DUT1; thus DUTl = UT1 - UTC. DUTl may be regarded 
as a correction to be added to UTC to obtain a better approximation to UT1. 

The values of DUTl are given by the BIH in integral multiples of 0.1 s. 

The following operational rules apply: 

1. Tolerances 

1.1 The magnitude of DUTl should not exceed 0.8 s. 

1.2 The departure of UTC from UT1 should not exceed *O. 9 s. * 

1.3 The deviation of fUTC plus DUT1) from UT1 should not exceed 
*0.1 s. 

2. Leap seconds 

2.1  A positive or  negative leap second should be the last second of a 
UTC month, but first preference should be given to the end of 
December and June, and second preference to the end of March 
and September. 

2.2 A positive leap second begins at 23h 5gm60S and ends at Oh Om Os 
of the first day of the following month. In the case of a negative 
leap second, 23h 59m 
Oh Om Os of the first day of the following month. (See Annex III. ) 

will be followed one second later by 

2 .3  The BIH should decide upon and announce the introduction of a 
leap second, such an announcement to be made at least eight 
weeks in advance. 

*The difference between the maximum value of DUTl and the maximum departure of UTC from UTI 
represents the allowable deviation of (UTC + DUTl) from UTI and is a safeguard for the BIH against 
unpredictable changes in the rate rotation of the Earth. 
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3. Value of DUTl 

3.1 The BIH is requested to decide upon the value of DUTl and its 
date of introduction and to circulate this information one month 
in advance. * 

3.2 Administrations and organizations should use the BIH value of 
DUTl for standard-frequency and time-signal emissions, and are 
requested to circulate the information as widely as possible in 
periodicals, bulletins, etc . 

3.3 Where DUTl is disseminated by code, the code should be in ac- 
cordance with the following principles (except 8 3.5 below): 

-the magnitude of DUTl is specified by the number of emphasized 
second markers and the sign of DUTl is specified by the posi- 
tion of the emphasized second markers with respect to the min- 
ute marker. The absence of emphasized markers indicates 
DUTl = 0;  

-the coded information should be emitted after each identified 
minute. 

Full details of the code are  given in Annex II, 

3.4 Alternatively, DUTl may be given by voice or in Morse Code. 

3.5 DUTl information primarily designed for, and used with, auto- 
matic decoding equipment may follow a different code but should 
be emitted after each identified minute. 

3.6 In addition, UT1-UTC may be given to the same or higher pre- 
cision by other means, for example, in Morse Code or  voice, by 
messages associated with maritime bulletins, weather forecasts, 
etc. ; announcements of forthcoming leap-seconds may also be 
made by these methods. 

3.7 The BIH is requested to continue to publish, in arrears,  defini- 
tive values of the differences UT1-UTC, UT2-UTC. 

*In exceptional cases of sudden change in the rate of rotation of the Earth, the BIH may issue a correction 
not later than two weeks in advance of the date of its introduction. 
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ANNEX II 

CODE FOR THE TRANSMISSION OF DUTl 

A positive value of DUTl will be indicated by emphasizing a number (n) of 
consecutive second markers following the minute marker from second markers 
one to second marker (n) inclusive; (n) being an integer from 1 to 8 inclusive. 

DUTl = (n x 0.1)s 

A negative value of DUTl will be indicated by emphasizing a number (m) of 
consecutive second markers following the minute marker from second marker 
nine to second marker (8 + m) inclusive; (m) being an integer from 1 to 8 
inclusive. 

DUTl = -(m x 0.1)s 

A zero value of DUTl will be indicated by the absence of emphasized sec- 
ond markers. 

The appropriate second markers may be emphasized, for example, by 
lengthening, doubling, splitting, or tone modulation of the normal second 
markers. J 
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QUESTION AND ANSWER PENOD 

MR. DOHERTY: 

I wanted to ask, on that first  series of slides, what was the reference? Was it 
the average of all of the various standards? How various standards deviate. 
What was the base? 

MR. CHI: 

The base is B M  minus the different laboratories. 

M R  DOHERTY: 

I wanted to mention one other thing I forgot in connection with the history of 
Loran and that was that the first timing measurements were made on the Atlan- 
tic Missile range about 1960. When I went through the history of it, I forgot to 
mention it. They were made by taking two receivers down to the Atlantic Missile 
Range and showing that one locked, say, on Jupiter and one on the master could 
compare with one another within about a microsecond at that time down as far 
as the Ascension Island. 

f M R  ALLAN: 

On that last slide I wonder if we might have that reshown. This is data received 
in Australia, correct? 

M R  CHI: 

Right. 

MR. ALLAN: 

On the slide, it seemed evident that there was some granulation in the data-you 
could see some lines parallel to the lines that you had drawn, (I wasn't sure 
what the vertical scale was). If the scale was about right it could be cycle am- 
biguity and that is one of the real problems with cycle identification because you 
could see some definite granulation lines that could perhaps seep into that. 

MR. CHI: 

Agreed. 
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M R  ALLAN: 

Is that an explanation, I'm not sure. 

You've got to remember this is long-term data processed through the computer 
as they are received. The intent is to show that if you do not do anything, you 
should be able to achieve about 75 microseconds. 

MR. ALLAN: 

You can see some lines. 

M R  CHI: 

The circles are time measurements, the crosses are frequency measurements. 
Now, I did not take the p a i d  to point it out, I only mentioned that using the 
Loran-C you could measure both frequency and time. But if you do measure 
frequency from the phase measurement, sometimes in order for us to do it prop- 
erly, we've really had to do some pushing around; that is, move the points. 

M R  ALLAN: 

All those points are not time measurements then. 
,l 

m. CHI: 
That's correct. 

MR. ALLAN: 

That's hard to interpret. 

MR.. CHI: 

I agree. I apologize. 

D R  WINKLER: 

Would it be possible to have your second, third and fourth slides again, quickly? 

I think they're interesting and warrant further discussion because a question can 
be raised whether the procedures as used by the U. S. Coast Guard and the Naval 
Observatory in cooperation, are the best procedures. 

3 01 



E you look at the U.S. Naval Observatory over these 1,000 days or 900 days in- 
terval, there was one adjustment in this whole thing, one deliberate adjustment 
and it was on 1 May 1973. That's at the point when the slope reached zero. 

i 

The slope was left deliberately at zero in order to bring the time scale intoagree- 
ment with the BIH which was not the case when the first adjustment was made at 
the transition point from old UTC to new UTC. At this point, as many of you re- 
member, they made an adjustment of, what was it, some large number and the 
answer was I believe 760 microseconds and many more microseconds; 106,760- 
something like that. 

A residual was left and our policy, in general, is to make as few deliberate 
changes of frequency as possible-to maintain as uniform an operation as 
possible. 

In a system going through several levels of inter-comparison, such changes 
generates waves. If you intercompare two distant clocks which supposedly have 
to be kept in synchronization but which get their synchronization information 
through different branches, these waves can produce sizeable errors. There- 
fore, our fundamental policy is to make as few changes as possible. 

We see our mission in producing as uniform a reference scale as humanly pos- 
sible. That's the reason why we have some 24 clocks in our own system and 
use any information we can get, in addition, to check the performance. So in 
all of this period there has been only one adjustment, and now the questioncomes 
up what is going to happen next? We have two conflicting goals to follow. One 
is to stay as close to the BIH as is possible: the other one is not to make any 
deliberate frequency changes if we can avoid it. I foresee that we will go through 
a period of hesitation because of some of the recent events which I alluded to 
yesterday, have caused some uncertainty in our links across the Atlantic and 
between the various Loran-C chains, and some more portable clock visits will 
be necessary and we want to wait for the resumption of satellite timing and sim- 
ilar things like that. So there is going to be a period of uncertainty, 

The next slide please. Well, there's nothing much to be said about it other tban 
you see an obvious attempt by all of the National time and service systems, and 
laboratories to cluster around zero-to be as close to the BIH as is possible 
which is certainly a very convenient thing to be. Some don't think it is necessary 
to do much better than maybe 20 microseconds; 5 microseconds or 10 microsee- 
onds may be a practical limit to which one may allow an offset in any national 
reference clock. 

Y 
r" 

Next slide, please. I must take this opportunity to commend the Coast Guard 
for doing an absolutely outstanding job in keeping these chains on frequency. 
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What you see here must be interpreted properly. You are lookingat three years 
of data and these variations which you seem to see in reality are very long pieces 
of very uniform performance of each of these chains. 

The question is, how often do you want to agree with the Coast Guard and us to 
make a deliberate frequency change which is announced in advance in Series 4 
and how often do you want to introduce a step. Also one should add that an im- 
provement in operation is done by equipping the master station with microphase 
steppers which allow a very accurate and reproduceable frequency change which 
may obviate the need for time steps altogether in the future. 

But I wanted to say that what you've seen here, may in reality be the worst way 
of looking at an otherwise wonderful performance. Also, the West Coast Loran 
is quite another subject. Here considerable uncertainly existed for a while and 
it was our policy, as long as it was not an operational chain, to let it run freely 
and only make an adjustment after all the information was in. That's the reason 
for the relatively long delay before making the adjustment. But to sum it all up, 
I think that since the Loran chains operate for very extensive periods, this very 
reliable frequency, extremely reliable frequency, indeed better than almost 
every other monitoring station which we know. It is not necessary to introduce 
deliberate frequency changes, only at the frequency of once every three or four 
months , and they always are announced in advance. 

1 
3 
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LORAN-C EXPANSION: IMPACT ON PRECISE TIME/TIME INTERVAL 

John F. Roeber, Jr., USCG Headquarters 

ABSTRACT 

On 16 May 1974, the Secretary of Transportation 
and Commandant of the Coast Guard announced tha t  
Loran-C had been chosen as the  navigation system 
t o  serve the U. S. Coastal Confluence Zone. A t  
the  present t i m e ,  r e l i ab le  CONUS Loran-C ground- 
wave timing coverage extends westward only about 
as f a r  as Boulder, CO. This paper i l l u s t r a t e s  
the groundwave hyperbolic and timing coverage 
which w i l l  r e su l t  from the planned CONUS expansion. 
Time frames are provided. 
While not d i r ec t ly  re la ted  t o  the subject of the  
paper, a s t a t u s  report  on the planned reduction 
i n  Loran-C PTTI tolerances is  presented. 

INTRODUCTION 

After several years of theore t ica l  and p rac t i ca l  evaluations of several  
navigation systems (Loran-A, Lorm-C , Decca, and Different ia l  Omega) , 
t h e  U. S. Coast Guard recommended to  the Department of Transportation 
(DOT) t h a t  a s ingle  navigation system, Loran-C, could bes t  serve the 
disparate  navigation/positioning needs i n  the  U. S .  Coastal Confluence 
Zone (CCZ). The Secretary of Transportation subsequently approved the 
recommendation and, with the support of the Office of Telecommunication 
Policy and General Accounting Office, announced the choice on 16 May 
1974. 
t o  cover a l l  of the  CCZ. 

> 

Follow-on announcements have described the expansion necessary 

LORAN-C EXPANSION 

Figure 1 illustrates the  exis t ing Loran-C hyperbolic coverage i n  the  
CCZ. Notice t h a t  i n  Figure 1 the range limits are established f o r  a 
receiver t ha t  requires a signal-to-noise r a t i o  (SNR) of a t  least -10dB 
in  order t o  acquire the  Loran4  signals.  While t h i s  is a l imit ing fac- 
t o r  with the  new, low-cost, civil-use receivers,  it is not fo r  a timing 
receiver. I n  timing receiver applications,  of course, i t  is  a l so  not 
necessary t o  receive more than one s ta t ion .  Figure 2 is  a projection 
of the groundwave timing coverage currently available i n  the U. S.  
t h i s  case the  range limits are based on my personal experience. 
sume tha t  signal acquis i t ion is  accomplished by identifying the  Loran-C 

I n  
I as- 

Preceding page blank 
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Figure 1. Existing U.S. CCZ Loran-C Hyperbolic Coverage 

pulses v isua l ly  on an oscilloscope. 
sumed t o  be accomplished through the use of the Signal Strobe of an 
Austron 2000-C receiver t o  draw out the pulse. 
short ,  give conservative range limits when compared with ranges avail-  
able through the use of a synchronous f i l t e r ,  o r  knowledge of t i m e  
and various delays t o  b e t t e r  than 5 microseconds so t ha t  s igna l  ac- 
qu is i t ion  and cycle ident i f ica t ion  can take place without "seeing" the  
signal. Figure 3 i l l u s t r a t e s  the  approximate locations of the CONUS 
Loran-C s ta t ions  a f t e r  the  expansion is completed. The s t a t ions  are 
arranged i n  seven chains (including the  exis t ing North Pac i f ic  Chain). 
Again, t he  coverage sham is hyperbolic coverage f o r  a civil-use re- 
ceiver. 
of the implementation, the  U. S. West Coast Chain, w a s  funded t h i s  f i s -  
cal year (FP). The next two chains t o  the North, the Northwest U. S. 
and Gulf of Alaska chains w e r e  o r ig ina l ly  scheduled for completion i n  
late 1977, but due t o  the  programmed completion of t he  Trans-Alaska 
Pipeline, the  on-air date  fo r  a l l  three of these chains was set as 1 
January 1977 (assuming orderly approval of funds f o r  the  other two 
chains). 

Third-cycle ident i f ica t ion  is  as- 

These assumptions, i n  

Figure 4 is a schedule fo r  the -implementation. The f i r s t  s tage 

One of the  new chains, the Cape Race/Caribou/Nantucket chain, shown on 
Figure 3, is not necessarily pa r t  of the expansion program. 
additional funds are required t o  implement t h i s  chain other than the 
additional operating and maintenance expenses, and s ince  it provides 
excelleut coverage f n  a prime f i sh ing  area, such an operational chain 
may be established. 

Since no 
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Figure 2. Existing U.S. Loran-C Groundwave Timing Coverage 

Figure 3. Proposed U.S. CCZ Loran-C Hyperbolic Coverage 

CONUS TIMING COVERAGE EXPANDED 

Figure 5 i l l u s t r a t e s  the  timing coverage t o  be expected upon completion 
of the  Laran-C CONUS expansion. 
quirements to time any o€ the  new chains. 
the plans outlined i n  the  following discussion are not f ina l .  

There are a t  present no spec i f ic  re- 
As a r e s u l t ,  Figure 5 ,  and 
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AREA 

WEST COAST 

- DATE 

1 lANUARY 1977 

EULF OF ALASKA 1 JANUARY 1977 

fAEl COASl REEO1FICURAIIOW 1 JULY 1971 

EREAT LAKES 1 fEanuAni igao 

Figure 4. Implementation Schedule For CONUS Loran-C Expansion 

Figure 5.  Proposed U.S. Loran-C Groundwave Timing Coverage 

The bas is  f o r  the timing coverage is that a l l  points i n  CONUS m u s t  be 
within groundwave range of a t  least one s t a t ion  of a timed chain. 
Coast Guard def in i t ion  of a timed chain is  a chain tha t  has a specified 
t i m e  tolerance with respect t o  UTC(USN0). As can be  seen from Figure 5 ,  
t h i s  basic  timing c r i t e r ion  is  m e t  if only three of the  CONUS chains are 
timed ( E a s t  Coast, West Coast, and North Pacif ic) .  This would allow the  
use of a frequency o f f se t  i n  the other chains with attendant advantages 
i n  minimizing cross rate interference.  These untimed chains could s t i l l  

The 
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be  used t o  transfer t i m e  between two points  t ha t  are both within the  
coverage area of any one chain. 
absolute sense i f  a su i t ab le  N u l l  Ephemeris Table w e r e  developed. 

I n  addition, they could be used i n  the  

LORAN REPLACEMENT EQUIPMENT 

While the  expansion of Loran-C under the  National Implementation Plan 
(NIP) is the  Loran-C program receiving the most publ ic i ty ,  there is  an- 
other  program with less dramatic, bu t  still real impact on PTTI. 
program is  the  Loran Improvement Program (LIP). 

This 

The f i r s t  major s tep  i n  modernizing the  Loran-C ground s t a t i o n  equip- 
ment w a s  the  development of the AN/FPN-54 (COLAC) timer a t  the U. s. 
Coast Guard Electronics Engineering Center (EECEN) i n  1969-1970. An 
improvement i n  the  operational performance of COLAC-equipped s t a t ions  
was  demonstrated i n  the  period 1971-1972. This improvement was  direct-  
l y  a t t r ibu ted  t o  the  COLAC’s sol id-s ta te  c i r cu i t ry ,  modular maintenance 
philosophy, and operator oriented design. After noting the success of . 
COLAC and rea l iz ing  t h e  extent  and possible consequences of t he  remain- 
ing  Loran-C problems, an ambitious ground s t a t i o n  equipment improvement 
program was  i n i t i a t e d  a t  EECEN during ea r ly  1973. 
t h i s  program w a s  t o  improve the Loran-C chain operational performance 
while simultaneously reducing the  personnel manning levels and equip- 
m e n t  costs.  Basically t h i s  program consisted of t he  development of a 
sol id-s ta te  Loran Replacement Equipment (LE)  package which would re- 
place the  older  generation timers and low signal-level pulse generat- 
ing equipment and, i n  addition, modify t h e  ex is t ing  Loran-C transm5.t- 
ters . 

The general goal of 

L ( 7 )  
Figure 6 .  Loran Replacement Equipment 
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The LRE performs the  bas ic  Loran-C signal generation i n  a more precise ,  
s table ,  r e l i ab le ,  and control lable  manner than was  possible with the  
older generation equipment. 
LRE configuration. 
LRE package is  presented herein. 

Frequency Standard System. 

Figure 6 is a block diagram of a typica l  
A description of t he  major un i t s  which comprise the 

(Figure 7) This unit  provides the 5 MHz 
and 1 MHz t i m e  base frequencies t o  the remaining LRE. 
stepper and phase s h i f t e r s  allow for  precise  correction of the cesium 
5-MHz outputs. 
ing of the  three cesium outputs. 

The phase micro- 

Two linear phase recorders provide continuous monitor- 

AN/FPN-54 Loran-C Timer. The COLAC replaces t h e  timing functions of 
The COLAC i s  a so l id-s ta te  t i m e  gen- the AN/FPN-38, 41, and 46 timers. 

erator  whose basic  function is  t o  provide the s igna ls  necessary t o  dr ive 
the transmitters. More spec i f ica l ly ,  the  COLAC provides the  accurate 
and r e l i a b l e  timing waveforms which control  the t i m e  of emission of the  
radiated Loran-C pulses. 

Transmitter Control S e t  (TCS). The TCS replaces ex is t ing  Transmit- 
ter Control Groups. 
generation of a standard Loran-C pulse shape, monitoring the  pulse amp- 
l i tude ,  and automatically switching transmitters i n  the  event of a 
transmitter f a i lu re .  
t ions are: 

The functions performed by the  TCS are aiding i n  

The TCS equipment units and t h e i r  primary func- 

(a) Pulse Generator (PGEN): Develops a t ransmit ter  driving wave- 
form (TDW) from the  timing s igna ls  received from the  COLAC. The TDW is 
shaped within the PGEN t o  insure tha t  the  transmitter rad ia tes  a stand- 
ard pulse shape with proper phase code and droop charac te r i s t ics .  

(b) Transmitter Automatic Controller (TAC): Automatically 
switches t ransmit ters  i n  the event of a f a i l u r e  of the operate trans- 
m i t t e r .  
signal and the  ava i l ab i l i t y  of the transmitter dr ive waveform. 
allows f o r  manual switch of transmitters. 

The TAC performs t h i s  function by monitoring the on-air Loran-C 
It a l so  

(c) Electrical Pulse Analyzer (EPA): Provides a capabi l i ty  f o r  
precise and,unambiguous measurements of Loran-C pulse shape and ampli- 
tude. By appropriate programming, via front  panel switches, the follow- 
ing measurements may be made: 
amplitude of half-cycle peaks (1 - 19) within the f irst  pulse, and enve- 
lope-to-cycle difference (ECD) of the first pulse. A l l  measurements are 
displayed on a f ron t  panel d i g i t a l  meter and provided a t  a rear panel 
connector i n  e i t h e r  analog o r  BCD form. 
a reference envelope waveform which is  used i n  conjunction with an os- 
ciloscope and the  operate PGEN t o  permit pulse analysis  t o  be 
accomplished. 

amplitide of pulse peak f o r  any pulse, 

In  addition, t he  EPA generates 
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Auxiliary Rack. 
following functions: 

The Auxiliary Rack contains uni t s  which perform the 

(a) Status Alarm Unit (SAU): Provides a centralized alarm node 
and display posit ion f o r  a l l  LRE alarm indications.  In  addition, the SAU 
monitors alarms f o r  other important parameters ( f a i lu re  of 5 MHz, exces- 
s ive  ECD fluctuations,  etc.)  which a f f ec t  the a b i l i t y  of the s t a t ion  t o  
s tay on-air i n  tolerance (Figure 8 ) .  

O? XMTR O? OP 
osc 0 FAIL TIMER 0 sc 

FAIL ERROR OFF AIR FAIL ----- 
LCD 

ERROR 

FIRE 
W A R E  

STDBY 
0 sc 
FAIL 

(b) Remote Control Interface (RCI): The RCI presently being 
ins ta l led  with the LRE permits  the following commands to  be entered: lo- 
c a l  phase adjustments (LPA), s t a r t  and s top blink, and call watch. The 
CALL WATCH command act ivates  the audio alarms of the SAU t o  awaken the 
s t a t ion  watchstander i n  the event of an emergency. The RCI-2, presently 
under development, w i l l  expand the RCI capabi l i t i es ,  and permit a remote 
computer t o  control the LRE and perform a l l  of the control and log- 
keeping functions f o r  a Loran-C chain. 

(c) Austron 2000-C Timing Receiver: Replaces the monitoring 
function of the older generation timers a t  secondary s ta t ions .  A s t a t ion  
"control number" i s  generated by comparing the receiver sampling s t robe , 
tracking the  master s t a t ion ,  t o  the 1/2 Group Repetition Rate (1/2 GRR) 
generated i n  the COLAC at  the  secondary s ta t ion .  

RELIABILITY ANI) MAINTAINABILITY 

One LRE design goal w a s  t o  improve the r e l i a b i l i t y  of the Loran-C 
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ground s t a t i o n  equipment, and hence the system operational perfonn- 
ance, 
sign of the LRe uni t s  and overa l l  system. 

Improved equipment r e l i a b i l i t y  was achieved through careful  de- 

Rel iabi l i ty .  The LRE w a s  designed using high qua l i ty  sol id-s ta te  
components. The printed c i r c u i t  modules w e r e  conservatively designed, 
insuring t h a t  a l l  components functioned at  f a r  below maximum ra t ings  
during normal operation. These e f f o r t s  contribute t o  a very high Mean 
Time Between Fai lure  (MIIBF) f o r  the  LRE uni t s ,  and thus to  the high 
r e l i a b i l i t y  of the Loran-C system. For example, under normal circum- 
stances, there  i s  no need t o  switch from the operate t o  the standby 
t i m e r s .  This is i n  contrast  t o  the Operation of the  older generation 
timers with weekly switches t o  perform preventative maintenance. 

The complete LRE package is presently in s t a l l ed  at LORSTA's Nantucket, 
Dana, Jupi te r ,  and Estartit. Daily message reports on the performance 
of the U. S. E a s t  Coast Chain s t a t ions  so equipped w e r e  evaluated a t  
Coast Guard Headquarters. The overal l  performance of these s t a t ions  
f o r  the period July 1973 through September 1974 is i l l u s t r a t e d  i n  
Table I. 

TABLE I UNUSABLE TINE BEFORE LRE VS AFTER LRE 

BEFORE L l E  INSIALLATIBN AFTER L l E  I IS1ALLAlIBI  PElCEll 

REBUCIIBN I [miet ts )  [mi i i te t j  

Ll l lSlA 1971 1972 1973 AVERACE 1974 UNUSABLE WE 

IUrllER 889 506 623 673 317 52.9 

lAlllC8fl 530 479 991 667 231 65.4 

IAN1 858 367 716 647 336 48.1 

1BIAL 2,277 1,352 2,330 1,986 884 55.5 

Table I. Stat ion Rel iab i l i ty  Before and After LRE Ins t a l l a t ion  

Maintainability. U s e  of the complete LRE package has s ign i f icant ly  . 
reduced the required maintenance. Table I1 i l l u s t r a t e s  the Loran-C 
equipment maintenance (excluding tha t  f o r  transmitters) required a t  
LORSTA'S Dana and Nantucket f o r  pertods before and a f t e r  LRE ins ta l -  
l a t i on  * 
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W R E  LRE AFTER LRE tERtEIl 
AVERAGE RE8YCTIOI  Ill 

1971,1972, AND 1973 1974 YAII?lEIAICE 

LIRSTA (birrs) (Nrtc 11 [hrrrs) [Mitt 11 EFFORT 

WAITIICKE? 717 81 8 9.8 4r, 

8ANA 077 35 96.4% 

? U A L  93.7% 

W1f 1. INFORMAl ION 1AKEN fROM LORSTAS REPORT OF LORAN S l A l l o N  OICRAl ION A N D  EUClRONKS f N 5 I N I R I N O  LC5-11WI. 

MARCH WRU OClOBER FOR YEARS INDICAIED. 

N O l E  1 TRANSMlIlER MAlNlENANCE NO7 INCLUDED IN 1HIS TABULAMON. 

Table 11. Stat ion Maintenance-man-hours Before and After LRE 

ALL GHAIN LORAN-C TIME SYNCHRONIZATION 

A report  on t h i s  program w a s  presented a t  the 1973 PTTI Planning Meeting 
by LCDR Sherman. 
since tha t  t i m e  save fo r  an unfortunate delay of almost a year. 
delay w a s  caused by personnel shortages (witness the absence of LCDR 
Sherman a t  t h i s  year’s meeting) and procurement delays. A l l  of the 
required equipment is now i n  the procurement process, and i n  f ac t ,  most 
of the equipment has been delivered t o  our laboratory. The project t o  
assemble the  equipment i n  a rack, p r i n t  su i tab le  technical manuals, and 
ship the equipment t o  the s t a t ions  has been in i t i a t ed .  W e  expect the 
f i r s t  equipment to  be i n  the f i e l d  i n  the Spring of 1975. I n  the mean- 
t i m e ,  the  Coast Guard, with the cooperation of the  U. s. Naval Observa- 
tory, is  attempting t o  maintain the values for ( UTC(USN0)-Loran-C ) 
within 5 microseconds for the timed chains. This w i l l  of course be 
much easier t o  accomplish when the equipment is i n  the f i e l d  t o  make 
the publishdd values independent of clock t r ip s .  

No signif icant  changes have occurred i n  the program 
This 

My thanks t o  LCDR G. R. Goodman and LT R. P. O s w i t t  f o r  the information 
on the LRE. 
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QUESTION AND ANSWER PEIUOD 

MR. DOHERTY: 

I wanted to correct any misimpression that I gave on ground wave signal at 
Boulder. First of all, we get strong ground waves from Dana. Also i n  
that slide I was referring to the Carolina Beach master station and my comments 
were that the visible signal that you saw on the slide was sky wave, it was not 
ground wave. However, we do measure ground waves from Carolina Beach too. 

LCDR, ROEBER 

I have been trying to keep my range on it very conservative. 

M R  DOHERTY: 

Yes, I'm sure your ranges are very conservative. 

LCDR. ROEBER: 

Where a signal would be visible, where it could be acquired from looking at the 
oscilloscope. 

MR. DOHERTY: 

Right. We do not have a visible ground wave there but we definitely have meas- 
urable ground wave at Boulder. 

MR. OSBORN: 

f have a continuing question on what is the position on installing precision timers 
throughout both the East and the West Coast chains? It is my understanding that 
up until rather recently you had not had cesium beam frequency standards in this, 

LCDR. ROEBER: 

That's not true. We always planned on cesium beam frequency standards in the 
Weat Coast. 

MR. OSBORN: 

And you have them on the East Coast, too? 
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LCDR. ROEBER: 

The question is whether it has been timed or not, and there are various defini- 
tions of time. To my own personal definition and because of my temporary po- 
sition, I guess the Coast Guard position on what a timed chain is, is one that 
has a tolerance with respect to UTC (VSNO) and at the moment there is no re- 
quirement to maintain any such tolerance on any of the new chains. 

MR. COGTAIN. 

I would say I have no feeling of nationality in seeing these stations encroaching 
on Canadian territory. I'm very, very pleased to see it. I hope that they will 
be timed. In fact, they've relieved one of my worries in short how we could 
meet what I can see as a potential requirement for microsecond timing at the 
major airports. 

LCDR. ROEBER: 

Well, one thing to note, I showed those stations as untimed. Keep in mind that's 
untimed by my definition, meaning there is no tolerance with respect to the 
Naval Observatory. These chains could still be used for relative transfers be- 
tween two points that are within range of the same chain. They could be used 
in an absolute sense if somebody wanted to develop a Null ephemeres that took 
intentional frequency offset into account. 

MR. LIEBERMAN: 

Ted Lieberman, NAVE LEX. 

I was wondering which of your chains had improved timing in the last year or 
so? 

LCDR. ROEBER: 

I meant to cover that. Here's OMEGA'S chance to get back at us again. A paper 
was given last year at tbis conference by Lieutenant Commander Sherman, 
covering our plans €or improving the timing capability or the monitoring capa- 
bility, more than anything else, at the hran-C trallsmitting station. I believe 
he probably gave a prognosis of the time that would take place. It hasn't. 

One of the major reasons is personnel problems-personnel shortage. Witness 
the absence of Lieutenant Commander Sherman this year. Another problem is 
procurement cycles. Basically none of them have the equipment which will  
allaw us to monitor the transmitting stations better and hence, to my mind even 
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though some of the graphs shown in Andy Chi's paper showed that the tolerance 
is 25 microseconds, recently, at least for the most part, we have been keeping 
the chains within 5 microseconds. 

I don't think we can guarantee this until we have the approved monitoring capa- 
bility and one of the major contributions to this would be, first of all, finishing 
the project which is at the radio station-our laboratory at the radio station right 
now here in Washington. To get the equipment into the field and secondly, satel- 
lite time transfer. 

One of the biggest problems right now in reducing the tolerance and maintaining 
the tolerance of 5 microseconds is the necessity for clock trips and the inevita- 
bility that one week after the clock trip, the operating standard at the station con- 
cerned changes frequency. 

Then your extrapolation is off for another three months till your next clock trip. 
I think satellite time transfers plus getting the equipment into the field are nec- 
essary. I would estimate the first equipment, intended to go to Okinawa, will 
be in the spring of next year,,, but that really won't improve things until such time 
that we have satellite time transfers and can do away with, o r  at least lessen, 
the number of required clock trips. 

DR. WINKLER: 

You mentioned the problem of cross chain interference and the possibility of re- 
ducing it by deliberately offsetting frequency. Is there any information available 
to the merits of this procedure as compared to exact timing relationship? I 
should say exact without offset, where the timing relationship can be used to gate 
out the interfering signals, which is easier if you do not offset your own chain. 

LCDR. ROEBER: 

Well, we have not examined that. It is certainly true that if you have an exact 
time relationship development of a cross rate blanker is easier. Unfortunately 
anything, including making a new rate structure, that has cost or complexity, 
adds complexity to a user's receiver and is looked upon with jaundice eye by the 
user. 

However, simple development of a cross rate blanker under those circumstances 
would add cost to the user and we must first look at potential solutions that will 
not add costs to the user's black box. We don't really even have hard data on the 
improvement in cross rate interference. If we do put in a frequency offset, we 
have the reverse situation. We have what happened to the cross rate interference 
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problem when we stopped phase tracking o r  phase locking our secondary stations 
and started using cesium stations. 

In addition to the cross rate interference problem, we also got into greater syn- 
chronous interference problems after the first of January, '72 when the UTC off- 
set was eliminated. In effect we do have some data on what happens when we in- 
stitute an intentional frequency offset but not on what happens in the case you de- 
scribed, sir. 

DR. WINKLER: 

There is, of course, the additonal problem that by destroying the easy or, let's 
say, the simple phase relationship between different rates, you also will  prevent 
the utilization of stations from different chains which is now possible in the rho- 
rlio mode. 

LCDR. ROEBER: 

You don't destroy that capability; you make it more complex. 

MR. PICKETT: 

Bob Pickett, Vandenburg A i r  Force Base, California. 

What's the chance that you can be presumed upon to bring these stations up as 
they're built rather than waiting for the whole chain? Particularly, could you 
be so kind as to bring the three California stations up before 19771 

LCDR. ROEBER: 

I sort of mentioned it. Perhaps there is some scepticism on my part of our abil- 
ity to meet this schedule-never mind bringing the stations up before January 1, 
1977. 
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GROUND EFFECTS ON LORAN-C SIGNALS 

D. C. Pearce and J. W. Walker 
Communications/Automatic Data Processing Laboratory 

U. S. Army Electronics Command 

ABSTRACT 

In conjunction with the test and evaluation 
of the position fixing capabilities of the 
Army Manpack Loran Receiver AN/PSN-6, an 
extensive series of time difference and 
signal amplitude measurements were made 
within a 100 km map grid square encompassing 
Fort Monmouth, New Jersey. The test loca- 
tion is within the coverage area of the East 
Coast Loran-C Chain. The data were used to 
develop a simple "smooth-earth" model for 
the test area as well as to estimate the 
magnitude and distributions of deviations 
from this model. Local propagation pro- 
cesses associated with topographic features 
and the grid of overhead wires in the test 
area are shown to contribute to the devia- 
tions from the model. 

INTRODUCTION 

As part of a broad program to develop a capability for navi- 
gation and position fixing, the Army is in the process of 
developing a manpack loran receiver. The position fixing 
function of the receiver is to provide a real time display 
of either the loran time difference coordinates or the geo- 
detic coordinates of the receiver position. This conversion 
between the time difference and geodetic coordinate systems 
is accomplished by a small computer within the receiver. 
The research described here was designed to provide a data 
base for development of simple conversion algorithms as well 
as to provide an error budget for the resulting conversion. 
Since a fundamental variable of a loran system is the prop- 
agation time of the 100 kHz signal and since the manpack 
loran receiver is designed to operate on the ground, the 
present research was planned to provide information on 
ground wave propagation at the surface of the earth. These 
propagation results are the subject of this paper. 
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BACKGROUND 

The fundamental equation describing the functional relation- 
ship between a loran time difference and the loran chain 
parameters is 

TD(P) =[IDS - Dm)/C] + ED, 

where TD(P) is 
D is the great 
t8 the point P, 

the loran time d 
circle distance 
Dm is the great 

i .fference 
from the 
circle d i  

at a field point P, 
slave transmitter 
stance from the 

master transmitter to the point P, C is the propagation 
velocity of the loran signal, and ED is the emission delay, 
that is the sum of the propagation time from the master to 
the slave transmitter and the coding delay introduced at 
the slave station. [See Footnote (a).] 

The non-constant propagation velocity,which varies with 
the density and amplitude of terrain features and the 
electrical properties of the overland path,severely limits 
the utility of Eq. (1) for time difference estimation. On 
the other hand, the ground wave propagation velocity over 
sea water is a well-known quantity,so Eq. (1) is very use- 
ful for this application. A complete knowledge of the 
propagation velocity for all propagation paths is necessary 
for rigorous use of Eq. (1). This procedure requires an 
extremely large volume of data and clearly is not practical 
for a manpack loran receiver. This fact furnished the im- 
petus for the development of simplified coordinate conver- 
sion algorithms. In essence, the approach was to develop 
a simple local conversion model based on calibration and 
to investigate the accuracy characteristics of that model. 
The reader is referred to the work of Johler [l] and to the 
references cited therein for details on the complete treat- 
ment of overland loran propagation. 

EXPERIMENTAL PROCEDURE 

The test area in New Jersey is the 100 km square, 18T WV 
of the Universal Transverse Mercator Map System. A spec- 
ially equipped four-wheel drive mobile unit was used during 
data acquisition. Present instrumentation includes 2 mili- 
tary loran receivers, a timing receiver system with rubid- 
ium standard, and ancillary items including printers, 
oscilloscopes, and power supplies. The military receivers 
used roof-mounted whip antennas whereas the timing receiver 
used a rotatable roof-mounted loop antenna. 
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The calibration procedure is relatively simple, namely to 
obtain time difference readings at sites of known geodetic 
control. 
approximately 100 time difference measurements were made 
with each receiver at each site. These measured values 
were then averaged to provide a time difference for each 
site. To eliminate separate site surveys, easily identifi- 
able topographic locations, such as road intersections, 
were used for geodetic control. Coordinates of all sites 
were determined from 7.5 minute USGS topographic maps. 
Criteria for site selection were positive identification, 
freedom from strong electromagnetic scatterers, and access- 
ibility with the mobile unit. In general, the absence of 
power lines was the most difficult criterion to meet. Sev- 
eral of the sites were at geodetic bench marks which pro- 
vided a higher order geodetic control. 

To obtain estimates of loran receiver performance; 

The distribution of calibration sites is shown in Fig. 1. 
The numbers shown in this figure are primarily for site 
identification purposes, but are also related to the time 
of calibration. Data at sites identified with numbers less 
than 1000 were obtained in December 1972, whereas those 
with identifiers greater than 1000 were obtained in July 
1973. This latter study was designed to give an increased 
calibration density within a 60 km square located in the 
SE corner of the primary test area. In addition, the ab- 
sence of nearby power lines was of extreme importance. It 
is estimated that for these locations, there were no wires 
within one kilometer of the site. For the December 1972 
measurements there were no wires within 300 meters of a 
site. This consideration of the proximity of overhead 
wires led to the classification of first and second order 
TD data, as indicated in Fig. 1. 

In October 1973, the timing receiver was used to obtain 
field strength information at the sites with identifiers 
less than 1000. Time difference measurements were also ob- 
tained to check the repeatability of earlier measurements. 

A study of the absolute phase variations of the Loran-C 
transmissions was initiated in October 1974. The sites for 
a ray path to the SS7-Y, Nantucket transmitter are desig- 
nated as phase track points in Fig. 1. All measurements 
were made relative to the reference point 1480 in Fig. 1. 
This point is approximately 1 km from the coast. The other 
sites are at approximately 10 km intervals along the ray 
path. The experimental procedure was to initialize at the 
reference point, make phase measurements at other sites, 
and then close the traverse at the reference site. Each 
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Fig. 1. Map o f  New Jersey Showing Locations o f  Loran-C 
Time Difference and Phase Data Measurements. 
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series of measurements required from 6 to 8 hours. Closing 
the traverse at the reference site provided an estimate of 
the frequency offset of the rubidium standard. 

The test area is a segment of the coastal plain which is 
essentially devoid of pronounced terrain features and con- 
ductivity discontinuities. 
tions of the loran signals were expected from these sources. 

ANALYTICAL PROCEDURE 

Thus no significant perturba- 

The model adopted for data analysis is a modification of 
Eq. (1). The underlying assumption for this model is that 
for modest coverage areas, a constant overland propagation 
velocity will provide a useful approximation. The equation 
is: 

TD(P) = (ED + a> + B ( D  S - Dm) + €(eS, em). 

In this expression, c1 and B are arbitrary parameters to be 
determined by least squares analysis of the measured data. 
The correction function, E(eS,em), is to account for sea 
water paths at a bearing angle 6 from the slave and master 
transmitters to the field point. This function is included 
to account for the significant difference between ground 
wave propagation velocity over land azd over sea water. 
The parameter c1 can be interpreted as an average time dif- 
ference offset characteristic of the test area. The parame 
ter B can be interpreted as the reciprocal of the local 
propagation velocity. However, in view of the simplicity 
of the model and the statistical method of analysis; strict 
physical interpretation of these parameters should be ap- 
proached with caution. [See Footnote (b).] 

For data processing, the variables DS and Dm were calculated 
using the method of Sodano and Robinson [ 2 ]  for the Clarke 
1866 spheroid [ 3 ] .  

The correction €(es,em) was constructed from tabulated 
functions of the sea water path length as a function of 
bearing angle from the Nantucket and Carolina Beach trans- 
mitters. The sea water path functions were prepared from 
maps in increments of 5* in the bearing angle. The path 
length for intermediate bearing angles was determined by 
linear interpolation. The sea water path length functions 
are shown in Figs. 2 and 3 for the Carolina Beach and 
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Fig. 2. SS7-Y (Nantucket) Sea Water Path vs. Bearing Angle. 
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Fig. 3. Master (Carolina Beach) Seawater Path vs. Bearing Angle. 
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Nantucket transmissions. 
tion procedure, the error associated with path length de- 
termination will be greatest for bearing angles greater 
than 2 5 O  for the Carolina Beach transmission. For this 
reason, all points with Carolina Beach bearing angles 
greater than 25' were not considered in the data analysis. 
This selection process left 61 calibration sites within 
the 100 km square. 

The correction function is 

In view of the simple interpola- 

In this expression, LS(Bs) is the sea water path length at 
a bearing angle B S  from the slave transmitter and Lm(em) is 
the sea water path length at a bearing angle Bm from the 
master transmitter, k = [(l/C,) - (l/Cs)] where Ck is the 
ground wave propagation velocity over land and Cs is the 
ground wave propagation velocity over sea water. The 
values used for these constants are: (l/C,) = 3.3416 ps/km 
and (l/Cs) = 3.3384 ps/km. 
value 0.0032 ps/km. 
the tables of Johler and Berry [ 4 ] .  
estimated from calibration of a geologically similar area 
in North Carolina where no sea water correction was required 

Thus the constant k has the 
The value of Cs was obtained from 

The value of CR was 

ANALYTICAL RESULTS 

As discussed previously, the data processing was designed 
to give the parameters c1 and 13 for the Nantucket and Dana 
slave configurations by the method of least squares. To 
evaluate the effect of coverage area size, the data were 
treated in two sets. One set included the total of 61 
points. The second set included the points within a 60 km 
square in the SE corner of the 100 km square. 

The analytical results are shown in Tables I and 11. Also 
shown are the RMS deviations of the least squares fit for 
each data set. 
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TABLE I. STATISTICAL PARAMETERS FOR 100 km SQUARE 
(61 Data Points) 

I Transmission 01 B RMS Deviation I Pair for Set 

ss7-Y 0.85 3.346 0.33 I ss7-z -0.19 3.339 0 . 3 3  

TABLE 11 .  STATISTICAL PARAMETERS FOR 60 km SQUARE 
(30 Data Points) 

RMS Deviation 
for Set 

ff B 
’ Transmission 

Pair 

An estimate of the experimental uncertainties was obtained 
by statistical analysis of the data acquired at each site. 
This procedure yielded an average value of 0.15 us attrib- 
utable to instrumental jitter. In addition, it has been 
estimated that the use-of topographic maps introduces a 
location uncertainty of the order of 20 meters. For the 
test area, this corresponds to a time difference error of 
about 0.1 vs. Therefore, experimental processes are esti- 
mated to contribute an uncertainty of the order of 0.18 US. 

The distribution of the magnitude of the time difference 
deviations is shown in Figs, 4 and 5 for the Nantucket- 
Carolina Beach (SS7-Y) and the Dana-Carolina Beach (SS7-Z) 
configurations, respectively. The solid curves are the 
normal distributions corresponding to the standard devia- 
tions calculated for each slave configuration. The areal 
distribution of the time difference deviations for each 
slave configuration is shown in Figs. 6 and 7. 

The results of the field strength study of October 1973 are 
shown in the contour plots of Figs. 8 and 9 for the Nan- 
tucket and Dana transmissions, respectively. The contour 
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Fig. 5.  SS7-2 Time Difference Deviation Magnitude Distr ibut ion.  
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Fig. 6. Map Showing SS7-Y Time Difference 
Deviations from Theoretical Model 
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Fig. 7. Map Showing SS7-Z Time Difference 
Deviations from Theoretical Model 
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Fig. 8. Map Showing SS7-Y Field Strength Distribution. 

Fig. 9. Map Showing SS7-Z Field Strength Distribution. 
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values are the output voltage of the amplitude strobe of 
the timing receiver when tracking the third cycle crossover 
with an input attenuation of 40 dB. The indicated conver- 
sion constant of 46 pv/m/volt was estimated from the an- 
tenna characteristics to provide a corresponding approxi- 
mate value of the field strength. 

The phase of the Nantucket transmission relative to the 
reference point as a function of the distance from the 
transmitter is shown in Fig. 10. The plotted points are 
an average of measurements on six different days. Thedevi- 
ations of these measurements from a least squares fitted 
straight line are shown in Fig. 11. The experimental re- 
sults have been corrected for loran chain variations from 
data furnished by the United States Coast Guard. The error 
bars in Fig. 11 represent typical uncertainty estimates 
arising from rubidium standard frequency offset. 

DISCUSSION AND CONCLUSIONS 

The simplified mathematical model presented provides a 
reasonably accurate description for a small segment of the 
coverage area, namely the 100 km square area. The observed 
magnitude of the deviations from the model are randomly 
distributed. Specific parameters of the model are sensitive 
to the size of the coverage area. In view of the simplicity 
of the model, strict interpretation of the parameters in 
terms of propagation properties is not possible. For exam- 
ple, the value of the parameter B for the SS7-Z slave shown 
in Table I ( 3 . 3 3 9  ps/km) is essentially the value expected 
for an all sea water path. [See Footnote (c).] 

The time difference deviations and field strengths exhibit 
a pronounced areal variation. Furthermore, the contours 
of both variables exhibit a preferred orientation in a 
NE-SW direction. Figure 12 shows salient topographic and 
geological features of the test area. These features also 
exhibit a preferred orientation in a NE-SW direction. Con- 
sequently, there appears to be some correlation between 
contour orientation and the topographic and geological 
features. 

The standard deviations of the time difference data are 
0 . 3 3  and 0.22 ps for the 100 km square and the 60 km square, 
respectively. These values exceed the 0.18 us estimated to 
arise from experimental sources. Clearly the results for 
the smaller test area are in better agreement with the 
theoretical model than are the results for the larger test 
area. The criterion for proximity of nearby overhead wires 
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also influences the deviations from the theoretical model. 
Although the time difference data does not allow a defini- 
tive separation of the contributions of area size and prox- 
imity of overhead wires, both factors, as well as previ- 
ously discussed topographic effects, appear to contribute 
to the deviations from the idealized model. 

Fig. 12. Map of New Jersey Showing Salient 
Topographic and Geologic Features. 

Preliminary measurements of absolute phase along a ray path 
from the Nantucket transmitter across the 100 km test area, 
yielded a linear variation of phase with distance from the 
transmitter. The least squares slope is 3.352 ps/km, with 
a standard deviation of 0.3 us. These observations are 
considered to be consistent with the time difference meas- 
urements for the 100 km square. Since this particular ray 
path is located in a region of nearly constant conductivity 
and is devoid of terrain irregularities, it is assumed that 
the major contribution to the observed deviations arises 
from scattering associated with overhead wires. 
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These results are of importance to the position fixing 
accuracy of ground-deployed loran receivers. 
tributed time difference deviations of the order of 0.3 vs 
from an idealized model have been observed. This study 
suggests that scattering associated with topographic fea- 
tures as well as from man-made sources such as overhead 
wires contribute to the deviations. The results yield a 
realistic standard deviation of position location accuracy 
of the order of 60 meters. 

Randomly dis- 
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Additional Backrrround. 1nforma.tion 

(a) The assumption of identical propagation velocities 
over the paths Ds and Dm is implicit in Eq. (1). 

(b) The interpretation of B as the reciprocal of a local 
propagation velocity is valid only to the extent that 
the propagation velocities over the paths Ds and Dm 
are identical. 

(c) Furthermore, a change in the parameter a of 4 us for 
two fits of the same area is devoid of physical sig- 
nificance. This behavior is related to the fact that 
Ds and Dm are large quantities so that in the least 
squares process, small variations in the parameter B 
are compensated for,by large variations in the parame- 
ter a. Additional physical constraints as discussed 
by Doherty [SI are necessary for a realistic physical 
interpretation of a statistical model. 

[SI Doherty, R. H., (1972). A Loran-C grid calibration 
and prediction method, OT/TRER 25 (Supt. of Docu- 
ments, U. S, Government Printing Office, Washing- 
ton, D. C. 20402). 
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QUESTION AND ANSWER PERIOD 

LCDR. POTTS: 

What period of the day were these measurements made? Were they all about 
the same time during the day? Different days ? 

DR. PEARCE: 

Not really. It's the question of utilizing a full day to make a full set of measure- 
ments, We get one stage and keep going, and keep going, and then as soon as 
we get back, by dark. There was a night day. 

LCDR. POTTS: 

Well, my question's related to the fact that in past studies we%e observed strong 
temporal correlation, as Bob Doherty well knows, and I wonder whether this had 
an influence on your readings ? 

DR. PEARCE: 

No, as I say, these are  very preliminary. I haven't checked it, but it seems to 
me that it was done at a very short period of time. I can't remember any es- 
sentially serious changes in the general condition, like weather fronts for in- 
stance, or things like this that might enter into it. 

LCDR. POTTS: 

Have you removed any adjustments that the station made, during the period you 
were making these observations? 

DR. PEARCE: 

No, no. This is essentially the data averaged. We visited each maybe four 
times. A criteria like this may be on four different days, but not tbat far apart 
in time and in the course of the experiment I don't recall anybody making any 
comments about it. There was nothing obvious as far a8 adjustments and so forth 
were concerned. 

LCDR. POTTS: 

Well, the point is you wouldn't be notified of the small adjustments which are 
necessary to retain synchronization? 
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DR. PEARCE: 

No, that's right. 

VOICE: 

These are on the order of multiples of 20 nanoseconds but it can be large as 190 
nanoseconds at one time. 

DR. PEARCE: 

Right. This has all got to be checked out. As I said this is just preliminary. 
The thing that disturbed us is actually the magnitude of it. 

MR. DOHERTY: 

The magnitude of it is surprising. That is 9 points and you say that is more than 
one single reading at each point. 

DR, PEARCE: 

Oh, yes. We've been doing it and doing it again. So there is repeatability there, 
right. The error  bars essentially are that you do a certain station right near 
the beginning or  the end. W e  tried to do it so we do a little bit to take care of 
the offset in case it isn't quite what we think it is. 

i 

MR. DOHERTY: 

You only have error  bars on two of the nine. 

DR. PEARCE: 

That's right. I've only worked out two. 

MR, DOHERTY: 

But you think they're typical. 

DR. PEARCE: 

That is correct. These numbers are consistent with the specifications that we 
have for this particular unit, too, as far as fractions of microseconds per hours. 
It meets the specifications and it's been tuned up against the cesium. 
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MR. DOHERTY: 

This would be a very nice path to do a prediction on. 

DR. MUELLER: 

One question, I guess, is related to the fact that according to Mr. PutJrovich's 
chart definition o r  classification, there are microsecond people and millisecond 
people and so forth. I consider myself a meter person. 

Therefore I have some difficulty converting microseconds and especially micro- 
volts per meters into some metric quantity. So my question is a simple one. 
Let's assume that you take your model for computing the ground wave effect 
and we take the given equipment and we set it up on one of the Coast and Geo- 
detic benchmarks. How close can you get in position in meters, or  in feet if 
you wish? 

DR. PEARCE: 

Well, for this area 60 meters standard deviation. 

DR. MUELLER: 

Sixty meters standard deviation, a sixty meter difference? 

DR. PEARCE: 

No, that's from a data set, averaged over. Because some of those points were 
geodetic benchmarks. 

DR. MUELLER: 

And my second question is, taking not just the receiver but the whole system 
that you ne& for real time positioning, what is your estimate of the cost of 
such a system? 

DR. PEARCE: 

You're addressing a problem that is much more important than the technical 
features of this at the present time. At the present time it looks like it's runn- 
ing around $15,000 for the complete package: receiver, readout, time difference, 
geodetic coordinates, and we11 even throw a battexy in for that. But one of the 
problems is it's too much, That is a nontechnical feature of this program, 
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QUESTION ANI) ANSWER PERIOD 

MR. DOHERTY: 

I wanted to make a little addition. Dr. Winkler started pressing me on this 
nanosecond system and how can you do it. So I wanted to mention a little bit 
more. 

In the first place, we are doing an analysis on the differential loran experiment 
that was carried aut on the East Coast summer of '73. The analysis there sug- 
gests that ten to 20 nanoseconds capability exists between two stations. When 
we started looking much more closely at, why isn't it there continuously, we 
discovered the primary reason was that the 10 to 20 nanoseconds capability is 
not there at all times. This is because there are variations that occur at the 
transmitting stations in excess of this. 

In the summertime, we were not able to find any propagation effects that were 
anywhere near as large as the variations that occurred within the chain. This 
suggests that an improvement in the chain could give you the type of nanosecond 
type timing o r  naviation. I should say navigation. With timing, you get into 
another problem, that is you've got to know your system. There should be an 
R in there, which is the receiver constant which then gets into the people 
problem. 

Now the people problem I very much appreciate. I wanted to mention that we are 
presently doing a calibration of the Fort Hood chain down in Texas. It's a new 
Loran-C type chain and it's been recently installed dawn at Fort Hood, Texas 
and installed with a new concept. And that is that the transmitting stations are 
completely unmanned. 

They are put in. They are turned on and they are left on-they're unmanned. 
As far as we've been able to determine to date, we seem to be getting our nano- 
second type resolutions from this chain. Now, it's too early to say that this is 
definitely the case and it's too early to say you can get by with an unmanned 
chaia continuously and it's far too early to say you can use Loran-C type powers 
with that concept. I want to give due credit to the Coast Guard in that I know 
that they paid for the work that developed the chain down at Fort Hood. It was 
sold to Megaparts but the Coast Guard hired-paid Megaparts to develop the 
transmitters that are actudlly being used at Fort Hood. But it looks as though 
this may be a very valid concept and I think it's one well worth considering. 

The Fort Hood chain can be controlled by telephone data link, So from the mon- 
itoring station you can put in corrections but our experience has been that if 
maybe you can put in a slight shift once a day that it tracks within the order of 
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a nanosecond through a day. Now we can't say over the time period that these 
people were talking about on their slides here today, because we've only got a 
few weeks worth of operation. 

DR. MUELLER: 

I'd just like to make one comment, I guess, on the question which came up sev- 
eral times this afternoon in different contexts. ont3 was the comment of Dr. 
Winkler on Mr. Chi's slide which showed the differences between UTC (USNO) 
and the BIH and later the differences between the bran-C transmissions and 
the UTC (USETO). And I guess the question also has some implications on the 
timing requirements that could be imposed on the bran-C network, 

The problem from the user's point of view, and I'm a user for those of you who 
don't know, is merely a question of being able to use the time signal as it comes 
or whether you have to apply some corrections to it. An analogy can be shown 
here of what happens, for example, in the use of UTC transmissions just lately. 
In the past, the difference between transmitted UTC and UT1, (UT1 is the time 
the user is interested in) was kept within, something like 50 milliseconds or so 
and if the Earth's rotation changed in such a way that the deviation from UTC 
was more than say, 50 milliseconds, a one-tenth of a second step adjustment 
was recommended by the BIH, together with some phase adjustment which 
changed the slope. 

At that time, most geologists were satisfied with the time signal as it came, 
We didn't have to apply corrections to it, At  some time a decision was made 
that the slope, the phase adjustment, should be eliminated and the step adjust- 
ment should be made in one second steps. Now the maximum deviation between 
UT1 and UTC may be as much as 0.8 of a second and this is, of course, 
unacceptable. 

The geologist has to go to various fables published by the Naval Observatory 
and/or by the BIH to apply corrections to get DTl, which is fine. Of course, 
we think geologists are well educated and can make simple corrections like that, 
especially if somebody makes these corrections available. But the point is once 
you have made corrections, it doesn't make any difference how many of these 
numbers you have to add together. So as far as we are concerned, there is no 
advantage really for us in that Dr. Winkler made only a single adjusknent in 
his UTC over that three year period, because if you would have made ten ad- 
justment& that simply whould have meant that we have another number to add 
to our corrections to get back to some kind of reference, 

But that's not the point. The point really is that the important requirement here 
is the realization and the continuation of very high accuracy monitoring systems. 



So that the difference between the different systems could be made available to 
the users who then can correct their observations to the proper reference. 

So, for example, if the Loran-C, if in the Loran-C network, the oscillators 
would not be phase adjusted and step adjusted as frequently as  they a re  now or 
if in the future networks make no requirement whatsoever would be imposed on 
these stations to be set up, but the Naval Observatory still could let us know 
how big these differences are. 

All right. We could live with that, that's really the only real requirement, be- 
sides monitoring and the continuous frequent distribution of the corrections. 
The rest is convenient-not a requirement. 

DR. REDER: 

I have a question on the advisability of making clock adjustments of people who 
are participating in the BlH time scale. Why did you do i t?  Are you pulling 
your own shoestrings ? No ? 

DR. WINKLER: 

This is an extremely crucial point. 

The input into the BIH comes from individual clocks. No adjustments. Theo- 
retically, yes. The Naval Observatory master clock is one which is steered to 
coincide with a coordinated time scale and there is an essential difference be- 
tween these. Now I repeat what I said. The individual clocks which provide in- 
put to the BIH, and there a re  at the moment I believe some 60 individual clocks, 
are supposed to be, I underline that five times, without adjustments. 

I 
i 

It is known, I know, that it is not true in all cases, but you must consider this 
really as a problem which is beyond discussion here. 

DR. REDER: 

Your individual clocks which are used in the BIH case, are not adjusted. 

DR. WINKLER: 

They're not adjusted. The measurements given to the BIH every ten days are  
clock readings against a Loran reading and of course by the chain of Loran and 
so eventually the BTH uses these individual clocks. 
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DR. REDER: 

Now how do you adjust your master clock? Is that only on paper ? 

No. We, of course, want to provide a time scale which is better than any in- 
dividual clock, In order to do that, we must adjust an arbitrary clock. In fact, 
it's not an adjustment of that clock; it's a phase adjustment of a clock's output, 
and we have in fact three clocks driven from one and the same frequency stand- 
ard, and there are several such systems available. 

So that is a clock where the individual variations of the driving frequency stan- 
dard are  taken out. You must look at that adjustment as a compensation for the 
long-term variations of the driving frequency standard. 

DR. REDER: 

So your master clock is not the average of those individual clocks which partic- 
ipate in the BIH? 

DR. WINKLER: 

Not necessarily. In fact, the two systems have only loose connections, but it is 
our attempt to provide a time reference tick, a one pulse per second, which is 
both as uniform as possible and in the long run does not deviate very much from 
BIH because there are additional consideration to what Prof. Mueller just said. 

J 

In fact we have a written requirement from the U. S. Coast Guard to minimize 
these changes in frequencies. The requirement was sent to us from your office 
two or  three years ago. To minimize the number of even these intentional long- 
term changes to plus o r  minus one part in That's the level of the coordi- 
nation offset. Anyone who is concerned about that kind of precision of plus or 
minus one or two parts in 1013, ought to receive our Series 7 regular bulletins 
which are concerned with the time scales and astronomical observations. 

DR. GUINOT: 

Of course the clocks which participate in the BIH computation should be 
independent. 

If some are adjusted, people are requested to give the amount of the adjustments 
so that it may be taken into account by the BIN. Generally this does not happen, 
and the clocks are completely independent. 
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DR. KLEPCZYNSKI: 

On Series 7 we distinguish several different types of time, USNO (MEAN) and 
UTC (USNO) and they are not necessarily the same thing. 

DR. WINKLER: 

Now that of course requires a third generation of people. That's the nanosecond 
people. 
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VERY LONG BASELINE INTERPEROMETRY (VLBI) 

by 

M. H. Cohen 

California Institute of Technology 

ABSTRACT 

This is a tutorial paper which emphasizes the basic concepts of VLBI: 
simple block diagrams, coherence, and synchronization requirements. 
Typical large VLBI experiments have simultaneous objectives in posi- 
tional astronomy, in astrophysics, in geodesy, in time and frequency 
synchronization, and even in geophysics! 
experimental programs going on around the world will be given. 

A brief review of the major 

Paper was not received. 
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QUESTION AND ANSWER PERIOD 

DR. REDER: 

I have a question on the transfer of the local oscillators by satellite. Do you 
mean time ticks or do you mean actual oscillations? 

DR. COHEN: 

My understanding of it is that the data transmit a local oscillator signal, not the 
time ticks but something similar to a time wave. 

DR. REDER 

What do you gain over a hydrogen maser? It will not work because of atmos- 
pheric effects. 

DR. COHEN: 

I presume they'll go both ways. It's equivalent of having a microwave link and 
you can make round trips and compare, essentially the echo. This procedure 
is already used. 

MR. GROVE: 

It would be sent up and back and compared at the source. This is the way I un- 
derstand it. 

DR. REDER: 

How could it be better than a hydrogen maser ? 

MR. GROVE: 

It would be.hard. It would be the hi# frequency, I guess that would be the thing 
that picks it out. It would be left subject to the atmospheric. 

DR. WINICLER: 

There is a third party who would like to make a comment. Dr. Johnston? 

DR. JOHNSON: 

I may be misfaken but I thought the purpose of the experiment of connecting the 
two antennas via satellite was just to give immediate data reduction. There isn't, 
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in my mind, any attempt going to be made to maintain local oscillator coherence 
for the original experiment. I think the reason for that is the satellite motion 
is very bouncy. The position of the satellite can't be known to, say, centimeter 
accuracy that you may need for coherence, so they're not going to tgy to do any- 
thing like that. 

DR. WINKLER: 

Of course, one could again use the satellite only to provide long-term stability 
and for short-term rely on local standards. I would like to insert two comments 
here myself. One is, many of you will ask those who are not radio astronomers 
what has this got to do with what we are discussing in applications of time/ 
frequency. So I encourage you to listen to these talks and to translate every- 
thing that you hear in the following way. 

You have essentially an electronic navigation system where you determine your 
position by measuring the times of arrivals of an incoming electromagnetic 
wave. You get in fact your position so you get a baseline accuracy. You ob- 
serve a not pseudorandom but a truly random modulated phase and for that rea- 
son you need to have your clocks initially within a certain acquisition window 
which we have heard from Dr. Cohen to be usually 5 microseconds or something 
like that. 

These are all features which we also see in practically every electronic naviga- 
tion system. The only advantage is that here we have relatively extremely fixed 
sources, despite your comments. I look at it from exactly the other side and 
you have a tremendous amount of data because you integrate over a considerable 
period of time. 

Transit is being observed for quite a while with very wide band widths, 2 mega- 
cycles or something more. You have possibly the ability to utilize the very best 
clocks, and apparently you require frequency stability in an area where the hy- 
drogen maser is at its best. It may even be that anoth,er oscillator, the super 
conductive cavity oscillator for that was mentioned by Dr. Hellwig two days ago, 
may also become useful for the application. 

So all of these are thoughts which may be useful to keep in mind because we can 
learn from the experience here in a very sophisticated way to utilize frequency 
standards. 
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ABSTRACT 

The accuracy of geodetic and astrcmetric 
inf ornation obtained from vsry-1-ong-baseline 
interferometry (VLBI! observations is de- 
pendent upm the  stability ,?f the frequency 
standard, or clock, used at each site of a 
VLBI array. The sensitivities of two hydro- 
gen-maser frequency standarcis of different 
design to pressure, temperature, arid magnetic 
field variations were measured and, for one 
of the standards, found to be szvere enough 
to decjrade the information c o n t e n t  of VLBI 
measurements. Wowever, the effect on the 
geometric and astromztric infornation of 
such clock instabilities, with time scales 
of hours or greater, can be sharply reduced 
through the use or' differencing techniques. 

INTRODUCTION 

Very-lor,g-baselir,e irterferometry !VLBI! was maze possible 
by the devslopment in the 1950's and 196C's of high- 
stability freqaency standards. A s t a b i l i t y  os about 1 part 
in 10' was needed, for example, to detec t  many extragalac- 
tic sources when VLBI observations were made a+, a radio 
frequency of 10 GHz using the so-cslled Mark I recordinq 
system. The higher stability, v.p to about 1 part i n  IO1 ' 
for time scales from ajout 1000 seccnds ca a day, of hy- 
drogen-maser standards was useful for combining the results 
from a set of pairs of these three-minute Mark I recordings 
(each an "observation") to determirs 3Ourc& ?osi-tions, 
baseline vectors, polar motion, anZ Yariations in the rate 



of rotation of the earth (see the review article by P. Ben- 
der in these Proceedings for references). If hydrogen- 
maser standards are used that do not meet such a per- 
formance criterion, then the effects on the astrometric 
and geodetic results of lcng-term instabilities can be 
minimized by the use in the data analysis of the differ- 
ences of the results of observations, made in rapid suc- 
cession, of somces in widely separated. parts of the sky. 
With the use of such a technique ifi situations in which 
signal-to-noise ratios are not a limiting factor. the 
contributions of the frequency-standard instabilities to 
the uncertainties in the astrometric and geodetic quan- 
tities are, in good approximation, proportional to 

where a ? ( T )  is the so-called Allan variance' for the fre- 
quency 'standard at Site i, and T, assumed constant, is 
the time interval between adjacent observations. 

In the remainder of this paper we describe the results of 
a study to evaluate directly the performance of two hy- 
drogen-maser frequency standards, of different design, 
that have been used in VLBI experiments. The main empha- 
sis was on the sensitivity of these standards to changes 
in environmental conditions such as temperature, pressure, 
and magnetic field. 

EVALUATION OF FREQUENCY STANDARDS 

Two hydrogen-maser frequency standards -- a VLG-10-P2 
built by the Smithsonian Astrophysical Observatory and an 
NP-3 built by the GoddarC Spase Flight Center -- were 
operated in separate environments, One of the masers was 
placed in the standards' room of the Haystack Observatory 
and the other in a special room at the Westford communi- 
cations antenna, about 1.2 km distant. The environment 
at Haystack is well controlled in temperature (to within 
0.2OC), but unshielded from variations in magnetic field 
and atmospheric pressure. The environmect at Westford is 
similar to that at Haystack except the pressure, tempera- 
ture, and magnetic field can be changed and controlled 
within certain limits. 

The signals from the masers were intercompared at Westford 
with a phase comparator and the results recorded digitally. 
Variations in the electrical path OF the cable carrying 
the signal from the standard at Haystack to Westford were 
nullified by the use of the reflected signal to servo- 
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control a mechanical "line stretcher". Figure 1 shows the 
curves for the square root of the Allan variance for var- 
ious averaging times both for the maser comparison and for 
the measurement system itself, the comparator and associat- 
ed cables, (Also shown are intercomparisons carried out 
earlier between the VLG-10 and both a Model HP-.5065A ru- 
bidium standard and an old Model H10-.1 hydrogen maser in 
rather poor condition.) During periods when the atmospher- 
ic pressure remained nearly constant, a relative stability 
of 5 parts in LO'' was observed. Figure 2 shows the,com- 
parison between the time kept by the two standards during 
such a period of exceptional stability, Tests made by 
changing the temperature, pressure, and magnetic field show 
that the hydrogen-maser Standards exhibit appreciable sen- 
sitivity to their environment as indicated by the entries 
in Table 1. For VLBI, the most detrimental of these is 
the large sensitivity of the frequency of the signal from 
the VLG-10 maser to variations in atmospheric pressure. A 
pressure coefficient of -3.5 F 0.2 x per inch of mer- 
cury !*' Hg) was found for the VLG-10 maser from an analysis 
of the data obtained by modulation of the pressure by 0.15" 
Hg at the Westforci site. (In particular, the pressure co- 
efficient was obtained by cross correlation of the measured 
frequency changes with the measured pressure changes.) The 
base plate of the bell jar in the VLG-10 maser is apparent- 
ly not sufficiently decoupled from the cavity to prevent 
pressure variaticns from affecting the cavity resonant fre- 
quency and shifting the frequency of the signal from the 
maser. 
efficient of - 4 . 3  x 10-13/11Hg.  Figure 3 shows the fre- 
quency variations produced by variations in the atmospheric 
pressure during &he passage of a weather "front". The 
pressure coefficient derived by cross correlation from 
these atmospheric changes is -6 x 10"3/"Hg and is con- 
siderably larger than that obtained from modulation of the 
pressure at Westford. This comparison suggests that the 
NP-3 maser might have a positive pressure coefficient; how- 
e3ex, separate tests conducted with the maser locations in- 
terchanged have shown that the NP-3 maser has a pressure 
coefficient less than 4 x 10''4/1'Hg. The differences be- 
tween the coefficients obtained for the VLG-10 maser may 
be explained by the presence of mechanical hysteresis or 
by some non-linear behavior. Other evidence for such be- 
havior comes from the observation that the frequency of 
the signal from the VLG-10 maser does not follow the pres- 
sure modulation smoothly cznd often junips in frequency when 
the atmospheric pressure change reverses in sign, as can 
be seen in Figure 3 .  

Tests made in a barometric chamber2 yielded a co- 
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CONCLUSION 

The appreciable environmental sensitivity of some hydrogen- 
maser frequency standards used in'VLBI experiments can 
severely limit the interpretation of VLBI measurements un- 
less a suitable differencing technique can be employed. 
Although frequency stability of a f e w  parts in can 
sometimes be attained with hydrogen-maser standard 
performances are often degraded by more than an or 
magnitude by changes in the environment. If these stan- 
dards can not be made insensitive .to the environment, it 
may be necessary to control carefully the temperature, 
pressure, and magnetic field in their vicinity in order 
to use them most effectively in VLBI experiments. 
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QUESTION AND ANSWER PERIOD 

MR. TEWKSBURY: 

On your frequency offset through the atmospheric change, you have both masers 
in the atmospheric pressure or was one held at a constant pressure in  a test 
chamber? 

DR. WH[TNEY: 

One of the masers was held in an atmospheric pressure at about two-tenths of an 
inch of mercury above the other. That is, the one in the pressure radome had 
about two-tenths of an inch of mercury offset, which is the pressure required to 
keep the radome inflated. 

MR. TEWKSBURY 

Well then, effectively both units experienced the variation in atmospheric pres- 
sure simultaneausly ? 

DR. WHITNEY: 

Yes, that's correct. 

\ 

DR. HELLWIG: 

If you don't design the maser correctly, you will have pressure effects; if you 
do it correctly, you will not have pressure effects. So I want to take out the 
notion that it is a fundamental effect associated with hydrogen devices. 

DR. WMTNEY: 

Yes, I should have made that point. In fact, we like to joke that we have the 
most expensive barometer of anybody around. 

DR. WINKLER: 

There is another comment that even better barometers are Rubidium standards, 
and I wondered whether you have kept that in mind? 
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DR. WHITNEY: 

Well, we're awars of that, but investigation has not proceeded to that point yet. 

DR. REINHARDT: 

I just want to add to Dr. Hellwig's statement. In all fairness to Bob Vessot, 
who is not here, he has detected that problem and has removed it in his latest 
model maser. 

DR. WINKLER: 

But I think that one can generalize that it is extremely dangerous to draw far 
reaching conclusions from the investigation of just a few individual frequency 
standards. When I saw the first plot, the old V-10, my first inclination was to 
say, "Well, well, hydrogen masers are not that bad. s f  Sometimes an individual 
frequency standard, cesium or rubidium standards, simply will have a problem, 
and I think all of these applications which we hear this morning are trying to 
extract the very best performance. So let's be very careful not tci generalize 
too much. I think that's a problem which also can be shown extensively by the 
8 frequency plots of super cesium around the corner here, which indicate that 
these are to be taken as individuals, and a generalized performance statement 
as required by systems designers ought to insert the factor of caution of at 
least 10 or maybe a hundred. 

DR. ALLEY: 

The implication of Dr. Reinhardt's remark is that it was probably in the Smith- 
sonian maser rather than the NP3. 

DR. WINKLER: 

I should answer that, really. 

It was known to Dr. Vessot that due to a peculiar design accident that particular 
model had a very high pressure sensitivity, but that is by no means to be under- 
stood as  intrinsic to the hydrogen maser. 

MR. ALLEY: 

In fact I want to draw attention to the proper design of the NP3 in this respect. 
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DR,. WHITNEY: 

I think Harry Peters could probably answer that better. From what I know about 
the NP3 design it has been isolated from the belljar and probably it would be 
much less of an effect in NP3. 

MR. ALLEY: 

That is what I wish to bring out. 

DR. WHITNEE 

I would like to make a comment that I did not make any judgment as to which, if 
either, of the masers might be mis-performing. We know and are well aware of 
some of the problems that Bob Vessot had encountered but, on the other hand, 
we have to do some more experimentation. In particular, we have to do the 
differential pressure measurements between the two masers and then swap them 
around and put the other one in the pressurized randome and keep the other one 
outside and do more experiments before we can say that one of them is free of the 
effect totally and that the other is fully to blame. We're not prepared to make a 
judgment on that this morning. 

MR. STEIN: 

In VU31 you're operating in two M e r e n t  pressure areas unless you isolate your 
pressure. A r e  you planning experiments in that type of thing where one is in 
Australia and another one is in Goldstone, for example? 

j 

DR. WHITNEY: 

Well that type of experiment certainly is anticipated. I think that, as has been 
indicated, masers can be designed so that they a re  insensitive o r  nearly insen- 
sitive to ambient pressure changes. In any case, pressure changes are generally 
slow and smooth and can be characterized or  solved for in a parameterized way 
in the solution which ultimately has to be done to get baseline and source positions. 
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N15 2 7 1 9 5  
WORLDWIDE TIME AND FREQUENCY SYNCHRONIZATION 

BY PLANNED VLBI NETWORKS 

Dr. Robert J. Coates 
Dr.  Thomas A. Clark 

W d a r d  Space Flight Center 

The general concept of Very Long Baseline Interferometry (VLBI) is shown 
in Figure 1. Two widely separated radio antennas receive radiation emitted 
from the same distant quasar. The receivers at each station use a hydrogen 
maser frequency standard clock for generating local oscillator signals for trans- 
lating the received quasar energy down to baseband for recording. The frequency 
standard is necessary to assure that the two receiving systems are operating on 
very close to the same frequency. The output of each receiver is digitized and 
recorded on a magnetic tape. The magnetic tapes are then brought together and 
processed in a correlator. Since the received quasar signals are wideband noise, 
a sharp correlation peak occurs when the two signals are in time phase. In the 
example illustrated in Figure 1, the signal received in the left hand antenna is 
delayed by an amount 7 from the signal received in the right hand antenna. Thus, 
by i n s e r t i i  a delay of 7 in one a rm of the correlation processor, the two sig- 
nals will be brought into coincidence and a peak correlation occurs. The amount 
of delay necessary to produce correlation is dependent upon the position of the 
quasar relative to the two antennas and upon the length of the baseline between 
the two antennas. In actual observations, the two antennas are mounted on the 
earth which is rotating. Thus, the frequencies are doppler shifted and the delay 
required for correlation is continuously changing with time. Thus, in the proc- 
essor, one determines both the differential delay and the delay rate of the sig- 
nals propagating from the source to each site. Measurements of several differ- 
ent quasar sources with the same baseline can provide a sufficient number of 
independent observations to enable one to solve for the clock offset and clock 
drift rate in addition to the baseline vector and other parameters such as UT. 1 
and polar motion. With hydrogen maser frequency standards, the offset and 
drift terms are sufficient to describe the frequency during the 24-hour observ- 
ing period. 

At  the 1974 PTTI meeting, T. Clark presented the very accurate baseline 
determinations and clock synchronization results obtained from the Quasar Pa- 
trol observations at X-band with the Goldstone-Haystack baseline, shown in Fig- 
ure 2. The primary objective of the Quasar Patrol is to measure quasar struc- 
ture. Thus, three or  four stations usually are operated simultaneously as a 
VLBI array, as indicated & the dotted lines in Figure 2. In addition to Gold- 
stone and Haystack, stations at Fairbanks, Alaska; Greenbank, West  Virginia; 
and Onsala, Sweden were used. This full array of stations is being shown be- 
cause it is a fairly widespread network that spans a large part of the globe. 
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All of these VLBI stations had hydrogen maser frequency standards. The 
solutions for the relative clock epochs befween stations in the Quasar Patrol had 
an RMS residual of about 0.3 nanosecond. However, we estimate that the accu- 
racy of the clock epoch determination was about one nanosecond, due to several 
small systematic factors. An example of the systematic factor is the environ- 
mentally dependent change in the electrical length of the cable carrying the stan- 
dard frequency signal from the hydrogen maser to the receiver input at the feed 
of the antenna. Recent measurements at MtAO indicated a change of about 4cm 
in electrical length of the standard frequency cable during a VLBI observing ses- 
sion of 24 hours. 

The accuracy demonstrated for baseline length determinations was of the 
order of 16cm. Studies conducted by the Goddard/Haystack/MIT group indicate 
that improved calibration and monitoring techniques will reduce the systematic 
factors by an order of magnitude; use of a much wider band recorder will im- 
prove the signal-to-noise ratio, and simultaneous .monitoring of tropospheric 
and ionospheric propagation characteristics will reduce propagation uncertain- 
ties by an order of magnitude. This indicates that it should be feasible to make 
baseline length determinations with VLBI to an accuracy of a few centimeters. 

Because of this potential, NASA has started a VLBI Project, called the Pa- 
cific Plate Motion Experiment (PPME). The primary objective of PPME is to 
measure directly the movement of the central part of the Pacific Plate relative 
to the North American Plate as indicated by the motion of the island of Kauai, 
Hawaii. The very long term movement of the Pacific Plate is estimated from 
current tectonic plate motion models to be about 8 cm/year toward the northwest 
from the East Pacific Rise (large arrow in Figure 3). However, there bas been 
no direct measurement of this movement except for local geodetic surveys along 
bounding faults, such as the San Andreas; in addition, it is not known how this 
motion varies over relatively short (3 year) periods of time. Such variation is 
important not oav  scientifically but because short-term variations in plate mo- 
tion of the center of the plate with respect to its edge are an indication of strain 
buildup along bounding shear faults that lead to earthquakes. 

The PPME will use VLBI systems to measure very accurately (5cm) the 
baselines between a station in Kauai, Hawaii, on the Pacific Plate, and stations 
on the North American Plate at Fairbanks, Alaska; Goldstone, California; and 
Haystack Observatory , Massachusetts, as shown (by solid lines) in Figure 3. 
Possible minor local movements of Kauai will be allowed for by geodetic surveys 
in the Hawaiian Islands. Because the western boundary of the North American 
Plate is a broad one, intraplate movements of the Alaskan and Californian sta- 
tions will be measured by VLBI measurements of baselines to the Haystack Ob- 
servatory (and possibly a station at Ft. Davis, Texas as shown by the dotted 
lines in Figure 3), well within the North American Plate. 

! 
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Another objective is to determine by direct VLBI measurement the motion 
of a station at Kashima, Japan relative to the three stations on the North Amer- 
ican Plate and relative to Kauai, Hawaii. Japan is in the boundary zone between 
the Pacific and Eurasian Plates where the Pacific Plate is believed to be con- 
sumed by subduction under the Japanese Islands, giving rise to frequent and of- 
ten catastrophic earthquakes. 

In order to achieve the 5-cm baseline determination accuracy, the instru- 
mental and propagation errors will be reduced by augmenting the present type 
of VLBI systems with the following new capability: improved instrument cali- 
bration, microwave water vapor radiometers for tropospheric path length de- 
termination, and simultaneous dual frequency (8400 and 2300 MHz) reception for 
ionospheric path length determination. 

All  of the early VLBI experiments utilize large, high gain antennas which 
give sufficient signal-to-noise ratios for high accuracy VLBI. The PPME ob- 
jectives require comparable signal-to-noise ratios when using the 9-m antenna 
in Kauai and the 26-m antenna in Fairbanks. This will be achieved by using a 
much wider bandwidth data system, called the Mark 111 system. In addition to 
the wideband data capability, the Mark III system will contain the VLBI sequence 
program and control for automated operation of the total VLBI system. 

Hydrogen maser frequency standards will be used at all of the stations. A 
3 new calibration system will be used to accurately monitor the internal system 

delays at the picosecond level. 

You can recognize that this particular network will automatically, as a fall- 
out, establish time synchronization for all of these stations to the fractionalnan- 
osecond level. 

We plan to be operational with this system in late '77 or  early '78, and to 
conduct observations ~oughly every three months in order to track the motions 
of the Island of Kauai. 

Another NASA program that is being implemented by the Jet Propulsion Lab- 
oratory is shown in Figure 4. This shows the baselines from the 210-foot anten- 
na at the Goldstone Station in California to the DSN 210-foot antennas in Madrid 
and Australia. JPL is implementing VLBI in those stations to form a network 
of three stations for the precise determination of polar motion and UT. 1. They 
also will use the dual S / X  frequencies. As a matter of fact, the Goldstone sta- 
tion that will be used for the PPME is the DSN network station. It is the first 
station equipped with the dual S / X  frequency capability. DSN will use water va- 
por radiometers, wide bandwidth synthesis, hydrogen masers and electronics 
calibrations very similar to the PPME. In fact, we are working to make these 
stations compatible with the PPME stations and vice versa. 
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This DSN VLBI Capability is expected to be operational in 1977 for deter- 
mjning polar motion for deep space navigation. The operation that is envisioned 
is that on a normal basis the measurements of polar motion and UT will be made 
once a week. During critical mission phases, like planetary encounter, the mea- 
surements wi l l  be made on a daily basis. I 

In addition, of course, this VLBI will be used to synchronize the DSN clocks. 
The capability will be there for subnanosecond type synchronization. 

Figure 5 is a world map showing the VLBI networks for PPME (solid lines), 
DSN (dashed lines) and Quasar Patrol (dotted lines). Common staf3ons , such as 
Goldstone, form the tie between the networks. The Haystack Observatory sta- 
tion is involved in astronomical VLBI with many other radio astronomy stations 
such as Greenbank , W. Virginia; Owens Valley, California; Fort Davis , Texas; 
San Paulo, Brazil; Crimea, U.S. S.R. ; and Algonquin Park, Canada. The Max- 
Planck-Institut fur Radioastronomie, Bonn, Germany, has indicated their desire 
to use their 100-m antenna for a VLBI link with Haystack. The NASA stations 
at Santiagc, Chile and S. Africa are potential VLBI terminals in the future. All 
of these site locations are marked on Figure 5 with small circles. 

Al l  of the stations joined by lines in Figure 5 will have hydrogen masers 
and comparable VLBI capability in the late "70's. In addition, many of the radi- 
oastronomy observatories that are  active in VLBI have expressed an interest in 
obtaining hydrogen masers and the more advanced VLBI systems that NASA is 
planning to implement. 

Looking at this, you see a rather extensive worldwide network of stations, 
probably all of them with hydrogen masers. This network in the VLBX mode 
will be synchronized to the subnanosecond level and will be periodically resyn- 
chronized, some on a weekly basis and some on a monthly basis. This forms 
a rather elaborate, far-reaching network with precise time and frequency 
synchronization, 

So I would like to ask this audience what the time and frequency field would 
recommend for utilization of such a network for precise time and frequency ap- 
plications. NASA strongly feels that there will be a significant capability here 
and there is probably an interest outside of NASA to make use of such a capa- 
bility. I would like to hear from any of you who wishes to join in with us and 
work with the time and frequency aspects of the problem. 

With a VLBI network, there are  several things that would have to be done 
to make it an operational time and frequency network. For example, there is 
no time/frequency input or output to the present VLBI networks. The VLBI data 
is recorded, shipped to a central processing facility, and analyzed at a later 
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date for clock offset and other parameters. It is usually several months after 
the data is taken that the analysis is completed. This delay reduces the useful- 
ness of the output for many time and frequency applications. I envision that 
there would have to be direct input/output ties with the user organizations and 
with other ensembles of frequency standards in order to utilize the VLBI net- 
works for precise time and frequency applications. 

I would like to receive comments from any of you that are interested in 
working in a cooperative manner in this area. 
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QUESTION AND ANSWER PEMOD 

DR. WINKLER: 

I would like to give you a very preliminary reply. What you have said has been 
in fact the concern of a part of the timing community. In the last CCDS meeting, 
the Committee for Definition of the Second, last July, a resolution has been 
passed, encouraging that, if and when such experiments become a matter of 
routine, that input should be provided to the timing community because it can be 
pretty useful. 

In the simplest terms, that input can be provided by equipping every one of your 
stations with an interface to the existing local service. That could be a Loran- 
C receiver since most of your stations are  in the area of a Loran chain. Every 
single measurement which is communicated to a time service or to the BIH, 
which is of course the central time service, will help strengthen our day-to-day 
operations. Television measurements might be considered in the European 
area. Television measurements in Australia, will connect the observatory in 
Australia to the Australian Time Service and thereby, help to provide a linkage. 

So I see it only as a question of two aspects. One, there must be an interface 
provided by making regular reports to the time services that we have now in 
existence on other stations-loran stations, television receivers and so on. 

That interface is very easy and very inexpensive to establish. And number two, 
these additional services can become of greatest benefit only when there is some 
assurance of their continuity and regularity. 

I don't think there will be much benefit by having these things done on an experi- 
mental basis, and after one year the scientists hurry on to other things. This is 
what I'm afraid is going to happen. Interface is so inexpensive and can be es- 
tablished on such short notice. I would encourage everyone of the radio astron- 
omers to start. Why don't you report every time comparison even if you have 
the data 5 months after the fact? It will be useful. Report your time of arrival 
of a loran signal against the same clock which has been used in the time differ- 
ence measurements. That's all which is necessary. 

M R  PICKETT: 

Regarding your comment on using the 30 foot dish at Coquay, what kind of 
sources are you going to use that you can use that size dish and get this 5- 
10 centimeters accuracy you were talking about? 

DR. COATES: 

We'll be using quasars for the sources. Flux levels in the neighborhood of 1, 
2, 3, flux units are sufficient using the wide band recording system to get the 
sufficient signal to noise ratio. 

j$ 
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RADIO ASTROMETRY 

Dr. Kenneth J. Johnston 
E. 0. Hulburt Center for Space Research 

Naval Research Laboratory 

ABSTRACT 

Conventional and VLBI in te r fe rometer  techniques 
show promise for accu ra t e  determinat ion of UT1, 
po la r  motion, and r a d i o  source p o s i t i o n  catalogs.  

INTRODUCTION 

Radio in te r fe rometer  measurements of c e l e s t i a l  r a d i o  
sources  are being employed t o  determine v a r i a t i o n s  i n  t h e  
E a r t h ' s  r o t a t i o n ,  p o l a r  motion, and a catalogue of r a d i o  
source  pos i t i ons .  Both conventional i n t e r f e r o m e t r y  and t h e  
very long base l ine  in te r fe rometer  (VLBI) technique have 
shown promise i n  previous experimental  tests; t h e  VLBI 
technique has beep demonstrated t o  determine UT1 t o  an 
accuracy of 3 m s ,  p o l a r  motion t o  submeter accuracy and 
O'i l  i n  source catalogue pos i t i on  (Clark and Shapiro 1973; 
Shapiro e t  a l .  1974), and t h e  conventional technique has 
been used t o  determine UT1 t o  an accuracy of 4.3 m s  (Elsmore 
1973) and source ca ta logue  pos i t i on  accuracy t o  0':l ( R y l e  
and Elsmore 1973). Fur ther  tests a r e  being conducted t o  
eva lua te  experimental  accurac ies  and atmospheric l i m i t a t i o n s  
f o r  d i f f e r e n t  b a s e l i n e s  and measurement techniques.  

1 
I 

RADIO INTERFEROMETRY 

A s i g n a l  is simultaneously received from a c e l e s t i a l  source 
a t  two antennas which can be separa ted  by d i s t ances  of from 
hundreds of meters t o  thousands of kilometers. T h i s  s i g n a l  
is first mixed t o  an in te rmedia te  frequency. The s i g n a l  a t  
one of t h e  antennas is delayed by T t h e  geometric delay 
or t h e  d i f f e r e n c e  i n  t h e  doppler sh& t o  t h e  source a s  seen 
from t h e  t w o  sites. F i n a l l y  t h e  s i g n a l s  a r e  cross-corre- 
l a t e d .  The c ross -cor re la ted  s i g n a l  has an amplitude and 
phase. When t h e  source  size is small  compared w i t h  t h e  in- 
terf erometer f r i n g e  spacing, t h e  normalized c o r r e l a t i o n  
amplitude is uni ty .  The phase of t h e  c ross -cor re la ted  
s i g n a l  y i e l d s  information on where t h e  source is loca ted  i n  
t h e  f r i n g e  p a t t e r n  of t h e  in te r fe rometer .  One can v isua l ize  
a p a t t e r n  of  l i n e s  or f r i n g e s  pro jec ted  onto  t h e  sky. As 
t h e  e a r t h  r o t a t e s  t h e  source passes  through t h i s  pa t t e rn .  
The phase of t h e  c ros s -co r re l a t ed  s i g n a l  changes by % 
rad ians  from f r i n g e  t o  f r inge .  The sepa ra t ion  of t h e  

h 
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f r i n g e s  on t h e  s k y  is s i m p l y  

' r a d i a n s ,  * e  = D s i n  8 

where is t h e  wavelength of t h e  s i g n a l ,  D is the  s e p a r a t i m  
of t h e  antennas and 8 is t h e  angle  between t h e  celestial  
source and t h e  base l ine .  See f i g u r e  1, 

The phase can be determined accu ra t e ly  t o  a f r a c t i o n  of a 
f r i n g e  i n  convent ional  in te r fe rometry  and p r e c i s e  p o s i t i o n s  
can be determined w i t h  a short  basel-ine. For example a 5 
km base l ine  ope ra t ing  a t  a frequency of  5 GHz, has a f r i n g e  
spacing of 225. 
source t o  5 O  r e s u l t s  i n  a p o s i t i o n  accuracy of 0.035 a r c  
seconds or 2 mil l iseconds.  

A determinat ion of t h e  phase of a c e l e s t i a l  

The d i f f e r e n c e  between VLBI and convent ional  interferometry 
is i n  t h e  phase s t a b i l i t y  of t h e  in t e r f e romete r ,  Conven- 
t i o n a l  interferometers o f f e r  phase s t a b i l i t i e s  of a f e w  
degrees for pe r iods  of  days. The p r i n c i p a l  l i m i t a t i o n s  t o  
phase s t a b i l i t y  a t  f requencies  above 5 GHz a r e  short  per iod 
v a r i a t i o n s  i n  atmospheric r e f r a c t i v i t y  and ins t rumenta l  
phase v a r i a t i o n s .  VLBI on t h e  other hand depends on inde- 
pendent l o c a l  o s c i l l a t o r s  c o n t r o l l e d  by atomic frequency 
s tandards  a t  t h e  t w o  loca t ions ,  and has  phase i n s t a b i l i t i e s  
of s e v e r a l  r ad ians  i n  a period of an hour. The p r i n c i p a l  
l i m i t a t i o n  t o  phase s t a b i l i t y  is t h e  frequency s t a b i l i t y  of 
t h e  s tandards  a t  each s i t e  used t o  genera te  t h e  l o c a l  
o s c i l l a t o r  chains .  These L.O. chains  are used t o  mix t h e  
s i g n a l  down t o  an in te rmedia te  l o w  frequency t h a t  can be 
recorded on magnetic tape. 

Since VLBI has poor phase s t a b i l i t y ,  t h e  phase of t h e  
s i g n a l  is not analyzed d i r e c t l y  but rather its de r iva t ives ,  
de l ay  which is t h e  r a t e  of change of phase w i t h  frequency, 
and f r i n g e  r a t e  which is t h e  rate of change of phase w i t h  
respect t o  t i m e ,  Thus for t h e  same base l ine ,  conventional 
in te r fe rometry  w i l l  be orders of magnitude more accu ra t e  
than VLBI. The very long base l ines  p o s s i b l e  w i t h  VLBI, how- 
ever, compensate for t h i s  d i f f e r e n c e  i n  p rec i s ion ,  

The major l i m i t a t i o n s  t o  convent ional  in te r fe rometry  a re :  

1) Short  t e r m  changes i n  atmospheric phase path,  i.e. 
t h e  s i g n a l  from t h e  celestial  source does not  pass  through 
i d e n t i c a l  atmospheric paths t o  t h e  antennas.  Small s c a l e  
v a r i a t i o n s  i n  atmospheric r e f r a c t i v i t y  due mainly t o  water 
vapor cause t h e  atmospheric phase path t o  vary i n  a random 
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manner on t h e  o rde r  of minutes. Present  da t a  on t h e  r m s  
v a r i a t i o n  i n  atmospheric pa th  length  is very incomplete, 
but t h e  t r e n d  is d isp layed  versus  base l ine  length  i n  f i g u r e  
2 ,  The s i n g l e  po in t  a t  35 k m  is preliminary information from 
Wade (1974) of the  Nat ional  Radio Astronomy Observatory where 
t h e  antennas were connected by a radio l i n k .  There is a 
marked d i f f e r e n c e  between t h e  phase pa th  dev ia t ions  on a 
summer day versus  a win ter  day. The summer n igh t s  and 
w i n t e r  n i g h t s  resemble t h e  win ter  day. Therefore  observa- 
t i o n s  obta ined  dur ing  a summer day would be expected t o  have 
one ha l f  t h e  accuracy of those  made a t  n igh t  or on a win ter  
day. 

2) Instrumental  noise--If t h e  antennas are connected by 
a r ad io  l i n k ,  noise  over t h i s  l i n k  may c o n t r i b u t e  s i g n i f i c a n t l y  
t o  t h e  data .  The re  may a l s o  be s i g n i f i c a n t  no i se  con t r ibu t ion  
by noise  generated i n  t h e  l o c a l  o s c i l l a t o r  s y s t e m .  Temperature 
effects on t h e  cab le s  connecting t h e  i nd iv idua l  antennas and 
t h e  delay l i n e s  a l s o  c o n t r i b u t e  t o  t h e  s y s t e m  phase noise .  

COMPARISON OF TECHNIQUES 

The accuracy of convent ional  in te r fe rometry  and VLBI i n  
determining UT1 has been estimated. From figure 2, an 
e s t ima te  may be made of t h e  con t r ibu t ion  of short  term 
changes in atmospheric r e f r a c t i v i t y  t o  phase noise ,  Assum- 
ing  t h i s  t o  be t h e  major c o n t r i b u t o r  t o  phase noise, t h e  
accuracy i n  t h e  determinat ion of UT1 may be predic ted ,  and 
is displayed i n  f i g u r e  3 versus e q u a t o r i a l  base l ine .  

In work done i n  co l l abora t ion  w i t h  C. M. Wade and R. M. 
Hjellming of t h e  Nat ional  Radio Astronomy Observatory (NRAO) 
prel iminary observa t ions  have been obtained over a base l ine  
of 35 kilometers .  The opera t ing  frequency was 2695 MHz 
(11.1 c m ) .  The baseline is loca ted  on an azimuth angle  of 
about - 4 5 O .  Observations were obtained of 16 r a d i o  sources  
over a f i v e  day per iod  i n  January 1974. From t h e  observed 
phases, c o r r e c t i o n s  t o  t h e  e q u a t o r i a l  and polar base l ines ,  
and source  coord ina tes  were c a l c u l a t e d  by l e a s t  squares .  
T h i s  s o l u t i o n  r e s u l t e d  i n  an r m s  phase no i se  of 16O. Th i s  
is equiva len t  t o  a p o s i t i o n  accuracy of O'iO29 or 2 m s ,  
i nd iv idua l  source coordinates ,  t h e  accuracy depends on t h e  
base l ine  geometry and source dec l ina t ion .  For a given 
basel ine,  there is a d e f i n i t e  c o r r e l a t i o n  versus  source 
dec l ina t ion .  The s o l u t i o n  for r i g h t  ascension and decli- 
na t ion  a r e  not  c o r r e l a t e d  f o r  sources  near  t h e  z e n i t h .  
Therefore, observat ions of a source  t h a t  t r a n s i t s  through 
t h e  z e n i t h  w i l l  y i e l d  t h e  m o s t  a ccu ra t e  measurement of UT1. 

For 
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T h i s  is a t t e s t e d  t o  by t h e  f a c t  t h a t  t h e  s o l u t i o n  of t h i s  
se t  of da t a  f o r  t h e  r i g h t  ascension of 3C84 (6 = 40°) re- 
s u l t e d  i n  an i n t e r n a l  accuracy of 2 m s .  

The accurac ies  of t h e  VLBI technique i n  f r i n g e  r a t e  and 
t i m e  delay are c a l c u l a t e d  assuming an accuracy of 1 x 
p a r t s  i n  f r i n g e  r a t e  r e s i d u a l s  (Moran et a l .  1973; Cohsn 
1971) and an accuracy of lom9 seconds i n  de lay .  The da t a  
by Shapiro (1974) agree  w e l l  w i t h  t h i s .  Therefore  a t  t h e  
present  t i m e  conventional i n t e r f e r o m e t r y  and VLBI o f f e r  
s i m i l a r  accurac ies  i n  determining UT1. 

Some of t h e  advantages of t h e  conventional interferometry '  
technique over VLBI a r e :  

1) Var ia t ions  i n  atmospheric r e f r a c t i v i t y - - t h e  con- 
vent ional  technique is less inf luenced by v a r i a t i o n s  i n  
atmospheric r e f r a c t i v i t y  s i n c e  t h e  antennas a r e  located 
c l o s e r  together and see more near ly  t h e  same atmospheric 
pa th  condi t ions.  

2) Solid Body Earth Tides--the r e l a t i v e  effect of 
s o l i d  body Ear th  tides between t h e  antennas of a convention- 
a l  in te r fe rometer  is n e g l i g i b l e  whereas for VLBI it is not .  

3) Frequency Standards--there is no need for highly 
s t a b l e  and precise frequency s tandards  i n  a convent ional  
in te r fe rometer ,  whereas VLBI r e q u i r e s  hydrogen maser fre- 
quency s tandards  and clock synchronizat ion t o  a microsecond. 

4) Data Reduction--the da t a  may be r e d u c e d i n  r e a l  t i m e .  
A f t e r  a day's observat ion,  UT and po la r  motion may be c a l -  
cu la t ed  immediately. There is no need t o  correlate magnetic 
t apes  from w i d e l y  s epa ra t ed  l o c a t i o n s  t o  o b t a i n  c o r r e l a t i o n  
funct ions.  

5) S t a t i o n  Management--it is much easier t o  manage 
s t a t i o n s  t h a t  a r e  10-100 k m  a p a r t  than  thousands of km 
apa r t  . 
PLANS 

Conventional in te r fe rometry  w i l l  be i n v e s t i g a t e d  i n i t i a l l y  
through eva lua t ion  of observa t ions  obtained w i t h  t h e  NRAO 
in te r fe rometer  and VLBI techniques w i l l  be f u r t h e r  evalu- 
ated. These data w i l l  d e f i n e  basic accuracy l i m i t a t i o n s  and 
guide t h e  design of optimum techniques for radio a s t r o m e t r y .  

The author  thanks C .  H. Mayer for h e l p f u l  d i scuss ions .  
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QUESTION AND ANSWER PERIOD 

DR. COHEN: 

Let me say that I agree that the short normal interferometry does indeed have 
many advantages over long-baseline interferometry for timing purposes and for 
source position work. In fact there's been a race for the Jast 5 or 8 years over 
who could more accurately do the work, and I think it has come out even so far. 
Long-baseline interferometry has the potential for doing very much better but 
that's still many years away, and so far has not been able to jump ahead of the 
short baseline business. 

Let me also remark about the VLA. I should think that the VLA will automati- 
cally have to be calibrated against point sources in the sky at rather frequent 
intervals, and every time it does that it will automatically generate a UT number, 
so it will in any event do the timing. I'm almost sure it will. 

DR. JOHNSTON: 

That's right. I asked Barry Clark at HRAO just how accurate they were going 
to keep the timing for the VIA, and he said they were only going to maintain the 
position accuracy to a tenth of an arcsecond which is the smallest beam width 
that they plan to use. It doesn't quite meet the needs of the accurate timing, 
unfortunately. 
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ABSTRACT 

Navigation of Mariner spacecraft to Jupiter and beyond will require 
greater accuracy of positional determination than heretofore obtained 
if the full experimental capabilities of this type of spacecraft are to 
be utilized. 
by 1977 include Very Long Baseline Interferometry (VLBI), three-way 
Doppler tracking (sometimes called quasi-VLBI), and two-way Doppler 
tracking. It is shown that VLBI and quasi-VLBI methods depend on the 
same basic concept, and that they impose nearly the sam? requirements 
on the stability of frequency standards at the tracking stations. It 
is also shown how a realistic modelling of spacecraft navigational er- 
rors prevents overspecifying the requirements to frequency stability. 

Advanced navigational techniques which will be available 

************* 

Several papers delivered at this conference deal with Very Long Base- 
line Interferometry (VLBI), by which the difference between the times 
of arrival of a signal at two widely separated stations from a distant 
radio source is determined by cross-correlation of data tapes. The Jet 
Propulsion Laboratory is supplementing its VLBI program with a simpler 
technique, similar in principle but requiring far less data processing, 
which is informally called Quasi-VLBI (QVLBI). Although developed 
primarily to solve problems in spacecraft navigation, QVLBI can be used 
to compare the frequencies and time rates of change of frequency of 
widely separated oscillators. 

By the methods which are now conventional at JPL, only two kinds of 
data are available for the radio navigation from the Earth of a dis- 
tant spacecraft. The range may be determined by measuring the time 
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required for a radio signal to travel to the spacecraft and back; and 
the range rate can be obtained from the doppler shift of the returned 
signal. 
function, since the second is merely the time derivative of the first. 
The fundamental problem of spacecraft navigation is that, of the three 
coordinates which an astronomer would use to locate an object in space 
-- radial distance, right ascension, and declination -- only the first 
is measurable using a single antenna, and the angular position must be 
deduced. At best, this deduction is difficult. 

Of course, these two data types determine only one mathematical 

Several kinds of information are contained in the measurements of range 
rate, and only by combining them can the deduction of spacecraft posi- 
tion and velocity be made reliably. In Figure 1, bottom, the sinusoidal 
curve shows the effect of the rotation of the Earth on the frequency of 
the returned signal by the doppler effect. Where the spacecraft is be- 
low the horizon of the tracking station (that is, from spacecraft set 
to spacecraft rise), the plotted curve is dashed; the solid portion of 
the curve represents observable data. 
pends on spacecraft right ascension and the Earth's rotational angle 
(UTl), the right ascension can be determined if UT1 is known; simi- 
larly, spacecraft declination can be determined from the amplitude of 
the curve. The uncertainty in our ability to target the spacecraft is 
represented by an elliptical area in a plane constructed perpendicular 
to the vector of spacecraft motion, within which the spacecraft is lo- 
cated to a certain confidence level, as illustrated at the top of 
Figure 1. 
tational pull causes a rapid change in the measured range rate (bottom 
of Figure 1). 
in the gravitational acceleration of the spacecraft toward the Sun, 
which is a function of position of the spacecraft in its orbit, and 
which can therefore be used to infer that position. All these kinds of 
information have been used via the Double-Precision Orbit Determination 
Program (DPODP) at JPL to ascertain and then to correct the trajectory 
parameters of the Mariner and Pioneer spacecraft during the successful 
missions of the past twelve years. Until now, range and range rate 
information obtained by one tracking station at any given time (single 
station tracking) has been adequate to meet all mission requirements. 

Since the phase of the curve de- 

As the spacecraft approaches the target planet, the gravi- 

Not shown in Figure 1 is the small but measurable change 

However, as requirements become more stringent, the sources of error in 
single station tracking become quite serious. Consider the case illus- 
trated in Figure 2, in which a spacecraft is traversing a long path 
(say to Jupiter), and in which data is being accumulated for many days 
to render the gravitational bending of the vehicle toward the Sun most 
noticeable (the long arc method). This acceleration toward the Sun 
varies from only 6mm/sec2 to 0.2 mm/sec2 over the entire distance from 
Earth to Jupiter, and, over the last 100 million kilometers of distance 
travelled, changes by only 33%. Large uncertainties can be produced by 
small effects -- by non-gravitational forces such as gas leaks, by 
changes made to the spacecraft trajectory (maneuvers) if they cannot be 
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perfectly modelled, and by unforeseen events (meteor impact, sudden 
venting of gas, and the like). 
in controlling the spacecraft position determination through the di- 
urnal doppler signature can be corrupted by the ionosphere and by the 
uncertainty in station longitude. And the effect of the gravitational 
pull of the target planet usually appears too late to be helpful for 
use in guidance. The basic difficulty is that spacecraft position is 
very difficult to determine by range (or range rate) information from 
a single tracking station. 

The effect of the rotation of the Earth 

Figure 3 illustrates what can be measured when two antennas track the 
spacecraft simultaneously, and the logic is very similar to that of 
VLBI. In going from single station to two station tracking, we have 
passed from so-called two-way ranging to three-way ranging. Single 
station tracking is called two-way ranging because there is an uplink 
(station transmitting to spacecraft transponder) plus a downlink 
(transponder replying to station). If a second station listens, but 
does not transmit, there is a third link (called the "three-way down- 
link"). The physically significant quantity in the situation is the 
difference, T, in the time of arrival of spacecraft signal between the 
two stations; and if 3 is the baseline vector between the two stations, 
s1 is the unit vector indicating spacecraft direction, and c is the 
speed of light, then + + 

-+ 

B * s  
1 ,  T =  

C (1) 

which is the fundamental equation of VLJB. If the fractional frequencies of re- 
ceived signal at the two stations are differenced, this difference 
(called "two-way minus three-way doppler") is the dimensionless quan- 
tity 2 ,  the time rate of change of T. 
as reduced from two-way and three-way range and doppler data, are 
called Quasi-VLBI (QVLSI) . 

These new data types, T or i, 

The advantage of QVLBI for spacecraft navigation over single-station 
tracking is that the angular position of the spacecraft can be directly 
measured, and not merely inferred by the orbit determination program. 
But QVLBI also offers the possibility of measuring the frequency offset 
between the widely separated station oscillators. If these oscillators 
were perfectly synchronized, then one would measure 

I .  

= i = A cos wt (from the Earth's rotation) 

f /observed + atmospheric effects 
+ equipment delay effects 

The atmospheric effects are caused especially by the difference in 
charged pafticle content in the ionosphere over the two stations, and 
by the difference in water vapor content in the troposphere, which is 
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difficult to model. The equipment delays (for example, cable delays) 
will produce no effect if they are constant, but any variation 
example, temperature effects at sunrise) will map directly into the 
observed frequency offset. 
at different frequencies, then the last equation becomes 

(for 

If the station frequency standards operate 

+. . 
standard 

(F) = A cos ut + 
f 

observed 

where (. . .) represents the atmospheric and equipment effects. Notice 
that, given sufficient data (i.e., a sufficient number of observational 
equations of the form of Equation (3) one can solve for A and 

separately; furthermore, by expanding Afstandard in a Taylor Af standard 
series, one could in principle solve for any number of coefficients in 
the polynomial expansion of Af. In practice,- the atmospheric sources 
of error make it impractical to solve for tern higher than frequency 
and frequency rate; Equation (3) becomes 

= A cos ut+ A f  + t *(g) + .  . . 
(4) @bserved tandard 

These simplified QVLBI equations illustrate the basic principles. 
practice, solutions from real data have been made using the Double 
Precision Orbit Determination Program (DPODP), which estimates fre- 
quency standard and spacecraft trajectory parameters simultaneously. 

In 

In 1971, the Mariner 9 spacecraft was simultaneously tracked by the 
Echo Deep Space Station (DSS 12) at Goldstone, California, and DSS 41 
at Woomera, Australia, (no longer operational) during the month and a 
half prior to Mars encounter. 
technique was demonstrated with real tracking data, 
though promising, were not as conclusive as might be hoped due to the 
limited amount of data and inadequate knowledge about the behavior of 
the frequency and time system employed. Later in 1973, a series of 
short baseline ( d 5  km) two station doppler demonstrations with the 
Pioneer 10/11 spacecraf ts was initiated to understand better the 
nature of variations of the frequency and timing system. 
cate that the frequency offsets between stations vary slowly and lin- 
early with a long-term (=IO6 sec) stability on the order of 2 parts in 
1OI2 (Of /f) . A successful QVBLI demonstration with real tracking data 
was made in December 1973 during the Jupiter Encounter of Pioneer 10 
spacecraft. On the basis of this experience, a real-time demonstration 
of the QVLBI technique was planned and carried out during the Mariner 10 
mission to Venus and Mercury (MVM). 

It was the first time that the QVLBI 
The results, 

Results indi- 
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flVM was the first interplanetary mission using one spacecraft to fly by 
two planets (Venus and Mercury) with the assistance of the gravitation- 
al attraction of one of the two planets. 
successfully completed with the Mercury encounter of 29 March 1974, and 
was extended to have a second flyby of the planet Mercury on 21 Septem- 
ber. The trajectory of Mariner 10, which is shown in Figure 4, con- 
sisted of many segments, each segment terminated by either planetary 
encounter or a trajectory correction maneuver (TCM). Therefore our 
demonstration was divided into five portions according to the following 
time spans: 

The official mission was 

1. EM-1 to TCM-2 (from November 13, 1973 to January 21, 
1974) 
Orbital determination solutions from this segment 
were used for TCM-2 in order to bring the space 
probe to the desired aiming point at Venus encounter. 

2. TCM-2 to Venus encounter (from January 21 to February 
5, 1974) 
This segment covered the closest approach to Venus, 
so that the position of the probe was accurately 
determined and provided a reference to compare 
solutions from the differenced doppler technique 
with conventional data. 

3. Venus encounter to TCM-3 (from February 5 to March 16) 
This segment was to determine the trajectory 
to provide the parameters for TCM-3. 

4. TCM-3 to Mercury encounter (from March 16 to March 29) 
This provided another opportunity to demonstrate 
the short arc (10 - 12 days) orbital determination 
capabilities using differenced doppler data. 

5. TCM-4 to TCM-5 (from May 10 to June 24) 
This segment was in the extended mission phase 
(after Mercury flyby) and covered the superior 
conjunction, which offered an excellent opportunity 
to demonstrate how well the effects of noise from 
the solar corona could be removed. 

The demonstration was successful in providing estimates of spacecraft 
velocity and position free of corrupting influences. 
interesting to consider the estimates which the data provided of the 
offsets between frequency standards. 

It is especially 

Figure 5 illustrates two different types of estimate of frequency off- 
sets between oscillators at the participating stations. All results 
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are with respect to the DSS 14 (Mars) antenna frequency standard at 
Goldstone, California; other participating stations were DSS 12 (Echo) 
16 Ian south of Mars antenna at Goldstone; DSS 42 and 43 in Australia, 
which shared a single frequency standard; and DSS 62 and 63 in Spain, 
each with its own standard. All stations used Hewlett-Packard 5065A 
rubidium standards for MVM navigation. 

The first type of estimate is shown by the heavy black diamonds in Fig- 
ure 5, each of which gives the solution from a single day's tracking 
data for A f  in millihertz between Mars and Echo oscillators (12 minus 
14) at Goldstone. Since the tracking frequency is S-band (2.3 giga- 
hertz), 7 nillihertz corresponds to Af/f = 3 parts to the size of 
largest residual from the mean which occurred. Since these stations 
are so close (16 km.), both looked through virtually the same acmos- 
phere, and the relative longitudes are known to within 6 cm., so that 
the results are nearly the best attainable by the present technique. 
We believe that these results display the real offsets between the 
station oscillators, though the tendency of the data to return to the 
mean value from the highest residuals, rather than to execute a random 
walk, is perhaps suspicious. Every user of VLBI or related techniques 
--- for clock or frequency standard comparison must observe that what is 
measured is the offset of an entire system -- antenna, cables, cir- 
cuitry, and oscillator, under the local atmosphere -- rather than of 
the oscillator alone. In this case, we have no reason to suppose that 
effects other than frequency standard offset and drift are present, 
but the possibility cannot be ruled out completely. 

The second type of estimate is displayed by the open circles, 
and triangles in Figure 5. For each station, and for each of the time 
periods defined above, all tracking data were combined by the Orbit 
Determination Program, and estimates were formed of (1) frequency off- 
set (2) standard deviation of the estimated frequency offset (3) rate 
of change of offset, when the estimate for rate was believed to be 
statistically significant. 
agree fairly well with the black diamonds. The estimates for rate 
correspond fairly well with the differences between offsets estimated 
on different dates. 
termination Program using a priori values of station longitude uncer- 
tainty of 5 meters; this estimate probably errs on the pessimistic side 
for stations of the Deep Space Net (DSN), but gives a fair idea of the uncertainties 
to be expected when conditions are not optimal. 
on the right represent the data when the spacecraft was near the Sun as seen from 
Earth. 

squares, 

The estimates thus formed for DSS 12 and 14 

The error bars were estimated by the Orbit De- 

The extremely large errors bars 

These data indicate that frequency offsets can be measured to a pre- 
cision of 1 part in 10l2 under fair conditions (error bars, Figure 5 )  
to about 1 part in 1013 under the best conditions (scatter of black 
diamonds. ) 

38 6 



The experiments reported here have been very useful in studies of what 
precision of frequency standard is needed for navigation in the DSN. 
They indicate that the behavior of the frequency standards can be 
modelled using solve-for parameters, along with spacecraft state, and 
so prevent us from overspecifying DSN standards. It has been shown at 
JPL that the existing rubidium standards were adequate to the needs of 
the MVM mission, but that requirements for outer planet missions will 
require the use of H-masers. 
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QUESTION AND ANSWER PERXOD 

DR. WINKLER: 

I think I would agree with your judgment that it is possible for the rubidium 
standards to behave like that. 

DR. FLIEGEL: 

Good. 

DR. WINKLER: 

Even so the extrapolations to 40 days, I think, would require that your temper- 
ature stability and your pressure sensitivity was extremely good. 

But we have seen large frequency variations which returned to where the stand- 
ard had been a week before or  two weeks before. 
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RELATIVISTIC EFFECTS OF THE ROTATION OF THE 
EARTH ON REMOTE CLOCK SYNCHRONIZATION 

Victor Reinhardt* 
NASA 

Goddard Space Flight Center 

Abstract 

A treatment is given of relativistic clock synchronization 
effects due to the rotation of the Earth. Unlike other approaches, 
the point of view of an Earth fixed coordinate system is used 
which offers insight to many problems. An attempt is made to 
give the reader an intuitive grasp of the subject as well as to 
provide formulae for his use. Specific applications to global 
timekeeping, navigation, VLBI, relativistic clock experiments, 
and satellite clock synchronization are discussed. The question 
of whether atomic clocks are ideal clocks is also treated. 
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RELATIVISTIC EFFECTS OF THE ROTATION OF THE 
EARTH ON REMOTE CLOCk SYNCHRONIZATION 

INTRODUCTION 

The precision of global timekeeping is approaching the level where one 
should consider the relativistic effects of the rotation of the Earth on remote 
clock synchronization. This paper will treat such effects, both mathematically 
and heuristically, to provide the precise time user with both rigorously derived 
formulae and, hopefully, an intuitive grasp of the causes underlying these form- 
ulae. This paper will also attempt to cover the subject as completely as possi- 
ble in order to provide a unified reference which wi l l  allay the user's qualms 
about the'relevance of some effects as well as allow him to correct for others. 

HOW IDEAL ARE ATOMIC CLOCKS? 

In analyzing the effects of the Earth's rotation on clock synchronization, we 
will assume all clocks are ideal clocks. We should, therefore, consider first 
whether the most accurate clocks available to the precise time user, atomic 
clocks, deviate significantly from ideal behavior. 

t 

Velocity Effects 

In atomic clocks, a moving atom is interrogated by in phase electromagnetic 
fields at two or more points.6 For various reasons, depending on the device, the 
first order doppler shift due to atomic motion in the device is cancelled out; only 
the second order doppler shift due to atomic motion effects the frequency of the 
clock. This shift is given by:2 

where fa is the atomic transition frequency in the atom's rest frame, f, is the 
clock's frequency in its rest frame, and v,  is the relative velocity of the atom 
with respect to the clock. If (1) is true when the clock is in motion as well as at 
rest, one can ignore the effect of the muving atom, and treat the clock as ideal. 
(1) has been shown to be invariant with respect to motion of the clock: and so 
in this respect an atomic clock is indeed an ideal clock. For completeness, the 
derivation showing (l) is invariant is reproduced in Appendix I. 
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Acceleration Effects I 

Only acceleration effects common to all atomic clocks will be considered 
here. For acceleration effects due to individual clock designs, the reader is 
referred to the manufacturers' literature? Since the Earth rotates with angular 
frequency u , an atomic clock fixed on the Earth will obeerve its atomic transi- 
tion frequency from this same rotating frame. In this non-inertial, rotating 
frame, the atomic transition frequency may appear altered. This would cause 
the clock to deviate from ideal behavior. The question of ideal behavior, there- 
fore, reduces to the question of whether rotational acceleration will cause the 
atomic transition frequency to alter. 

To determine the rotational effects on an atomic transition frequency, we 
must determine the effects of rotation on the energy levels of an atomic system. 
This is accomplished by examining the Hamiltonian of an atomic system in a 
rotating frame. ~n a rotating frame, a system's Hamiltonian is given by:4 

where H, is the non-rotating Hamiltonian, z is the angular frequency vector, 
and F' is the total angular momentum. Atomic clocks operate in low magnetic 
fields where ? is a good quantum number? Therefore, if 2 is parallel to the 
magnetic field, the energy levels of the atomic system are shifted by: 1 

where the quantum states are given by th,e quantum numbers F and M. One can 
also show that, if 2 is perpendicular to F (see Appendix II): 

where uz is the angular Zeeman frequency. Since atomic frequency standards 
run on transitions in which M for the initial and final states is zero: there will 
be no frequency shift in these transitions caused by the rotation of the clock, and 
thus again an atomic clock behaves like an ideal clock. 
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EFFECTS OF UNIFORM MOTION ON REMOTE 
CLOCK SYNCHRONIZATION 

Einstein Light Signal Synchronization 

Before discussing the more complicated effects of the rotation of the Earth 
on clock synchronization, it is instructive to consider the effects of uniform 
motion. The basis for our discussion will be the Lorentz transformations:2* 

xv t -- 

Y' = Y  2' = z 

where the primed system is moving with velocity v parallel to the x coordinate. 
These transformations are derived from the principal of the constancy of the 
velocity of light, and from a definition of clock synchronization (Einstein syn- 
chronization) based on a light source emitting pulses an equal distance from the 
two remote clocks2 (see Figure 1). From (2), one can see that, to an observer 
moving with velocity v in the x direction, two remote clocks synchronized by 
Einstein synchronization will be out of sync by: 

where x is the x component of the separation between the clocks. 

The significance of (3) is that it is path independent. If one were to set up 
a ftglobaltf network in a flat, special relativistic space with Einstein synchro- 
nization, even though, to a moving observer, this network will appear out of sync, 
it will be out of sync in a self-consistent manner independent of the paths used 
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CLOCK 1 CLOCK 2 

Figure 1. EINSTEIN SYNCHRONIZATION: IF CLOCKS 1 AND 2 RECEIVE LIGHT 
PULSES AT THE SAME TIME THEY ARE SYNCHRONIZED 

for synchronization allowing one to ignore the effect; all the moving observer 
need do to restore synchronization is to apply (3). 

1 

Synchronization by Slowly Moving Clocks 

Now let us consider remote clock synchronization by another, often used, 
method, by slowly moving a clock between the two remote clocks (see Figure 2). 
In this method, the moving clock, G, is synchronized to clock C slowly moved 
with velocity E along some arbitrary path, P, to clock C2, and then used to syn- 
chronize C2. Of course while c, is moving, it will be doppler shifted as given 
by (1). To first order, its frequency compared with the frequency of C1 will be 
given by: 

399 



MOVING CLOCK 

Figure 2. SYNCHRONIZATION BY SLOWLY MOVING CLOCK 

.. 
which will cause CM , when it reaches Cz, to differ from C, by: 

A t  = - I, 2c? €2 dt ,  

Since the line element along P is given by: 

this becomes: 
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which goes to zero a8 E goes to zero. Thus, in the rest frame of C, and C ,  , 
the clocks C, and C, will be synchronized. 

Now let us consider this slow clock synchronization from the point of view 
of a moving observer (see Figure 3). Let C, and C, be moving with velocity 
with respect to  this observer whose clock, C, , reads time t. For simplicity 
let C,, CM, and C, be synchronized to zero when C, leaves 6,. 

Figure 3. SYNCHRONIZATION IN MOVING FRAME 

The frequency of C, is given in terms of Cots  frequency by (1) (v2 replaced 
by (? + which to lowest order in E will yield: 
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This means that now A t  is given by: 

But along P' , to lowest order in E : 

di = Z d t ,  

so to lowest order in E : 

A t  = - l, 
Again letting E go to zero, we obtain: 

2 ' di 

iz 
C* 

Since 7 is independent of position, i f  v is in the x direction, we again obtain 
(3) : 

so synchronization by slowly moving clocks is equivalent to Einstein light syn- 
chronizations in flat, special relativistic space. 

CLOCK SYNCHRONIZATION ON THE ROTATING EARTH 

For the proper treatment of clock synchronization on the rotating Earth, 
both the presence of gravitational fields and the non-uniformity of the motion 
necessitate the use of general relativity. Both the behavior of clocks and the 
propagation of light signals, in general relativity, is completely defined by the 
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proper time line element metrically decomposed in terms of a suitable coordi- 
nate system. lo * l1 Thus to describe clock synchronization on the rotating 
Earth, all we need derive is the proper time line element given in terms of 
Earth fixed coordinates. 

For our starting point in deriving the proper time line element, we shall w e  
the Schwarzchild line element for a point gravitational source in non-rotating 
spherical coordinates (r, B , 4' ) :  

- - 1 r2 s in2  Od+'2 - (c2 + 2U)-' dr2 

C 2  

Where: 

) This, to accuracy sufficient for our purposes, will properly describe the effects 
of the Earth's gravitation. To go to Earth fixed coordinates, we use the 
transformation: 

to obtain the desired form of the proper time line element: 

(d+2 I- 2ud4dt) - (c2 + 2U)-l dr2 - r2  sin2 B 

C2 

where, UT, the total gravitational potential in the rotating frame, is: 

1 
2 

uT = u - - r 2 d  sinz B 

(Note that UT contains the centrifugal potential). 
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Synchronization by Slowly Moving Clocks 

Consider, now, the consequences of (5) for synchronization by slowly moviqg 
clocks. For a clock moving along a differential path (at, dr,  de, d+), in the limit 
where 

goes to zero, to lowest order, (5) yields: 

dT= 1+- dt  ( 1:) 

For a finite path, P, this becomes: 

A r =  -6u-' dt  
C2 

-5 I, r2 s i n 2  ed+ 

where A r  is the difference between the slowly moving clock and a coordinate 
clock. 

Equation (7 )  has two terms both of which are path dependent. The first tew 
is the usual gravitational red shift term which has been described elsewhere12* l3  
except that, in this case, the centrifugal potential is included as part of the gravi- 
tational potential. The second term is analogous to (3) in the uniform motion 
case except that, now, the time difference accrued by the slowly moving clock is 
path dependent. To see this more clearly, consider the following heuristic 
derivation. 

Let us set up a non-rotating system of clocks to view our Earth clocks as 
ehown in figure 4. These non-rotating clocks are a l l  placed at the same 
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NON-ROTATING 
CLOCK SYSTEM 

Figure 4. SYSTEM TO MEASURE ROTATIONAL E f  FECT 

gravitational potential, so they all run at the same rate, and can be synchronized 
to a clock at the north pole. If our clock system is placed at the same gravita- 
tional potential as a slowly moving clock on Earth, one of our system clocks can 
locally view the slowly moving clock, so special relativity can be used. l1 The 
local system clock sees the Earth clock doppler shifted by: 

and also sees the synchronization error given by (3) for a slowly moving clock: 

Using this and the fact that our system of clocks will be red shifted from a 
coordinate clock by: 

A f  - U - - - ,  
f c 2  
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we obtain for the slowly moving clock on Earth: 

- r 2 u s i n 2  0d&, 
c2 

where dt is the coordinate time interval. This equation is precisely that given 
by (6) .  

Light Synchronization 

For the general relativistic case, the dependence of proper lengths on the 
coordinates complicates the definition of Einstein light synchronization. To 
simplify analysis, therefore, let u s  redefine light synchronization as shown in 
Figure 5. In this new definition, clock 6, sends a light pulse to C, , and records 
the time he sends it. When C, receives the light pulse, he immediately returns 
another pulse Over the same path, P, and records the time of arrival of the first 
pulse. C, now receives the second pulse, and measures the time difference be- 
tween the transmission of the first pulse and the reception of the second pulse, 
A t .  From this time, C, determines the propagation time, A t/2, which C 2 can 
transmit to C, along with the time C 
synchronize to C1. 

sent the first pulse. This enables Cz to 

In order to analyze the relativistic effects of rotation on this form of syn- 
chronization, all we need use is the line element (5)  and the fact that for light 
propagation (in vacuo) : 

dr = 0 

These together with a path, P, parametrically described by (r(X), 8 (A),  +(A)) 
defines light propagation in terms of the. quadratic equation: 

Adt2 + B (3) dA dtdh + C (g, E,  g) dX2 = 0 

Solving for dt, one obtains: 

-B f U'k2 - 4AC dA 
2A 

d t  = 

406 



P 

2- WAY COM MU N I CAT I ON 
OVER THE SAME PATH 

Figure 5. NEW LIGHT SYNCHRONIZATION DEFINITION 

which for a finite path becomes: 

= J” -B* JB2 - 4AC dX 
2A 

4 
Notice that there is an ambiguity of sign in (8). This occurs because along 

P, light can propagate in two directions, from P(A,) to P( A,) and vice versa. 
The presence of the B term causes the propagation time for light traveling in 
opposite directions to differ by: 

or 

d$ 
r2 s in2  6 A t p  = - 2~ 
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But from our light synchronization definition, this will introduce a synchroniza- 
tion error of: 

a t  =- 
2 

or: 

a4 (9) 
r2 s i n 2  e 

At = - I, c2 + 2u, 

where at is defined in terms of a coordinate clock. To lowest order, (9) reduces 
to: 

A t  = -- r2 s i n 2  Bd+ 
C2 "I 

which is the same as the second term in (7 ) .  

In order to obtain some insight into the reasons for the time difference given 
by (lo), consider the following heuristic derivation from the point of view of a 5 

non-rotating frame as shown in Figure 6. In Figure 6, two clocks, C, and C ,, 
rotating with the Earth and separated by a small distance L, light synchronize 
along a straight line. In the time, t, it fakes for the light to travel from C, to 
C,, C, will move: 

- 4  wrL AI, = vot = 3- s i n  8 
c 

where L = ct has been used. This will introduce a change in path given approxi- 
mately by: 

t a t  ALZ - L 

or: 

AI, = -- wr2 sin2 sa$ 
C 
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Figure 6. ROTATIONAL ERROR FOR LIGHT SYNCHRONIZATION 

\ 

i' 

which corresponds to a change propagation time: 

wr2 
C2 

A t  = -- s in2  On+ 

For a light signal going from C, to C, , we would, similarly, obtain a change 
in propagation time as described by (ll), but with the opposite sign. As viewed 
by a coordinate clock, therefore, C ,  and C,  would be out of synchronization as 
given by (11). For a general light path, P, we can break the path down into N 
infinitesimal straight line segments, and repeatedly use (11) to obtain: 

A t  =-E Jr. r2 sin2 Bd+ 
C2 

which is the same as (10). 
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Rotational Frequency Effects 

Equation 9 shows that a clock on Earth has its frequency shifted from a co- 
ordinate clock by: 

where: 
1 
2 

U, = u - - r 2 d  sin2 6 

This is different from other formulations ''I l2 in the inclusion of the centrifugal 
potential as part of the gravitational frequency shift term. This centrifugal effect 
has even been ignored entirely by some authors>2 
term in one form or another is important to obtain the proper operating frequency 
since the centrifugal term contributes a fractional frequency difference of 1.2 X 

Inclusion of the centrifugal 

between a clock at a pole and one at the equator. 

Because of this centrifugal term, however, on the surface of the Earth, one 
can ignore variations in clocks caused by the gravitational shift. If the Earth's 
surface was a rigidly rotating fluid, the surface of the Earth would be defined by: 

U T = c o n s t a n t  

since a static fluid cannot maintain shear stresses. But sea level by definition 
is the surface of a static fluid; therefore, all clocks at sea level run at the same 
frequency. This means that, so far as the gravitational red shift is concerned, 
to obtain a consistent system of clocks, all one need do is to correct the frequency 
of a clock for deviations from sea level (at the fractional rate of 1.09 X 

km near sea level). 
per 

The fact that clocks at sea level al l  run at the same rate, however, is of little 
comfort if the user has a rigidly mounted clock, and sea level changes as a func- 
tion of time. Tidal forces due to the Sun and the Moon cause such a time depend- 
ent change of sea level. A s  shown in Appendix m, these forces lead to frequency 
shifts given by: 

B 

= - 2.69 x 1O-l' c o s 2 ( w t )  
f 
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= - 5. 8sX 10-17 cos2 @t) 
Moon 

APPLICATIONS 

Global Timing Networks 

We have shown that for remote synchronization on the Earth, there is a path 
dependent synchronization error given by (7) for slow clock synchronization and 
(9) for light synchronization. This path dependent effect can cause discrepancies 
of as much as 0.2 psec for differing synchronization paths. (The maximum effect 
occurs in synchronizing two clocks on opposite sides of the Earth on the Equator 
along paths going in opposite directions around the equator.) To set up a self- 
consistent timing network, one must either set up the synchronization network as 
shown in figure 7 or  make corrections for (7) or (9) in all remote synchronization. 
For future reference, let us call this form of synchronization coordinate synchro- 
nization, and call synchronization in which (7) or (9) are not corrected for link 
synchronization. 

PRIMARY CLOCK ON POLE 

SYNC H RON I ZATION 
ALONG LONGITUDE 
LINES 

Figure 7. COORDINATE SYNCHRONIZATION NETWORK 
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Since we have also shown that clocks at sea level all run at the same rate, 
to obtain coordinate time from a sea-level, coordinate synchronized global tim- 
ing network, all we need do is offset the network's frequency by: 

where Up is the Newtonian gravitational potential at the pole. 

Relativistic Timing Experiments 

There are two basic groups of relativistic timing experiments involving 
moving clocks, those that involve only two clocks, and those that involve moni- 
toring the moving clock with remotely synchronized clocks. The first type of 
experiment is detailed in Figure 8. In this type of experiment, a moving clock, 
C,, is compared with a clock on the Earth, C,, before and after C, makes a 
trip around a closed path, P. One can see from (7) that, even for a slowly mov- 
ing clock always in the same gravitational potential, there will be different re- 
sults depending on the path. 

CLOSED 
PATH 

STATIONARY 
CLOCK 

Figure 8. TWO CLOCK EXPERIMENT 
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The Hafele-Keating experiment 15 is a classic example of this type of exper- 
iment. In this experiment, sets of clocks which traveled around the world equa- 
toriaUy in opposite directions were compared with the U. S. N. 0. Master Clock 
before and after each trip. Different results were obtained for the westerly ver- 
sus easterly moving clocks. Qualitatively, this can be seen as a result of the 
part of (7)  given by: 

which for the same P will give A t ' s  of opposite sign depending on the sign of 
dd, . 

The second type of experiment involves remotely synchronized clocks as 
shown in Figure 9. In this type of experiment, a clock, C,, is moved along 
a path, P , between two remotely synchronized clocks, Cl and C2 , and 
compared with them. Here the results depend on which type of synchronization 
is used. For example, if we let the synchronization path, (&Is path, C, ,and 
C2 all be along the same latitude, we let VM , CM"s ground velocity, be constant, 
and we keep C, at ground level, for coordinate synchronization, we obtain: 

I 
f 

MOVING CLOCK 

1 SYNCHRON IZATlON 

Figure 9. EXPERIMENT INVOLVING REMOTE SYNCHRONIZATION 
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where 
this result depends on the direction of TM with respect to 
Keating experiment does. If we use link synchronization for the same experiment, 
we obtain: 

is the rotational velocity of the Earth at the latitude chosen. Notice 
just as the Hafele- 

1 rM - r 2  - - - - [v," + vi1 
r1 2c2 

which is independent of the direction of JM and qe. This is because the synchro- 
nization error between C, and 6,: 

just cancels the cross terms in (13). 

For the two examples just given, the link synchronization case is the only 
one which has a special relativistic analogue; there are no cross terms just as . 
would be true in special relativity. However if one tries to extend this analogue 
to the Hafele-Keating experiment, one gets into trouble. Treating the Hafele- 
Keaking experiment special relativistically, leads one to the absurd consequence 
that the stationary clock is out of synchronization with itself. This occurs be- 
cause a special relativistic treatment implies a flat space in which it would be 
impossible to return to the same clock by continuously moving in the same 
direction; the Hafele-Keating experiment, as well as all experiments of the 
first type, have no special relativistic analogue! 

Global Radio Navigation 

Radio navigation systems such as Loran4  and Omega utilize precise timing 
to determine theuser's p~sition.'~' l6 By measuring the propagation delay for 
timing signals broadcast from fixed system traqmitters with a portable clock, 
the user can determine his distance to the system transmitters, and thus de- 
termine his position. Rotational synchronization errors can introduce errors in 
the navigation system through two sources. First, i f  the fixed transmitters use 
link synchronization, timing errors can be introduced. These errors can be 
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removed by using coorclinate synchronization. Second, since the mer is generally 
moving around, his clock will develop a cumulative synchronization error given 
by (7). This error can only be removed by a continuous path dependent correction 
of the users clock. This error, however, would be typically less than 0 , lp  s if the 
user coordinately resynchronized his clock every time he traveled half way around 
the Earth, and so would lead to a navigation error of less than 100 ft. 

For ultra precise navigation, the user could use the following method which 
does not rely on a precise onboard clock. In this method, the user monitors three 
fixed stations simultaneously. From the measured propagation delays he could 
then solve for three unknowns, his coordinates 8 , and 4, and his clock error, A t .  

Very Long Baseline Interferometry 

Very long baseline interferometry has been suggested for both purposes of 
remote time syn~hronization,~~ and navigation."The basic technique is outlined 
in Figure 10. Two remote stations on Earth, A and B, monitor a stellar radio 
source, record the results with timing marks from their local clocks, and later 
cross-correlate their result9 to determine A t .  For the purposes of remote time 
synchronization, e and s are known, and A t is used to synchronize clocks A and 
B. Since a non-rotating radio suurce is used, clocks A and B will be coordinately 
synchronized. For navigation, clocks A and B are synchronized, and A t  is used, 
together with a knowledge of 0, to determine 8.  If A and B are link synchronized, 
there will be a timing error A t '  given by (7) or  (12) which will produce an error 
in s: 

cat' 
sin e ss =- 

With A t typically less than 0 .I P s, typically: 

3om 8 s C -  
s i n  9 
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RADIO 
SOURCE 

Figure 10. V L B I 

Satellite Clock Synchronization 

The most accurate form of remote synchronization by satellites is in the 
two way timing mode" as shown in Figure 11. In this mode radio signals are 
bounced or transponded off the satellite in both directions. Time synchroniza- 
tion is determined by the light synchroniz&on method outlined in the previous 
section, so there is a synchronization error with this method given by (9). If 
uncorrected, this would lead to synchronization errors typically on the order of 
0.1 p s  or  less. 

For satellites carrying an onboard clock, (7) seems to indicate that there 
would be a frequency shift given by: 

This is not true because the satellite's finite velocity introduces other terms 
from (5) which cancel (12). To see this, consider the satellite from a non- 
rotating frame tts viewed by a clock at the north pole where there are no 
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CLOCK 

rotational effects. 

Figure II. SATELLITE TWO-WAY TIMING 

The frequency difference between the pole clock and the 
satellite clock is given by: 

where Us and Up are the gravitational potentials at the satellite and-at the pole 
respectively, and GT is the satellite's velocity relative to the non-rotating frame. 
For a circular orbit, vT is a constant, and so Af/f  would just be a constant. 
Since for coordinate synchronization, all Earth clocks would be synchronized to 
the pole clock, Af/f would be a constant with respect to them also, precluding 
the possibility of any terms of the form of (12). 

The difference between a moving satellite carrying a clock, and a moving 
ship o r  awplane carrying a clock is that the motion of the ship or  airplane is 
simple (nearly uniform) with respect to the Earth, but the motion of the satellite 
is simple with respect to a non-rotating frame; as viewed from a non-rotating 
frame, the ship or airplanels motion is directly affected by the rotation of the 
Earth; whereas the satellite's motion, one of free fall ,  is not influenced by the 
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rotation of the Earth. Formally both a rotating frame and a non-rotating frame 
are equally correct for analyzing relativistic problems; the choice between them 
is a subjective matter governed by simplifications o r  clarifications one frame or 
the other wil l  bring to the solution of the particular problem of interest. 
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APPENDIX I 

An idealized picture of a moving atomic clock is shown in Figure 1-1. In a 
moving observer's frame, the atom whose transition is being monitored is mov- 
ing with velocity vT. AS the atom passes two clocks, C1 and C, , which are 
synchronized in their rest frame, and which are moving with velocity vc , the 
atom's clock, Cay is interrogated by C, and C,. When the clock is at rest, C, 
and 6, see C, doppler shifted by (1). We must prove that this is also true to 
our moving observer. 

Let C, , C,, and the observer's clock, C o, all be synchronized to zero when 
C, passes C 1. Using the Lorentz transformations given by (2) , when Ca passes 
Ca , in terms of observers time, to, Ca and C, will read: 

I 
where xo is the position of 6 ,  when C, passes C,(C, at x = 0 when C, passes 
Cl). Using the fact that: 

xo = V T t O  

and (I-1), ~e obtain: 

r n 

iz C2 

But in terms of v, and vc , where va is the velocity of Ca with respect to C, 
and C, , vT is:2 

- VI3 + v, 
vT - 

va vc 
1 +- 

C* 
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Using this and (I-Z), after some algebraic manipulation, we obtain: 

which is the same as (1). 

ATOM 

ATOMIC CLOCK 

OBSERVER 

Figure 1-1. IDEALIZED ATOMIC CLOCK 
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APPENDIX 11 
3 

If 2 is perpendicular to F, the Hamiltonian becomes: ' 
H = s  + A H  

where: 

and: 

since:' 

AH = - h w  - (F+ + F,) 
2 

F* = F, f iFy 

(FM I(F+ t FJ~ FM+I> = y l i ' ( ~  t 1) - M(M + I )  (H-1) 

and all other matrix elements are zero, there is no first order perturbation con- 
tribution to the energy levels.' The next highest perturbation contribution to the 
energy levels is the second order term:* 

using this and (I-1), one obtains: 

where wZ is the angular Zeeman frequency: 
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APPENDIX III 

To determine the effects of the tidal forces due to the Sun and the Moon on 
the frequency of a clock, consider the following derivation outlined in Figure ILL-1. 
A t  a point on the Earth, two sets of potentials caused by the Sun or Moon are at 
work, the gravitational potential: 

GM 
R 

-- 

where M, and R are the mass and the distance respectively to the Sun or the 
Moon, and the accelerational potential caused by the Earth's motion around the 
center of mass of the Earth-Sun or Earth-Moon system: 

where Rf is the distance to the center of mass, and wo is the angular velocity 
of the Earth revolving Bround the Sun or Moon. The total potential from these 
effects, then, is: 

Expanding in a power series about the center of the Earth (center of mass), and 
noting that, at the center of the Earth, the gravitational and accelerational forces 
must cancel, one obtains, to lowest order, a varying term given by: 

where Ro is the distance of the center of the Earth to the Sun or Moon, and r is 
the radius of the Earth. This yields a frequency shift: 

A f  - 3GMr2 
2c2R,3 

- - - - cos2 at 
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ACCELERATION GRAVITATION 

TO SUN 
OR MOON 

Figure 111-1. EFFECT OF TIDAL FORCES 

Substituting the relevant quantities for the Sun and the Moon, one obtains: 
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A RELATIVISTIC ANALYSIS OF CLOCK SYNCIIRONIZATION 

J. B. Thomas 

Jet Propulsion Laboratory 
California Institute of Technology 

ABSTRACT 

The relativistic conversion between coordinate time and atomic 
time is reformulated to allow simpler time calculations re- 
lating analysis in solar-system barycentric coordinates 
(using coordinate time) with Earth-f ixed observations (mea- 
suring "earth-bound'' proper time or atomic time.) After an 
interpretation of terms, this sim lified formulation, which 
has a rate accuracy of about 
conventions required in the synchronization of a world-wide 
clock network and to analyze two synchronization techniques-- 
portable clocks and radio interferometry. Finally, pertinent 
experiment tests of relativity are briefly discussed in 
terms of the reformulated time conversion. 

is used to explain the 

INTRODUCTION 

In the relativistic analysis of very long baseline radio interferometry 
(VLBI) data as well as spacecraft and planetary radiometric data, 
primary calculations are often most conveniently made in terms of non- 
rotating coordinates that have the solar system barycenter as an ori- 
gin. However, measurements in these applications are usually made by 
Earth-fixed observers. Consequently, such analyses usually involve a 
relativistic time conversion (e.g. Moyer 1971) relating solar-system 
barycentric calculations (using coordinate time) with Earth-fixed ob- 
servations (measuring atomic time). In this article, this time conver- 
sion, including all relevant speed and potential effects, is reformu- 
lated in order to facilitate both interpretation and analysis in these 
applications. After an interpretation of terms, the reformulated equa- 
tion, which has a rate accuracy of about 10-15, is used to consider the 
synchronization conventions associated with a world-wide clock network. 

* 
This paper presents the results of one phase of research carried out 
at the Jet Propulsion Laboratory, California Institute of Technology, 
under Contract No. NAS 7-100, sponsored by the National Aeronautics 
and Space Administration, and a revised version has been submitted to 
The Astronomical Journal. 
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Since clock stabilities have begun to routinely enter a relativistical- 
ly significant range (10-12 to a discussion of such conventions 
is presently more than an academic exercise. Two synchronization 
techniques, portable clocks and VLBI, are analyzed in terms of the 
simplified time equation. Finally, pertinent experimental tests of 
relativity are briefly discussed. 

11. REFORMUTATION OF THE TIME CONVERSION 

In this section, the time conversion between atomic time and coordi- 
nate time is reformulated by means of several approximations in order 
to cast it in a form that is more convenient for most applications. 
We will assume that, with appropriate rate and epoch specifications, 
the time reading of an atomic clock will, within the known stability 
limitations of the clock, be equal to proper time as calculated on the 
basis of the spacetime metric. Calculations will be made in terms of 
spacetime coordinates that are non-rotating and have the solar system 
barycenter as an origin. 
clocks in terms of these coordinates are known with sufficient accur- . Coordinate time will be denoted by t and the proper time of the 
j earth-bound clock by T 

In this analysis, approximations will be guided by the following con- 
siderations. Current, relatively well-developed oscillator technology 
(H-maser standards) can, at best, provide clocks with a long-term sta- 
bility no better than At/f&~O-~s. 
tion on time measurement, theoretical rate corrections (dr/dt) of the 
order of 

We will assume that the worldlines of the 

j' 

Because of this instrumental limita- 

or less will not be retained in the following analysis. 

If one retains the most significant terms (i.e., the terms that lead to 
clock rate corrections greater than in the n-body metric tensor 
(e.g., Misner, Thorne and Wheeler 1973), then the resulting weak-field 
approximation to the differential equation relating coordinate time 
with proper time along the clock's worldline is given by the well- 
known expression (e.g. Moyer 1971): 

+ +  
dr 
dt + 2  

C 
2 2c 

-+ -+ 
where y and y 
given as a function of coordinate time and where +(y.) is the total 
Newtonian gravitational potential at point y 

are the earth-bound clock position and velocity* 
j j -% 

3 3 
In this expression, 

j '  
* 

A dot will denote differentiation with respect to coordfnate 
time . 

426 



4 - 4  
the y y. term corresponds to special relativistic time dilation due 
to clock speed and the t#/c 
tic gravitational redshift. Note that, in this expression and in the 
following anaylsis, we treat the spacelike coordinates as vectors, 
which is an approximation of adequate accuracy under the weak-field 
assumptions. 

The position vector y from 
the solar system barycenter to the Earth's center of mass and a vector 

j J  2 term corresponds to the general relativis- 

3 3 can be represented as a sum of a vector x j e 

3 
from the Earth's center of mass to the clock so that 

In addition, the potential 4 can be represented as a sum of two terms: 

where @e is the potential due to the Earth's mass and where +r is due 
to the mass of all other solar system bodies. The geopotential 6, is 
very nearly constant for an Earth-fixed clock while the potential Cp, 

varies as the clock moves about due to 
bital motion. Substituting these last 
obtain 

-+ +2 v2 + 2:e * v. + v 
e 9 +  

d.r 
dt 
A. 

2 2c 

I. 

both Earth spin and Earth or- 
two expressions in Eq. (l), we 

'e 'r - +  - 2 
C 

2 
C 

( 4 )  

3 3 
where v 
geocentric velocity (x.). 
in Eq. ( 4 )  is as follows: 

is the Earthts orbital velocity (x,) and v is the clock's 
The order of magnitude of the various terms 

e + j 

J 

V 

C 
3 10-4 for Earth 

V 

C 
-L 10-6 for clock 

orbital speed 

geocentric speed 

for gravitational potential at the ' 
Earth's orbit 

'r 8 - = 10- 
2 c 
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f o r  geopotent ia l  a t  t h e  Earth 's  surface -= 'e 10-9 
2 

C 

+ +  
Two terms, v v and Cp w i l l  now be manipulated* i n t o  more useful  

forms. As shown below, these manipulations lead t o  a time conyersion 
f o r  Earth-fixed clocks t h a t  does not  involve an i n t e g r a l  over x ( t ) , t h e  

clock's time-varying pos i t ion  relative t o  t h e  Earth 's  center of mass, 

e j  r' 

j 

I n  order t o  separate  Earth sp in  and Earth o r b i t a l  motion, expand 
lpr as follows: 

It is read i ly  shown t h a t  neglected quadratic terms due t o  t h e  sun and 

moon are of t h e  order of a t  one e a r t h  radius .  I f  one neglec ts  

relativist ic terms of t h e  order 

e ra t ion  (a,) of t h e  Earth 's  cen ter  of mass so t h a t  

the gradient-V@r is  t h e  accel- 
-t 

The time equation can be fu r the r  modified by means of t h e  ident i ty :  
r 

After  subs t i t u t ing  Eqs. ( 6 )  and (7) i n  Eq. (4), and in t eg ra t ing  over 
coordinate time from t t o  t, w e  ob ta in  t h e  expression: 

C 

' r j ( t )  -rC + t - tc + A t s  + A t  ( 8 )  
j 

where t h e  two relativistic "correction" terms are defined by: 

t 

- = % - v:] d t  
2c 

tC 

* 
A similar but unpublished ana lys i s  has been independently car r ied  out 

by D. S. Robertson and R. I). Reasenberg a t  the  Department of Earth and 
Planetary Science a t  MIT. 
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i 

and where T~ is the constant of integration. 
that, in order for all clocks to be synchronized according to the 
earthbound techniques of Section IV, this constant of integration must 
be the same for all clocks.) In this expression, we have divided the 
relativistic terms into two categories: the common terms (At,) which 
are the same for all clocks, and the clock-specific terms (Atj) which 
might be different for each clock. 
terms produced by the speed and potential terms have canceled. 
cancelation in a different formulation has been noted by Hoffman (1961) 
and described as a manifestation of the equivalence principle for 
freely-falling geocentric coordinates. In this final form, the or- 
bital and spin motions have been separated, except for the $,ex 

For a clock fixed with respect to Earth, the speed vj and potential 
$e(Sj) vary by no more than about one part in 106 (due, for example, 
to polar motion, earth tides, crustal motions). Therefore, to ade- 
quateapproximation, the clock-specific correction for an Earth-fixed 
clock becomes : 

(It can be easily shown 

Note that the two acceleration 
This 

-+ term. 
j 

-+ + - x.(t) 2 24e(h - v. 
( t - t )  c, - 2 (11) 

C 
2 A t  = 

2c j 

These expressions for the time conversion simplify the analysis in the 
following section which includes a discussion of terms and synchroni- 
zation conventions. 

111. INTERPRETATION OF TERMS AND CLOCK SYNCHRONIZATION ANALYSIS 

World-wide timekeeping is now accomplished by a network of atomic 
clocks placed at various locations over the Earth. In this network 
member clocks are periodically synchronized with a master clock, which 
is carefully maintained at a fixed location. 
practice is the average time reading of a set of reference atomic 
clocks. Specific techniques for synchronization will be discussed in 
Section V on the basis of the relativistic time conversion.) Most 
synchronization work, based on the principles of classical physics, 
presently assumes that clocks, once synchronized in time and rate, will 
continue to indicate the same time, within instrumental accuracy, 
wherever they are moved on the Earth's surface. However, relativistic 
analysis, such as Eq. ( 8 ) ,  indicates that classical assumptions may 

("Master clock" in 
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not be adequate if clock accuracies surpass the us level in time and 
the level in rate. That is, sufficiently accurate clocks can 
lose synchronization due to relativistic effects if they are separated 
on the Earth's surface. Consequently, an accurate clock network based 
on relativity theory must take these effects into account. 

A relativistic understanding of the synchronizatfon problem is facili- 
tated by the formulation in Eq. ( 8 )  which connects coordinate time 
with the proper time of a given Earth-fixed clock. 
equation is not a direct comparison of Earth-fixed clocks, it contains 
all the information needed to study the synchronization problem, pro- 
vided the various tenus are properly interpreted. The following dis- 
cussion attempts such an interpretation with emphasis on the establish- 
ment of synchronization conventions. Even though some aspects of this 
discussion are relatively well-known, they have been briefly included, 
sometimes without reference, for the sake of completeness. 

Even though this 

The common correction term Ats in Eq. (9) contains the factors that 
cause the same rate offset for all clocks: 
center-of-mass and the "clock-invariant part" of the potential which 
is located at the Earth center-of-mass. Since this term is common to 
all clocks in the network, it will not cause a loss of synchronization. 
That is, this term is not significant in "earth-bound" comparisons of 
the clocks but is significant when converting between coordinate time 
and atomic time. In practice, the common term must be modified to ac- 
count for any conventions affecting overall clock rates. For example, 
it is convenient to define the second so that, in principle, all 
clocks run at the same average rate as coordinate time (e.g. Moyer 
1971). 
tracting the time-average rate from the total rate in Eq. (9) as 
follows : 

the speed of the Earth 

, 

This rate definition is represented* formally in Ats by sub- 

t 

ks Ats - A t s  - E -$ f - Av:] dt 
2c 

L L 
C 

where 

This rate adjustment, which is the order of loe8, leaves only the non- 
linear, principally periodic effects in Ats. (A detailed analysis to 

*In the remaining analysis, a tilde over a term will denote that the 
term has been adjusted according to the synchronization conventions 
defined in this section. 
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es t ab l i sh  t h e  most appropriate  de f in i t i on  f o r  t h i s  t i m e  average and t o  
model t he  most important time-varying r e s idua l  terms is beyond t h e  
scope of t h i s  paper.) Even though these r e s idua l  time-varying e f f e c t s  
do not cause loss of synchronization between Earth-fixed clocks, they 
must still be  included i n  conversions between proper t i m e  and coordi- 
nate time. For example, t h e  predominant e f f e c t ,  o r b i t a l  ecceht r ic i ty ,  
has an integrated amplitude of approximately 2 ms and an annual period 
(e.g. Moyer 1971). 

The clock-specific cor rec t ion  A t 3  i n  Eq. (11) can lead t o  a synchroni- 
zat ion l o s s  between Earth-fixed clocks. This correct ion can be sub- 
divided i n t o  two categories  of time dependence f o r  Earth-fixed clocks: 
l i n e a r  and periodic.  

I n  t h e  f i r s t  category, t he  l i n e a r  term, (t - tc), is  a rate 

correct ion based on clock geopotential  and speed relative t o  the 
Earth 's  center-of-mass. 
r edsh i f t  due t o  geopotential  s ince  its coe f f i c i en t  is es sen t i a l ly  t h e  
e f f ec t ive  geopotent ia l  a t  point  rs' 
Earth-fixed clock (Cocke 1966). ' That is, the  gradient  of v .  /2 - @e 

gives t h e  sum (g) of t h e  earth-spin "centr i fugal  force" and the  
ea r th ' s  g rav i t a t iona l  a t t r a c t i o n  a t  t h a t  point.  Since mean sea level 
represents ,  t o  good approximation, a surface of constant e f f ec t ive  geo- 
poten t ia l ,  a l l  Earth-fixed clocks a t  mean sea l e v e l  should run a t  ap- 
proximately the  same rate without r e l a t i v i s t i c  corrections.  
a r b i t r a r y  Earth-fixed clocks, ' the d i f f e r e n t i a l  rate correct ion can be 
approximately calculaced on t h e  bas i s  of d i f f e r e n t i a l  a l t i t u d e  by t h e  
formula gAh, which p red ic t s  t h a t  the  rate correct ion changes by ap- 
proximately 1.1 x 10-13 per kilometer of d i f f e r e n t i a l  a l t i t u d e .  (For 
airborne o r  o rb i t i ng  clocks,  it is  readi ly  shown t h a t  time-varying 
d i f f e r e n t i a l  rate cor rec t ions  of t h e  order of - are pos- 
s ib l e .  ) 

I n  t h e  second category, the  per iodic  term v ( t > * x j ( t )  is never grea te r  
than 2 us and is e s s e n t i a l l y  d iurna l  s ince  Se changes very l i t t l e  over 
one day. This term corresponds t o  the  spec ia l  r e l a t i v i t y  clock synch- 
ronizat ion cor rec t ion  t h a t  accounts f o r  t h e  f a c t  t h a t  simultaneous 
events i n  one frame (a "solar system frame") are not necessar i ly  siyl- 
taneous i n  a frame (a  "geocentric frame") passing by with ve loc i ty  ve. 
Consequently, i t  is  of s ign i f icance  i n  conversions between Earth-fixed 
time and coordinate time but i s  not present i n  "Earth-bound'' compari- 
sons between Earth-bound clocks. 
l y t i c a l l y  by t h e  f a c t  t h a t  t he  periodic term "changes" t o  match 
another clock i f  t h e  two clocks are brought together on Earth. 

The following conventions regarding synchronization are designed t o  ac- 
commodate these  clock-specific terms. Since the  l i n e a r  terms can lead 
t o  gross disagreements between clocks over long time periods, they w i l l  

This term corresponds t o  the  conventional 

as c l a s s i c a l l y  observed a t  the  2 
3 3 

For two 

+ 3 

This a s se r t ion  is supported ana- 
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be removed, either explicitly or implicitly, by making appropriate 
&ocation-dependent definitions of clock rate. For such rate adjust- 
ments to be significant, the stability of the clocks in the network 
must, of course, be significantly better than a typical rate correc- 
tion of roughly In principle, these corrections could be 
applied by means of explicit on-site rate adjustments based on a fun- 
damental physical process. For example, at each location a second 
could be set equal to a particular altitude-dependent number of cycles 
(to more than 13 decimal places) on a cesium beam frequency standard 
where the cycle-count differential between altitudes would be based on 
the differential in effective potential. Since these rate adjustments 
are of the order of 10-13, the oscillators would necessarily have to be 
capable of independent (absolute) calibration at a few parts in 10"14 
or better (in addition to the similar stability requirement). Unfor- 
tunately, routine calibrations at this level are not feasible at 
present. In practice, this rate adjustment will be implicitly applied 
in a differential sense whenever a world-wide clock network is kept in 
time synchronization. For example, as in the present system, a "master 
clock" would be utilized, at a given location, to define the second and 
maintain a reference time. Other clocks over the world would then be 
forced into synchronization by means of "earth-bound" synchronization 
techniques (see Section V), Since the synchronization process pre- 
vents clock divergence, the appropriate differential rate correction 
will be implicitly applied without recourse to relativistic calcula- 
t ions. 

+ Since the periodic term Ge(t) .x. (t) does not affect the synchronization 
of Earth-bound clocks, it is no$ of consequence in the establishment of 
a synchronization convention. 

By modifying Eq. ( 8 )  according to the definitions and conventions 
described above, one obtains a stabdardized conversion for Earth-fixed 
clock j: 

C 

Note that the time equation no longer involves an integral over clock 
coordinates but only over coordinates for the Earth's center-of-mass. 
Therefore, relative to the original formulation, time calculations are 
much simpler. 

In summaty, with the conventions outlined above, the network clocks 
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would be given selected initial times (at coordinate time tc) and the 
same average rate (i.e. d.c/dt = 1). 
network could be kept in synchronization according to Earth-bound ob- 
servers by means of two synchronization methods now in use. 
techniques, portable clocks and VLBI, will be discussed in Section V 
in terms of these synchronization conventions. 

With these conventions, the clock 

These two 

IV. VLBI TIME DELAY 

Radio interferometry holds great promise as a technique for the ac- 
curate synchronization of a world-wide clock network as well as for 
the accurate measurement of a variety of geophysical and astronomical 
phenomena [Shapiro and Knight' 19703. 
component of the interferometric delay observable, the geometric delay, 
is calculated through the use of the reformulated time eqtation of the 
last section. The purpose of this derivation is to clarify the origin 
of the various terms in the geometric delay in preparation for a dis- 
cussion of clock synchronization in Section V and experimental tests 
in Section VI. 

In this section, the primary 

The VLBI geometric delay is readily calculated using Eq. (13) as fol- 
lows. 
served by two Earth-fixed antennas. 
antenna 1 at coordinate time t and antenna 2 at t'. 
two antenna teams, the wavefront arrives at 71(t> at antenna 1 and 

times, they will measure the "geometric" delay: 

Suppose that radio waves emitted by a distant source are ob- 
Let a given wavefront reach 

According to the 

/ time 72(t') at antenna 2. When the two antenna teams compare arrival ! 

We have assumed that instrumental and transmission media delays have 
been removed. In addition, we have assumed that the antenna clocks 
have been synchronized according to the conventions leading to Eq. (13). 
(A loss of synchronization would, of course, appear as an additive 
term in the measured delay.) 

Since It' - tl is less than 30 ms for Earth-fixed antennas, the terms 
containing t' can be expanded about t to yield: 

Tg(t) = T2(t) - T,(t> + Y2(t) (t' - t) (15) 

(16) 
3 2 + 

t' - t+- - Ave/2 - ve - G2] (t' - t) 
C 
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+ 3 -P 
where the  basel ine b equals x2 - xl. 
neglected an a 

t' - t with negl ig ib le  l o s s  of accuracy. 
l a y  is equal t o  the  "coordinate t i m e  delay", t '  - t, p lus  time conver- 
s ion correct ions of two types. 
correct ion,  consis t ing of three terms proportional t o  t' - t. 
eas i ly  demonstrated t h a t  these terms are less than 20 psec (0.6cm) i n  
magnitude. Consequently, these correct ions are of marginal importance 
f o r  even t h e  most ambitious VLBI appl icat ions.  

I n  t h i s  expression, w e  have 
j. -+ . x term and terms of order higher than the  f i r s t  i n  e 

Note t h a t  t h e  geometric de- 

The f i r s t  type is a "time di la t ion"  
It is 

The second correct ion category, which corresponds t o  the  clock synch- 
ronizat ion correct ion (or aberrat ion correct ion)  found in  a spec ia l  
r e l a t i v i t y  treatment, can be estimated as follows: 

.+ -P 

= 4 psec 12000 1.2 lan v . b  

2 
. -t 

c C 
< e 

C 

+ 
Since ve changes very l i t t l e  over a day, t h i s  term exh ib i t s  e s sen t i a l ly  
d iurna l  t i m e  var ia t ions .  I n  time delay calculat ions,  this l a rge  cor- 
rec t ion  must be t rea ted  very precisely.  

Upon t o  t h i s  point,  t he  coordinate t i m e  delay t ' - t has been t rea ted  
i n  a general  fashion and could denote any two events occurring near t h e  
ear th .  Since t h i s  sec t ion  is  primarily concerned with the  r e l a t i v i s -  
t i c  conversion of a given coordinate time delay t o  proper time obser- 
vat ions,  a general discussion of delay ca lcu la t ions ,  including a l l  fac- 
t o r s ,  w i l l  not be attempted. However, as an example, t h e  time delay 
for a very d i s t a n t ,  f ixed source ( spec i f ica l ly ,  a compact ex t r aga lac t i c  
radio source) w i l l  be approximately derived i n  preparation f o r  Section 
V and V I .  

The geometric delay f o r  an ex t raga lac t ic  source can be derived by f i r s t  
ca lcu la t ing  t h e  coordinate time delay and then transforming t o  antenna 
observers. 
ignores transmission media and general  r e l a t i v i t y  e f f ec t s .  
ordinate  time delay f o r  a plane wave is then e a s i l y  shown t o  be given 

W e  w i l l  give t h e  s igna l  a plane-wave representat ion t h a t  
The co- 

by 

where 6 is a u n i t  vector  i n  the  d i r ec t ion  of t he  rad io  source r e l a t i v e  
t o  t h e  s o l a r  system barycenter. The observed t i m e  delay is then 
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obtained by inserting this expression into the time conversion, 
Eq. (16). 
nate time t, the time the wave front reaches antenna 1. 

As an alternate but instructive approach, the ge 
approximately derived to order v/c relasive $0 a geocentric frame (e.g. 
Thomas 1972). In that derivation, the ve b term enters the delay as 
a result of the aberration correction to the source direction. As 
indicated by the two derivations, this large term can be viewed in two 
ways. For Earth-bound observers, it is a geometric correction applied 
to the position of the source. 
barycentric coordinates, it can be viewed as a time correction corres- 
ponding to a loss of synchronization between Earth-fixed clocks in the 
special relativity limit. 

All quantities in this expression are evaluated at coordi- 

ric delay can. be 

In contrast, relative to solar-system 

v . CLOCK SYNCHRONIZATION TECHNIQUES 

This section will show how two synchronization techniques, portable 
clocks and VLBI, can be used to synchronize a world-wide clock network 
according to the synchronization conventions defined in Section 111. 
The portable clock technique will be discussed first. 

In the present world-wide timekeeping network, member clocks at vari- 
ous locations around the world are periodically resynchronized with 
the "master clock" by comparing them with a portable clock that is car- 
ried to each location. Before and.after each trip, the portable clock 
is synchronized on-site with the "master clock". In this manner, a 
world-wide network of clocks can be placed in synchronization at the 
level (presently 1-10 vsec for routine applications) allowed by the 
instrumental and transportation stability of clocks involved. 

Let a portable clock be synchronized with the master clock at+coordi- 
nate time, t = to. 
the Earth to some member of the clock network. 
rf (t) contain Earth-spin as well as clock transportation effects.) 
Agter the portable clock has reached the member clock j at time t', 
the clock-specific correction for the portable clock bee Eq. (10) but 
subtract the constant master-clock rate] will be 

Then let the portable clock follow path1 x (t) over 
(Note that $(e) and 

3 
c 
0 - t  ve(t') ' x.(t') 

7 - 
2 
C 

helative to the Earth center-of-mass. 
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where the subscripts p and m denote portable and master clocks respec- 
tively. (We have not included the other terms in Eq. (8) in this dis- 
cussion since they are common to all clocks and do not affect synchron- 
ization.) 
that the master clock rate adjustment (passed on to the portable clock 
during 

changes iss geocentric position and speed. 
ve(t') xj(t') represents the value for the correction term ve xp 
after the portable clock reaches the member clock (?r, +sj). 
According to the synchronization conventions established in Section 

The integral term in this expression accounts for the fact 

ynchronization with the master clock) will not suppress the 
241e - vp 9 integral for the portable clock once it starts its journey and 

Furthermore, the Serm 
3 

111, the 
follows . 
clock is 

j 
G 

portable clock-member clock comparison must be 
The desired value for the clock-specific term 
given by 

L 
C 

handled as 
for the member 

Thus, comparing Eq. (19) and Eq. (20), we see that the portable clock 
must be corrected to account for the speed-potential integral that has 
accumulated in transit: 

(21) 

-12 For one day transit times, this correction can be of the order of 10 
x lo5 s = 100 ns. Further, the portable clock rate will differ from 
the conventional rate for site j by 

24Ie(X.) 3 - v. 2 - 24e'xm' 3 + vm 2 
g8h = 2  9 

C 
2c 2 

so that the clock rate comparisons must include this correstion factor. 
Thus, we see that, during transit, the periodic term $e xp changes 
into the appropriate value while the "rate term" loses its adjustment 
and must be corrected. 

It is interesting to note that the integral contained in Eq. (22) is 
essentially the theoretical time gain predicted by Hafele and Keating 
for their Earth-circumnavigation experiment (Hafele and Keating 19721, 
in which they measured the synchronization loss (relative to a 
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stationary master clock) of atomic clocks flown around the world. In 
that paper, theoretical calculations only considered geocentric speed 
and geopotential effects. With a more general approach, the present 
formulation indicates that this integral is the total time gain, pro- 
vided one can neglect rate terms less than about lo-15. 
warning by Hafele and Keating that effects of the sun and moon might 
perhaps not be entirely negligible appears to be unwarranted for clock 
stabilities worse than about 

Thus, the 

Clock synchronization by means of VLBI is conceptually, if not opera- 
tionally, straightforward. For a given natural source, the time delay 
is measured between two antennas and appropriately corrected for trans- 
mission media and instrumental delays. 
equal to the geometric delay calculated according to Eq. (16). 
assume here that geophysical and astrometric quantities are known with 
sufficient accuracy.) Any difference between the measured delay and 
the calculated delay represents the synchronization loss between an- 
tenna clocks. In this manner, a world-wide system of clocks could be 
synchronized at interferometer accuracies, which are expected to reach 
about 0.1 nsec for future well-developed VLBI systems (Shapiro and 
Knight 1970). 

The resulting delay should be 
(We 

VI. DISCUSSION OF PERTINENT RELATIVITY EXPERIMENTS 

In a treatment of this nature, it is of interest to discuss pertinent 
tests of relativity in terms of the reformulated time conversion. As 
indicated in Section 111, only the "geocentric" term, the integral in 
Eq. (8), will be evident in "earth-bound" comparisons of Earth-bound 
clocks. Contingent on instrumental feasibility, two basic types of 
Earth-bound clock experiments can be used to test the presence of this 
effect: moving clocks and Earth-fixed clocks. It is interesting to 
note that, while a moving clock experiment generally involves an inte- 
grated synchronization loss due to time-varying speed and potential, 
the relativistic effect for Earth-fixed clocks would, to first approxi- 
mation, only consist of a constant rate offset due to a constant dif- 
ferential in geopotential. Consequently, an Earth-fixed experiment 
would essentially produce, to first order, a measurement of the con- 
ventional gravitational redshift, as first measured by Pound and Rebka 
(1960) and later but more accurately by Pound and Snider (1964). In 
those experiments, precise nuclear resonance measurements based on the 
Miissbauer effect determined the ap arent frequency shift of prays 
from the 14.4 kev transition in Fey7 where the local geopotential dif- 
ference was established with a 22.5 m altitude differential. 

In order for an Earth-fixed clock experiment to equal the 1% accuracy 
of the Pound-Snider experiment, a typical rate differential of roughly 

an accuracy of 10-15 
and accuracy at 10-13. 

/ 

(for a 1 km altitude differential) would have to be measured with 
which would, of course, require clock stability 
Except perhaps at standards laboratories, this 
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clock rate calibration requirement would probably be the most difficult 
aspect of such an Earth-fixed clock experiment. One of the possible 
methods for measuring the synchronization loss  in such an experiment 
would be the VLBI technique, which would have the advantageous option, 
for portable antennas, of making very precise synchronization measure- 
ments between standard clocks while they are carefully maintained in 
the existing ideal environments of two possibly widely separated stan- 
dards laboratories. For example, with a VLBI clock synchronization 
accuracy of 0.1 nsec, a rate - differential sensitivity of roughly 
10-15 would be obtained with about 24 hours of data. 
even though the pray resonance and clock techniques are significantly 
different, the current, established level in clock technology will not 
allow an Earth-fixed-clock measurement of the geopotential redshift 
that is significantly more accurate than the Pound-Snider experiment. 

Unfortunately, 

In general, the relativistic rate effect can be larger for moving 
clocks than for Earth-fixed clocks, potentially by as much as three 
orders of magnitude. One moving-clock experiment, involving airborne 
clocks (Hafele and Keating 1972), has already been carried out with 
positive results. In that experiment, the synchronization losses (273 
nsec in the maximum case) relative to an Earth-fixed standard clock 
were observed to be in agreement with theoretical estimates, with an 
overall uncertainty of about 20 nsec. Another moving-clock experi- 
ment, presently in preparation (Kleppner et al, 1970; Vessot and 
Levine, 1971), would attempt to measure the time-varying relativistic 
rate differential between an Earth-orbiting clock and an Earth-fixed 
clock. Measurements of rate variations as large as 6 x 10-l' with an 
overall accuracy of 1 part in lo5 are predicted for that experiment. 

VII. SUMMARY 

In the preceding sections, a reformulation of the relativistic time 
equation has simplified interpretation of the various effects entering 
the conversion between coordinate time and Earth-bound proper time 
(atomic time). Based on this analysis, the conventions and techniques 
involved in the synchronization of a world-wide clock network have been 
investigated. In addition, the new formulation has simplified a rela- 
tivistic analysis of the "geometric delay" measured in VLBI applica- 
tions. Finally, a brief discussion has been devoted to "Earth-bound" 
relativity experiments that are relevant to the reformulation. 
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PLASMASPHERIC EFFECTS ON ONE-WAY SATELLITE TIMING SIGNALS 

F. J. Gorman, Jr. and H. Soicher 
Communications/Automatic Data Processing Laboratory 

U. S. Army Electronics Command 

ABSTRACT 

At the 1973 PTTI Planning Meeting, the effects 
of the ionospheric retardation of satellite- 
emitted timing signals was presented. The 
retardation at the navigation frequencies, 
which is proportional to the total ionospheric 
electron content (TEC), was determined by Far- 
aday polarization measurements of VHF emissions 
of a geostationary satellite. 
tion data yielded TEC up to ~1200 km only, 
since the measurement technique is based on 
the Faraday effect which is weighted by the 
terrestrial magnetic field. 

The polariza- 

The radio beacon experiment aboard the recently 
launched geostationary ATS-6 offers the unique 
opportunity to determine TEC, or equivalently, 
the signal propagation delay, to geostationary 
altitudes. The beacon package provides the 
opportunity to conduct two relevant experi- 
ments. The first utilizes the Faraday rota- 
tion technique for determination of TEC. The 
second utilizes the dispersive group delay . 
technique which is independent of the magnetic 
field and determines TEC to geostationary al- 
titudes. The difference between the values of 
the integrated electron content obtained by 
the two techniques yields the content from 
$1200 km to geostationary altitudes, i.e., the 
plasmaspheric electron content. 

Faraday rotation and' dispersive group delay 
observations have been conducted at Fort Mon- 
mouth since the launch of ATS-6 in late'May, 
1974. The plasmaspheric content exhibited 
diurnal as well as day-to-day variations. Its 
absolute magnit de varied from 1 t o  $8 TEC 

content was nearly always above 50% of the 
ionospheric content and on occasion exceeded 
100%. During the day, this ratio averaged ~ 3 5 % .  

units e/m Y ). A t  night the plasmaspheric 
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INTRODUCTION 

At the 1973 Precise Time and Time Interval (PTTI) Symposium, 
the effects of the ionospheric total electron content onthe 
accuracy of transionospheric satellite navigation systems 
were discussed [I]. It was shown that in traversing the 
ionosphere, a propagating navigation signal i s  slowed by an 
amount which is directly proportional to the total electron 
content (TEC) along its path. This gives an apparent range 
that is larger than the equivalent free-space range. If 
the TEC is known, or is measured, a correction to the rang- 
ing may be applied. The TEC may be measured in real time, 
provided the user has dual-frequency capabilities. However, 
substantial reduction in the cost of user equipment could 
be realized if the navigation system used only one frequency. 
In such a case, the ionospheric time-delay will have to be 
determined through empirical modeling techniques based on 
existing and future global electron content data, and will 
be transmitted to the user for correction via the navigating 
signal. 

Most TEC data to date has been obtained by the Faraday pol- 
arization rotation technique, The Faraday rotation is a 
terrestrial-magnetic-field-dependent phenomenon, and its 
magnitude is heavily weighted near the earth. It is there- 
fore considered to provide electron content values at alti- 
tudes below %1200 km. The navigation system will utilize 
satellites at considerably higher altitudes. The navigat- 
ing signal will be slowed by free electrons in the iono- 
sphere as well as in the plasmasphere (i.e:, at altitudes 
>1200 km). The corrections for TEC supplied by a model 
based on the Faraday technique will not adequately compen- 
sate for the total signal delay since the free electrons in 
the plasmasphere will not be accounted for. The radio bea- 
con experiment (RBE) aboard the geostationary Applied Tech- 
nology Satellite (ATS-6 launched in May 1974) permits the 
accumulation of TEC data which includes the plasmaspheric 
content. The technique utilized is the dispersive-group- 
delay technique which is independent of the terrestrial- 
magnetic-field and hence yields the integrated electron con- 
tent from observer to satellite. 

THE FARADAY AND DISPERSIVE-GROUP DELAY METHODS 

The Faraday polarization rotation technique has long been 
used in measurement of TEC. In the high-frequency and 
quasi-longitudinal approximations, the two magneto-ionic 
modes are nearly circularly polarized in opposite senses; 
thus a plane polarized wave traversing the ionosphere may 
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be regarded as the vector sun of the ordinary and extraor- 
dinary components. Since these two components travel at 
different phase velocities, the plane of polarization ro- 
tates continually along the signal's path. The total rota- 
tion from the signal source to the observer is related to 
the total electron content by the expression: 

B C O S ~ N ~ S  - (BcosesecX)Ndh, (1) 
k r S  a = -  

2 '  f2 j o  f Jo 

where k = 2.36 x lo-', B is the local magnetic field flux 
density in gammas, 8 is the angle between the radio wave 
normal and the magnetic field direction, and x is the angle 
between the wave normal and the vertical. Since B decreases 
inversely with the cube of the geocentric distance, and 
since the electron density decreases exponentially with al- 
titude above F max (Q 300 km), the integral is heavily 
weighted near $he earth and is considered to provide elec- 
tron content values at altitudes below $1200 km. 

The term M = Bcosesecx in E q .  (1) may be taken out of the 
integral sign and replaced by its value at a "mean" iono- 
spheric altitude (420 km). Equation (1) then becomes: 

3 

(2 )  
a t - p * ,  k r k -  Ndh = - M NI, 

f2 ' Ionosphere f2 

where NI is the ionospheric total electron content measured 
by the Faraday rotation technique. At Fort Monmouth, where 
the numerical value for a is 56292 y, for NI = 10l6 e/m2 de- 
fined as l TEC unit, we calculate a = 38.83' (for f = 140 
MHz) . 
Using the dispersive-group-delay technique, the phase of 
the modulation envelope between a carrier and its sideband 
is compared at two frequencies (nominally f = 140 and 360 
MHz with sideband displacements of Af  = +lMHz). Since the 
phase is insensitive to the earth's magnetic-field, this 
technique yields the number of electrons along the entire 
path from satellite to observer (NT). 
The time delay of a signal propagated through a medium con- 
taining free electrons with a group velocity v is: g 
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where l.~ is the group refractive index and c is the veloc- 
ity of light in vacuum. For two signals at frequencies 
fl and f2, the differential time delay is: 

8 

If the two signals are modulated by a sideband separated by 
an equal Af, then the modulation time delay Atm is equal 
to the differential group time delay, i.e., 

At = At, 
360 Af C 

where A$ is the differential modulation phase shift in 
degrees. It follows that 

-1 
f I Ndh = NT - - - A$ ,I.- c(secX) (L-- 
J Total 360 Af 40.3 

f; 

At Fort Monmouth for NT = 

30.55' is measured. 
a phase difference of 

THE DATA 

The variation of the total electron contents measured by 
the Faraday and group delay techniques is shown in Fig. 1 
at 15-minute intervals for the time period 1600 EDT on 
3 July to 0800 EDT on 8 July. The temporal variations of 
NI and NT were nearly parallel with most density variations 
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observed on both curves. 

Prominent during the time period covered were the large in- 
creases of total electron content in response to two large 
solar flares (see Fig. 1). Between 0945 EDT and 1000 EDT 
on 4 July, NI increased by l ~ 1 . 5  x 3.016 e/m2, while NT 
increased by ~2 x 10l6 e/m2. Since the content values in 
Fig. 1 are given for every 15 minutes, the full increase 
of NI and NT is not indicated there. 
NI increased by l ~ 3 . 3  x 10l6 e/m2 in 3 minutes and then de- 
cayed to its value at 1000 EDT. 
increased by approximately the same amount. On S July 
between 1730 and 1745, N increased by $1.9 x while 
NT increased by ~ 2 . 3  x lof6. The rapid increases started 
at 1740 EDT with NI increasing by ~2.1 x 1OI6 in 6 minutes; 
NT increased similarly. 

The equivalent signal-delay time at 1.6 GHz (in the naviga- 
tion frequency band)corresponding t o  the vertical electron 
content distribution was always below 15 nanoseconds for 

1 the time period reported. On different days, the time de- 
I lay varied by as much as 60%. Between maximum and minimum 

’ on any one day, the largest factor was 12. Superimposed 

Starting at 1~0953 EDT, 

At the same time, NT 

on the normal diurnal variations of the content were quasi- 
sinusoidal variations which usually occur near the time 
period of maximum content of the daily cycle. These varia- 
tions are caused by ionospheric irregularities. 

The dispersive-group-delay technique measures the total 
electron content from observer to satellite, whereas the 
Faraday technique yields the content only in the vicinity 
of the earth (i.e., up to %1200 km). The difference be- 
tween the two yields the content above %1200 km, which is 
referred to as the plasmaspheric content, Np. 

It follows that 

Np is plotted in Fig. 2 for the same time intervals and for 
the same time period as that of Fig. 1. The plasmaspheric 
content ranged from 1 to ~8 TEC units, or equivalently from 
%0.5 to over 4 nanoseconds for a 1.6 GHz signal. Generally, 
the minimum of the plasmaspheric content occurred near 



ionospheric sunrise while its maximum occurred near iono- 
spheric sunset. During any one day, the diurnal variation 
was not as pronounced as the corresponding variation of the 
total or ionospheric electron contents. The maximum varia- 
tion (by a factor of ~ 3 . 4 )  was observed on 5 July. This is 
compared to a total content variation by a factor of 12 for 
the same day. The day-to-day variability exhibited changes 
of up to 300% during comparable local time periods (e.g., 
on 4 and 7 July during nighttime hours). 

Of great importance to the applicability of global time- 
delay models based on TEC data obtained by the Faraday rote 
tion technique, is the magnitude and variation of the ratio 
of plasmaspheric to the ionospheric time delays, or equiva- 
lently (N /NI). 
as well a{ a day-to-day variability. Between 0100 and 0700 
EDT, the ratio was nearly always above 50% and on occasions 
exceeded 100%. After this time-period, the ratio decreased 
t o  its minimum at ~ 1 1 0 0  EDT, after which time it increased 
with the time of day. From 0700-0100 EDT, the ratio aver- 
age increased from -30 % to ~ 4 0  %. 

This ratio (see Fig. 3) shows a diurnal 

The ratio of the plasmaspheric to the total time-delays due 
to free electrons along the signal's path, or equivalently 
N /N is shown in Fig, 4 .  The diurnal and day-to-day var- 
iEbiTity of this ratio is similar to that of Np/NI. During 
the night the ratio was high, reaching a value up t o  70%. 
During the day, the ratio was lower, averaging from ~ 2 5 %  to 
30%. 

CONCLUSIONS 

Preliminary results of the radio beacon experiment of the 
ATS-6 indicate the magnitude and variation of the plasma- 
spheric electron content. 
gation signal due to free electrons in the plasmasphere 
cannot be neglected when it is compared to the delay due to 
the ionosphere. Group path delay prediction models based 
on Faraday data do not adequately compensate for the total 
delay; at night, they may be off by more than 508, and 
during the day by an average of ~ 3 5 % .  This is in addition 
to other prediction errors, i.e., differences between ob- 
served and predicted values of the delay times. Further- 
more, ionospheric (Faraday) prediction models cannot be 
corrected by adding a constant offset to account for the 
plasmaspheric delay, since the plasmaspheric content exhib- 
ited a diurnal and day-to-day variation. Fortunately, the 
highest ratio of plasmaspheric-to-ionospheric delay time 

The group path delay of a navi- 
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occurs at night, when the total delay time is relatively 
small. 

The data reported here was taken at a mid-latitude station 
during the quiet phase of the solar cycle. During such a 
phase at such a location, the group delay is generally 
small and modeling schemes yield corrections within the 
accuracy requirements of the proposed navigation systems. 
It remains to be seen if the observed ratios of plasma- 
spheric-to-ionospheric delays will be maintained at other 
geographic locations, and when delay times will be large, 
such as during the maximum phase of the solar cycle. If 
such ratios are maintained during the maximum of the cycle, 
neglecting the plasmaspheric content will cause errors ex- 
ceeding the accuracy requirement of the system. 
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Fig. 3. Variation of the ratio of plasmaspheric to 
ionospheric electron contents (in percent) 
at 15-minute intervals for same time period 
as in Fig. 1, 
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Fig. 4. Variation of the ratio of plasmaspheric to 
total electron contents (in percent) at 
15-minute intervals for same time period 
as in Fig. 1. 
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QUESTION AND ANSWER PERIOD 

MR. CALLAHAM: 

Is there any significant contribution at all to the delay due to tropospheric 
effects? Is there any significant contribution due to the presence of gases aside 
from the electron content? 

DR. SOICHER 

I understand the GPS people are not concerned about the tropospheric delays be- 
cause they're certainly an order of magnitude smaller than ionospheric effects. 
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A PASSIVE SUBMICROSECOND TIME DISSEMINATION SYSTEM 
D r .  R .  J. Tay lo r  

Johns  Hopkins U n i v e r s i t y  Applied Phys ic s  Laboratory 

ABSTRACT 

A submicrosecond Time Disseminat ion  
System has been developed by t h e  Johns 
Hopkins U n i v e r s i t y  Applied Phys ic s  
Laboratory.  The System is composed of 
a n  expe r imen ta l  t r a n s i t  improvement 
s a t e l l i t e  (TRIAD) ,  TRANFT S a t e l l i t e  
Tracking  System, and s p e c i a l  s a t e l l i t e  
s i g n a l  r e c e i v e r s  each t i e d  t o  separate 
cesium clocks. The 400 WFZ s i g n a l  
from t h e  s a t e l l i t e  is phase modulated 
k45O by a pseudo-random n o i s e  (PRN) 
d i g i t a l  code w i t h  a b i t  rate of 5/3 MHz. 

Eva lua t ion  of t h i s  system has shown 
t h a t  s a t e l l i t e  o sc i l l a to r  f requency  
i n s t a b i l i t i e s  are t h e  major s o u r c e  of 
error. During a three day obse rva t ion  
of the  s a t e l l i t e ,  t he  maximum excur s ion  
of t h e  s a t e l l i t e  osc i l la tor  f requency  
from a s t r a i g h t  l i n e  f i t  t o  t h e  observed - 

-12 ( A f  d i f f ) .  
f f requency was 7 x 10 

Experiments i n d i c a t e  t h a t  Global t i m e  
t r a n s f e r s  can  be made w i t h  errors less 
t h a n  100 nanoseconds. 

INTRODUCTION 

Improvement of t h e  Navy Naviga t ion  ( T r a n s i t )  S a t e l l i t e  
System has led t o  t h e  development of a new series of 
sa te l l i t es  which i n c o r p o r a t e  t h e  f o l l o w i n g  improvements: 

1. Wide Band Pseudo-Random Noise (PRN) Phase Modulation 
of t h e  carrier fo r  r ange  n a v i g a t i o n  and p r e c i s e  dissemina-  
t i o n  of t i m e .  
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2 .  Dis turbance  Compensation System (DISCOS) which com- 
p e n s a t e s  fo r  the aerodynamic drag forces and so la r  
r a d i a t i o n  p r e s s u r e .  

3. Programmable f requency  s y n t h e s i z e r  which compensates 
f o r  f requency  d r i f t  of the s a t e l l i t e  q u a r t z  c r y s t a l  ref- 
e r e n c e  o s c i l l a t o r .  

T h i s  paper s h a l l  d i s c u s s  nanosecond clock exper iments  
u t i l i z i n g  t h e  improvement mentioned under number 1. With 
t h e  implementat ion of broad bandwidth d i g i t a l  pseudo- 
random n o i s e  (PRN) high f requency  phase modulation on t h e  
carrier f r e q u e n c i e s  of t he  new T r a n s i t  Improvement S a t e l -  
l i t e ,  TRIAD, came the  a b i l i t y  t o  r e s o l v e  t i m i n g  marks 
w i t h  g r e a t l y  i n c r e a s e d  p r e c i s i o n  us ing  p r a c t i c a l  elec- 
t r o n i c  c i r c u i t r y .  One key advantage of t h e  T r a n s i t  
S a t e l l i t e s  for  d i s semina t ing  t i m e  is t h a t  these satel l i tes  
t r a n s f e r  t i m e  i n  a p a s s i v e  mode (one way s i g n a l s  f r o m  
s a t e l l i t e  t o  u s e r ) .  The advantages  of t h i s  p a s s i v e  t i m e  
d i s semina t ion  sys tem ove r  an  a c t i v e  or t w o  way t iming  
s y s t e m  are t h e  fo l lowing :  

1. No l i m i t  t o  number of s imul taneous  terrestr ia l  u s e r s .  

2. U s e r  need n o t  compromise h i s  p o s i t i o n  by t r ansmiss ion  
of radio s i g n a l s .  

3. U s e  of portable omni -d i r ec t iona l  an tennas .  

DISCUSS ION 

The purpose of t h e  nanosecond clock experiment  w a s  t o  
de te rmine  what l e v e l  of accuracy  t i m e  c a n  be d isseminated  
us ing  PRN s i g n a l s  which are broadcast from t h e  TRIAD 
Sa te l l i t e .  The task was to  i n v e s t i g a t e  how a c c u r a t e l y  
t h e  Clock Epoch Di f f e rence  between t w o  cesium beam clocks 
cou ld  be de termined  us ing  the PRN modulat ion t r a n s m i t t e d  
from the TRIAD Sa te l l i t e .  The v a r i o u s  sources of errors 
were examined and  their  order-of -magnitude c o n t r i b u t i o n s  
t o  t h e  t o t a l  were de termined ,  

The expe r imen ta l  sys tem is shown i n  Figure 1. The 
experiment  w a s  t o  de te rmine  t h e  clock epoch d i f f e r e n c e  
o r  error between t w o  cesium clocks when t h e y  are used 
as recovery  s y s t e m  clocks for r e c e i v e r s  moni tor ing  
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t h e  TRAIT) S a t e l l i t e  PRN d i g i t a l  code modulat ions on the 400 
MHz s i g n a l .  The t w o  modes for  de te rmin ing  the  c l o c k  epoch 
error were the Regional  Clock T r a n s f e r  Mode and t h e  Global 
Clock T r a n s f e r  Mode. For  t he  Regional  Clock T r a n s f e r ,  
both r e c e i v e r s  monitor  t he  same sa t e l l i t e  s i g n a l  s imul-  
t aneous ly .  For t h e  Global Clock T r a n s f e r ,  measured PRN' 
epoch t i m e s  of a r r i v a l  u s i n g  one r e c e i v e r  are compared 
w i t h  predicted PRN epoch t i m e s  of a r r i v a l  u s ing  data from 
prev ious  s a t e l l i t e  p a s s e s  measured w i t h  the other r e c e i v e r .  
S a t e l l i t e  oscil lator d r i f t  p r e d i c t i o n s  a re  e s s e n t i a l  f o r  
p r e d i c t i o n s  of PRN epoch t i m e s  of a r r i v a l .  S l a n t  r ange  
p ropaga t ion  d e l a y s ,  i o n o s p h e r i c  and tropospheric refrac- 
t i o n  d e l a y s ,  and equipment delays must be determined i n  
order to de termine  the clock epochs error between the  t w o  
cesium clocks on the ground. These t i m e  delays and t h e i r  
v a r i a t i o n  d u r i n g  a s a t e l l i t e  pass are schematically shown 
i n  F i g u r e  2. By s u b t r a c t i n g  these delays from t h e  PRN 
t i m e s  of a r r i v a l ,  one  can  de termine  the PRN t i m e s  of t r a n s -  
mis s ion  from the s a t e l l i t e .  The PRN t i m e s  of t r ansmiss ion  
are determined us ing  t w o  d i f f e r e n t  clocks. The d i f f e r e n c e  
i n  t i m e  is the clock epoch d i f f e r e n c e  between the  t w o  
cesium clocks. 

The clock epoch d i f f e r e n c e s  a s  determined by ground simu- 
l a t i o n  of s a t e l l i t e  s i g n a l s  and when the t w o  r e c e i v e r s  a re  
s imul t aneous ly  viewing the  o r b i t i n g  s a t e l l i t e  (Regional  
Clock Synchroniza t ion)  are shown i n  F i g u r e  3. The maximum 
v a r i a t i o n  between these t w o  methods t o  de termine  the clock 
epoch error is 43 nanoseconds w i t h  a mean b ias  of 4-22 nano- 
seconds  f o r  the  s a t e l l i t e  passes compared t o  the ground 
s imula t ed  s a t e l l i t e  s i g n a l s .  The s t a n d a r d  d e v i a t i o n  of 
t h e  s a t e l l i t e  data from the  g e n e r a l  c u r v e  is on ly  n i n e  
nanoseconds, however. 

The bias  i n  t h e  Regional  Clock Synchroniza t ion  Data com- 
pa red  t o  t h e  s a t e l l i t e  s i m u l a t o r  cou ld  come from s e v e r a l  
s o u r c e s .  D i f f e r e n c e s  i n  an tenna  d e l a y s  fo r  the  t w o  
r e c e i v e r s  cou ld  account  for  p a r t  of the  bias and/or 
dynamic r e sponse  d i f f e r e n c e s  between t h e  t w o  r e c e i v e r s .  

Data for  t h e  Global Clock T r a n s f e r  Mode are  gene ra t ed  by 
u s i n g  PRN epoch receipt t i m e s  as measured by the BRN-3 
r e c e i v e r  fo r  one pass to  p r e d i c t  when PRN epochs shou ld  
a r r i v e  a t  the  SRN-9 r e c e i v e r  f o r  the next  pass and com- 
p a r i n g  the measured t i m e s  of a r r i v a l  w i t h  t h e  predicted 
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CLOCK SYNCHRONIZATION METHOD 

COMPARE PRN SATELLITE TRANSMISSION TIMES USING DIFFERENT (J.DCKS 

7 PRN TRANSMISSION TIME, C W K  #I 
7 P3N TRANSMISSION TIME, CLX3CK #2 

4 It- C W K  EPOCH DIFFERENCE 

- At*q TIME OF TRANSMISSION = TIME OF RECEPTION -p/c. -At ion - Attrop 
SLANT RANGE, FROM SATELLITE EPHEMERIS AND RECEIVER 
COORDINATES. 

SIGNAL 
DELAY 

At ion FROM REFRACTION CORRECTION FREQUENCY DERIVEI) BY 
MIXING THE 150 and 400 MHz CARRIERS TOGETHER. 
FROM TXOPOSPHERIC MODEL USING TEMPERATURE, Attrop 

PRESSURE, AND HUMIDITY. 
At EROM EQUIPMENT DELAY CALIBRATIONS. 

eq 

/ 
SLANT RANGE DELAY 

FIG. 2 CLOCK SYNCHRONIZATION METHOD 
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t i m e s  . The d i f f e r e n c e  between these predicted t i m e s  and 
t h e  measured t i m e s  is t h e  c lock  epoch d i f f e r e n c e ,  deter- 
mined i n  t he  Global Clock T r a n s f e r  Mode (See F i g u r e  4 ) .  
The predicted PRN t i m e s  of t r ansmiss ion  f r o m  t h e  s a t e l l i t e  
are based upon estimates of t h e  s a t e l l i t e  osc i l l a to r  
frequency d r i f t  . The measured TRIAD osci l la tor  frequency 
between days 72 and 74, 1974 is shown i n  Figure 5. The 
la rges t  d e p a r t u r e  of t h e  measu ed f requency  from a 
s t r a i g h t  l i n e  f i t  w a s  7 x 10-l' ( A f  c l i f f ) .  

f 

P r e d i c t i o n  errors can  also be gene ra t ed  by BRN-3 t o  ERN-3 
p r e d i c t i o n s  j u s t  l i k e  t h e  BRN-3 t o  SRN-9 p r e d i c t i o n s  
(Global Clock T r a n s f e r  Mode). From s u c h  p r e d i c t i o n s  and 
the  data shown i n  F i g u r e  4, w e  l e a r n  t h a t  clock synchro- 
n i z a t i o n s  on a global bas i s  can be made w i t h  errors less 
than  75 nanoseconds when the  t i m e  t r a n s f e r s  between t h e  
s a t e l l i t e  and t h e  t w o  clocks be ing  synchronized  are made 
w i t h i n  100 minutes .  The l a r g e s t  error observed  d u r i n g  
t h i s  experiment  w a s  200 nanoseconds for twelve hour pre-  
d i c t i o n  t i m e s .  The mean b ias  error for  t h e  twelve hour 
p r e d i c t  i o n s  was 90 nanoseconds. 

One of t h e  purposes  of t h i s  experiment w a s  t o  g e n e r a t e  t h e  
error budget shown i n  Table 1. T h i s  error budget was 
gene ra t ed  from t h e  data  used t o  g e n e r a t e  F i g u r e  4, ephem- 
e r i s  de te rmina t ions  for t h e  TRIAD S a t e l l i t e ,  ground 
equipment n o i s e  a n a l y s i s ,  and a theoretical  s t u d y  of 
error s o u r c e s .  

459 



0 SATELLITE SIlymLATOR 

A TRIAD SATELLITE (100 MINUTE PREDICTION) 

x TRIAD SATELLITE (12 HOUR PREDICTION) 

4800 

4700 

4600 

4500 

7 3 . 0  74 0 

TIME (DAYS) 

FIG. 4 GLOBAL CLOCK SYNCHRONIZATION DATA 

460 

75 - 0  
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A. 

B. 

GUBAL C W K  SYNCHRONIZATION 
ERROR BUDGET 

S c i e n t  if  i c  Problems: Time Error 

1. S a t e l l i t e  P o s i t i o n  - 75 n s  

2. R e f r a c t i o n  e 30 n s  (90% P r e d i c t i o n )  

10  ns  1 3. Grav i ty  R e d  S h i f t  

Engineer ing  Problems : 

1. S a t e l l i t e  Osc i l la tor  200 ns/12 h r s  . 
2 .  Rece ive r s  (Two) 20 n s  

TAB= 1 GKDBAL CLOCK SYNCHRONIZATION EXROR BUDGET 

’While o r b i t i n g  t h e  earth,  t h e  s a t e l l i t e  expe r i ences  a 
va ry ing  g r a v i t a t i o n  f i e l d  and t h u s  the magnitude of its 
v e l o c i t y  f l u e t u a t e s .  Because of t h i s ,  the  s a t e l l i t e  
osc i l la tor  f requency  changes d u r i n g  each r e v o l u t i o n .  
These f l u c t u a t i o n s  were not  modeled d u r i n g  t h i s  experiment ,  
t h u s  they  c o n t r i b u t e d  t o  t h e  error budget .  
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FUTURE DIRECTION 

During t h e  next  y e a r  e x p e r i m e n t s  i nvo lv ing  receivers sp read  
o v e r  a g r e a t e r  geographic  d i s t r i b u t i o n  should  be i n i t i a t e d  
t o  confirm t h e  i n d i c a t e d  g l o b a l  c a p a b i l i t y .  An experiment 
t y i n g  t h e  Naval O b s e r v a t o r y  t o  Hawaii would be of g r e a t  
exper imenta l  va lue  as t h e  d a t a  can be confirmed by an 
e x i s t i n g  a c t i v e  t i m e  l i n k .  F u t u r e  s a t e l l i t e s  are planned 
which w i l l  i n c o r p o r a t e  t h e  u s e  of PRN modulation on t h e i r  
s i g n a l  a t  h ighe r  power and w i t h  less u n c e r t a i n t y  of o r b i t  
p o s i t i o n .  One of t h e  sa te l l i t es  i n  t h i s  series is TIP 11, 

xhich w i l l  b roadcas t  on  approximately 2.25 wat ts  CW and PRN 
component on t h e  400 MHz channel  and t h e  150 MHz channel  
w i l l  have . 9  w a t t s  CW and PRN component. Th i s  increased  
power should  i n c r e a s e  t h e  r ece ived  s i g n a l  by approximately 
10 dB o n  the  ground. The advantages of TIP I1 should be 
t h e  fo l lowing:  

1. Grea te r  f requency s t a b i l i t y  and frequency c o n t r o l .  

2 .  Higher o r b i t ,  t h u s  dec reas ing  t h e  s a t e l l i t e  p o s i t i o n  
u n c e r t a i n t i e s  from t h e  g r a v i t a t i o n a l  model a t  least  by a 
f a c t o r  of t w o .  

3. St ronge r  s i g n a l  l e v e l  dec reas ing  PRN TOD j i t t e r .  
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NAVSTAR : 

GLOBAL POSITIONING SYSTEM 
AN EVOLUTIONARY RESEARCH 
AND DEVELOPMENT PROGRAM 

By: Col.  B. W.  Parkinson 
U.S. A i r  Force 

Space and Missile Systems Organizat ion 

ABSTRACT 

The Global P o s i t i o n i n g  System has r e c e n t l y  been renamed t h e  
NAVSTAR Global P o s i t i o n i n g  System. I t  w a s  known a s  System 
621B o r  Defense Navigat ion S a t e l l i t e  System, and wi th in  t h e  
Navy it w a s  known as TIMATION. NAVSTAR r e p r e s e n t s  a com- 
b i n a t i o n  of t h e  concepts  t h a t  were known as TIMATION and 
t h o s e  knonw as System 621B i n t o  a J o i n t  Program. Th i s  com- 
b i n a t i o n  w a s  d i r e c t e d  by S e c r e t a r y  Clements on 17 A p r i l  
1973. A DSARC review w a s  he ld  on t h e  1 3 t h  of December and 
a f i n a l  d e c i s i o n  w a s  made t o  approve t h i s  program on t h e  
22nd of December by S e c r e t a r y  Clements. NAVSTAR is a multi- 
s e r v i c e  program (See F igure  1 )  w i th  t h e  J o i n t  Program 
O f f i c e  a t  SAMSO which is  proceeding i n t o  its Phase I Concept 
V a l i d a t i o n  Program. I would l i k e  t o  d e s c r i b e  t h e  s y s t e m  
and t h e  Concept V a l i d a t i o n  Program w i t h  you a t  t h i s  t i m e .  

The cu r ren t  s t a t u s  of sa te l l i t e  nav iga t ion  systems w i t h i n  
DOD is desc r ibed  i n  F igu re  2.  The e x i s t i n g  o p e r a t i o n a l  
sys t em is c a l l e d  TRANSIT. For a hos t  of r e a s o n s ,  it does 
no t  s a t i s f y  a broad base  of u s e r s  (See F igu re  3). Par- 
t i c u l a r l y ,  anyone w i t h  dynamics i n  t h e i r  p o s i t i o n i n g  o r  
nav iga t ion  problem. The re fo re ,  w e  are motivated t o  move 
ahead t o  a Global P o s i t i o n i n g  System t h a t  p o t e n t i a l l y  can 
e v e n t u a l l y  r e p l a c e  TRANSIT and s e r v e  a hos t  of o t h e r  users  
as w e l l  (See F i g u r e s  4 and 5 ) .  The i n i t i a l  o p e r a t i o n a l  
c a p a t f i l i t y  would be  achieved i n  about 1984. The Phase 1 
Program i n c o r p o r a t e s  t h e  e f f o r t s  of t h e  Naval Research 
Laboratory,  w i t h  t h e i r  Navigation Technology S a t e l l i t e s  
(NTS), NTS-1 and NTS-2. The J o i n t  Program O f f i c e  w i l l  
develop p ro to type  Navigation Development S a t e l l i t e s  (NDS) 
t h a t  w i l l  be desc r ibed  la ter .  The b a s i c  s y s t e m  c a p a b i l i t y  
is t h r e e  dimensions of p o s i t i o n ,  t h r e e  dimensions of velo- 
c i t y  and very  p r e c i s e  sys t em t i m e .  

) 

I ' d  l i k e  t o  now d i s c u s s  t h a t  s y s t e m s  concept which cons i s t s  
of a Space Segment, a ground based Cont ro l  Segment, and t h e  
U s e r  Segment (See F igu re  6 ) .  The o p e r a t i o n a l  system would 
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deploy three p l a n e s  of satellites i n  c i r c u l a r ,  10,000 
n a u t i c a l  m i l e  o r b i t s  w i t h  an i n c l i n a t i o n  of 630. Each 
p lane  would c o n t a i n  e i g h t  satell i tes.  T h i s  deployment i n -  
s u r e s  t h a t  a t  least s i x  sa te l l i t es  are cont inuous ly  i n  view 
from any p o i n t  on t h e  earth. The Master Cont ro l  Stat ion 
would be located i n  t h e  United States w i t h  f o u r  monitor 
s t a t ions  l o c a t e d  on Uni ted  States t e r r i t o r y .  The u s e r  
equipment classes would s a t i s f y  a hos t  of DOD u s e r s  and 
w i l l  a lso be offered t o  t h e  c i v i l i a n  community. We expect  
t h e  s p a c e c r a f t  weight t o  be 800 pounds, w i t h  300 w a t t s  end- 
o f - l i fe  power. I t  would employ a dual-frequency pseudo- 
random noise nav iga t ion  s i g n a l .  For g e n e r a l  u s e ,  only t he  
primary NAV s i g n a l  at  1600 MIIz would be used. The basic 
t r a c k i n g  technique  f o r  the C o n t r o l  Segment is one-way 
t r a c k i n g .  A unique f e a t u r e  of t h e  sys t em is t h a t  t h e  
sa te l l i t e  employs an atomic spaceborne c lock .  We are pro- 
j e c t i n g  a n  o p e r a t i o n a l  c lock  of about 10-13 seconds per 
second d r i f t  rate.  T h i s  is t h e  s t a t e - o f - t h e - a r t  f o r  cesium 
c l o c k s  as exempl i f ied  by t h e  Hewlett-Packard Laboratory 
s t anda rds .  

The basic sys t em technique  is described i n  F igure  7 .  The 
Con t ro l  Segment tracks the  s a t e l l i t e s  and predicts t h e i r  
f u t u r e  pos i t i on  as w e l l  as t h e  f u t u r e  behavior  of these 
c locks .  I t  per iodical ly  uploads t h a t  in format ion  i n t o  t h e  
sa te l l i t e ' s  memory. The satell i tes cont inuous ly  t r ansmi t  
t h e i r  s i g n a l  which is a spread-spectrum L-Band s i g n a l  w i t h  
a 10 bfHz chipping rate and a 20 MHz bandwidth. If a u s e r  
has  a clock which is synchronized t o  these sa t e l l i t e  c locks ,  
he can measure t h e  t i m e  d i f f e r e n c e  between t r ansmiss ion  and 
r e c e p t i o n .  T h i s  is then  m u l t i p l i e d  by t h e  speed of l i g h t  
t o  f i n d  t h e  range. Thus, contact w i t h  three of these 
satel l i tes  would determine three spheres and h i s  l o c a t i o n  
would be at t h e  i n t e r s e c t i o n  of those three speres. Un- 
f o r t u n a t e l y ,  t h e  assumption of t h e  u s e r ' s  synchronized 
c lock  would be very  expensive.  To s a t i s f y  t h a t  problem, he 
l i s t e n s  t o  a f o u r t h  sa te l l i t e ,  t h e r e b y  g i v i n g  h i m  f o u r  
pieces of in format ion  f r o m  which he d e r i v e s  three coord i -  
n a t e s  of p o s i t i o n  and one c o o r d i n a t e  of t i m e .  T h i s  really 
represents synchroniz ing  h i s  very c rude ,  by f l i g h t  q u a l i f i e d  
atomic s t a n d a r d s ,  crystal-based clock.  So t h e  basic tech- 
nique of l i s t e n i n g  t o  f o u r  sa te l l i t es  t o  d e r i v e  the  u s e r ' s  
c o o r d i n a t e s  i s  more economical ly  a t t r a c t i v e .  
The o r b i t a l  c o n f i g u r a t i o n  for  the  o p e r a t i o n a l  s y s t e m  is 
depicted i n  g r e a t e r  detai l  i n  F igu re  8 .  There w i l l  be 
three orb i ta l  p l a n e s ,  each i n c l i n e d  approximately 630 t o  

472 



System Technique 
PSEUDO-RANGING TO FOUR SATELLITES 

FIG 7 
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t h e  equa to r .  The 24 satell i tes w i l l  have an o r b i t a l  pe r iod  
df 12 hours .  T h i s  w i l l  g i v e  a m i n i m u m  of s i x  sa te l l i t es  i n  
view cont inuous ly  a t  a l l  g l o b a l  l o c a t i o n s  and on t h e  aver- 
age there w i l l  be 8 o r  9 sa te l l i t es  i n  view. Approximate 
upper bounds on t h e  sa te l l i te  weight and power as w e l l  as 
other spacecraft parameters are l i s t e d  on t h e  r i g h t .  

The b a s e l i n e  g l o b a l  p o s i t i o n i n g  s y s t e m  w i l l  r e l y  on Master 
S t a t i o n s  i n  t h e  United States only (See F igure  9 ,  10 and 
11). T h e  Master S t a t i o n  and computing fac i l i t i es  w i l l  be 
located a t  one of s e v e r a l  a l t e r n a t i v e  l o c a t i o n s ,  each of 
which  already has  a computing f a c i l i t y  or a s p a c e c r a f t  
con t ro l  and t e l e m e t r y  sys t em.  During t h e  first phase of 
development, ove r seas  Monitor S t a t i o n s  would be used t o  
he lp  develop t h e  worldwide ionospheric .  model. 

W e  d o n ' t  r e q u i r e  t h e  a c c u r a t e  c l o c k s  i n  any of t h e s e  app l i -  
c a t i o n s .  I t ' s  cheaper  fo r  everyone t o  s i m p l y  l i s t e n  t o  
f o u r  s a t e l l i t e s .  I n  f a c t ,  t h e  u s e r  who knows h i s  a l t i t u d e  
c a n  ge t  by  w i t h  j u s t  l i s t e n i n g  t o  three sa te l l i t es ,  and 
a g a i n ,  he d o e s n ' t  have t o  have an a c c u r a t e  clock. Even a 
u s e r  w i t h  a cesium clock would get out  of synchroniza t ion  
by  t h e  end  of a week. That is ,  t h e  nav iga t ion  func t ion  
would be somewhat impaired,  if t h e  requirement was f o r  
100 foot  accuracy.  I f  t h a t ' s  n o t  a problem, he can ge t  by 
w i t h  a three-channel  r e c e i v e r ,  f o r  example, and at  a poten- 
t i a l  cost sav ing .  On t h e  o t h e r  hand, it may be t o  your ad- 
vantage t o  l i s t e n  t o  a l l  fou r  sa te l l i t es  and synchronize 
your cesium clock t o  a world-wide s tandard .  

The s i x  u s e r  classes t h a t  w e  p r o j e c t  i n  t h e  o p e r a t i o n a l  
system are por t r ayed  i n  F igu re  12.  These are t h e  major 
classes w i t h  t h e  cost of u s e r  equipment for  u n i t  buys i n  
thousands of do l l a r s .  Class A is f o r  t h e  dynamic u s e r  i n  a 
p o t e n t i a l l y  high jamming environment t h a t  demands t h e  
u l t i m a t e  i n  p r e c i s i o n .  The t w o  p a r e l l e l  d e f i n i t i o n  e f f o r t s  
t h a t  w e  undertook have estimated t h e  costs t o  be between 
$28,000 and $29,500. Class 3 is  f o r  t h e  high dynamic u s e r .  
C l a s s  C is an i n t e r e s t i n g  class. Here we're address ing  l o w  
a c q u i s i t i o n  cost w i t h  Low L i f e  C y c l e  cost as w e l l .  The 
range w e  now p r o j e c t  for  a complete p i e c e  of C l a s s  C u s e r  
equipment is $15,000 t o  $16,000. C l a s s  D is fo r  s u r f a c e  
v e h i c l e s .  

C l a s s  E is a man-pack which a lso has applications f o r  
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s e l f - n a v i g a t i o n  of satell i tes.  I t  also has a p p l i c a t i o n  t o  
t h e  midcourse guidance of m i s s i l e s  because it is small, 
l i g h t  weight and rugged. C l a s s  F is f o r  submarines.  
F u r t h e r  c o n s o l i d a t i o n  e f f o r t s  seem p o s s i b l e  w i t h  s av ings  t o  
DOD by reducing  l og i s t i c  requi rements .  

I n  F igure  13 is shown the  expec ted  sys t em accuracy for  t h e  
mature o p e r a t i o n a l  s y s t e m .  F i f t y  pe rcen t  of t h e  t i m e  i n  
t h e  horizontal p l ane  it is 16 feet;  and i n  t h e  v e r t i c a l  
p l ane  it is 20 feet. These f i g u r e s  are t h e  r e s u l t  of ex- 
t e n s i v e  s i m u l a t i o n s  by The Aerospace Corporation i n  Los 
Angeles ,  The A n a l y t i c a l  Sc iences  Corporat ion i n  Massachu- 
setts a s  w e l l  as t h e  Naval Weapons Laboratory,  who have per- 
formed a n a l y s i s  of t h e  TRANSIT program. I n  f a c t ,  w e  i n t e n d  
t o  use  t h e  Naval Weapons Laboratory o r b i t  de t e rmina t ion  i n  
our  ephemeris de t e rmina t ion .  

T h i s  is an u n c l a s s i f i e d  s y s t e m  except  for  two a s p e c t s .  The 
measured performance c a p a b i l i t y  of the f u l l - u p  s y s t e m  would 
be C o n f i d e n t i a l .  The q u a n t i t a t i v e  e v a l u a t i o n  of su rv iv -  I 

a b i l i t y / v u l n e r a b i l i t y  w i l l  be Secret. The p r o j e c t i o n s  I'm 
showing you are n o t  classified.  W e  have done our  best t o  
make t h i s  system as u n c l a s s i f i e d  as w e  can. I t  makes it a 
l o t  easier t o  develop t h e  sys t em.  As soon a s  the  first 
person gets a piece of u s e r  equipment, t h e  c a p a b i l i t y  of 
t h e  system would be p r e t t y  obvious.  W e  d i d n ' t  see much 
poin t  i n  need le s s ly  over  c l a s s i f y i n g  it. 

The characteristics of t h e  s y s t e m  I ' v e  described are very  
i n t e r e s t i n g ,  (See Figure  14) g i v i n g  a c c u r a t e  three-dimen- 
s i o n a l  p o s i t i o n  as w e l l  as v e l o c i t y .  The v e l o c i t y  is con- 
s iderably better than  a f o o t  a second. These a c c u r a c i e s  
are a v a i l a b l e  as a world-wide common gr id .  A s  a r e s u l t  of 
having t h e  pseudo-random n o i s e  t r a n s m i s s i o n ,  the  s y s t e m  has 
t h e  a b i l i t y  t o  be made s e c u r e  and have a good an t i - j am 
capabi l i ty .  I t  is p a s s i v e  w i t h  a cont inuous  readout  s y s t e m  
a v a i l a b l e  i n s t a n t a n e o u s l y  t o  eve ry  u s e r .  I t  is  u n s a t u r a b l e  
and therefore can s e r v i c e  any number of u s e r s .  

W e  are a l s o  addressing l i f e  cycle cost very early in t h e  
development. W e  have had a Deputy Program Manager f o r  
Logistics s i n c e  t h e  beginning of t h i s  program, and our  
e f f o r t s  i n  t h a t  d i r e c t i o n  I t h i n k  are s i g n i f i c a n t .  

The a p p l i c a t i o n s  are ve ry  w i d e  ranging  from p r e c i s i o n  
weapons d e l i v e r y  through search and r e s c u e ,  (See F igure  15). 
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W e  r e c e n t l y  briefed t h e  Commandant of t he  Coast Guard and 
some of h i s  s t a f f ,  and t h e y  sugges ted  some a d d i t i o n a l  appli- 
c a t i o n s  t h a t  w e  had n o t  p rev i sou ly  cons idered .  I n  t he  area 
of pilotage t h e y  w e r e  very i n t e r e s t e d  i n  t he  man-pack. 
They suggested tha t  t h e  harbor p i l o t  a r r i v e  onboard sh ip  
w i t h  a man-pack which g i v e s  h i m  bo th  p o s i t i o n  and v e l o c i t y .  

H e  can take it t o  t h e  bridge and s imply  read out  t h e  coor- 
d i n a t e s  of the  sh ip  as it is coming i n t o  t h e  harbor and 
thereby be able. t o  n a v i g a t e  i n  f o g  o r  darkness  without  any 
d i f f i c u l t y .  There  is an a p p l i c a t i o n  in Anti-Submarine 
Warfare (ASW) i n  which t h e  Navy is  very  interested.  

Now,I want t o  b r i e f l y  describe t h e  r e s u l t s  of t h e  Holloman 
T e s t  program (See F i g u r e  16) .  Holloman tests w e r e  con- 
ce ived  as a s imula t ion  of t h e  s a t e l l i t e  sys t em.  Four L-Band 
pseudo-random n o i s e  spread-spectrum t r a n s m i t t e r s  w e r e  
p laced  on t h e  desert f l o o r .  The mobile cal ibrat ion s t a t ion  
w a s  also placed there which has t h e  same f u n c t i o n  as a 
t r a c k i n g  s t a t i o n ,  bu t  it w a s  on ly  t r a c k i n g  t h e  clock i n  
t h i s  c a s e ,  because of c o u r s e ,  t h e  t r a n s m i t t e r s  w e r e n ' t  
moving. We placed t w o  competing types  of r e c e i v e r s  i n  a 
C-135 and over f lew t h i s  complex. We recorded t h e i r  i n p u t s  
and then  compared tha t  w i t h  t h e  l o c a t i o n  of t h e  a i r p l a n e  as 
determined by t h e  White Sands Missile Range Tracking com- 
p l ex .  

The comparisons t h a t  you see i n  F igu re  17 are comparisons 
between NAVSTAR-indicated aircraft l o c a t i o n  and t h e  loca- 
t i o n  as assessed by t h e  White Sands Missile Range Tracking 
complex. The test s i m u l a t e s  satellite-type geometry from 
about 40 t o  120 seconds on t he  graph. I have three a x i s  of 
d a t a ,  up,  n o r t h  and east .  Again, it is  a 3-D sys tem - 
zero t o  f i f t y  feet .  

To show t h a t  these weren ' t  s i m p l y  p a t h o l o g i c a l  r e s u l t s ,  
here i s i t h e  cumulat ive d i s t r i b u t i o n  as a pe rcen t  of t i m e .  
E r r o r s  w e r e  measured through t h i s  area nav iga t ion  test f o r  
each of t h e  competing r e c e i v e r s  (See F igure  18). Nine ty  
pe rcen t  of t h e  t ime ,  t he  Magnavox r e c e i v e r  on a l l  three 
a x i s  w a s  w i t h i n  about 15 feet and 90 pe rcen t  of t h e  t i m e  
the  H a z e l t i n e  r e c e i v e r  w a s  w i t h i n  about 22 feet. T h i s  is a 
summary of the  test r e s u l t s  which demonstrated performance 
of both cont inuous  and s e q u e n t i a l  r e c e i v e r s .  I d i d n ' t  show 
you t h e  v e l o c i t y  comparison, bu t  it demonstrated a c c u r a c i e s  
which were better than  a foot per  second. W e  also r a n  a 
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second series of tests which were called our  ILS tests. In  
t h i s  test we were f l y i n g  approaches t o  t h e  runway as shown 
i n  F igu re  19. 

For t h i s  ILS purpose,  ou r  p o s i t i o n  accuracy is better than  
5 feet  (See F igure  20) .  One of t h e  more important  r e s u l t s  
h e r e  is eng inee r ing  feedback t o  t h e  next  gene ra t ion  of 
r e c e i v e r  des ign .  

The major tes t  r e s u l t s  are summarized i n  F igu re  21. The 
Holloman T e s t s  v e r i f i e d  the system error budget through 
a c t u a l  f l i g h t  tests. Both cont inuous  and s e q u e n t i a l  re- 
c e i v e r s  were demonstrated.  The cont inuous  r e c e i v e r  simul- 
t aneous ly  r e c e i v e s  t h e  nav iga t ion  s i g n a l s  from f o u r  satel-  
l i t e s ;  t h e  s e q u e n t i a l  r e c e i v e r  l i s t e n s  , t o  t h e  s a t e l l i t e s  
one a t  a t i m e .  Accuracies  better t h a n  15 feet  i n  p o s i t i o n  
and  1 FT/SEC i n  v e l o c i t y  were achieved.  The m o s t  s i g n i f i -  
c a n t  r e s u l t  is t h a t  data is already a v a i l a b l e  t o  feed i n t o  
u s e r  equipment des ign  improvements. 

The first phase of t h i s  program t o  a r r i v e  a t  a Global Posi- 
t i o n i n g  System is a Concept V a l i d a t i o n  Phase (See F igu re  22). 
Its o b j e c t i v e s  are fou r - fo ld :  t o  be c e r t a i n  t h a t  t h e  basic 
concept is sound; t o  make such ad jus tments  i n  tha t  concept 
as necessary t o  get t o  t h e  best des ign ;  t o  p i n  down t h e  
system cos t ,  both f o r  t h e  u s e r  cons ide r ing  l i f e  c y c l e  c o s t ,  
and t h e  c o s t  of overhead;  and, t o  demonstrate t h e  m i l i t a r y  
va lue  i n  selected o p e r a t i o n s  demonstrat ions.  

The method of achiev ing  t h e s e  o b j e c t i v e s  w i l l  a lso evolve  
i n t o  t h e  o p e r a t i o n a l  s y s t e m  (See F igu re  23). T h i s  w i l l  be 
done us ing  prototype o p e r a t i o n a l  s a t e l l i t e s  deployed i n  
o p e r a t i o n a l  o r b i t s  w i t h  f i v e  sa te l l i t es  developed by t h e  
Global P o s i t i o n i n g  System Program O f f i c e .  For t h e  s i x t h  
sa te l l i t e ,  w e ' r e  r e l y i n g  on t h e  Naval Research Laboratory 
t o  put  up a fol low-onexperimental  sa te l l i t e  (NTS-2) which 
would a l s o  have ou r  s i g n a l  s t r u c t u r e  on board.  By t i m e -  
phasing these s i x  s a t e l l i t e s  t o  a r r i v e  over  t h e  test area, 
we  ge t  up t o  t h r e e  hours  of good geometry. T h i s  pe rmi t s  
ve ry  good development tests f o r  t h e  r e c e i v e r s  w e  w i l l  be 
developing.  The Master Cont ro l  S t a t i o n  w i l l  be a p ro to type  
of t h e  Opera t iona l  Master S t a t i o n .  The Monitor S t a t i o n s ,  
which are r e a l l y  no more than  a piece of u s e r  equipment, 
would be prototypes of t h e  o p e r a t i o n a l  s y s t e m  as w e l l .  We 
have a program for  developing u s e r  equipment for  a l l  t h e  
u s e r  classes shown. I t ' s  an  order ly  phased approach t h a t  
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first goes through advanced development models and t h e n  
proceeds i n t o  engineer ing development. 

The o r b i t a l  conf igura t ion  by phases evolves  i n t o  our t o t a l  
capabi l i ty  as shown i n  Figure 24. Phase I has t he  f i v e  
satell i tes t h a t  I ' v e  j u s t  descr ibed ,  w i t h  a s i x t h  one f r o m  
t h e  Naval Research Laboratory. Phase 11, which would begin 
w i t h  a DSARC If  decision, augments these satell i tes out t o  
three satel l i tes  i n  each of three r i n g s .  Fu l ly  ope ra t iona l  
spacing t i m e  phases a r r i v a l  gver t h e  test area, and g i v e s  
u s  a f u l l  ope ra t iona l  test f o r  about e ighteen  months. A t  
t h e  end of tha t  period, which would be about 1981, w e  re- 
p o s i t i o n  these s a t e l l i t e s ,  spacing them uniformly i n  t h e i r  
o r b i t s  g iv ing  us  a w o r l d - w i d e ,  continuous,  l i m i t e d  opera- 
t i o n a l  capab i l i t y .  Tha t  means t h a t  there is  a l i n e  of 
p o s i t i o n  a v a i l a b l e  f o r  anyone a t  a l l  t i m e s  ins tan taneous ly .  
A s  a matter of fact ,  e i g h t y  percent of t he  t ime,  t h e  use r  
who knows h i s  a l t i t u d e  can get a complete f i x .  T h i s  is a 
very s i g n i f i c a n t  capabi l i ty ,  and I t h i n k  makes a r e a l  s t e p  
forward i n  t e r m s  of t h e  program legacy. 

I n  Figure 25 is shown t h e  program schedule by calendar year.  
The first evolu t ionary  s t ep  w a s  approved w i t h  DSARC I i n  
December. I t  is a Concept Val ida t ion  Phase, w i t h  t h e  use r  
equipment s p l i t  i n t o  t w o  broad categories: t h e  low-cost 
user  (which is designated as C l a s s  C )  and the more sophis t i -  
cated classes. I n  Phase I the  low-cost r e c e i v e r  w i l l  pro- 
gress i n t o  a prototyping s t a t u s .  The s o p h i s t i c a t e d  user  
w i l l  be lagging s l i g h t l y ,  s t i l l  being i n  t h e  development 
s t a t u s  during Phase I. I n  1978 w e  complete development test 
and eva lua t ion .  The satel l i tes  t o  support  it are t h e  s i x  
t h a t  I ' v e  j u s t  described. The Ground Control Segment moves 
forward as a prototype. Our system c a p a b i l i t y ,  i n i t i a l l y ,  
would be ground t e s t i n g  using a simulated satel l i te  complex 
we  developed a t  Holloman A i r  Force Base and then proceeding 
on w i t h  periodic 3-D capab i l i t y  as t h e  fou r  satell i tes 
a r r i v e  over our  test  area. 

Phase 11 is t h e  s y s t e m  v a l i d a t i o n  phase. The low-cost 
equipment w i l l  be i n  production so it is a v a i l a b l e  for  t h e  
world-wide l i m i t e d  ope ra t iona l  c a p a b i l i t y  i n  1981. The 
more s o p h i s t i c a t e d  classes would be brought forward t o  the  
prototype s t a t u s ,  i . e . ,  j u s t  before product ion;  t h e y  could 
be called preproduct ion models. IOT&E, i n i t i a l  ope ra t iona l  
tests, w i l l  be carried ou t  using those  use r  models. Six 
a d d i t i o n a l  sa te l l i t es  w i l l  g ive  u s  n ine  and allow for  
spares. These would a c t u a l l y  be product ion,  Block-1 
satel l i tes .  
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Three-dimensional t e s t i n g  would occur fo r  about e ighteen  
months, then  the  l i m i t e d  ope ra t iona l  capabi l i ty  would be 
implemented by respacing t h e  satell i tes us ing  t h e  onboard 
p rope l l an t  capabi l i ty .  

A favorable  dec i s ion  a t  DSARC I11 would move ahead w i t h  
f u l l  product ion of t h e  system, achieving i n i t i a l  opera t iona l  
c a p a b i l i t y  i n  1984. A l l  u s e r  equipments would be i n  produc- 
t i o n  a t  t h i s  p o i n t ,  and we  would complete our  ope ra t iona l  
test and eva lua t ion .  

In Figure 26 is shown some of t h e  f u t u r e  test work t h a t  
w i l l  be ongoing during Phase I. The demonstration of per- 
formance, through t h e  demonstration of selected ope ra t iona l  
missions,  Naval s u r f a c e  v e s s e l s  are c e r t a i n l y  included. A l l  
along t h e  A i r  Force has had u s e r  command p a r t i c i p a t i o n .  
I ' v e  asked my Navy Deputy t o  i n s u r e  t h a t  w e  a l s o  get Navy 
user  command p a r t i c i p a t i o n  i n  t h e  design and overseeing t h e  
r e s u l t s  of these i n i t i a l  t e s t s ,  because w e  feel  it is q u i t e  
important.  

T h e r e ' s  an a p p l i c a t i o n  for  r ep lac ing  range ins t rumen ta t ion  
and the accurac i e s  a v a i l a b l e  are equivalent  t o  roughly t h e  
k i n d s  of accu rac i e s  expected f r o m  very s o p h i s t i c a t e d  
ranges.  Furthermore, you ' re  not pinned down t o  a s i n g l e  
geographic area. You could achieve these accurac ies  any- 
where. Then you have t w o  op t ions ,  you could either tele- 
meter back t h a t  posi t ion o r  your could record it  on tape 
for la ter  recovery v i a  some o t h e r  technique. T h a t  appl i -  
cation is c l e a r .  I t  would be premature t o  do it during 
Phase I .  
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QUESTION AND ANSWER PERIOD 

MR, FISCHER: 

On the slide showing the landing test results, I noticed it mentioned an 11 slate 
filter. I wonder if there's a simple description what those 11 state are? I was 
assuming 9 states for vehicle motion and two for clocks, is that anywhere near 
correct? 

COL. PARKINSON: 

No. I think it's 6 states for vehicle motion and something like 5 states for clock 
or perhaps 4 states for clock because you see, you have to also model all the 
individual clocks in this case. I'm not certain what all the states were anymore, 
but the important thing is he had to not only model the position of the receiver 
itself, he also had to model the error that was being generated from our trans- 
mitters because they were not all locked in. They were running open loop. So 
he had to accept that as part of the model. 

DR. COHEN: 

This is a very bold and exciting project aad one which will get a lot of use, but 
you should be Made aware that the radio astronomers will  receive it as 8 mixed 
blessing. There will be doubt with 1,200 and 1,400 megahertz radiation which 
will fall on them continuously and maybe forever. 

1,200 megahertz is in the red shifted hydrogen band from external galaxies 
which receive some use and will receive even more. It's not a radio astronomy 
protected band, but it is one which will be very useful in scientific research and 
one which clearly will become unusable, at least within some number of your 
megahertz. I don't know what the effects of band widths of your transmissions 
would be. 

COL. PARKINSON: 

At that frequency, 20 megahertz. But you have to recognize that the signal it- 
self is below the noise floor in an omni antenna. 

I'm not certain that it's quite the problem here. 

DR. COHEN: 

Well, I don't know. , I think you said 400 watts. 
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COL, PARKTNSON: 

That's 400 watts DC power, but the actual power that's being radiated could be 
as much as 100 watts. 

DR. COHEN: 

Haven't there been some experiments with some other satellites in the I, 600 
megahertz region and rather far away from your nominal band that found that the 
interference is very, very strong and wiped out radio astronomy measurements? 
The point is that radio astronomers detect and work with signals which are  very 
much below the noise floor by a factor of 1,000 or 10,000. 

COL. PAWNSON: 

Well, I certainly register your comment. Assuming that you have a degree of 
directivity in those antennas, I personally don't think that the spread spectrum 
signal can be a lot of trouble. 

DR. COHEN: 

In these same experiments that I described it was found that when they were 
within three degrees of pointing at a satellite, they were wiped out entirely. 
For some extremely sensitive measurements they were wiped out whenever the 
satellite was above the horizon. 

After 1984 your system will have from 6 to 9 satellites in view at all times from 
every point on the earth. I think that that will reaffirm that systems are getting 
more sensitive all the time. My guess is that there will be some bands which 
will become closed, in a sense, to very sensitive radio astronomy use. 

I'd be delighted, sir, to send you a report that the National Radio Astronomy 
Observatory has just written on this particular interference problem. 

DR. ALLEY: 

If you assume a reasonable circularity of orbit, that you might hope to achisve, 
there will be a modulation with a 12-hour period having an amplitude of 12 nano- 
seconds in the ability to transfer time due to the potential effect of general 
relativity. 

COL, PARKINSON: 

Well, of course that's a highly predictable thing. Therefore, it doesn't show up 
in an error budget since we would be calibrating it out. The effect is on the 

497 



order of 2,200 nanoseconds times the eccentricity of the orbit and it is a size- 
able effect and one that we have to correct our clocks for. 

We'll correct our clocks in such a way that the user is insensitive to that effect 
and doesn't even know it's there. The very fast moving user still has to worry 
about his own relativistic problem. 

MR. KEATING: 

You mentioned minimization of the proliferation of global navigation systems. 
How does your system relate to other systems which are  global such as OMEGA, 
and perhaps loran, which may possibly some day become global? Are you in 
completion with them 1 

COL. PARKINSON: 

Yes, I guess my feeling right now is that the competition is not one that I'm in- 
volved in. I'm offering up and building a system, and then the user community 
will have some choices to make. 

If I could hold down the cost of user equipment, provide a highly accurate world- 
wide grid which is reliable and always available, then the user community will 
have a choice to make. And I think that's the best way to look at the problem, 
rather than looking at it as though I'm trying to turn off all the loran transmitters 
in the world-because I'm not. 
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NAVIGATION TECHNOLOGY SATELLITE I 

Charles A. Bartholomew 
Naval Research Laboratory 

ABSTRACT 

The NTS-1 satellite was launched on July 14, 1974. 
This spacecraft is one of a series of technology satel- 
lites to be launched in support of the NAVSTAR GPS 
Program. NTS-1 was designed la verify the error 
budget and measure related performance factors in- 
cluding a commercial rubidium vapor frequency stand- 
ard modified for space conditions. A description of 
this spacecraft and preliminary performance data will 
be discussed. 

Paper was not received. 
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QUESTION AND ANSWER PERIOD 

MR. CALLAHAM: 

I observed that you had a very high rate of clock drift in terms of microseconds, 
before you issued a tuning command to the satellite. And after you issued the 
tuning command that you had calculated, I assumed you stopped the drift. You 
overshot and got a drift of roughly equivalent magnitude in the opposite direc- 
tion. Since this was unexpected and since it took you 12 hours at least, to fig- 
ure out that this was what the clock was doing, what would the poor user do if 
he got this sort of information and didn't h o w  that's what the clock was doing? 

MR. EASTON: 

What we plan to do in operation, of course, is adjust the clock much closer and 
have it synthesized so that we can adjust for any drift in the clock. So it won't 
have these big changes in operation. 

DR. SOICHER: 

Are both frequencies on all the time? In the ionospheric experiment that you 
conducted, did you conduct amplitude Scintillations? Who has the data available, 
and have you seen any significant scintillations at L band? 

CAPTAIN HOLMES: 

To answer your first question I presume you mean when you say both frequencies, 
you mean are both the L band and the UH frequencies on all the time? The ans- 
wer to that is no, the reason for it is that because of the tumble of the satellite 
we have not achieved the temperature stabilization in the satellite that we had 
hoped for. As a result, we have peak temperatures ih excess of 30 degrees 
centigrade and we don't feel that we can operate or that we should operate at 
least at this time, both frequencies continuously. 

With regard to whether we have seen any significant scintillation data, I would 
have to say that right now because of the tumble rates and because of the chang- 
ing rates that have been introduced into the satellite in order to translate the spin 
into a tumble mode, we would not I don't think right now that we want to say that 
the data is such that we would be sure that we've achieved significant results. 

DR. SOICHER 

I'd like to su&est tbat the GPS people that L band may exhibit amplitude scintil- 
lation and of worse magnitude especially in equatorial regions and Arctlc regions. 
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I'm sure that some work is being done along these lines, but it ought to be done 
in view of the power of this other system. 

CAPTAIN HOLMES: 

We would agree 100 percent with that. 

DR. HELLWIG: 

You show the tuning curve for the rubidium-how is the tuning done? 

MR WHITE: 

Dr. Hellwig, I'm not actually sure I understand your question. How do we cal- 
culate the tuning we did? Why did we do it? It was a C field command. We 
changed the current to C field. The reason we didn't hit the right spot was be- 
cause we were using some tuning curves that we had generated on the ground for 
it under some different conditions, and it turns out that the temperature in the 
satellite was sufficiently different and when I guessed the new word, I guessed 
the wrong word. 

We intend, in later work, to generate the tuning curve in the satellite and see 
what we can expect in the way of a Delta F change and see what happens then, 

DR. ALLEY: 

Is it possible to predict when the satellite will stabilize sufficiently to allow 
laser ranging to be done to the reflectors? 

4 

CAPTAIN HOLMES: 

We're in the process of assessing what impact the current tumble rate will have 
on the experiment. Our feeling is that we will probably be able to do the laser 
ranging experiments even under the present conditions. 

DR. ALLEY: 

What was the period of tumble ? How long might they be facing the earth ? 

CAPTAIN HOLMES: 

The period is roughly 35 minutes, and that will provide probably on the order of 
10 minutes of laser viewing time. 

DR. ALLEY: 
But you know the phase of that tumble sufficiently well that one could predict? 

CAPTAIN HOLMES: 

Yes. 
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RESULTS OF THE FIRST 150 DAYS OF THE NTS-1 
SOLAR CELL EXPERIMENTS 

Richard L. Statler 
Naval Research Laboratory 

ABSTRACT 

Twelve so la r  cell experiments w e r e  on the Naval 
Research Laboratory NTS-1 satel l i te  launched on 
14 July 1974, i n t o  a 13,620 km circular o rb i t  
a t  an inc l ina t ion  of 125'. The experiment com- 
pr i ses :  2 ohm-cm n/p, lithium-diffused p/n, 
v i o l e t  n/p, p+ back-surface f i e l d ,  and u l t r a -  
t h i n  wrap-around contact cells. The short-  
c i r c u i t  current of t he  experiments ranged from 
2 t o  12  percent higher i n  space than under so l a r  
simulators. 
el l i te,  the  experiments w i l l  be exposed t o  radi-  
a t ion  equivalent t o  2 x 10IS 1-MeV electron cm-2 
and t o  nearly 5500 thermal cycles, 

During the  5 year l i f e  of the sat- 

IN" RODUCTION 

The NTS-1 sate€lite is  a forerunner of t he  NAVSTAR Global Positioning 
System being developed t o  provide extremely accurate world-wide navi- 
gational capabi l i ty  f o r  ships,  a i r c r a f t ,  and ground forces. Two 
earlier TIMATION satellites have proven t h i s  concept of passive and 
accurate posit ion-fixing, and demonstrated through a jo in t  Br i t i sh  - 
U. S. experiment i n  1972 t h a t  the  system is ideal  f o r  t ransfer r ing  
precise t i m e  around t h e  world. 

The payload a l so  contains twelve so lar  cell experiments from the Royal 
Aircraf t  Establishment, Comsat Laboratories, and the Naval Research 
Laboratory. 

The satel l i te  viewed from the  top (Fig. 1) is  an octagon with a 48 inch 
diameter (122 em) and is  22 inches high ( 5 6  cm). 
sists of 4 paddles made up of 2 x 4 cm n/p so la r  cells of 2 ohm-cm 
r e s i s t i v i t y ,  placed on both sides. Each s ide  has 10 s t r ings  of 81 
cells i n  series connection. The coverslips are 12 m i l  (0.030 cm) 
Corning 7940 fused s i l i ca  with b lue - f i l t e r s ,  cemented t o  the cells 
with Sylgard R6-3489 adhesive. Interconnects are 2 m i l  (0.005 cm) 
s i lver-plated molybdenum attached by reflow soldering. 

The so lar  array con- 

503 



OBJECTIVES OF THE SOLAR CELT., EXPERIMENTS 

The NEzt and COMSAT Experiments are designed t o  compare the performance 
and degradation i n  t i m e  of various types of experimental so l a r  c e l l s  
with the reference experiment consisting of conventional cells of the 
same type used i n  the main array. 
radiation environment which is  equivalent t o  a 1-MeV electron fluence 
of 4 x lS4 electron cm-2 y e a r 1  incident on a so la r  cell shielded by 
12 mils (0.030 an) of fused s i l i c a .  The spec i f ic  objectives of these 
experiments are : 

The NTS-1 o r b i t  is i n  a severe 

(1) To compare perfonnance and radiat ion resistance of the 
Comsat and Centralab v io l e t  cells manufactured i n  1973 
t o  a reference cell. 

(2) To compare the performance and radiat ion resis tance of 
the  Spectrolab "Helios" cell t o  a reference cell. 

(3) To observe radiat ion resistance of lithium-diffused cells 
in o r b i t  at temperatures near 50°C where annealing can 
occur. 

(4) To observe performance and radiat ion degradation of a 
very t h i n  so la r  cell (100 p) having a pc diffused layer 
at the back contact. 

The RAE experiment on the satellite represents a furtIier stage i n  the 
process of proving and demonstrating the spaceworthiness of Bri t ish 
components and techniques f o r  t he  construction of advanced lightweight 
deployable arrays of t h in  s i l i con  so lar  cells. 
experiments, embodying the  th in  cells, coverslips and f lex ib le  panel 
assembly techniques, were flown on the Prosper0 (X3) technological 
s a t e l l i t e  and are st i l l  working sa t i s f ac to r i ly  a f t e r  nearly three 
years i n  o rb i t  (1). Miranda (X4) launched e a r l i e r  t h i s  year, demon- 
s t r a t ed  the soundness of the fold-up stowage and telescopic deployment 
systems which have been developed for  such arrays (2). 

The f i r s t  f l i g h t  

The a i m s  of the present experiment are: 
(1) To demonstrate the spaceworthiness of Ferrant i  125 p 

wraparound so la r  cells of the latest 24-finger design, 
solder  interconnected and mounted without cement on a 
f lex ib le  substrate. 

(2) To compare Czochralski (CZ) and f l o a t  zone (F'Z) c e l l s  
of t he  same type, with par t icu lar  reference t o  any 
photon-induced degradation. 

(3) To compare the performance and radiat ion resistance of 
1 and 10 ohm-cm th in  cells. 

(4) To check i n i t i a l  performance and radiat ion damage predictions. 
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(5) To compare integral and discrete coverslips. 

DESCRIPTION OF EXPERIMENTS 

"he experiments consist of the 12 types shown in Table 1. Fig. 2 is 
a photograph of experiments 1 through 4. The Helios cell experiment 
is shown in Fig. 3 and the reference array is shown in Fig. 4. The NRL 
and Comsat experiments are all series-wired patches, for which I - V  
curves are obtained from the telemetered data in orbit, The I-V curve 
is produced by the electrical circuit shown in Fig. 5. A ramp voltage 
with a time length of 30 seconds is applied to each experiment in 
sequence through a clock operated switching gate, and data is recorded 
at intervals of 2.56 seconds, yielding about 12 points of the I V  curve 
during each sampling period. 

All of the experiments are fixed to the satellite through thermally 
insulating stand-off legs, 

are calculated to reach temperatures of 7OoC for the NRI, and Comsat 
experiments, and 9OOC for the RAE experiment. A Fenwall Type 
GB35P52T5 thermistor is attached to the rear surface of one cell on 
each of the NRL and Comsat experiments to measure temperature, 

As a result of this and because the NTS-1 
w i l l  be a three-axis stabilized spacecraft, the solar cell patches 

CALIBRATION OF EXPERIMENTS 

Measurement of the NRL panels under solar simulator conditions was 
performed in part at the following locations: Air Force Aero Propulsion 
Laboratory, Hughes Aircraft Company, Jet Propulsion Laboratory, NASA 
Goddard Space Flight Center, and the Naval Research Laboratory, The 
calibration of the Comsat experiment was performed by Comsat Labora- 
tories, and the RAE experiment was calibrated with the RAE Large Area 
Pulsed Solar Simulator (LAPSS). 

i 

Also, temperature coefficients for the experimental patches were deter- 
mined at NRL and the Air Force Aero Propulsion Laboratory. 

The short-circuit current (Isc) , open-circuit voltage (Voc) , and max- 
imum power (P-9) obtained from the solar-simulator measurements are 
shown in Table I. 

C-TION OF SPACE RADIATION FLUENCE 

The effect of the natural trapped radiation environment was calculated 
from data available from the National Space Science Data Center, NASA 
(5 ,6 ) .  
as a function of temperature and coverslip thickness, using a program 
developed for NASA Goddard Space Flight Center (7). 

Cmtputerized calculations were made of solar cell I-V curves 

The electron spectrum flux was calculated to be equivalent to 3 x IO1* 

505 



%-MeV e cm-2yr'l, while the  proton Spectrum f lux  was 1 x I@* 1-MeV 
e cm-'yroL, fo r  a s o l a r  cell array with 0.030 an of fused silica 
shielding a t  a c i r cu la r  o r b i t  of 7500 n.m. (13,900 km). In  a t o t a l  
radiation fluence of 4 x le4 l-MeV e yr" the 2 ohm-cm so lar  
cells i n  the main array will lose  19 percent of t h e i r  maximum power 
i n  one year, and 35 percent after 5 years, 

MEASUREMENT I N  ORBIT 

NTS-1 was launched on 14 July 1974 a t  04:55:00 hours GMT. 
solar  paddles of the  main array w e r e  commanded t o  deploy i n  the f i r s t  
revolution; two of them indicated posi t ive latch-up during Rev 1, the  
other two latched in to  f i n a l  posit ion during Rev 18 and Rev 19  a f t e r  
6 days i n  orb i t ,  During t h i s  t i m e  the spin rate of the  satellite was 
slowed down t o  about 18 minutes per revolution. After Rev 20, high 
qual i ty  data was  received from the so la r  cell experiments, with sun 
aspect angle varying from 0 t o  15 degrees from normal incidence. The 
o r b i t a l  period i s  468.73 minutes, resu l t ing  i n  s l i gh t ly  more than 3 
revolutions per day. 
13,606 km. The incl inat ion is 125.11 degrees. Solar c e l l  experiment 
data is  recorded i n  real-time during a 2% hour period as the satellite 
i s  i n  view of the Naval Research Laboratory Satellite Tracking Fac i l -  
i t y  a t  Blossom Point, Maryland, located 50 km south of Washington, D.C, 

The four 

The perigee i s  12,193 km and the  apogee is 

The experiments are mounted on the top surface of t he  satellite, from 
which extends an 18,3 m gravity-gradient boom and a 56 cm magnetic 
boom, Thus, a t  cer ta in  so la r  aspect angle and rotat ion angle it i s  
possible f o r  p a r t i a l  shading t o  occur on the  experiments, 
program is being prepared which will predict  the shading and re jec t  
data from shaded panels during processing. I n  the  meantime, shading 
ef fec ts  are obvious when the e n t i r e  I-V curve is measured. 

A computer 

The temperature of the NRL experiments ranged from -13OC t o  +32OC 
during the  f i r s t  weeks while the  spacecraft is  rotating. The Comsat 
panel temperature ranged from -16OC t o  +19oC,  The RAE patches are 
operating a t  temperatures somewhat higher than these. After several 
months the NRL and Comsat so l a r  panel temperatures went as high as 
6OOC. 

The re su l t s  of measurements during Rev 30 ( tenth day i n  orb i t )  are 
shown i n  Table 1. The Isc, Vocs and P- have been corrected t o  a 
cell temperature of 2SoC, The pre-launch so lar  simulator data are 
shown i n  t h i s  tab le  f o r  comparison. 

A general observation of the  space da ta  shows tha t  the short-circui t  
current (Isc) of a l l  the NRL and Comsat experiments i s  higher i n  space 
than under the so la r  simulators. 
ments, the Centralab cell indicated a loss i n  Pmax of 7 percent from 
ground t o  s p a c e  The power loss of four of t he  experiments is  shown 

Of the  two lithium-doped c e l l  experi- 
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i n  Fig. 6 as a function of t i m e  i n  o rb i t  for  the f i r s t  5 months. No 
data  i s  available p r io r  t o  the tenth day because of the unfavorable 
sun angles during maneuvers to  achieve f i n a l  f l i g h t  configuration and 
orientation, The reference panel is performing as predicted. The 
high efficiency arrays also degraded as expected fo r  the f i r s t  100 days; 
from tha t  point t o  150 days the  degradation rate f o r  the Comsat v io le t  
w a s  much more than had been predicted from electron accelerator experi- 
ments. The Helios panel i s  performing as expected. The lithium- 
diffused s i l i con  panel improved s l igh t ly  i n  power output between the 
t h i r d  and f i f t h  month. This annealing of radiation damage can be 
accounted fo r  since the so la r  cell  average temperatures increased dur- 
ing t h i s  period t o  as much as SO0 Centigrade for  many hours. 
suf f ic ien t  t o  anneal some of the radiation damage from the  f i r s t  few 
months, as w e l l  as t o  reduce the present rate of damage below tha t  fo r  
the  other types of cells. 

This i s  

CONCLUSIONS 

The NTS-1 so la r  cel l  experiments are operating very successfully; good 
qual i ty  data i n  the form of twelve-point I V  curves i s  being obtained 
from the NRL and Comsat experiments. The resu l t s  indicate higher i n i -  
t i a l  output f o r  a l l  experiments than had been measured under so la r  
simulators. The cells having the highest P ~ x  are, i n  descending 
order: (1) Comsat v io l e t ,  (2) Centralab v io le t ,  and (3) Heliotek 
"Helios" so l a r  cells. Because of the o r b i t a l  constraints,  data will 
be obtained a t  semiannual periods las t ing  for  20 t o  30 days. 
owing program w i l l  be completed t o  assist i n  data reduction. 

The NTS-1 experiment is  of signif icant  importance, because i t  permits 
the  continuing evaluation of several  types of high-efficiency solar  
cells and lithium-doped cells i n  a hard radiation environment with a 
d i r ec t  comparison t o  a f l ight-qual i ty  conventional so la r  cell. 

A shad- 
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Table 1 

PHO"OV0LTAIC MEASUREMENTS OF THE NBL AND COMSAT EXPERIMENTS- 

1.e 
mA 

CENRadialGrid 2 x 2  Fusedsilica 141 
n/p. 10 ohm-cm X .01 .015 
CEN Violet n/p 

HEL Lithium pln 

CEN Lithium p/n 

CEN Violet n/p 

HEL Iielios n/p, 
10 ohmem 
CEN n/p 
2 ohmcm 
Coxasat Violet 

2 x 2  
X .03 

2 x 2  
x .02 
2 x 2  
x .02 
2 x 2  
X .03 
2 x 2  
X .03 
2 x 4  
X .03 
2 x 2  

Fused silii 
.015 

Fused silica 
-015 

Fused silica 
.015 

Fused silica 
-030 

Fused silica 
.ON 

Fused silica 
.030 

Ceria @ass 
.015 

157 

131 

125 

149 

159l 

250 

162* 

* M d  by Sp.etnlb. 
%d by &mat bbontories. All otba mrmueinents by N B T ~  Research L.boratory. 

508 

576 61.1 

582 68.1 

600 60.5 

606 57.0 

510 65.6 

581' 69.7' 

591 115 

594' 74.3' 

- 
1 .  
mA 

161 

169 

143 

144 

112 

168 

282 

185 

- - 

- 

VO, 
mV 

558 

614 

587 

589 

569 

562 

573 

578 

- - 

- 

- 
&I., 
mW 

66.5 

73.0 

63.2 

56.0 

73.3 

68.6 

122.2 

83.3 
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STATISTICAL ANALYSIS OF TIME TRANSFER DATA 
FROM TIMATION I1 

J. McK. Luck and P. Morgan 
. Division of National Mapping 

A.C.T., Australia 

ABSTRACT 

Between July 1973 and January 1974, three time 
transfer experiments using the Timation I1 satel- 
lite were conducted by the Division of National 
Mapping, A.C.T., Australia and the US Naval 
Research ~aboratory, Washington, DIG,, to measure 
time differences between the US Naval Observatory 
and Australia. Statistical tests showed that the 
results are unaffected by the satellite's position 
with respect to the sunrise/sunset line or by its 
closest approach azimuth at the Australian station. 
Further teats revealed that forward predictions of 
time scale differences, based on the measurenents, 
can be made with high confidence. 

Measurements Against t%e Satellite Clock 

I The results of the first two-time transfer experiments 
between NRL and Australia have already been presented 
(Easton, Smith and Morgan, 19738 1974). 

The first series of statistical tests examined the residuals 
from a quadratic fit of the results TII-AUST, where TI1 re- 
presents the satellite on-board oscillator and AUST represents 
the local Australian time standard, in this case the National. 
Mapping portable cesium standard DNM590 whose performance was 
linear with respect to a four com2onent mean time scale. The 
measurements in July showed that the on-board oscillator had 
a constant aging rate during the experiment, and the residuals 
were normally distributed, while during the September run the 
residuals were not normally distributed. The oscillator was 
evidently much less stable in the January 1974 run, and a 
simple curve could not be fitted. 

The curves fitted were: 
2 July run: TII-AUST = 5.371 -t 4.7616(t-E) + 0.25214(t-E) 

microseconds, 
where t was the day of the year and w a s  the midpoint of the 

199.153). The standard deviation of the 38 residuals 
was run 6 -585 microseconds. 
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September run: TII-AUST = 38.940 + 3.9779(t-E) - 
0.00956 (t-E) microseconds , where E was 
265.544. The standard deviation of the 42 
residuals was 1.653 microseconds. 

For each run, the residuals were analyzed by a two-way 
analysis of variance with unequal cell sizes (Hamilton, 
1964), the classifications being: 

(1) Effect of sunlight, to see if it affected either the 
satellite clock through temperature variation, or the signal 
travel time. 

This classification was sub-divided by the time of closest 
approach: 

(i) more than 2 hours before sunrise or more than 2 

(ii) 1 to 2 hours before sunrise or 1 to 2 hours after 

(iii) 0 to 1 hours before sunrise or 0 to 1 hours after 

(iv) 0 to 1 hours after sunrise or 0 to 1 hours before 

(v) 1 to 2 hours after sunrise or 1 to 2 hours before 

hours after sunset; 

sunset; 

sunset; 

sunset; 

sunset; 

hours before sunset. 
(vi) more than 2 hours after sunrise or more than 2 

(2) Effect of azimuth, to see if the local surroundings 
had any effect. This classification was sub-divided by the 
azimuth at closest approach: 

(i) 

(iii) 

in the quadrant North to East; 
(ii) in the quadrant East to South; 

in the quadrant South to West; 
(iv) in the quadrant West to North. 

The number of observations falling into each cell, and the 
row and column means, are given in Tables I and 11. The 
residuals from the fitted curves are shown in Figure 1. 

The analyses of variance presented show that there is no 
statistical evidence for effects due to the amount of SUA 
illumination on the satellite-station path, or on the quad- 
rant of observation; nor is there any significant interaction 
between these two factors. No data were available to the 
authors for testing more precisely the effects of temperature 
and proton bombardment on the satellite oscillator. 
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January 1974 Results 

I 

A third run was conducted in January 1974, principally to 
provide an interpolating line for calibrating the Timation 
system against a USNO flying clock which visited National 
Mapping on 7 December 1973. On this run, oscillator in- 
stability, the restriction to one transmission frequency, 
and turning the oscillator on and off during the run de- 
graded the results of TII-AUST to the extent that compari- 
sons with the satellite clock could not be statistically 
analyzed, The time transfer comparisons with USNO were also 
degraded, as can be seen from Figure 2, but the mean of the 
observations still proved useful. The results of fitting 
straight lines to the January measurements of USNO-AUST, 
together with combinations of all three runs, are given in 
Table 111. 

Inter-run Statistics 

Three series of tests were conducted to establish whether 
the runs, and their combinations, were statistically equiva- 
lent. 

In the following descriptions, the u2 are variances of re- 
siduals after fitting straight lines of form 

USNO - AUST = CI + P (t-E) , 
and the o2 are the variances of the observed rates P. 
number of observations in each data set is denoted by n. 

The B 

(1) The first series compared the results obtained, on 
the one hand, by subtracting direct Australian observations 
from points interpolated between NRL observations, and on 
the other hand, by subtracting interpolated Australian 
observations from direct NRL observations. The tests were: 

(i) Equivalence of Sample Populations, i.e, whether 
NRL-interpolated samples were drawn from the same 
population as AUST-interpolated samples. 

Null hypothesis Ho : Ol 2 2 
= O2 

2 2 H1 : Gl # U2 Alternative 

: f = u2/02 (Fisher's F) 1 2  Test stat is tic 

Evaluation : Accept Ho if 0-60 < f < 1-67. 
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The f-column of T a b l e  I V  shows tha t  the populations w e r e  
s t a t i s t i c a l l y  equivalent a t  the 95% level  fo r  a l l  except the 
September runs, which were nearly equivalent. 

(ii) Non-zero Significance of Rates, i.e. whether the 
rates of each run w e r e  s t a t i s t i c a l l y  equal t o  zero. 

Null hypothesis Ho : p = 0 

Alternative H1:  @ # O  

T e s t  s tatist ic : t = [$1 / (0~) '  (Student's t) 

: Accept Ho i f  t e 1.96. 

The t-columns of Table I V  show t h a t  the r a t e s  were very 
d i f fe ren t  from zero i n  all runs except January. T h i s  i s  due 
i n  pa r t  t o  the large standard e r ro r  and s m a l l  data se t :  b u t  
reference t o  Table 111 shows t h a t  the r a t e  w a s  indeed small, 
which i s  possibly explainable by the vagaries of the satel- 
l i t e  o s c i l l a t o r  which m a d e  the interpolation scheme unstable. 
It will be shown i n  a later test that  the January rates w e r e  
d i f fe ren t  from the  r a t e s  determined from the other runs. 

(iii) Equivalence of R a t e s ,  i.e. whether r a t e s  obtained 
by interpolat ing NRL observations equalled AUST- 
interpolated rates. 

Null hypothesis Ho : p, = @, 
Alternative 

T e s t  s ta t is t ic  

H1 : 8, # p2 

: T = (p, - @,)/S (Student's t) 

Evaluation : Accept Ho i f  T < 1.96, 

The T-column of T a b l e  I V  shows t h a t  the two interpolation 
schemes gave the same rates. 

(2 )  The second series of tests evaluated whether the 
midpoint of one run (a a t  time E i n  Table 111) coincided 
with the value a t  e on the l i n e  f i t t e d  through another run, 
i.e. whether runs gave consistent values when extrapolated. 
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Null hypothesis: al =E a2 + P2(t-f) 

Alternative : a1 #a, + P2(t-E) 

Test statistic : 

d-2 degrees of 

t = al - [a,+@, (t-E) l/S with 

freedom, where s = CO1/nl 2 + ui/n23 4 8 

This statistic is approximately distributed as Student’s t - 
it is the incomplete Fisher-Behrens statistic (Welch, 1937: 
Hamilton 1964) . 

Evaluation : Accept Ho if t 1.96. 

Table V shows that forward extrapolation of the NRL-inter- 
polated samples i s  valid - even extrapolating from the July 
run into January is satisfactory at the 2% level. The fact 
that the AUST-interpolated samples do not give such good 
extrapolation characteristics is attributed to the sparser 
Australian data sets - otherwise it is a little puzzling. 

(3) The third series tested the hypotheses that, for the 
NRL-interpolated samples, the sample populations and rates 
from each run and combination were equivalent; and similarly 
for the AUST-interpolated samples. All single runs satisfied 
a ~2 goodness-of-fit test for normality. 

Equivalence of population variances. 

2 2 Ho : al = U2 Null hypothesis 

2 2 Alternative H1 : 01 z 0.2 

Test statistic 

Evaluation : Accept Ho if 0.60 f < 1.67. 

The f-column of Table VI shows clearly that the July run had 
significantly lower variance than any other run or combina- 
tion, but that the other runs were, by and large, front the 
same population. 

: f = G:/D; (Fisher’s F) 
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(ii) Equality of rates. 

Null hypothesis Ho : 8, = 8, 

Alternative H1 : 8, = 8, 

Test Statistic : T = [pl - p23/S (Student's t) 

where S = {[(nl-2)crl 2 + (n2-2)o2I[o 2 2 2  /a + u 2 2  /u21/[n1+n2-4]] 55 
$1 $2 

Evaluation : Accept Ho if t < 1.96. 

The T-column of Table VI shows that, for the NRL-interpolated 
samples, the rate determined from the January run was statis- 
tically different from the rates determined from all other 
runs and combinations, which were in turn statistically equal 
to each other. This confirms the result found in test (ii) 
of the first series. The poorer results obtained from the 
AUST-interpolated samples confirm the second series tests 
wherein extrapolation between some run combinations was not 
valid. 

Comparison of Time Scales 

The tests described above all used a single cesium standard, 
DNM590, for the time scale denoted AUST. To demonstrate 
that the out-of-character results of the January run were not 
due to a change of rate in this clock, a special Australian 
artificial time scale (AATS) was constructed, comprising the 
four cesium standards DNM590, the original Mount Stromlo 
standard DNM205, the newer standard NSL338 of the National 
Standards Laboratories, CSIRO, Sydney, and standard HP052 
maintained by Hewlett Packard (Australia) Limited, Melboarne, 
These clocks are all compared daily by ABC television com- 
parisons (Miller 1970) and were not stopped or adjusted in 
the period between 8 February 1973 and 23 May 1974. No other 
cesium standard in Australia satisfied both these conditions, 
The time scale was a simple unweighted mean of the four 
clocks, offset (in phase only) so that it agreed approximately 
with UTC (USNO) determined by flying clocks. 

An extrapolating ephemeris for AATS was constructed, using 
least squares straight line fits, in which: 

4 

i=l 
ECUSNO-AATSI = C E[USNO-CloCki}/4 

and 

i 
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E [ USNO-C locki 3 = E[ USNO-DNMS 90 1 (by Timation) +E[ DNMS 90-Clocki 1 
(by Television). 

Selected points on the graphs of the clocks against the arti- 
ficial time scale are shown in Figure 3. It can be seen that 
no significant rate change occurred in DNM590. Assuming that 
no such rate change occurred in UTC (USNO), the poor results 
in rate from the January run would reflect deficiencies in 
the Timation I1 technique. 

Table I11 includes the result of a visit by USNO flying clock 
PC572 in December 1973, and, in the column headed USNO-AUST, 
gives the values obtained by inserting t = 7 December 1973 
in the various formulae obtained for  different Timation I1 
runs and combinations. For each interpolating system, the 
July-September combination gave the best agreement, which was 
0.31 microseconds for NRL-interpolations and 0.17 microseconds 
for UAST-interpolations. The 95% confidence interval at 7 
December for the NRL-interpolated July-September combination 
was 20.27 microseconds, and for the AUST-interpolated combina- 
tion +0.20 microseconds. Thus, on the assumption that no 
error-was attached to the flying clock result, the former 
s e t  gave almost statistically’correct results, while the 
latter set showed excellent agreement. When the quoted error 
of +0.2 microseconds from the USNO certification was taken 
intz account, the NRL-interpolated result also became accept- 
able. 

Extrapolating the July-September combinations backwards to 
the date of the previous USNO flying clock visit on 8 February 
1973, the differences were 3.03 microseconds with $.05 micro- 
seconds 95% confidence interval for USNO-interpolates, and 
3.12 microseconds with 0.37 microseconds 95% confidence in- 
terval for AUST-interpo1ates. When the errors of the flying 
clock measurements are taken into account, these results are 
not unsatisfactory. On the other hand, the agreement between 
USNO-AATS by the extrapolating ephemeris and USNO-AATS by the 
flying clock measurement was 0.8 microseconds, which is regard- 
ed as very satisfactory over such an interval. It is unfortun- 
ate that no subsequent definitive flying clock trip has been 
made, as a further test of the predictive power of Thation 
would have been very beneficial, especially as time keeping 
in Australia during 1974 has been plagued with breakdowns 
both in a number of cesium standards and in the television 
network system. 

On the basis of the consistency of the NRL-interpolated 
July-September combination in both the extrapolative and 
interpolative senses, its agreement with USNO flying clock 
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measurements, and its consistency with a selected Australian 
time scale, the formula 4 in Table I11 was adopted as the 
definitive comparison between Australian clocks and UTC(USN0 
Mc), and was accordingly made the sole interpolating link 
between UTC(USN0 MC) and the regular television-compared 
Australian mean t h e  scale UTC(Aus) , 

Conclusions 

The foregoing statistical analysis shaws quite clearly the 
value of the Timation satellite for intercontinental time 
transfer at the sub-microsecond level. The major areas re- 
quiring particular attention are: 

Long runs are required to establish rates reliably. 
The durations of the three runs were thirteen, 
seventeen and twelve days in July, September and 
January respectively, and even then the sparser 
results in January produced anomalies. 

The stability of the satellite oscillator must be 
good enough to carry interpolations over several 
hours, The poor January results establish this 
point forcibly. 

The superior results from the July run show that _.. 

1 
> 2’ 

dual frequency transmissions (150 MHz and 400 MHz) 
do indeed reduce errors, 

Every effort should be made to have the data set 
as dense as possible. 

There are factors affecting the stability of the 
oscillator which we do not yet understand, since 
an analysis of variance failed to reveal two 
possible causative, or perhaps correlated, effects. 
It is significant here that the residuals AUST-TI1 
were not normally distributed yet the residuals 
from USNO-AUST = (USNO-TII) - (AUST-TII) were nom- 
ally distributed, thus indicating the presence of 
a perturbing influence in the region of the satel- 
lite. No data was available to test accurately 
the hypothesis that the temperature around the 
crystal caused it to fluctuate, 

The Timation I1 results presented here have been incorporated 
into UTC(AUS), so that predictions of the relationship be- 
tween Australian clocks and USNO can be made with confidence 
at the microsecond level. It is hoped that regular 
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observations of Timation I11 can be carried out - its im- 
proved clock should improve the statistics considerably and 
enable our geographically isolated clocks to contribute to 
International Atomic The. 
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QUEsTION ANI) ANSWER PERIOD 

DR. WINKLE& 

I think there are several impressions which I have gotten, particularly yester- 
day and today when systems applications were discussed and performances have 
been disputed. 

One fact came out very strongly this morning was that apparently people talking 
abaut the same subject can claim directly opposite extremes and yet both may 
be right. One radio astronomer said that the time limitation of experimentation 
is the atmosphere and not the clocks. The secondasaid it's the clock, not the 
atmosphere and I believe that both are right and points out the fact that it is not 
sufficient to specify simply the performance of an atomic clock, for instance. 
That there are so many parts, ten to 12th or 10 to the 13th is useless unless one 
also specifies environment or specifies the timing that is required and a lot of 
other additional things. 
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Fredericksburg, Virginia 22401 

Ferm, LCdr. Walter B. 
Commandant G EEE 4 63 
U. S. Coast Guard Hq 
Washington, D.C 20590 

Fiore, Capt. A. E., USMS 
Electronic Department 
U. S. Merchant Marine Academy 
Kings Point, New York 11024 

Fischer, M. 
Hewlett Packard 
5301 Stevens Creek Boulevard 
Santa Clara, California 95050 

Fishburn, Tom 
Code WA2 
Naval Underwater Systems Center 
New Port, Rhode Island 02840 

Fisher, Laura C. 
Time Service, USNO 
stop 1 

Fiske, Paul 
1059 Devonshire 
San Diego, California 92107 

Fliegel, Dr. Henry 
Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, California 91103 

Folen, Dr. Vincent J. 
Code 6452 
Naval Research Laboratory 
stop 10 

Foreman, Jack, D22 

Page Bldg. 2 
3300 Whitehaven st., Rm. 220 
Washington, D.C. 20235 
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Fosque, Hugh S. 
Code TA NASA Hq 
600 Independence Avenue 
Washington, D.C. 20546 

Foster, B. G. 
Shell Canada Ltd 
PO Box 880 
Calgary, Alberta, Canada 

Frade, Victorio Souza 
Observatorio Naval 
Av. Espana 2099 
Buenos Aires, Argentina 

Frederick, Warren J. 
Megapulse Inc. 
5105 Karen Anne Court 
Camp Springs, Maryland 20031 

Frenkel, Dr. Gabriel 
Computer Sciences Corp. 
6565 Arlington Blvd. 
Falls Church, Virginia 22046 

Fried, Jack 
National Geodetic Survey 
Instrument and Equipment Branch 
Fredericksburg Magnetic Center 
Corbon, Virginia 22446 

Fried, Jack 
NOAA 
Geomagnetic Center 
Corbon, Virginia 22446 
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Galitzen, Mike 
Jet Propulsion Laboratory 
4800 Oak Grove Drive 
Pasadena, California 91103 

G a d ,  LCdr. James R., U§N 
System Architect 
U. S. Naval Telecommunications 

stop 394 
System Command Hq 

Gardner, L. M. 
Sperry Systems Management 

Divisiun 
Mail Station M 3 
Great Neck, New York 11020 

Gargpie, Stephen 
Sperry Systems Management 

Division 
Great Neck, New York 11020 

Gibbon, Ed 
Telcom fnc. 
8027 Leesburg Pike 
McLean, Virginia 22101 

Girnius, A. 
Smithsonian Astrophysical 

Observatory 
60 Garden Street 
Cambridge, Massachuetts 02138 

Gomm, Norman F. 
Embassy of Australia 
1601 Massachusetts Avenue, NW 
Washingtm, D.C. 20036 

Goodman, JoelL. 
Quest Research Corp. 
6845 Elm Street, suite 407 
Mclean, Virginia 22101 

Gould, R. V. 
783 Goodrich Street 
Uniondale, New York 11553 

Gregory, Ren F. 
Trak Microwave Corp. 
4726 Eisenhower Boulevard 
Tampa, Florida 336 14 

Grove, George 
National Radio Astronomy Observatory 
Box 142 
Green Bank, West Virginia 24944 

Guinot, Dr. 33. 
Directeur, Bureau International 

de L'Heure 
61 Avenue de L'Observatoire 
Paris (14E), France 

Hadley, LTC. Harry A., Jr. 
USASATCOMA 

Ft. Monmouth, New Jersey 07703 
AMCPM-SC-5E Bldg. 209 

Hall, Dr. R. Glenn 
Assistant Director of Time Service 
U.S. Naval Observatory . 
Washington, D.C. 20390 

Hanchak, John 
Director, National Security Agency 
Attn. R422 
9800 Savage Road 
3% Meade, Maryland 20755 

Hanna, John E., Jr. 
DMA Hydrographic Center 
12206 Northwood Drive 
Upper Marlboro, Maryland 20870 

Harmatuk, SamueltN. 
1575 O'Dell Street 
Bronx, New York 10462 
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Harmel, N. A, 
Western Electric Co. 
Dept. 7499 
2400 Reynolds Road 
Winston-Salem, North Carolina 27106 

Harris, Derek 
Sierra Research Corp. 
Po Box 222 
Buffalo, New York 14225 

Harris,  K. W. 
2829 Maricopa Street 
Torrance, California 90503 

Hassall, CWO3 David R. 
NAVCOMMSTA Norfolk 
Norfolk, Virginia 23511 

Hellwig, Helmut 
National Bureau of Standards 
Section 277.04 

\ Boulder, Colorado 80302 

Hemmleb, Dipl. hg. G. 
Central Earth Physics hstitut 
Time Service 
Telegraphenberg A 17 
DDR 15 Potsdam GDR 

Hennings, Theodore 
NAVELEX, Code 51015 
Crystal  City 
Stop 48 

Henriksen, Sora W. 
145 Nason Hill Road 
Sherborn, Massachusetts 01770 

Henry, T. De 
Western Electric Co. 
Dept. 7499 
2400 Reynolda Road 
Winston-Salem, North Carolina 27106 

Henry, William M, 
512 STRE, Atto. Code 75000 
DIMATA, Brooks Lane 
Washington, D.C. 20016 

Hers, Dr. J. 
National Physical Research Laboratory 
Pretoria, South Africa 

Hobson, David L. 
Attn. RZY 
Ft. Meade, Maryland 20755 

Holman, W. 
Navy Electronics Lab Center 
Code 2100 
San Diego, California 92152 

Holmes, D.C. 
Naval Research Laboratory 
stop 10 

Hood, John 
Naval Electronics Laboratory Center 
271 Catalina Boulevard 
San Diego, California 92106 

Hoskins, Gerald W. 
Strategic Syst. Proj. Office SP2431 
Navy Department 
stop 48 

Hossack, I. W. 
Kentron Hawaii Ltd. 
Range Engineering 
Kwajalein Missile Range 
PO Box 1207 
APO San Francisco 96555 

Hothem, Lar ryD.  
National Geodetic Survey 
Gravity, Astronomy and Satellite Branch 
Attn. 6133 
Rockville, Maryland 20852 
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Hyatt, Ron 
Hewlett Packard Co. PFS Dept. 
5301 Stevens Creek 
Santa Clara, California 95050 

Hynson, Richard W. 
RFD No. 1, Box 166 
Rock Hall, Maryland 21661 

Janiczek, Paul M. 
U. S. Naval Observatory 
stop 1 

Jechart, Emst 
Efratom California hc. 
3303 Harbor Boulevard, E 1 
Costa Mesa, California 92626 

Jenkins, Robert E. 
Johns Hopkins University, APL 
8621 Georgia Avenue 
Silver Spring, Maryland 20810 

Johnson, Andrew C. 
U. S. Naval Observatory 
Time Service Division 
stop 1 

Johnston, Dr. Kenneth 
Code 7134 
Naval Research Laboratory 
stop 10 

Jones, A. Edward 
Navigation Sgsteps Ihc. 
8841 Manard Drive * 

Silver Spring, Maryland 20910 

Janes, John 
Goddard Space Flight Center 
code 852 
Greenbelt, Maryland 20771 

Jones, Leon 
Navigation Systems, Inc. 
8841-43 Manard Drive 
Silver Spring, Maryland 20910 

Jung, H. C. 
RCA 
ll-E Laurel Hill Road 
Greenbelt, Maryland 20770 

Kartaschoff, P. 
Head, General Radio Technology Section 
PTT 
VIKTORIASTRASSE 21 
3000 Bern 33 
Switzerland 

K a u f m a ~ ,  D. 
Goddard Space Flight Center 
Code 814.2 
Greenbelt, Maryland 20771 

Keating, Richard E. 
U.S. Naval Observatog 
Time Service Division 
stop 1 

Keokajee, Miss  Suporn 
Telecommunication Test & 

Fathumthani, Thailand 
Development Center 

Kern, Dr. Robert H. 
Frequency and Time Systems, hc. 
182 Canant Street 
Danners, Massachuetts 01923 

Kies, LCdr. Phillip J. 
Inran Station 
PO Box 188 
Carolina Beach, North Carolina 28428 

540 




