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FOREGJORD 

These proceedings contain the papers presented a t  the Fourteenth Annual 
Precise Time and Time Interval Applications and Planning ee t i  ng which was 
held on November 30 through December 2, 1982 a t  NASA Goddard Space F l i g h t  
Center. The discussions following the presentations are also included. There 
were 252 registered attendees, of which 34 were from 13 foreign countries. 

The objective of the meeting was t o  give the various sectors of the PTTI 
community (managers , systems engineers, program planners and industry) a forum 
for presentation and discussion of current and future programs and require- 
ments, a general and in-depth review of plans and trends i n  PTTI applications, 
a review of new time and frequency developments which infl'uence PTTI applica- 
tions and an opportunity t o  discuss resu l t s ,  accomplishments and problem areas 
i n  the application of PTTI technology. 

by leaders i n  these fields was supplemented w i t h  a panel o f  the Dist inguished 
Sc ien t i s t s  who were originators of the various techniques which are a t  the 
heart of the f i e ld  of frequency and time. The technical and pol i t ical  history 
o f  the developments was very timely and interesting. 
this year 's  meeting was the opening o f  the new exhibit on atomic clocks a t  the 
National Museum of American History. All PTTI attendees were invited t o  a 
reception a t  the museum on the l a s t  evening of the PTTI meeting. 

T h i s  year the emphasis on planning and applications w i t h  panel discussions 

A further addition to  

The Executive Committee wishes t o  express i t s  appreciation of the excel- 
lent  work o f  the Session Chairmen and the Technical Program Committee under 
the leadership of Dr. N .  F. Yannoni. The quali ty of the program remains 
excellent as is  evidenced by the increasing regis t ra t ion and continuing s u p p o r t  
o f  our sponsors. 
the u n s t i n t i n g  support of the volunteers. We are  fortunate t o  have such 
support by the secretar ies  and other personnel. 
of  Mr. S. C. Wardrip must be recognized, as well as the hospi ta l i ty  of the 
Goddard Space F1 i g h t  Center. 

The key to  the success of a meeting such as this depends on 

In par t icular ,  the e f fo r t s  

RICHARD L. S Y D N O R ~  
General Chairman 
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ANDREW R .  CHI 

From i t s  inception, Andy C h i  was an ac t ive ,  vocal and respected member of 
the PTTI Executive Committee. 
time, coupled w i t h  long and varied association w i t h  many national and inter- 
national technical organizations,  gave Andy a unique s e t  of ski l ls  w h i c h  
complemented and enhanced the expert ise  embodied i n  the other  Committee 
members. 

His background i n  the f i e l d  of frequency and 

Andy was born i n  Tiensin, China on September 12 ,  1920. He earned his 
B.S. degree i n  physics and mathematics from Western Maryland College i n  1944, 
the M.A. i n  physics from Columbia University i n  1946, and continued i n  graduate 
studies a t  Columbia u n t i l  1947. From tha t  time u n t i l  1953, he was Instructor  
i n  physics a t  the Cooper Union School of Engineering i n  New York City. 

Andy began his work i n  frequency and time i n  1953 a t  the U.S. Army Signal 
Research and Development Laboratories , F o r t  Monmouth, New Jersey as a physicis t  
doing research i n  the fundamental properties o f  quartz. His work contributed 
t o  the understanding of crystal  growth and the e f f ec t s  of impurities injected 
into the crystal  l a t t i c e .  A t  the  Naval Research Laboratory, beginning i n  1957, 
Andy s tud ied  atomic resonance devices and precision frequency standards. 
and his colleagues a t  the National Bureau o f  Standards developed the atomic 
gas cell frequency standard u s i n g  optical  pumping techniques. He was par t  o f  
the  group which f i r s t  ident i f ied the hyperfine t r ans i t i on  frequencies of 
Rubidium-87 and Cesium-133. 
became the basis for  the def in i t ion  of the International System (SI )  o f  the 
u n i t  of time, the  SI second. 

Andy 

The hyperfine t r ans i t i on  of Cesium-133 eventually 

In 1963, Andy joined the Goddard Space F l i g h t  Center and became head of 
the Timing  Systems Section. He was fundamental i n  organizing the f i r s t  
symposium for  the purpose of defining the short-term frequency s t a b i l i t y  o f  
precision osc i l l a to r s .  He chaired both  the symposium and the Technical 
Program Committee. 
Navigation Working Group. 
standards and a time synchronization technique u s i n g  the OMEGA Navigation 
System's Very Low Frequency transmissions. 

Andy contributed t o  the Apollo Program as  a member of the 
Further work included developing NASA's time code 
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The Executive Committee and o f f i c e r s  o f  the PTTI wish t o  dedicate these 
proceedings t o  the memory of Andy Chi, whose unt imely death has deprived us 
o f  a good fr ien6, t i r e l e s s  co-worker, and t rus ted  counc i l lo r .  Andy spent 
most o f  h i s  professional l i f e  i n  the frequency and t ime area and was ac t i ve  
i n  the PTTI f rom i t s  beginning. His guidance and help w i l l  be g rea t ly  missed. 
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Or. Richard L. Sydnor 
General Chairman 

Jet  Propulsion Laboratory 

CHAIRMAN SYONOR: I welcome you a l l  t o  the Fourteenth Annual Precise Time and 
Time Interval Planning Meeting. I t h i n k  you'll f i n d  t h a t  this year we have a 
very interesting and enjoyable meeting plan. 
is a reception t o  be held Thursday evening. 
tha t .  I t ' s  the opening o f  the 
Atomic Clock Exhib i t .  
t h i n k  i t  will be quite worthwhile. We've had some bad news this year. Andy 
C h i  died unexpectedly. He has been a major contributor t o  this meeting for a 
number of years and as a consequence we're dedicating this year's proceedings 
t o  him. We will a l l  miss h im very much. 

If you haven't noticed yet, there 
I hope most of you can come t o  

I realize t h a t  this extends some of your trips b u t  I 
I t ' s  being held a t  the Smithsonian downtown. 

I ' d  like t o  introduce the host, John J.  Quann, Deputy Director, NASA Goddard 
Space F1 i g h t  Center. 
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John J. Quann 
Deputy Director 

NASA Goddard Space F l i g h t  Center 

MR. Q U A N N :  Thank  you, Dr. Sydnor. I was hoping I would be a b l e  to  say, "good 
morning, ladies  and gentlemen," b u t  i t  appears I can say, "good morning, lady 
and gentlemen." On behalf of NASA and the other sponsoring agencies, i t ' s  my 
pleasure t o  welcome you t o  the Fourteenth Precise Time and Time Interval Ap- 
plications and Planning Meeting. T h i s  i s  the seventh time Goddard has hosted 
the PTTI, and i t ' s  been a pleasure t o  do so each time. Just  before you came 
i n ,  I was curious as t o  whether or  not NASA had anything t o  do w i t h  picking 
the acronym of  PTTI and t r ied  to  pronounce i t ,  b u t  I d o n ' t  t h i n k  you can pro- 
nounce this w i t h  any so r t  of  reasonableness, although NASA has i n  the past been 
able to  create some things t h a t  the first time I heard them pronounced, I 
couldn't believe. 
turned out t o  be HCMM. 
believe t h a t  anybody could actual ly  do i t .  
I'm not sure how you'd say i t .  
edge the attendance of several people from other countries. 
makes the PTTI meetings t h a t  much more meaningful. 
continued cooperation w i t h  each of  you and,  of course w i t h  the people a t  home. 
I t h i n k  i t ' s  s ignif icant  to note tha t  of the 32 papers i n  the program, 8 will 
be presented by authors from other countries. This worldwide participation i s  
evidence of the importance that  the PTTI community and the attendees place on 
these annual meetings. 
I'd also l ike  to  welcome Professor Rabi and the other distinguished v is i tors  
who will participate i n  the panel discussions t h a t  are scheduled for the next 
three days. 

There was one called the Heat Capacity Mapping Machine, which 
The f i rs t  time I heard HCMM pronounced, I could n o t  

This i s  a d i f f i c u l t  one. 
There were scores of others,  b u t  

Goddard looks forward t o  

I 'd  l i ke  t o  acknowl- 
Your presence here 

I encourage you t o  continue the cooperative e f fo r t .  

So, once a g a i n ,  I thank you for  coming and for  the opportunity to  greet you, 
and I wish you a very successful three days. Thank you. 
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D r .  Nicholas F. Yannoni, Chairman 
Technical Program Committee 
Rome A i r  Development Center 

DR. Y ~ ~ N O N I :  Good morning. I ' d  l i k e  t o  second a l l  the welcomes you have heard 
today. We hope t h i s  w i l l  be a very n ice meeting. The f i r s t  ac o f  the 

introduce t o  you the members o f  t ha t  panel. As I do so, perhaps they would 
come up and s i t  here. The Chairman o f  the panel i s  Mr. John Cit tadino who i s  
from the Office o f  Secretary o f  Defense and Di rector  o f  Theater and Tact ical  C . 
Accompanying M r .  C i t tad ino i s  D r .  Tom Goblick from Lincoln Laboratories. And 
D r  . Harr is  Stover from Defense Communi cat ion ' s Engineering Center and D r  . 
Michael Garvey from Frequency and Time Systems. I ' d  l i k e  also t o  introduce 
t o  you, although f o r  many of  you he needs no introduct ion,  D r .  Gernot Winkler 
from the U.S. Naval Observatory, who w i l l  take over the Chairmanship o f  the 
morning session. Thank you. 

meeting i s  going t o  be what we c a l l  the Planner's Panel. And,J t o  
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SESSION I 

PANEL DISCUSSION ON FUTURE T IMING REQUIREMENTS 

D r .  Gernot  M. R. Winkler, Chairman 
N a v a l  O b s e r v a t o r y  





DR. WINKLER: Thank youI Nick, 
panel t o  comment on future time requirements as they can be expected from 
the point of  view of systems. 

MR. CITTADINO: Okay. Thank you. What we will attempt to  do is  t o  t r y  to  
give you a view as we see i t  of the requirements for t i m i n g  from four different  
perspectives. I will speak very br ief ly  on the perspective of the Department 
of Defense w i t h  respect t o  communications, command and control and i n t e l l i -  
gence systems. I ' l l  be followed by Dr. Stover who will speak on the require- 
ments from the communications point of view as seen from the Defense Communica- 
t ions Agency. 
which i s  working on numerous projects which re ly  very greatly on precise 
t i m i n g .  And then Dr. Garvey will speak from an industry p o i n t  of view, w h a t  
he sees coming down the pike i n  the re la t ively near term from his viewpoint 
i n  industry. So,  without further ado, l e t  me get i n t o  what I ' d  l ike  to  say. 

I ' t h ink  we should go r i g h t  ahead and ask the 

May I ask the f i r s t .  

Dr. Goblick will t a lk  from his experience i n  the laboratory 
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3 Panel Chairman: John C. Cittadino, Director, Theater and Tactical C , 
Office of Secre ary of Defense 

When Nick Yannoni asked me t o  participate on this panel, we a t  
i t  would make sense t h a t  I t a l k  about the importance of precise t 
military operations and military command, communication and control (C ) sys- 
systems. All my l i f e  I've read and heard war stories and how important t iming  
has been i n  the winning and losing of the key battles i n  most of the world's 
great wars. B u t  being an expert i n  neither warfare or  the science of precise 
timing, I f e l t  compelled t o  go t o  the history books i n  an attempt t o  establish 
the or ig in  of the use of t iming i n  warfare. And as near as I can p inpo in t  i t ,  
i t  a l l  began w i t h  Alexander the Great early i n  his career d u r i n g  the war w i t h  
Tyre i n  332 B.C. 

3 

I t  seems t h a t  Alexander was having a very hard time w i t h  the Tyrians who 
had fo r  seven months resisted the siege of his forces. I t  eventually became 
apparent t h a t  his difficulties were caused by the failure of the var-ious le- 
gions under his command t o  coordinate their attack. Those of you familiar 
w i t h  Alexander's accomplishments will recall t h a t  he was the f i r s t  advocate 
of t r u l y  balanced and combined awns warfare; br inging  together legions of 
sword carrying fnfantry w i t h  those made up of spear carriers, archers, javelin 
throwers and finally cavalry. S i t t i n g  despondently i n  his tent one evening 
after another severe setback, he racked his brains trying t o  come up w i t h  the 
solution t o  his dilemma. He knew t h a t  he must snychronize his attack, b u t  
exactly how remained the question. 
Aristotle, t o  always look t o  science for the answer t o  seemingly unsolvable 
problems, he remembered the discovery of one of the alchemists who was par t  
of the large entourage of scientists and engineers who were an integral par t  
of Alexander's army. I t  seems that a dye had been produced which possessed 
the remarkable characteristic of always changing color from red t o  green w i t h  
the same precise time interval after the mixing of the individual components. 

Then recalling the teachings of his mentor 

He summoned his alchemists and had them mix a large amount of the dye and 
then used i t  t o  color strips of rag. 
and l a i d  out  the plan for a new attack the next day on the Tyrian forces. He 
emphasized t h a t  the attack must be initiated, enmasse, a t  precisely the r i g h t  
time. They would know the r i g h t  time by watching the rag bands, which they 
would each t i e  around their wrists - and he proceeded t o  hand out  the rags . 
w i t h  the special dye. 

Of course, I'm sure you've already guessed the rest of the story, the 
battle was a rout; Alexander overthrew Tyre and w i t h  his use of finely coordi- 
nated combined forces, using the newly invented technique for precise t i m i n g  
he went on t o  conquer the lands from Southern Europe across the Mediterranean 
and as f a r  east as India. And i t  all  happened because of the world's f i r s t  
A1 exander ' s rag time band 

He next summed his combined arm commanders 
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u t  i n  t h i n k i n g  se us i n  the sys- 
to take i t  for granted, We general~y tend t o  p u t  t~mekeeping 

tegories. The first is when we take a quick glance a t  our 
wrist, where we see a device that has served us pretty well over the years. 
In this day and age even those watches we used t o  see i n  the TV commercials 
strapped t o  the . t ip  of a ski jumper's ski or sumerged for days under the ocean 
have gone to  quartz technology. They boast of accuracy on the order of one 
or two seconds per month. As long as i t  continues ticking after unspeakably 
inhumane treatment and provides reasonable accuracy, what more could be asked 
of our t rus ty  time-pieces. Or on the other hand, we may not take quite such 
a cavalier a t t i t u d e  toward time. 
are necessary i n  certain walks of l i fe .  We tend to  t h i n k ,  howtiver, that pre- 
cise time is somehow the province of the research scientist secluded away 
somewhere i n  his laboratory, who needs to  spli t  the second i n t o  ever s h r i n k i n g ,  
b u t  more precise, increments to satisfy his scholarly pursuits. 

We recognize that accuracy and precision 

I ' d  like this morning to  depart from both of these views of time and assure 
you that we i n  the systems business need t o  become much more cognizant of the 
absolutely cri t ical  role precise time will play i n  the "Real World" of future 
military operations. 

Accurate time i s i ndi spensabl e for numerous techno1 ogical , commerci a1 and 
scientific purposes. Closer t o  home, command, control, communications and 
intelligence (or  C I )  systems -- both those currently i n  operation and those 
s t i l l  on the drawing boards -- and our very abil i ty to successfully employ 
sophisticated electronic systems i n  battle is intimately tied t o  the t iming  
sources dispersed through the various echelons of our mili tary forces. In 
general, C I systems t i m i n g  requirements fa1 1 i n t o  either one or two of two 
major categories. First, are the various communications systems requiring 
synchronization to  on the order of tens of microseconds, or less, due to  the 
increasingly h i g h  data modulation rates, time division multiplexing, and the 
use of preci,sely synchronized spread spectrum transmission techniques. Second 
are users of synchronization for pos i t ion ing  systems. Time and frequency are 
also essential for identification systems such as Identification Friend or  Foe 
( IFF)  o r  collision avoidance systems. 

3 

3 

I'm t o l d  that  a famous astronomer once observed that, "We d o n ' t  know what 
data astronomers will want i n  the next twenty years, b u t  we are sure that they 
want i t  w i t h  much greater accuracy." I can't speak for the astronomers of the 
world, b u t  I do know that a similar statement could be made of needs for increased 
t iming accuracy w i t h  DoD C I systems. Moreover, I d o n ' t  expect i t  t o  take 
twenty years before we see extremely stringent t i m i n g  demands becoming an 
integral part of the specification for a l l  of our evolving command and control 
systems. 

3 
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nanoseceonds , t h i  s only on 
rugged frequency standards 
g 1 obal t i  me sync hroni za ti o 
for global time synchroniz 
type receivers 
o f  30 nanoseconds. 

A study of future t iming requirements across the US government has recently 
been completed. T h i s  study confirmed that t iming  accuracy requirements are, 
i n  fact, expected to  become even more severe. Generally speaking, the most 
stringent requirements would appear to be associated w i t h  research and cal i -  
bration facil i t ies.  T h i s  i s  probably a fortunate happenstance since these 
activities are generally fixed installations where controlled, stable environ- 
ments for  the t iming standards can normally be made available. I t  was inter- 
esting t o  note that on the unclassified requirements i n  this category, NASA's 
were generally the most stringent for a variety of programs such as Space 
Tracking, Geodesy and other investigative projects. 

impose requirements nearly as stringent as those imposed on the calibration 
or laboratory instruments. Already on the drawing boards and, i n  some cases, 
nearing actual deployment to  the field i s  a wide range of communications' 
systems and data links that rely on t iming for security, integrity, and jam 
resistant digital transmission of a large volume of data. 

On the positive side is  the fact  that the emerging operational requirements 
and the nature of the t iming  problems are converging to  a common ground. T h i s  
i s  driven primarily by the sophisticated communications systems and position 
location equipment which will be widely dispersed i n  tactical deployments. 
For example, the Army i s  developing the Single Channel Objective Tactical 
Terminal (SCOTT). T h i s  system will require time of day w i t h  + 20 microseconds 
and could conceivably necessitate the fielding of several hunared atomic -- 
cesium o r  rubidium -- clocks. Other planned Army systems such as the Single 
Channel Ground Air Radio System (SINCGARS) could also add cesium or rubidium 
clocks t o  the operational forces. 
JTIDS, PLRS, TRI-TAC, and the Combat Identification System will a l l  carry 
w i t h  them stringent requirements for accurate time synchronization i n  order 
t o  function effectively i n  their planned environments. 

operational inventory, the complexion of the DoD's t iming program will clearly 
change from that of a Laboratory, fixed installation problem t o  the problem 
of supporting deployed operational forces. 
switches from the re1 ativel y benign control 1 ed 1 aboratory environment , a who1 e 
new se t  of design and performance criteria must come in to  play. 

However, there is a wide range o f  emerging systems t o  be fielded that will 

Such additional programs as Have Quick, 

3 As these and other planned C I systems move from the drawing board i n t o  the 

As the complexion of the program 
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Cons i derat i on mus 
acceleration sensitivi 
sumpti~n~ The 
conditions and supportable when deployed. Most importantly, our t iming 
sources must be affordable. We are t ak ing  measures t o  encourage the services 
t o  standardize on a family of common timing components, so t ha t  costs of both 
production and logistics will be reduced. 

The need i s  there. Electronic systems of a l l  kinds, navigation systems, 
communications systems, weapons systems, radar systems, missile systems, 
computers, and many others are going t o  be increasingly dependent upon pre- 
cise time. If our weapons systems of the future are going t o  be able t o  do 
their job,  either s ingly or collectively, a precision t iming  system i s  of the 
essence. Both the t i m i n g  system and the host systems themselves will need t o  
be affordable, economic i n  operation, and capable of worldwide use. T h i s  
challenge i s  there for a l l  of us, then. I t  will take individual  expertise i n  
our respective areas and a close harmonization o f  our efforts t o  assure meet- 

3 i n g  this challenge and deploying the effective and affordable C I systems t h a t  
will be needed t o  support our combat forces on any future battlefield. 
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i n  

A t  the present time, the DCS i s  an analog system t h a t  uses considerable 
d i g i t a l  transmission. The signals are returned t o  analog form a t  switches, 
and they can be ret imed during analog t o  d i g i t a l  conversion. Also, a t  the 
present time, those signals which must pass through the system i n  d i g i t a l  form 
are usua l ly  appl ied t o  modems for  transmission over these analog channels. ' 

there are many advantages t o  replacing these analog channels w i th  d i g i t a l  
channels so t h a t  a l l  s ignals w i l l  be car r ied  i n  d i g i t a l  form throughout the 
network. When t h i s  i s  done, the opportuni ty f o r  re t iming dur ing analog t o  
d i g i t a l  conversion a t  switches w i l l  be gone, t ime d i v i s ion  mul t ip lex ing w i l l  
be more extensively used, and d i g i t a l  switching w i l l  employ t ime s l o t  
interchange. D i g i t a l  channels from many o r ig ins  w i l l  have t h e i r  b i t  streams 
inter leaved i n  a pa t te rn  tha t  changes as the connections through the network 
change. 
anywhere i n  the wor ld be avai lab le a t  the i ns tan t  when i t  i s  needed a t  every 
communications node through which i t  passes. 
time) contro l  problem and not j u s t  a frequency control  problem. 

There are many methods by which the required phase coordinations can be 
provided. However, most o f  them w i l l  not  s a t i s f y  the requirements of a 
wartime defense communications system. A1 1 o f  the d i f f e r e n t  methods employ 
buf fers  f o r  the temporary storage of b i t s  t o  accommodate var ia t ions i n  s ignal  
propagation time and small clock errors.  When the phase er ro rs  exceed the 
capacity o f  the storage buffers, a s l i p  occurs. This i s  a t iming event t h a t  
w i l l  d i s tu rb  the normal f low o f  t r a f f i c .  I n  c i v i l i a n  d i g i t a l  voice systems 
s l i p s  are normally made exact ly one frame a t  a time. I n  these systems, by 
doing i t  t h i s  way, the r e s u l t  i s  e i t h e r  the de le t ing  o r  r e  eat ing i n  each 
channel o f  j u s t  one o f  the 8000 Pulse-Code Modulation (PCM ! voice samples tha t  
occur every second. This i s  a minor disturbance. When other types o f  voice 
coding are employed, which do not  use PCM samples, the e f f e c t  can be much more 
severe, and i t  can a lso be more important f o r  some types o f  data transmission. 
Furthermore, when encryption i s  used, i t  i s n ' t  so simple t o  s l i p  exact ly one 
frame a t  a time. This becomes p a r t i c u l a r l y  important i f  both l i n k  encryption 
and end-to-end encrypt ion are employed. I n  a switched d i g i t a l  m i l i t a r y  com- 
munications system, where a l l  channels are d i g i t a l ,  a t iming s l i p  might commonly 
cause the  i n te r rup t i on  o f  t r a f f i c  whi le  several pieces o f  equipment are sequen- 
t i a l l y  resynchronized. 
m i l i t a r y  appl icat ion than i n  a c i v i l i a n  appl icat ion.  

The major d i f fe rence between m i l i t a r y  and c i v i l i a n  appl icat ions comes from 
the requirement f o r  m i l i t a r y  communications t o  survive i n  a wartime environ- 
ment, even i n  the  face o f  a concerted enemy e f f o r t  t o  destroy them. The surviv-  
a b i l i t y  o f  near ly s l i p - f ree  communications i n  a switched d i g i t a l  communications 
system i s  dependent on the s u r v i v a b i l i t y  o f  accurate system t iming. Accurate 

I n  such a d i g i t a l  network i t  i s  very important t h a t  a b i t  o r i g ina t i ng  

Note tha t  t h i s  i s  a phase ( o r  

Therefore, t iming s l i p s  are much more serious i n  a 
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These a t t r ibutes  can be interpreted as saying tha t  0u.r network must be 
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It might seem t h a t  providing a l l  of these things would be very complicated. 
It i s  not! Most o f  the algorithms employed are very simple, once they are 
understood. However, a microprocessor i s  required a t  each node t o  ca r ry  out 
the algorithms and provide the needed automation. It would not  be possible f o r  
the system operators t o  do t h i s .  

+ 

I n  present c i v i l i a n  practice, the lowest l e v e l  o f  d i g i t a l  voice m u l t i -  
plexing, which c a r r i e s  24 voice channels, provides 8000 synchronization b i t s  
every second. Once synchronization b i t s  are available, the add i t ion  o f  a few 
hundred b i t s  per second on each transmission l i n k  w i l l  make possible the net- 
work t iming c a p a b i l i t y  t h a t  I have j u s t  discussed. Since a system w i t h  stable 
t im ing  c a p a b i l i t y  needs but a small f r a c t i o n  o f  the 8000 b i t s  per, second f o r  
1 i n k  synchronization, some o f  those unneeded synchronization b i t s  could be 
used f o r  the other system t im ing  b i t s .  A l te rna t i ve l y  the other t iming b i t s  
could use a po r t i on  o f  a service channel. 

The most. complex algori thm under consideration f o r  communications system 
t im ing  i s  one r e l a t e d  t o  p red ic t ing  clock e r ro rs  and removing those predicted 
clock errors  when i t  i s  necessary f o r  a clock t o  free-run fo l low ing  a period 
o f  normal operation during which c a l i b r a t i o n  procedures are applied. Suc- 
cessful  app l i ca t ion  o f  t h i s  algori thm could permit the use o f  lower cost  
clocks a t  some locations, o r  improvement i n  operation during a free-running 
period, or both.. Studies f o r  use of t h i s  l a s t  algori thm and the i n teg ra t i on  
of i t  w i th  other algorithms are s t i l l  t o  be completed. Whether t h i s  l a s t  
a lgor i thm i s  implemented o r  not, i t  i s  p rac t i ca l  t o  use the other a l g o r i t h  
t o  provide a very survivable, accurate, t iming c a p a b i l i t y  f o r  near ly s l i p  
operation o f  a worldwide switched d i g i t a l  defense communications system. 
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mber: Dr ,  Thomas Goblick, L incoln Laboratories 

I have a few remarks I ' d  l i k e  t o  make from the system designer's p o i n t  o f  
view, and have some view graphs, 
the machine. 

rge scale sy 
hundreds and thousands of users i n  the t a c t i c  environment 
of the key appl icat ions of precise t iming and t iming measurement. We know 
what the c lass ica l  pos i t i on  l o c a t i o n  problems, two-way ranging radars, but  
c u r r e n t l y  we see more of the t rend t o  one-way ranging. Der iv ing the pos i t i on  
o f  users i n  a communication system where the users are t i g h t l y  synchronized, 
passive mu1 t i - l a t e r a t i o n  systems are of great i n t e r e s t  where time di f ferences 
o f  a r r i v a l  measurements a t  remotely located points are important t o  b i s t a t i c  
radar. Synchronization o f  communication systems i s  also a very important 
aspect. The time t o  enter a community of communications users depends on how 
far  o f f  the new users clock is,  signal acqu is i t i on  time and t h a t  also i s  d i -  
r e c t l y  re la ted t o  the amount of processing t h a t  must be done t o  acquire a 
s ignal  i n  the ne t  and t h a t  depends on the time o f  uncertaint ies.  Time d i v i -  
s ion m u l t i p l e  access systems d i v ide  the time l i n e  precisely and the more pre- 
c i s e l y  i t  can be d iv ided without guard i n t e r v a l s  the more capacity one might 
be able t o  get. 
much overhead the communication system must provide, must car ry  out i n  order 
t o  maintain time synchronization t o  get users i n  the system and t o  keep t h e i r  
processors f rom being overloaded. 

I ' d  s t i l l  l i k e  t o  use them i f  I can se t  up 

From my p o s i t i o n  i n  viewing a number o f  

I n  a l l  these intercommunication systems r e l a t e  t o  j u s t  how 

The t i g h t e r  t he  time synchronization the simpler the system can be, and 
the l ess  transmission can occur o r  need occur j u s t  f o r  the purposes o f  syn- 
chronization and t h i s  leads t o  t i g h t e r  transmission control  and t h i s  i s  a very 
important f ac to r  i n  a t a c t i c a l  environment. 

The l a s t  i tem I have i s  secur i ty.  We t a l k  o f  encrypting messages and we 
must i n s i s t  t h a t  i t  i s  funct ion of time as the pos i t i on  doesn't change for  a 
very long time, conceivably an enemy could in te rcept  one o f  the transmissions 
and use i t  f o r  h i s  purposes. 

And so, f o r  an ac t i ve  exp lo i t a t i on  type o f  mode. Let  me discuss, a l i t t l e  
b i t  here, the one-way ranging problem which i s  more s t r ingent  than the two-way. 
I have p lo t ted  here the f rac t i ona l  t iming e r r o r  required as a func t ion  o f  the 
synchronization i n t e r v a l ,  o f  the users' clock and the upper r i g h t  curve one- 
way ranging t o  an accuracy o f  10 microseconds. This i s  the curve I ' d  l i k e  t o  
t a l k  about. 

This curve i s  a t rade-of f  curve, i n  my view, f o r  a one-way ranging system 
which would provide an accuracy of 10 microseconds. My approach would be t o  
take the approach t h a t  JATIDS ( J o i n t  Tact ical  Information D i s t r i b u t i o n  System) 
took and design a system arch i tec tu re  around a set  o f  protocols t h a t  pass time 
around constantly w i t h i n  the system. 
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The synchroni zatio 
second, And for this 1 or even the one microsec 
ranging accuracy you se 
are pretty min i  scul e. 
terms of extra time t o  
tem, how much transmission takes place. 

terval i n  a system like JATIDS is a fraction of a 

On the other hand one could take the other approach t h a t  one had a 
really stable clock. One wanted t o  simplify the system, one could say, I ' d  
like t o  synchronize the clock a t  the beginning of a mission and then not have 
t o  worry about the clock from then on. 

T h a t  would say, t ha t  a several hour mission would lengthen the synchroni- 
zation interval. t o  something like 10 seconds. And now the clock require- 

sort of a clock i s  available, the system can be simplified. The m u l t i -  
lateration systems are more demanding because of the geometric d i l u t i o n  of 
precision i n  locating users and their requirements are such tha t  they have 
no possibility of doing very accurate location of targets w i t h o u t  constantly 
resynchronizing the clock during the course of the mission. 

JATIDS case there i s  a trade-off. One can trade system complexity for the 
clock quality o r  one can t r y  t o  b u i l d  a good clock in to  the system to  sim- 
pl i f y  the design. 

I ' d  like t o  talk a l i t t l e  b i t  about Identification Friend or Foe (IFF). 
IFF i s  the system i n  which an encrypted interrogation is sent t o  a target 
which then i f  i t s  a friendly target can send an encrypted reply back. I t  i s  
essentially an electronic password system. 

These are some of the uses of IFF equipment ranging from an airborne 
surveillance system which i s  very important on a very large platform t o  a 
sophisticated b u t  a very densely packed fighter aircraft which provides a 
particular type of physical environment, to a roaming land vehicles t o  pro- 
vide a i r  defense support, to' some other very sophisticated radars and missile 
systems and even man portable systems. Now, the kind of clock one would p u t  on 
an AWACS aircraft is very different from the kind of clock we would p u t  on this 
ground vehicle o r  on tha t  man portable u n i t .  

I ' d  like to just i l lustrate tha t  la t ter  case, a l i t t l e  b i t  more, clearly. 
T h i s  i s  a photo o f  the stinger weapons system w i t h  IFF interrogator. Now the 
airplane i s  a cartoon, b u t  this soldier person, I'm not sure of the gender, 
has the weapon tn the tube on his or her shoulder aiming through the visual 

4 
' ments get t o  be considerably more. So, i f  i n  a tactical environment tha t  

And system designers take this in to  account, as I illustrated i n  the 
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If this terminal needs one millisecond accuracy through the course of the 
day that 's a fa i r ly  demanding requirement that the clock occupy a small part 
of the electronic box and be powered by batteries all of that time, even if  
the rest of the electronics are s h u t  off. 

That could well be the d r iv ing  clock requirement i n  an IFF system, not 
the AWACS requirement o r  the f igh te r  plane requirement. So, clock s tabi l i ty  is 
one aspect i n  tactical systems, b u t  there are others. 

I just want to  emphasize that, precise t iming ,  of rubidium and cesium 
clocks they are fine and they are needed i n  a system, perhaps, i n  the time 
dis t r ibu t ion  system b u t  they don't make a large difference to this particular 
weapons system. 

T h i s  weapons system has to  get by another way. In fact the IFF  system 
may have t o  be designed to provide him updates via the radio links. 

So, i n  summary, I ' d  like to readdress the question of why d o n ' t  we hear 
system designers screaming for many orders of magnitude improvement i n  clocks? 
In the tactical business, system designers like their jobs. They like t o  be 
employed. And, therefore, they're going t o  design systems around the kind of 
hardware they can get their hands on. And, they're not going t o  design a sys- 
tem w i t h  30,000 terminals, and design i t  around unproven clock technology. So, 
you don't hear that  kind of push on clocks that have to be resynchronized as 
often as you should. 

There are other aspects too and I ' d  like t o  po in t  them out today. There's 
another answer, answer B, and this is that youlsee good systemsl designers can 
make do w i t h  what's available. 

d 

In terms of meeting the environmental spec as well as meeting the stabi- 
l i t y  and performance spec. They w i l l  design the system t o  operate w i t h  existing 
clocks and keep the t i m i n g  accuracy to the level required by provision w i t h i n  
the system of passing time around and resynchronizing clocks. In the case of 
JATIDS, a great deal of the architecture is laid out t o  do just this function. 
Then as we get a l i t t l e  b i t  smarter, there is another level of answers where 
you f i n d  really good systems designers will make provision for improvement i n  
clocks such that when a clock that is an order of magnitude or two better 
comes along, a module can be replaced. If the system was properly designed 
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capacity or increase 
this, so maybe we re 

has to be designed that way. As a postscript, I would like to add that, of 
course, in order of magnitude or two is always appreciated; that th 
environment also has other specifications that are difficult to mee 
pointed out in the Stinger application. 

tions on what I have said later on. 

But, I must say that, very seldom is the question asked that the system 

I guess that's about all the remarks that I have. We can get into ques- 
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I ' d  like t o  make some comments this morning from the industry p o i n t  of 
view. I haven't coordinated w i t h  my collegues i n  industry, so what I'm saying 
might  prompt some discussion from them. 

I'm trying t o  draw obvious conclusions. I would like to  address the 
topics of technology advances which we see; which we might predict. Mecha- 
nisms for accomplishing this and different forms t h a t  the advancement may take. 

I ' d  also like t o  address some issues, which I t h i n k  have been pointed out  
i n  previous discussions even this morning of the industrial implementation of 
clocks and clock systems, i n  a timely and affordable way. 

a crystal ball which might be looked a t  w i t h  the same sort of task i n  mind of 
introducing a new crystal cut, 

some predications anyway, I t h i n k  t h a t  i t ' s  safe to  say tha t  progress i s  the 
result of hard work, i t  is  based on existing technologies and experience. 

I t h i n k  t o  look in to  the future is  a dangerous task t o  do that,  one needs 

In this case, i t  m i g h t  be a spherical resonator. B u t  t o  try and make 

I t ' s  based on the applications of new technologies for the most par t  
existing concepts and systems. 
frequency, one might  advance t h a t  there i s  nothing truly earth shaking ready 
t o  appear on the marketplace. 

I t h i n k  there are some very interesting ideas i n  the laboratory a t  the 
moment and examples there might be the ion storage work a t  WBS, some optical 
pumping work which I t h i n k  has very interesting potential t o  enhance not  only 
re1 iabi l  i t y  b u t  performance of frequency standards. 

I t h i n k  some of the concepts of cryogenic and passive crystal resonators 
that have been explored i n  the laboratory also offer some promise. 

I t h i n k  if we look a t  new ideas i n  time and 

However, these are I t h i n k ,  s t i l l  i n  the laboratory stage and that 's  the 
way everything s tar ts  after a l l .  
have come 30 years t o  obtain the current status of being able t o  launch a 
cesium standard on a satel l i te  if you like. 

If we look a t  the technology of cesium, we 

T i  ask how technology proceeds, I t h i n k  that there are three ways tha t  
technology may go forward. Technology may go as i t  is pushed, By t h a t  I mean 
t h a t  technology may be pushed t o  exploit some new issue i n  the marketplace and 
take advantage of some new need o r  some new system requirement. 

I t  may also be pushed by the market and I t h i n k  this is particularly ger- 
maine t o  the audience i n  discussion of this conference because i t ' s ,  I t h i n k ,  
unique t o  military system and DoD procurement activities where the marketplace 
pushes the technology i n  a particular direction. 
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he r ment i e r  9 Y 

nk t mple o a v  
good one. 

You can envision t h a t  t h i s  system has 
snow, heat, etc. I n  these t a c t i c a l  applica 
s i g n i f i c a n t  technological challenges f o r  the clock designer. 

logy makes advance when we l o  
are non-tactical applications. 

i n g  way the system design concepts, which were discussed i n  the l a s t  view 
graph. 

t h a t  there are obvious advances i n  technology i n  other realms o f  electronics, 
o f  physics, o f  optics, o f  communications, i f  you l i k e  which can be very con- 
veniently applied and i n  an avai lable basis. 

These are l o g i c a l  , they occur because o f  t h e i r  logic.  They are sel f -  
j us t i f y i ng ,  usual ly enhancing cost, performance, size, weight, etc. Examples 
there might be the integrated c i r c u i t ,  hybrids, more recently, microprocessors, 
which are becoming so prevalent, easy t o  use and cost e f fect ive.  

On the other hand, from 

A few comments t o  say about t h a t  la te r .  I th ink t i e  i n  a very in terest -  

The second way t h a t  I th ink t h a t  the technology can be pushed forward, i s  

The t h i r d  area where technology may be advanced are technological changes 
which are focused pr imar i ly  a t  increase i n  performance. Some examples there 
might be the 5VA resonator, 5VA o s c i l l a t o r  concept which has been explored. 
Optical pumping and beam devices and a few o f  the other laboratory appl icat ions 
which I discussed ea r l i e r .  
times, sometimes the techniques go astray. 

aspects because I th ink that 's  a very cruc ia l  in ter face between the system 
designer who configures the system, who creates 9 concept around which the sys- 
tem w i l l  evolve and, ult imately, i t s  rea l i za t i on  i n  the industry from the 
people who are going t o  have t o  create, bui ld, t e s t  and maintain the hardware. 

One should be always beware o f  the repackaging i n  the guise o f  technology 
improvement. 
d i f f i c u l t y  t h a t  merely changing dimensions o f  an object may necessitate com- 
p l e t e  redesign o f  the instrument. 

are systems, t h a t  few systems are created without learning curves and I th ink 
the learning curve f o r  many o f  the clocks we +have today has been a long one. 

I t h ink  a l l  o f  these techniques are appropriate a t  

I th ink i t ' s  worthwhile t o  now in ter lace t h i s  idea a b i t  wi th procurement 

I t h ink  t h i s  i s  a f a l l a c y  which i s  perhaps only real ized wi th  

I would implore the system designers t o  rea l i ze  t h a t  clocks themselves 
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ment and assignment of key personnel t o  development projects cannot proceed 
i n  time frames o f  l ess  than a year. It i s  very d isrupt ive t o  i ndus t r i a l ,  I 
think i n  general , a c t i v i t i e s  t o  ant ic ipate t h a t  you can reassign key personnel 
t o  d i f f e r e n t  programs i n  time frames shorter than a year. 

discussed before, t h a t  i s  technological change for enhancement o f  performance. 
I t h i n k  there's an increasing rea l i za t i on  and implementation of the idea tha t  
both government and industry can work i n  a cooperative mode t o  accomplish t h i s  
s o r t  o f  an advancement. An example has been demonstrated numerous times wi th  
the cooperative programs wi th  the Bureau of Standards i n  the pa ra l l e l  e f for t  
o f  development o f  concept, demonstration o f  f e a s i b i l i t y  and a t ransfer  o f  
technology from the laboratory i n t o  the i ndus t r i a l  marketplace. 

One, I t h ink  very important aspect of th is,  i s  that  the e f f o r t s  must 
proceed i n  para l le l  not  necessarily f rom the i n i t i a l  stage i n  both f i e lds ,  
but t o  say t h a t  a design can be presented i n  the i ndus t r i a l  marketplace as a 
stack o f  schematics and parts l i s t ,  I th ink i s  naive. 

To focus a l i t t l e  b i t  on the t h i r d  type of technological change which I 

The indus t r i a l  mode o f  operation has people who are keyed t o  parts ac- 
q u i s i t i o n  t o  test ing. There i s  an avai lable labor force t o  buy, build, t o  
complete in-process test ing. There are procedures avai 1 ab1 e t o  support these 
and the design has t o  be sensi t ive t o  these requirements. 

I think the obvious advantage o f  these pa ra l l e l  e f f o r t s  i s  t ha t  there i s  
an a l l oca t i on  o f  t a l e n t  and resources where they exist .  Puts tasks where they 
belong. Importantly, i t  provides a rather quick mechanism t o  produce s t a t i s t i -  
a1 hardware. By t h a t  I mean, t h a t  i t ' s  very d i f f i c u l t  t o  t a l k  about a design 
n t i l  you have b u i l t  10 o f  something o r  100 o f  something, depending on a l i t t l e  

b i t  upon i t s  complexity. 

So we face now the question o f  how, and who i n  order t o  approach t h i s  solu- 
on t o  technological advancement. I th ink the nswers t o  those questions are 
volutionary, perhaps, a d i f f e r e n t  approach may be taken, depending upon the 
sk. 1 

I t h ink  there's a front-end need f o r  planning and funding f o r  the whole 
p ro jec t  and not j u s t  on the short  time o r  time avai lable basis. A committment 
Of resources, of personnel planning would wind up and wind down a c t i v i t i e s .  
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dard components i s  probably a good one. That's not r e a l l y  however a task which 
I t h ink  industry can undertake and impose upon the DoD procurement a c t i v i t y .  
I t h ink  industry i s  very w i l l i n g  t o  respond t o  t h a t  so r t  o f  a design concept 
and i t  has, I think, some very good advantages p a r t i c u l a r l y  w i t h  respect t o  
affordabi 1 i ty. 

how c o s t l y  and expensive it can be, merely t o  support the documentation t o  add 
or move a single connector. So some s e n s i t i v i t y  t o  these concepts, I th ink  i s  
important. 

In  terms o f  deployment a t  the systems level ,  I th ink the in tegrat ion of 
proven and ex i s t i ng  clock designs i s  a v a l i d  and defensible design technique. 
I t h i n k  t h a t  the time and frequency reference needs t o  be integrated i n t o  the 
system not  necessarily as given a t  the beginning, but the advantages which can 
be accrued from such a technique, are I th ink very clear. 

I t ' s  I think no t  real ized by people who have not had int imate contact wi th  

Thank you. 
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3 John C. Cittadino, Director, Theater and Tactical C , 
Of f i ce  o f  Secretary o f  Defense 

Panel Chai man : 

We'll take a few minutes f o r  any questions, o r  perhaps before we take any 
questions, I might ask if any other pannelist have any questions o r  cross t a l k  
they might l i k e  t o  get involved in. Okay, are there any questions from the 
f l oo r?  There's one way back there. 

QUESTION FROM THE AUDIENCE: 
from DoD f o r  P I on a l l  new systems? 

MR. CITTADINO: 
c e r t a i n l y  i s  something tha t  i s  being considered f o r  a l l  systems t h a t  come 
through the development cycle. 
development o f  the system. I th ink  perhaps I missed some o f  the beginning o f  
your questions, so if I ' m  not qu i te  get t ing a t  the heart of it, please repeat 
it. 

I was under the impression there i s  a new d i rec t i ve  
3 

I wouldn't say t h a t  P31 i s  a requirement on a l l  systems. I t ' s  

It i s  one o f  the al ternate approaches i n  the 

But i f  the question i s ,  " I s  P'I a requirement on the development o f  a l l  systems 
w i th in  DoD?", i t  i s  not a hard fast  requirement. 

Well , P I i s  a management technique tha t  each development a c t i v i t y  i s  being 
asked t o  consider as t o  whether o r  not i t  applies t o  the development o f  t h a t  
ind iv idual  system based on the requirement t h a t  i s  coming along. 

And there are numerous factors t h a t  would come i n  t o  play. 
numerous requirements can be s a t i s f i e d  wi th  j u s t  off-the-shelf type hardware. 

3 

For instance, 

And when you've got  t h a t  type o f  s i t ua t i on  and you f u l l y  can sat is fy  the re- 
quirement a t  a reasonable cost. Then, i n  t h a t  pa r t i cu la r  case, there's no 
need t o  consider P I. But, when you've got a s i t ua t i on  where you have a need 
f o r  a pa r t i cu la r  system, and i s  u t i l i z i n g  such technology where there i s  a 
recognit ion t h a t  improvements would be coming down the pike as the system 
evolves, then i t  makes sense t o  b u i l d  the system i n  various increments. Get- 
t i n g  the usable capab i l i t y  as soon as possible and bui ld ing the system f o r  
growth o r  evolut ion as the case may be and I th ink  that 's  ce r ta in l y  the way 
I i n t e r p r e t  t h a t  pol icy.  
story. 

3 

I don' t  know, others might give you a d i f f e ren t  

DR. WINKLER: We have a few more minutes. I think tha t  i f  we continue the 
discussion f o r  10 more minutes, i t  may be useful. I have found i n  each of 
your comments something which I f i n d  exceeafngly important; o f  course af ford- 
a b i l i t y  one always looks a t  the t o t a l  system costs; meaning not only acqui- 
s i t i on ,  but l og i s t i cs ,  t ra in ing  required, l i f e  time and incidental  operational 
costs, which i n  the case o f  atomic clocks can be much la rge r  than the i n i t i a l  
acquis i t ion cost of an atomic clock. 
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t h ing  t h a t  you hear about new technology t h a t  t h a t  i s  the major problem s t i l l ,  
because clocks operate somewhere inbetween our d i g i t a l  equipment and other more 
mundane things as power supplies, batteries, generators and so on. They contain 
a f t e r  a l l ,  atomic clocks contain a physics package. The physics package con- 
ta ins  analog c i r c u i t s  s t i l l .  These are exceeding complex, i n  f a c t  atomic 
clocks, I think, are those kinds o f  systems which should place the greatest 
requirements on subsystem performance. And f o r  t ha t  reason some systems such 
as power supplies, phase detectors and so on have t o  be custom designed. And 
then o f  course t h a t  brings i n  immediately the r e l i a b i l i t y  problem, because you 
can never, when there i s  an order o f  10 o r  20 o r  50 units, go through the de- 
bugging and through a r e a l l y  high r e l i a b i l i t y  procurement. So there are qui te  
a few things which one, I think, has t o  keep separate. 

Where f i n a l l y  something struck me when I l i s tened t o  Stover's 12th co 
The Good Lord had only  Ten. Well, I th ink he said 11 pr inciples.  Th 
pr inc ip les are undoubtly exceedingly important, they have been discusse 
fore. We have heard them discussed here i n  previo meetings. As I see 
systems being developed; they w i l l  not  be implemen d a l l  a t  once. I think, 
there i s  one requirement which has been l e f t  out, d t h i s  i s  the gradual 
evolutionary development o f  more complicated systems. 

A f te r  a l l  we are not  going t o  t u r n  o f f  our present operations on one day, and 
s t a r t  the new ones the next day. I n  the meantime, we w i l l  have an agonizing 
t r a n s i t i o n  period. I n  fact, I think, we are i n  t h a t  t r a n s i t i o n  period r i g h t  
now. And i t  may preclude the adoption o f  a l l  these sound pr inc ip les o f  which 
I have mentioned. I wonder i f  you have any thoughts o f  that? 

What are we going t o  do i n  the meantime? 

DR, STOVER: As you said we are going t o  s t a r t  out  wi th  only pa r t  o f  the t iming 
capab i l i t y  t h a t  we need f o r  a d i g i t a l  system and progress toward adding the 
rest .  But, as you do t h a t  ( t h i s  i s  where the l a s t  a t t r i b u t e  comes in); you 
have t o  look t o  the fu ture and prepare the road s ta r t i ng  now, so t h a t  you can 

27 



DR. WINKLER: What I was aiming a t  was the fact ,  i n  a moment, a number o f  sys- 
tems come i n t o  use. 
which r i g h t  now, are procuring o r  th inking about 
o f  atomic clocks, and how are they going t o  be i n  
t ions. These are d i g i t a l  systems. Can you say s 

DR. STOVER: O f  course the in ter fac ing w i th  ex i s t i ng  systems i s  where I put the 
emphasis on UTC, t o  cause everything t o  come t o  a common standard. That way, 
we can use the Navigation Systems as a reference temporarily. 
implementations we are now using and plan t o  make fur ther  use o f  LORAN-C. 
But LORAN-C i s  not  a rea l  survivable system. We need a much bet ter  system f o r  
a wartime d i g i t a l  communication system. 

I n  fact, the one which I mentioned, the Army systems, 

I n  our f i r s t  

DR. WINKLER: Well maybe, could you paraphrase t h a t  and say tha t  a f f o r d a b i l i t y  
and a smooth t r a n s i t i o n  period w i l l  be assured i f  we learn t o  use a l l  o f  our 
resources, whether they are i n  our own b a l i l i w i c k  o r  avai lable someplace else. 
Such as, for instance electronic navigation systems, t o  be used as time re fe r -  
ence by communications systems and others. O f  course, i n  coming back t o  your 
i n i t i a l  comments about the astronomers, when we look a t  managers o f  the future, 
there i s  one th ing  qui te  certain. We'll want t o  have more done, a t  less ex- 
pense. And when i t  come t o  m i l i t a r y  systems, w e ' l l  not on ly  want t o  have them 
not only less expensive and more rel iable,  but also less vulnerable t o  jamming, 
t o  interference o f  a l l  kinds, and t o  outages i n  cer ta in  areas. 

This i s ,  I th ink the rea l  reason behind the push f o r  more clock use i n  elec- 
t r o n i c  systems. The main benef i ts which they give i s  t h a t  they make systems 
less vulnerable. They provide a greater access capabi l i ty ,  a t  less signal-to- 
noise, i f  you narrow the t i m e  window; f o r  instance, f o r  an acquis i t ion of a 
PRN system. So t h i s  brings me back t o  a comment that  one always w i l l  welcome 
greater performance, because a wel l  designed system w i l l  be able t o  u t i l i z e  
greater performance and o f f e r  payoffs tha t  I haven't had too of ten i n  my 
contacts wi th system designs, yet. I am very greatful  t h a t  you have made t h a t  
point. 

MR. CITTADINO: 
and t h a t  i s  w i th  respect t o  the cont inu i ty  o f  keeping teams together and 
having the clock technologist -- I find t h a t  the system development a c t i v i -  
t i e s  these days, system designers who are very pressured t o  meet milestones 
t o  design systems t o  prove t h a t  the system w i l l  work and there may be a l -  
ternatives t o  designing very sophisticated systems but i t  may take resources 
t h a t  would have t o  be al located t o  the development or  refinement o f  clock 
designs e 

When t h a t  comes t o  the systems designers' desk, most o f  the time the clock 
development i s  relegated t o  a few phone c a l l s  t o  f i n d  out what i s  avai lable 
and then they put the money on the matched f i l t e r s ,  transmitters, antennas 
and things o f  t h a t  sort.  

I j u s t  l i k e  t o  elaborate on one point  t h a t  Dr.  Winkler made, 
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ems des~gners could do a 
e betw@en those people de 

with better 
ing systems i n  

-scal e engineering development t o  m i  estones t h a t  they have agreed to ,  and 
techno1 ogy communi i n  general. Th t ' s  too bad, because i t  seems the 

systems designers wind up making phone c a l l s  t o  companies and clock experts 
and I have t o  do t h i s ,  too? I ' d  ca l l  up Nick Yannoni regularly with these 
kinds of questions, and t o  get a l i s t  of contacts. And similarly with the 
clock community. 

I have the same kind of feelers  coming t o  me saying, what kind of clock would 
you l i ke  in the future? B u t  i t  isn ' t  promoted in some centralized way, the 
government funds the clock technology, the government funds the systems develop- 
ment. B u t ,  I guess t h a t ' s  d i s t u r b i n g  t o  me tha t  you d o n ' t  find systems de- 
signers screaming t o  the clock community: "Immediately I need th i s  and I'm 
willing t o  pay you fo r  i t ,  and I want you to  develop i t  on this time table." 

The bulk of t h a t  kind of money and development sweat and e f fo r t  will go into 
the basic system. 

DR. WINKLER: Yes, and t h a n k  you, I 'd l ike t o  mention t h a t  one of the nice 
features of the proceedings of this conference i s  a l i s t  of a l l  participants 
and we hope tha t  the main benefit of the conference will be t o  enable you t o  
establish these contacts. 

DR. KELLOGG: I s  there any payoff in the t ransi t ion in looking a t  an ensemble 
of existing mechanisms versus the hope for the future? 

DR. WINKLER: You're the system expert. 

MR. CITTADINO: I'm not sure I understand the question, could he say tha t  one 
again? 

DR. KELLOGG: If  one rubidium clock doesn't work very well, the possibi l i ty  o f  
t r ad ing  in an ensemble or a s l i g h t l y  higher r e l i ab i l i t y  of 10 versus the 
hydrogen maser which is  st i l l  breaking down i n  the laboratory. 

DR. WINKLER: T h i s  i s  a very pointed question of course, my answer would be a 
very definite 'Iyes". 
policy which we a t  the Naval Observatory have adopted since many, many years. 

Our  time scale i s  based on the very large ensemble and the combined benefits 
of a very high r e l i a b i l i t y  provided the clocks are in individually separated 
locations, with the benefit of a superior long-time performance. 

I would say def ini te ly ,  "yes". 
you buy additional troubles a lso because you must have a system controller,  
you can not  do i t  real ly  w i t h  just 3 or  4 i n  order to  have any benefits. You 
would have t o  look a t  6 or more of these clocks. 

There i s  a tradeoff, in f ac t ,  tha t  is precisely the 

The only qualifying statement is tha t  of course 

Rubidium may not  real ly  be a simple t h i n g  because they have d r i f t  and i t  i s  
easier  t o  use groups of cesiums, in which T have a l i t t l e  b i t  more experience 
than groups of r u b i d i u m .  
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ABSTRACT 

I n  the search f o r  an economical means o f  precise t ime 
transfer, the NRC Time Laboratory decided t o  adapt, f o r  
time transfer,  the techniques used by radio astronomers i n  
an experiment t o  compare the phases o f  the loca l  
osc i l l a to rs  a t  widely separated VLBI stations. The 
object ive i s  t o  design a system which would use commercial 
sa te l l i tes ,  and which would be o f  reasonable cost  f o r  the 
ground sations and f o r  operations. 

Two s a t e l l i t e  ground stat ions have been ins ta l l ed  a t  NRC 
about 100 m from the Time Laboratory. The antennas are 
3 m i n  diameter, and the transmit ter  power i s  1W. 
prel iminary experiment, a channel on the Anik A1 6/4 GHz 
satel 1 i t e  was made avai 1 ab1 e by Tel esat Canada. 

For the 

Two tones were transmitted i: 16 MHt from the suppressed 
carr ier .  
using narrow band receivers. A low level  1 MHz phase 
modulation was added t o  i den t i f y  the 32 MHz cycle, g iv ing 
1 vs ambiguity i n  the time transfer. With less than % W 
i n  each tone, the EIRP i s  43 dB below tha t  o f  a normal TV 
earth stat ion, and no frequency d i  spersion i s  required. 

The dif ference frequency o f  32 MHz was recovered 

The measurements taken each second f o r  the 32 MHz have an 
rms scat ter  o f  1 ns. The transponder o f  the f a i l i n g  Anik 
A1 (now out  o f  service) was 15 dB down on normal 
performance, so tha t  much bet ter  resu l ts  are expected on 
the Anik A3 l a t e r  t h i s  year. 

It i s  three years since I reported here, i n  1979, on the two-way s a t e l l i t e  
time transfer between NRC/NBS, NRC/USNO and USNO/NBS using the Hermes CTS 
satel  1 i te, and the NRC/LPTF t ransfer  using the Symphonie satel  1 i te. The 
Hermes experiment ended July 1, 1979 a f t e r  one year, and the Symphonie 
experiment ended Ju ly  1, 1982 a f t e r  four years. 

The PTB i n  Braunschweig jo ined the Symphonie experiment i n  February 1980, 
and I would l i k e  t o  make a b r i e f  report  on the resul ts  o f  the past two 
years, because the resul ts  are relevant. 
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t o  
compare the frequencies o 
clock Csl e The resu l ts  a 

CsV was evaluated a t  WD 44512, w i th  a resu l t ing  increase i n  frequency o f  
4 x There was l i t t l e  change i n  the frequency o f  CsV a t  WD 44865 
f o r  the next evaluation i n  September 1981. The regular variat ions, over 
the central period, we a t t r ibu ted  t o  the reversal o f  
every 35 days, because there appeared t o  be a corre la  
reversal dates and the change frequency of the order of 5 x 10-14. However 
the PTB assures us t h a t  from t h e i r  in ternal  evaluation t h i s  could not 
occur, so i t  must be a t t r ibu ted  t o  noise. 

This curve, and the f a c t  t ha t  the curve for the previous three years a lso 
l i e s  i n  t h i s  2 us interval, gives a long term agreement between the PTB and 
NRC standards o f  2 x 10-14. Measurement o f  frequency dif ferences t o  
1 x 10-14 on a monthly basis was achieved, except f o r  the l a s t  year, where 
f o r  two periods there were numerous equipment fa i lures and changes i n  
the CRC terminal used by the NRC. 

Except f o r  these periods, t ransfers between the three sations normally gave 
closures o f  2 2ns - 10 ns. The 10 ns bias resul ted from the change i n  
frequency and the satel  1 i t e  transponder which was necessary f o r  the 
LPTF/PTB transfer. Because the three transfers were run consecutively over 
a per iod o f  an hour, i t  was also necessary t o  determine the re la t i ve  rates 
of the stat ion clocks and extrapolate t o  a common time. 

These resul ts  o f  1 o r  2 parts i n  1014 are i n  marked contrast t o  the 
seasonal var iat ions of 3 x 10-13 which are evident i n  comparing our 
frequency t o  tha t  o f  the USNO v i a  Loran C. While Loran C has been, and 
remains, very useful t o  us, it has been obvious f o r  some t ime tha t  we need 
a be t te r  system f o r  precise t i m e  dissemination, and tha t  need i s  re f lec ted  
i n  many o f  the papers t o  be presented a t  t h i s  meeting. 

It has also been obvious from the f i r s t  t ha t  both the Hermes and Symphonie 
sa te l l  i t e  time t ransfer  experiments had a 1 i m i  ted  1 i fet ime. 
f o r  a resonably economic means t o  achieve precise t i m e  transfer, we decided 
t o  experiment w i th  methods used by the radio atronomers t o  establ ish phase 
coherent 1 inks between VLBI stat ions a t  the Naval Research Laboratories, 
Washington, Algonquin Park, Ontario and Penticton, B r i t i s h  Columbial. 
t h i s  experiment two CW tones were exchanged over each path, and the beat 
notes recorded a t  each s tat ion were subsequently compared t o  determine the 
r e l a t i v e  phases o f  the loca l  osc i l l a to rs  a t  the three stations. They 
recent ly achieved an rms noise of 25 ps for 0.1 s averaging time. 

I n  searching 

I n  

For the NRC time transfer experiment, and we hope f o r  u l t imate operational 
use, we have set  up two transmi t-receive satel  1 i t e  ground stat ions about 
100 meters from the Time Laboratory, wi th several t r i a x  cables connected 
d i r e c t l y  t o  the Time Laboratory f a c i l i t i e s .  The antennas are 3 m i n  
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he transmit ter  
Anik A1 6/4 GH 
P o f  our stat ions i 
and so frequency d i  

noi se preamp1 tf i e r  preceded the narrow band recei  ver. 

I n  our experiment the i n i t i a l  CW tones were 2 16 MHz from the c a r r i e r  
frequency, wi th  the ca r r i e r  suppre 
receiver, wi th  70 MHz IF, the f req  
a lMHz bandwidth f i l t e r ,  and a 54 MHz VCO w i th  a ramp search and 15 Hz 
bandwith i n  the acquis i t ion loop. The ramp search was necessary t o  
accommodate a possible 20 kHz o f f s e t  a r is ing  from the s a t e l l i t e  
transponder, the Doppler s h i f t  and the receiver loca l  osc i l la to r .  For the  
received 54 MHz, the signal t o  noise was -37 dB f o r  1 MHz bandwidth o r  23 
dB Hz. The 32 MHz was recovered from the 86-54 signal w i th  a c rys ta l  
o s c i l l a t o r  i n  the loop, because only a Doppler s h i f t  o f  1 t o  2 Hz i s  t o  be 
expected. 

d 35 dB below the t o  
cy o f  54 MHz was rec 

For cycle i d e n t i f i c a t i o n  o f  the 32 MHz, two methods were t r ied .  I n  the  
f i r s t ,  the 2 16 MHz tones were switched t o  A- 16.5 MHz a t  a 10 kHz rate, and 
33 MHz was recovered as well  as the 32 MHr as above. This gave a 1 MHz 
signal wi th  l u s  ambiguity i n  the time transfer. 
MHz signal was used t o  phase modulate the 16 MHz a t  a low modulation index, 
and the 1 MHz was recovered d i rec t l y .  The resu l ts  obtained are shown i n  
Figure 2. The upper dots are the measurements taken each second o f  the 1 
MHz locked signal. The middle section gives the measurements o f  the 32 MHz 
signal, and the lower set o f  measurements are from a Canada/France t rans fer  
using the Symphonie sa te l l i t e .  It can be seen tha t  the qua l i t y  o f  the CW 
tone transfer i s  not  as good as the Symphonie results, but  i t  should be 
mentioned tha t  the performance o f  the Anik A1 s a t e l l i t e  was 15 dB below 
normal. 

I n  the second method, a 1 

I n  Figure 3, the resu l ts  o f  another run are presented, w i th  a 1 i n e  g i v ing  
the 10 point  moving average. The 1 MHz resu l ts  are adequate t o  i d e n t i f y  a 
cycle o f  the 32 MHz, and the 32 MHz resul ts  show tha t  sub-nanosecond 
precis ion was obtained. 

The f e a s i b i l i t y  o f  using 3 m terminals w i th  1 W power for  sub-nanosecond 
time transfer has therefore been demonstrated. However, we are not now so 
cer ta in  o f  the p r a c t i c a l i t y  o f  the system. One d i f f i c u l t y  ar ises from the 
fact  t ha t  commercial up-converters and down-converters have too much FM 
noise f o r  the narrow band system, and d i rec t  synthesis f o r  frequency a g i l e  
un i t s  becomes complex and expensive. 

A more serious d i f f i c u l t y  i s  the cycle ambiguity. While the present 1 us 
ambiguity could be reduced t o  10 us or  100 us, power i s  l o s t  w i th  each 
addi t ional  modul a t i  on frequency. The complexity a1 so makes i t  more 
d i f f i c u l t  t o  achieve a f u l l y  automated system. 
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r 
2, 

w i l l  have avai 1 ab1 e. 

I would l i k e  t o  suggest t ha t  an e f f o r t  should be made t o  agree on a 
standard PRN modulator and demodulator t h a t  could be used on any time 
t ransfer  experiment, geostationary sate1 1 
should be sub-nanosecond precision and accuracy, and econoqy. 

We would l i k e  t o  thank Telesat Canada f o r  making the experiment possible i n  
g i v ing  us access t o  the Anik A1 sa te l l i t e ,  and f o r  the very helpful  
assistance and advice o f  t h e i r  s t a f f  i n  the course o f  the experiment. 

, GPS, STIFT, 

1 S.H. Knowles e t  a1 "Time Transfer v ia Satel l i te-Link Radio 
Interferometry", Proc o f  the 11th Annual PTTI Meeting, p. 471, 
NOV. 27-29, 1979, NASA CP 2129. 

2 M. Imae e t  a1 "Time-Comparison Experiments wi th  a Small K-Band 
Antenna SSRA System v ia  a Domestic Geostationary Sa te l l i t e " ,  
CPEM 1982, page M-5. 
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Fig. 1 - The absolute time difference UTC(NRC) - UTC(PT8) 
v i a  the Symphonie s a t e l l i t e .  
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Fig. 2 - A comparison o f  the results usin CW tones via Anik A I  

wi th  the results using a 6 MHz v 3 deo band via Symphonie. 

35 



0 el 
W s 

-10 r) 
0 
C 
0 z 
-20 

-30 
-150 -100 -50 0 50 1 00 150 

Saconds 

32tlk vs 1Hz : 8 = 1.07 ns 

-1 50 -1 00 -50 0 50 100 150 
Seconds 

Fig. 3 - The 10 point running average and standard deviation o f  the 
recovered 1 M H t  and 32 MHt signals via Anik A1 . 

36 



. L. J ,  RUEGER, J H U / A P ~  

Have you obtained permission t o  use active transmitter links t o  the satel- 
1 i tes i n  other countries? 

DR. COSTAIN: 

Yes, I should qualify my statements by the fact tha t  we now have an 
experimental license t o  use a commercial satell i te.  There i s  probably 
rather a bigger step t o  get a commercial license t o  operate a ground 
station when i t  i s  an active s ta t ion transmitlreceive. In Canada we 
might  be able t o  do this by g i v i n g  t i t l e  of the station t o  TELESAT, who 
are the only ones allowed operate. And I t h i n k  i n  some countries i t  i s  
even more difficult. 

the motherhood t h a t  we have for systems, i t  might be a l i t t l e  more d i f f i -  
cult i n  Europe. 
can't be detected except by the compatible system. And one of the virtues 
i s  tha t  we cannot interfere w i t h  other systems, which makes i t  a l i t t l e  
more practical t o  get licensed. 

I t h i n k  t h a t  we could probably accomodate on this continent w i t h  

B u t  if we can keep the EIRP 40 dB down, i n  fact you really 

DR. WINKLER: 

I may add the important t h i n g  seems t o  be as Dr. Costain said, low power 
b u t  the second one, I believe, i t  i s  easier t o  ob ta in  licenses if  you can 
stick t o  a fixed schedule of 5 or 10 minutes a day; the same time, because 
then the primary user of such a frequency assignment can notify you if he 
needs t o  pre-empt. In this case, i t  seems t o  be easier t o  obtain licenses. 
And we have had no difficulty t o  ob ta in  an experimental 1 icense for  a peak 
power of ten watts, for the anticipated LASSO experiment, which unfortu- 
nately d id  not  materialize. 

DR. COSTAIN: 

Yes, also, this i s  one reason why we have very simple programming really 
i n  this type of experiment and one reason I want f u l l y  automated outfits 
so t h a t  we could do i t  a t  3 o'clock i n  the morning, and I don ' t  have t o  
be i n  the laboratory. 
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ABSTRACT 

During the  1980's, a l l  NASA-supported low e a r t h  
o r b i t a l  spacecraft  w i l l  be supported by the  Tracking Data 
and Relay S a t e l l i t e  System (TDRSS) . User spacecraf t  w i l l  
have the  capabi l i ty  of time-tagging science and house- 
keeping data on board the  spacecraft .  
requires t h a t  the on-board t i m e  s ca l e  be r e l a t ab le  t o  a 
standard time sca le  such a s  Universal Time Coordinated 
(UTC). 
t o  compare the  user s a t e l l i t e  clock with a clock a t  the 
White Sands s t a t i o n  t h a t  i s  referenced t o  UTC. No command 
of t he  spacecraft  by the  system i s  required, and ac tua l  
on-board clock corrections a re  made by the spacecraf t  
control center a t  i t s  discret ion.  

This a c t i v i t y  

A system is described which uses the TDRSS itself 

Computer models were constructed using basic  o r b i t a l  
parameters f o r  user and TDRS s a t e l l i t e s .  
f i r s t -o rde r  corrections and simple averaging techniques 
fo r  constant clock r a t e s ,  e r ro r  measurement precis ion of 
be t t e r  than one microsecond was obtained. More sophis- 
t i ca t ed  computations should allow considerable improve- 
ment over t h i s .  

With only 

NASA supported spacecraft  i n  t he  fu ture  w i l l  require on board t i m e  
tagging and operat ional  timing requirements i n  the  microsecond and sub- 
microsecond range. Such precis ion is  not achievable using ground based 
clocks. It  can only be obtained by having high qua l i ty  clocks on board 
the  spacecraft  and a means of closely maintaining the spacecraf t  time 
sca le  t o  a universal  standard such a s  UTC. 
supported by NASA's Tracking and Data Relay S a t e l l i t e  System (TDRSS), 
which is scheduled t o  become operational in 1984. 

These spacecraf t  w i l l  be 

This paper describes a proposed system f o r  high precis ion main- 
tenance of user spacecraft  clocks which is planned t o  be a service of t he  
TDRSS. 
This timing system determines coarse and f i n e  spacecraft  clock error with 

Detailed descriptions have been given i n  an e a r l i e r  report  (1). 

39 



respect to UTC. Coarse error is det 
time code to one second resolution. 
in the once per second clock "tick." 

To begin, a brief description of the TDRSS and its communications 
link to user satellites is in order. 
of the TDRS system. Here the communications paths b 
ground station at White Sands New Mexico and a low e 
spacecraft via the geosynchronous Tracking and Data Relay (TDR) satellite 
are shown. 
station and user spacecraft. 
referred to as the "forward" link. 
ground station via the "return" link. 

Figure 1 shows the basic geometry 

The TDR satellite is transparent to data between ground 
The command link to the user spacecraft is 

Spacecraft telemetry returns to the 

Three main elements make up the TDRS communications system, shown in 
Figure 2. A user spacecraft is commanded by and returns telemetry to a 
Project Operations Control Center (POCC) , which is located remotely from 
the White Sands station. Command and telemetry data streams between the 
POCC and the TDRS ground station are carried over NASCOM (NASA Communi- 
cations) circuits which may involve any of several private and commercial 
communications paths including communications satellites. (The resulting 
unpredictability of time delay renders virtually impossible the precise 
monitoring of a user spacecraft clock from the POCC.) 

As the forward (command) and return (telemetry) data streams enter 
and depart the White Sands station, they are monitored for quality. 
Capability exists for passively and noninterruptively monitoring the data 
flow between any and all of the user POCC's and spacecraft. 

The TDRS ground terminal accepts command data as it enters from a 
POCC, modulates it on an S- or Ku-bank RF link, and transmits it to the 
user spacecraft via the TDR satellite. 
the spacecraft via the TDR satellite is demodulated and routed to the 
POCC . 

Likewise, telemetry returned from 

A prime function of the TDRS Bystem is to measure the radio range of 
the user spacecraft from the White Sands station via the TDR satellite. 
This is done by means of a pseudo-random noise (PRN) code which is modu- 
lated on the forward RF link along with the command data. At the user 
spacecraft, the third element of the communication system, the PRN code 
is received along with command data in a transponding receiver. 

A second PRN code, exactly like that received from the ground in 
length and chip rate but different in bit pattern, is modulated on the 
return RF link along with telemetry by the user spacecraft transponder. 
The code epoch, i.e., the defined "starting" point of the return code, is 
made to occur either simultaneously or in very precisely controlled 
synchronism with the received code epoch. 
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en the  re turn  code i s  received a t  t h e  i t e  Sands s t a t i  
r i p  delay and thereby an estimate of o -way range t o  t 

spacecraf t  may be determined by measuring the  delay between the  forward 
and return l i n k  code epochs. 
continuously on a user  spacecraft  during support periods,  the  forward and 
re turn  PRN codes w i l l  s t i l l  be present.  

Although ranging may not be performed 

In addition t o  a TDRS compatible transponder, a user 
have command and telemetry processing equipment. Also, s i  
cussion assumes the  presence of a r e l a t ive ly  s t ab le  o s c i l l a t o r  and clock 
on board the user  spacecraft ,  these are included i n  Figure 2. 

The ready-made PRN code provides the TDRSS with the  bu i l t - i n  capa- 
b i l i t y  f o r  prec ise  time monitoring of a user  spacecraft .  
r a t e  of these codes ( b i t  period equal t o  approximately 325 nanoseconds) 
provide the wide frequency bandwidth required t o  observe small increments 
of time. 
the  ground and spacecraft  receivers, provide the  high signal-to-noise 
r a t i o s  required t o  make precise  measurements. 

The high b i t  

The high autocorrelat ion function of the  codes, performed by 

The basic  time e r ro r  calculat ion t o  be performed i s  t h a t  typ ica l  of 
a l l  PRN time t r ans fe r  systems. 
involved, i n  an oversimplified form. 
t i c k  i s  indicated a s  the  cha rac t e r i s t i c  sho r t  pulse. 
mark of the user spacecraft  clock, with e r r o r  E ,  i s  shown as  the t r ans i -  
t i o n  of the 2O (i .e. ,  un i t )  second b i t  i n  the  spacecraft  p a r a l l e l  t i m e  
code. Measurements a t  both ground and spacecraf t  begin with a clock one 
second mark and end with a code epoch. Repeating code epochs a re  repre- 
sented by a series of short  pulses ,  one PRN chip wide. 
code period i s  approximately 85 milliseconds. 

Figure 3 shows the timing relat ionships  
The ground clock once per  second 

The once per second 

The primary TDRSS 

The time in t e rva l  between the  ground clock one second t i c k  and a 
pa r t i cu la r  code epoch, indicated by the dot ,  i s  measured a s  A . The 
dotted epoch propagates t o  t h e  user spacecraft  via  the  forwara l i nk  and 
i t s  time of a r r i v a l  measured a s  A . The coherently transponded code 
epoch i s  transported t o  the  g r o d  v ia  the  re turn  l i nk  where i t s  t i m e  of 
a r r i v a l  i s  measured a s  A 3' 

To a f i r s t  approximation, the  forward path delay tf i s  equal t o  the  
re turn  path delay tr. 
e r r o r  calculat ion t o  be 

This approximation permits the simplest  clock f i n e  

2 
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I t  can be seen t h a t  there  m i x t  be timing system e 
the spacecraft  and a t  the ground s t a t i o n  i n  order t o  p 
ments and calculat ions.  
communications system as  shown i n  Figure 4, 
ground s t a t ion  Time Transfer Unit (TTU) w i l l  have access t o  the  re turn  
telemetry streain by way of t he  data qua l i ty  monitoring equipment. 
with the  l a t t e r  equipment, t he  TTU only passively obse 
is  pa r t i cu la r ly  important t o  note t h a t  the  TTU a t  no t 
or takes control  of t he  command data .  

This equipment f i t s  i n t o  the 
The minicomputer-controlled 

As 

To minimize the  burden t o  the  spacecraft ,  a l l  mathematical manipula- 
t i ons  a re  performed i n  the ground s t a t ion  TTU. 
required only t o  measurea 
necessary t o  compensate f o r  r e a l  world complications not  included i n  t h e  
simple model shown (such a s  how t o  ident i fy  the  dotted epoch). 
a l l y ,  the spacecraf t  equipment must provide these measurements and log ic  
r e s u l t s  t o  the  spacecraf t  telemetry system. 

In addition t o  the  telemetry data,  t he  ground TTU a l so  receives the  

The spacecraf t  TTU is  
and perform ce r t a in  other log ic  operations 2 

Addition- 

ground s t a t i o n  transmitted and received code epochs re la ted  t o  the space- 
c r a f t  whose clock i s  being monitored. 
a r e  precision d i g i t a l  s ignals .  
p rec ise ly  known t o  within a predictable  tolerance within the  TTU. 
TTU uses these epochs t o  ul t imately determineAl andA3. 

corrects  fo r  known biases  throughout the e n t i r e  system, and determines 
the  e r r o r  between the  spacecraft  clock and the  ground s t a t i o n  clock which 
i s  maintained with respect t o  UTC. This operation can be performed a s  
frequently as  once per  second. Averaging and curve f i t t i n g  techniques 
a r e  then used on a set of such data t o  r e f ine  the  determination of clock 
e r r o r  and clock e r r o r  ra tes .  Error predict ion calculat ions can a l so  be 
performed. This information i s  then t i m e  tagged and sen t  t o  the space- 
c r a f t  POCC over NASCOM l ines  by the  TTU. A t  i t s  d iscre t ion ,  the  POCC may 
simply note t h e  clock e r ro r  o r  send correct ive commands t o  the  spacecraf t  
immediately o r  a t  some future  t i m e .  

These code epochs a t  t h i s  po in t  

The 
The delays between the  TDRS and TTU a r e  

The ground TTU then unravels the  p rac t i ca l  complications involved, 

We now examine the  two TTU's i n  functional form. The ground s t a t i o n  
TTU, Figure 5, i s  under operational control of the Computer and 
Controller t o  which a l l  hardware i s  connected by a standard data and 
control  bus. 
v i a  NASCOM. 
a l l  spacecraft ,  which may vary widely i n  b i t  r a t e ,  frame length and 
format. 
enabling the spacecraf t  TTU. 

A bus extender provides f o r  communications with the  POCC 
The Telemetry and Command Monitor i s  able t o  monitor data  of 

Command data  is  monitored only t o  observe POCC commands f o r  

Gating and Counting Logic i n  the ground TTU controls both the  t i m e  
i n t e rva l  measurements and performs the necessary manipulations of timing 
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tion in telemetry~ to determine cloc 
station clock time code 

r and controller for determining coarse time 

The spacecraft TTU, shown in Figure 6 consists basically of Gating 
and Logic Circuitry and a holding register. 
code epoch loads the holding register with the contents of a timing 
counter driven by the spacecraft clock. The contents of the 
register, which is reset to zero by the transition of the 2* 
of the spacecraft time code constitutes a measure of A2, and this is 
entered into the telemetry stream. 

The arrival of a received 

it 

Note that the resolution of the &;.measurement depends on the 
frequency of the spacecraft oscillator. 
spacecraft time code has a resolution of only microseconds and thus is 
driven at 1/10 the oscillator frequency, while the A measurement reso- 
lution is 0.1 microsecond. If the time code and A2 ieasurement resolu- 
tions are the same, the timing counter could be eliminated and the time 
code read directly into the holding register. 

As shown in Figure 6 the 

It is necessary that the spacecraft time code for unit ( 2 O )  seconds 
and above be entered into telemetry to monitor coarse time. 

In general, the code epoch timing, telemetry data and frame rates, 
and the clock one second tick will be asynchronous. 
has been designed with this in mind, but this in no way precludes the use 
of synchronous timing aboard the spacecraft. 

The timing system 

Also of course, the real world is not as simple as the pictures just 
discussed. 
return link code and telemetry data. 
ence marks in the telemetry are used to identify the particular epoch 
(i.e., the dotted epoch of Figure 3) to which A2 was measured. Differ- 
ential delay occurs at the ground station due to delays in decoding the 
telemetry which has been convolutionally encoded on the spacecraft (a 
TDRSS requirement). This differential delay can confuse the ground TTU 
unless a sufficient number of logic cues are provided in the telemetry. 
Supplying these cues is the major function of the spacecraft Gating and 
Logic circuitry. 

One of the major complications is differential delay between 
This problem arises because refer- 

A second major complication is doppler frequency shift which 
necessitates modification of the basic propagation time calculation. 
also alters the period of the PRN code, T , which is important in the 
resolution of range ambiguity caused by t6e short code length. These 
complications are all worked out by the ground based TTU. 

It 

Without exploring further the equipment or processing involve3, the 
precision to be expected from this system is now considered. 
pected that all TDRSS equipment and transmission delays will be known to 

It is ex- 
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within a tolerance su f f i c i en t  t o  meet the specif ied 
of 250 nanoseconds.. User spacecraf t  delays should b a1  
tolerance.  
w i l l  vary from one service i n t e r v a l  t o  the  next due t o  equipment switch- 
ing and spacecraft  location. 

These uncer ta in t ies  w i l l  r e s u l t  i n  systematic e r ro r s  which 

Random e r ro r s  w i l l  be caused primarily by RF system noise-induced 
j i t t e r  on the code epochs. 
by t h e  averaging of many measurements, i s  estimated t o  be a few percent 
of the  code b i t  period of 325 nanoseconds. 

This e r ro r ,  which w i l l  generally be f i l t e r e d  

The remaining e r ro r s  a r e  those caused by the  degree of refinement of 
t he  measurements and calculat ions.  To obtain information on the  perform- 
ance t o  be expected, a computer simulation was performed. I n  t h i s  simu- 
l a t i o n ,  asynchronous counters were run t o  simulate ground and spacecraf t  
clocks, code period, and telemetry frame ra t e .  Also, delay parameters 
which mimic the  d i f f e r e n t i a l  delays were incorporated. Time in t e rva l  
measurements were made t o  one-quarter microsecond resolution. The posi- 
t i ons  of the White Sands s t a t ion ,  the TDR S a t e l l i t e ,  and the  user space- 
c r a f t  as  a function of  time were simulated by describing the  s a t e l l i t e  
o r b i t s  with standard Kepler parameters i n  an ea r th  centered i n e r t i a l  
coordinate system. 
s l i g h t l y  oblate spheroid with a ro ta t ion  period equal t o  one s iderea l  
day. 

The ground s t a t i o n  was modeled a s  a f ixed point on a 

Two sets of r e su l t s  of t h i s  simulation, which used only simple f i r s t  
order calculat ions t o  determine clock e r r o r  a re  presented here. 
f i r s t ,  Figure 7 shows the r e s u l t s  when the  user clock r a t e  was set t o  
zero, and the e r r o r  estimate calculated by averaging a set of individual 
measurements over a 10 second in t e rva l  (10 individual measurements). On 
the  l e f t  a re  shown the  r e su l t s  with no correct ion made f o r  doppler s h i f t  
f o r  cases of user  spacecraft  approaching and re t rea t ing  from the  TDR 
s a t e l l i t e  a t  maximum doppler s h i f t ,  and f o r  minimum doppler s h i f t .  
dot i s  the average e r r o r  and the  extremes a r e  maximum excursions of 
individual measurements. 

The 

The 

The r e su l t s  on the  r igh t  a r e  fo r  the  same conditions but with a 
simple f i r s t -order  doppler correct ion added. 
obtained from successive differences i n  the  round t r i p  range estimates 
(A - A ). Maximum deviations with doppler corrections a r e  seen t o  be 
wighin 6 . 1  microseconds. 

The doppler correction was 

The second simulation r e s u l t  i s  shown i n  Figure 1. 
clock r a t e  was set t o  a f ixed r a t e  with some i n i t i a l  e r r o r ,  and the  capa- 
b i l i t y  fo r  e r r o r  predict ion examined. 
two small sets of individual e r r o r  measurements separated by minutes o r  
hours. 
5 minutes pas t  t he  l a s t  data point .  Data a r e  shown f o r  r e l a t ive ly  high 

Here the user  

The simulation program gathered 

A l i n e  f i t  t o  t h i s  data was made and t h e  t i m e  e r r o r  projected t o  
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and low ra tes  of t he  user clock. 
a r e  obtained when more time i s  taken t o  determine the smaller ra te .  

I t  may be seen tha t  comparable results 

The r e su l t s  ind ica te  t h a t  the  system w i l l  be able t o  pred ic t  
short-term clock e r r o r  t o  within one microsecond. 
procedure changes, more sophis t icated computations should permit even 
b e t t e r  performance. 

With no measurement 

Although the  timing system is primarily intended t o  service ear  

Indeed time t ransfer  t o  fixed locat ions using t h i s  system 
o r b i t a l  spacecraft ,  service t o  surface o r  airborne vehicles i s  also 
possible.  
could provide precis ion comparable t o  r e su l t s  achieved i n  e a r l i e r  
ground-to-ground PRN timing experiments (2). One such appl icat ion is  the  
maintenance of t h e  ground s t a t i o n  clock i t s e l f  by l inks through the TDRSS 
with USNO or  NBS. 

This work was sponsored by NASA Goddhrd Space F l ight  Center. 
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~UESTIONS AND A~SWERS 

TER WOOD, Goddard Space F1 i g h t  Center 

If  one would make a comparison and trade off between the GPS systems for 
time transfer versus the TDRS, what are the criterions and how does your 
proposed system compare i n  performance and other factors? 

MR. GARY WHITWORTH, JHU/APL 

I'm no t  sure I can comment directly on how they would compare i n  per- 
formance when one of the major differences would be expense of course. 
The TDRS user has already invested money i n  a standard transponder. The 
time transfer u n i t  that we've described here would probably be a very 
inexpensive option OR that transponder. And essentially since this 
i s  a TDS service i t  would be essentially very small additional cost t o  
the user. I would t h i n k  that a t  this point that performance w i t h  the 
refinement that can take place i n  the processing o f  the TDRS t iming  sys- 
tem, performance can be achieved t o  be quite comparable. 

DR. WINKLER: 

Two way, one way? 

MR. GARY WHITWORTH: 

Yes, this is  a two-way system and as I've pointed out  before, i t  can 
achieve that type o f  accuracy, certainly for fixed users, i n  this case 
i f  compensated for  properly, the orbital user can achieve that same 
accuracy. 

DR. WINKLER: 

I would like t o  ask you a question concerning the l a s t  slide. On the 
l a s t  slide the comparison was between the two clocks, where the clock 
which was 10,000 times better a t  the rate of only a tenth of a nano- 
second per second, 
end up w i t h  an error i n  the prediction twice as large as the other one. 
Is t h a t  mainly due to  greater data rate on the first clock? 

yet for a 90 minute calibration interval you 

MR. GARY WHITWORTH: 

No, I t h i n k  that probably the answer to that is that you are using t o  
determine a very small break, i t  i s  very difficult  t o  do t o  s t a r t  w i t h ;  
one needs to  -- 
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t e  i s  much smaller, a l r i g h t ,  but the    re diction e r r o r  
e r  also ~ o ~ e n s u r a t e  I would guess. It i s  somewhat 

paradoxically, the resu l t ,  and I was wondering whether---- 

MR. GARY WHITWORTH: 

Yes, t h i s  has been pointed ou t  before. The only th ing  I can say i n  t h i s  
case t h a t  t h i s  i s  a r e s u l t  o f  very simple correct ions t o  the algori thms 
and I th ink  f o r  t h a t  s o r t  o f  rate, probably one would need t o  extrapolate 
over several o rb i ts .  

This i s  j u s t  a f i r s t  c u t  r e s u l t  and we were shooting t o  demonstrate 
one microsecond capabil i ty and we haven' t proceeded fu r the r  than that .  
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GOES SATELLITE TIME CODE D I S S E ~ ~ N A T ~ O N  

e Beehler, Time and Frequency Division, National 
Bureau of Standards, Boulder, CO 80303 

ABSTRACT 

The National Bureau of Standards, in cooperation with 
the National Oceanic and Atmospheric Administration 
(NOAA), has been disseminating a time code referenced 
to UTC(NBS) via two of NOAA's geostationary GOES 
satellites since 1975. A review of the GOES time code 
system, the performance achieved to date, and some 
potential improvements in the future will be discussed. 

The disseminated time code is originated from a triply 
redundant set of atomic standards, time code generators 
and related equipment maintained by NBS at NOAA's 
Wallops Island, VA satellite control facility. It is 
relayed by two GOES satellites located at 75"W and 
1 3 5 O W  longitude on a continuous basis to users within 
North and South America (with overlapping coverage) and 
well out into the Atlantic and Pacific ocean areas. 
Downlink frequencies are near 468 MHz. The signals 
from both satellites are monitored and controlled from 
the NBS labs at Boulder, CO with additional monitoring 
input from geographically separated receivers in 
Washington, DC and Hawaii. Received time code 
accuracies are typically better than 1 ms if the user 
only applies a constant correction to compensate 
approximately for his geographical location or better 
than 100 1.1s if manual or automatic corrections are 
applied for path delay using satellite position data 
encoded into the GOES time code signals. 

Performance experience with the received time codes for 
periods ranging from several years to one day is 
discussed. 
neous , common-view reception by co-l ocated receivers 
and by receivers separated by several thousand 
ki 1 ometers. 

Results are a1 so presented for simul ta- 

Based on the general acceptance of the GOES time code, 
NBS and NOAA have recently extended their formal 
Memorandum-of-Agreement to continue the GOES time code 
operations for at least an additional five-year period. 

INTRODUCTION 

In 1975 the National Bureau of Standards (NBS) began regular dissemination 
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periods o f  hours, months, o r  years. 

The cooperative NBS/NOAA program t o  provide and disseminate the NBS time 
code v i a  the operat ional  GOES s a t e l l i t e s  w formalized f o r  a f ive-year  
per iod i n  May, 1977 by an NBS/NOAA Memoran m-of-Agreement, which was 
extended by both organizations i n  May, 1982 fo r  an add i t iona l  f ive-year 
period. Since 1975, s i g n i f i c a n t  improvements have been made i n  the NBS 
t ime code generation and contro l  equipment a t  the GOES S a t e l l i t e  Control 
F a c i l i t y  a t  Wallops Island, VA; the time code co 
procedures used by NBS t o  assure overa l l  system 
and i n  the newer generations o f  the GOES s a t e l l i t e s  
remainder o f  t h i s  paper the ove ra l l  GOES time code system w i l l  be 
described, i nc l  ud i  ng some recent improve 

and a t  NBS rad io  s ta t i on  WWVH i n  Hawaii. 
improvements w i l l  be described b r i e f l y .  

formance o f  the system 
t f o u r  years w i l l  be on 
BS/Boulder, the U.S. Observatory i n  Washington, DC, 

F ina l l y ,  some poten t ia l  f u t u r e  

GOES SYSTEM DESCRIPTION 

The GOES time code system consists o f  an NBS-owned t ime code generation, 
monitoring, and cont ro l  system a t  NOAA's Wallops Is land s 
s a t e l l i t e  up l i nk  f a c i l i t i e s  a t  Wallops Island; the East a 
operational GOES e l l i t e s  located a t  75"W and 135"W l o n  
respect ively;  mon r ing,  computing, and data storage f a c i l i t i e s  a t  
NBS/Boulder; a two-way dial-up data communication l i n k  
Wallops Island; and support operations such as NOAA's s 
operations. The tr ip ly-redundant time-code-generation 
three atomic s, present ly  

m The time co 
t Y  e GOf2)Data 

i n  previous publ icat ions.  
s a t e l l i t e s  includes complete time-of-year information; DUTl values -- 
i.e., estimates o f  the current  d i f ference between the UT1 and UTC t ime 
scales; and s a t e l l i t e  pos i t i on  informat ion fo r  computing path delays. The 

en Boulder and 

The code as t ransmit ted v i a  the two GOES 
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NBS equipment a t  Wallops Is land a lso includes 
and s to r ing  var-ious time difference data, fau 
c i r c u i t r y ,  provis ions f o r  monitor a n 4  
independent t im ing  reference, memory f o r  s t o r  
p red ic t ion  data f o r  each o f  the two operation 
use with the Boulder-Wallops Is land data l i n k .  

The time code i s  continuously t ransmit  
west GOES s a t e l l i t e s  a t  d and i s  then do 
d i f f e r e n t  frequencies n 8 MMz i n  one o f  
a1 1 ocated bands. This a i n t  t o  use met 
a l loca t ions  f o r  the GOESIEast and GOES/West 
in ter ference i n  receiv ing the t ime code t r a n  
since these a l loca t ions  are shared w i th  the very large and very ac t i ve  
land-mobile service. 
the "primary" one w i t h i n  the U.S. whi le the meteorological s a t e l l i t e  use 
i s  "secondary." 
t ime code i s  experienced from land-mobile transmissions, i t  must be 
tolerated. Fortunately, t ime code receivers can be designed t o  
e f f e c t i v e l y  ignore much o f  t h i s  type of interference when necessary. 
general, the time code as received f r o m  GOES/East i s  less  af fected by 
in ter ference than t h a t  from GOES/West because one o f  the land-mobile 
channels exact ly  coincides w i t h  the GOES/West frequency wh i le  the c loses t  
one t o  the GOES/ East frequency i s  spmewhat o f f se t .  

The s a t e l l i t e  pos i t i on  informat ion included i n  the t ime code format i s  
generated from a sophisticated, very large o r b i t  p red ic t ion  program run on 
a la rge  computer a t  NBS/Boulder. Da ta  inputs  f o r  t h i s  program include the 
s a t e l l i t e  o r b i t a l  elements which are determined from s a t e l l i t e  t rack ing 
data obtained by NOAA and/or NASA. The computer program generates 
pos i t i on  predic t ions f o r  each s a t e l l i t e  f o r  each hour dur ing the next 
ten-day period and these are f u r t h e r  processed by the microprocessor-based 
time code generation equipment a t  Wallops Is land t o  generate updated 
values each f o u r  minutes t h a t  are then encoded along w i t h  the time 
information. Users then have the opt ion t o  simply decode the received 
time informat ion achieving accuracies o f  about 1 ms o r  t o  a lso use the 
pos i t i on  data t o  compute a path delay from Wallops Is land t o  the user 's 
p a r t i c u l a r  l oca t i on  t h a t  i s  updated each four minutes t o  compensate fo r  
movements o f  the s a t e l l i t e s .  I n  the l a t t e r  case, t iming accuracies of 
b e t t e r  than 100 vs can be achieved. GOES t iming accuracy as t ransmit ted 
from Wallops Is land i s  maintained t o  w i t h i n  a t  l eas t  10 vs by continuous 
monitoring r e l a t i v e  t o  L o r a n 4  and by occasional por tab le c lock t r i p s .  

Reception o f  the  GOES time code i s  possible on a continuous basis 
throughout much of the Western hemisphere as shown by the coverage maps 
f o r  both s a t e l l i t e s  i n  Figure 1. 
the cont inental  U.S. and c e r t a i n  other areas. While there are a lso 
operational sate1 1 i tes  i n  the European (METEOSAT) and Japanese (GMS) 
regions tha t  are p a r t  o f  the same worldwide meteorological s a t e l l i t e  system 
as GOES, these s a t e l l i t e s  do no t  cur ren t ly  include an i den t i ca l  o r  s i m i l a r  
t ime code i n  t h e i r  broadcast formats. Several forms o f  commercial GOES 

Furthermore, the land-mobile use i s  designated as 

I n  p rac t ica l  terms t h i s  means t h a t  i f  in ter ference t o  the 

I n  

Overlapping coverage i s  provided w i t h i n  
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t ime code receivers are cu r ren t l y  ava i lab le  which feature automatic 
operat i  on w i t h  smal 1 antennas e P r i  
depending on the accuracy 1 eve1 provided, 

from about $2800 t o  $ 

As the GOES time code system and operational procedures have evolved 
dur ing the past few years, several improvements have been incorporated. A 
second-generation system has been i n s t a l l e d  a t  Wallops Is land t h a t  
provides increased re1 i a b i l  i t y  through t r i p l e  redundancy, more elaborate 
d i  agnost i c i n f  ormat i on avai 1 ab1 e 
the replacement o f  two rubidium s 
cesium devices. The informat ion 
include higher-resolut ion s a t e l l i t e  pos i t i on  data and UT1 t ime scale 
information. 
the  U.S. Naval Observatory i n  Washington, DC and a t  rad io  s ta t i on  WWVH i n  
Hawaii t o  provide b e t t e r  geographical coverage and by acqui r ing dedicated 
backup receivers f o r  the NBS/Boulder system. GOES s ta tus informat ion i s  
now avai l3Yle t o  in terested users v i a  the monthly NBS Time and Frequency 
B u l l e t i n  and, on a more cur ren t  basis, from the USNO Automated Data 
Service. The USNO system can be accessed using a va r ie t y  o f  terminals a t  
e i t h e r  300 o r  1200 baud w i t h  even par i ty .  Telephone access numbers are: 
(202) 653-1079 (commercial ) ; 653-1079 (FTS) ; and 294-1079 (Autovon) , 
A f t e r  responding t o  the prompt asking fo r  i d e n t i f i c a t i o n ,  the GOES s tatus 
informat ion i s  obtained by requesting the f i l e  "NBSGO" w i t h  the command I t @  

NBSGO" fo l lowed by a carr iage return.  These status repor ts  are designed 
t o  repor t  in te r rup t ions  i n  service, temporary perturbat ions i n  operations 
which r e s u l t  i n  reduced recept ion accuracies o r  other problems, and 
accomplished o r  projected changes tha t  a f f e c t  the GOES t ime code. 
Possible addi t ional  future improvements are discussed a t  the end o f  t h i s  
paper. 

OBSERVED TIME CODE PERFORMANCE 

Monitor ing has a lso been expanded by p lac ing receivers a t  

I n  general there are three d i f f e r e n t  modes i n  which the GOES time code can 
be used: 

1) Uncorrected. 
and used wi thout  using the pos i t ion  informat ion i n  the  signal t o  
compute and compensate f o r  path delays as they change due t o  
s a t e l l i t e  motion. The transmit ted t ime code i s  advanced by a f i x e d  
260,000 ps. 
w i t h i n  the coverage area w i t h i n  k16 ms o f  UTC(NBS). Furthermore, a 
f ixed- locat ion user can compensate f o r  most o f  t h i s  f i x e d  b ias by 
applying a f i x e d  cor rec t ion  which depends on h i s  speci f ic  l oca t i on  t o  
a l l  received data. If t h i s  procedure i s  followed, the received t ime 
signal w i l l  provide an accurate l oca l  UTC reference t h a t  var ies less  
than 1 ms i n  long term due t o  uncompensated s a t e l l i t e  motion. I n  the 
discussions o f  time code performance t h a t  follow, the term 
"uncorrected" w i l l  r e f e r  t o  t h i s  mode o f  reception; 

I n  t h i s  mode the received t ime signal  i s  simply decoded 

The received signals nevertheless a r r i v e  a t  any p o i n t  
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3 )  

Corrected. In t h i s  mode e i the r  the user or  the automatic receiver 
uses the s a t e l l i t e  position data i n  the received*timing signal and 
the known geographical locations of his s i te  and the Wallops Island 
origination point t o  compute a specific path delay tha t  can be 
updated each four minutes as the s a t e l l i t e  position varies. When 
these corrections are applied t o  the received time code, e i ther  
manually o r  automatically, a local version of UTC(NBS) i s  provided, 
generally accurate to  w i t h i n  +lo0 us. T h i s  received accuracy a t  the 
user 's  s i te  i s  deteriorated relat ive t o  the "as-transmitted" accuracy 
of about 10 ps because the s a t e l l i t e  position predictions 
compute path delays contain some uncertainties. Also, unc i es 
and i n s t a b i l i t i e s  i n  the receiver delays can contribute to  the usable 
accuracy as received. In the following discussions of received data 
this mode will be referred to  as "corrected"; and 

Common-view. 
the coverage area of the same s a t e l l i t e  can compare t h e i r  local 
clocks w i t h  one another by making simultaneous measurements o f  the 
received time code a t  each s i t e .  
between two s i t e s  yields clock differences t h a t  t o  some degree a re  
insensitive to  the actual s a t e l l i t e  position and any time errors t h a t  
may ex is t  between UTC and the transmitted code. I n  this case the 
received t i m i n g  signal functions only as a " t ransfer  standard" t o  
compare two or  more clocks. 

In this mode multiple users a t  separated s i t e s  w i t h i n  

Simple subtraction of the resu l t s  

Observed Performance i n  "Uncorrected" Mode 

Figures 2-5 show some of the resul ts  of moni tor ing  the uncorrected 
GOES/East and GOES/West time codes a t  NBS/Boulder. 
Y-axis is  (UTC(NBS) - the received time code) i n  microseconds w i t h  no 
correction being applied for  Boulder's fixed location. Figures 2 and 3 
show typical resu l t s  ( for  GOES/East and GOES/West, respectively) over a 
period of several weeks where each plotted p o i n t  i s  an hourly measurement 
of (UTC(NBS) - received s ignal) .  
a re  due t o  s a t e l l i t e  motion which varies the path delay. For GOES/East 
d u r i n g  this period the maximum peak-to-peak variation was less  t h a n  200 
us. The GOES/West hourly data i n  Figure 3 show somewhat larger daily 
variations of about 250 us d u r i n g  p a r t  of the period and a def ini te  change 
on day #19 when a GOES/West s a t e l l i t e  station-keeping maneuver was 
executed. Figures 3 and 4 show the longer term variations i n  the received 
"uncorrected" time codes over a period of nearly four years. 
plots the p o i n t s  u p  t o  5/1/81 (day number 852) are actually single 
measurements made once each day, while a f t e r  5/1/81 an average of 24 
hourly measurements i s  plotted fo r  each day. The somewhat-more-erratic 
values prior t o  5/1/81 are due mainly t o  the greater sens i t iv i ty  o f  single 
measurements t o  temporary perturbations from such causes as land-mobile 
interference. 
'Iscall oped" appearance, correspond t o  days on which sate1 1 i t e  
station-keeping maneuvers took place. 
station-keeping on GOES/East has improved since the shif t  t o  a new 
GOES/East s a t e l l i t e  (GOES-5) a t  abou t  day #970 on the plot.  

In a l l  cases the 

The obv ious  variations within each day 

In these 

The many points where a b r u p t  changes occur, producing the 

Note especially i n  Figure 4 how the 

The important 
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point, however, i s  tha t  d u r i n g  the en t i re  four-year period both s a t e l l i t e s  
provided a UTC time Feference tha t  varied by less  than +-1 ms w i t h  r 
t o  a fixed of fse t  due to  Boulder's geographical location. 

Observed Performance i n  "Corrected" Mode 

Figures 6-9 show received data obtained w i t h  commercial receivers tha t  
automatically use the s a t e l l i t e  position data t o  compute updated path 
delays and adjust  the output l p p s  pulse accordingly. In 
Y-axis runs from -200 us t o  t200 us w i t h  respect t o  UTC( 
shows the relat ively short-term performance f o r  both sate1 1 i t e s  by 
plott ing hourly measurements over a typical 1-month period. The 
peak-to-peak variations w i t h i n  each day, ranging from about 10 to  35 us 
d u r i n g  this period, are  apparently due to  small imperfections i n  the 
tracking data, orbi ta l  -element generation, o r  the computer program used to  
generate the s a t e l l i t e  position predictions. Abrupt changes i n  the 
peak-to-peak amplitude of the dai ly  variations are  sometimes observed when 
a new s e t  of orbi ta l  elements is  processed (about once per week). Also, a 
general increase i n  the amplitude sometimes occurs as the time increases 
since the l a s t  "fresh" s e t  of orbi ta l  elements -- e.g., note the f irst  
e i g h t  days of GOES/West data i n  Figure 6. Based on years of monitoring a t  
NBS the typical peak-to-peak dai ly  variation is about 20 us, although 
there have been occasional periods due to  lower-quality orbi ta l  elements 
when values of greater  t h a n  100 1.1s were observed. 

Figure 7 shows corresponding data over a longer period of 46 months where 
an average of 24 hourly measurements i s  plotted each day. The step change 
of about 40 1.1s t ha t  occurred i n  GOES/West ear ly  i n  August,  1982 has no 
apparent explanation. The more temporary large excursions of u p  t o  150 us 
i n  GOES/West t ha t  occurred dur ing  a two-week period around day #90 
resulted from two consecutive sets of orbi ta l  elements t ha t  were of poor 
qual i ty. 

Figures 8 and 9 show the long-term performance over nearly four years of 
the GOES/East and GOES/West time codes, respectively, as received a t  
NBS/Boulder. Each point pr ior  t o  May 1, 1981 (day number 852) i s  a single 
measurement per day while each point a f t e r  t ha t  time is a daily average of 
hourly measurements. 
days, the received time codes from both s a t e l l i t e s ,  averaged over a day, 
have generally remained w i t h i n  +lo0 1.1s of UTC(NBS) w i t h  the exception of 
occasional brief periods of 1-15 days. 

Based on the experience a t  NBS dur ing  1982 (325 days), a GOES/East time 
code user would have observed daily averages w i t h i n  +25 us of the mean 
value 95% o f  the time and no values greater than 50 1.1s from the mean. 
corresponding GOES/West user, however, would have observed only about 65% 
of the values f a l l i ng  w i t h i n  525 us of the mean, although 93% of them 
would be w i . t h i n  +50 1.1s. 

Considering the en t i r e  period of more t h a n  1400 

A 
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Observed Ferformance i n  "Common-view" 

Figures 10-12 summarize the relatively short-term performance over about a 
l -month  period when the GOES time code i s  used in the "common-view" mode. 
In Figure 10, the hourly measurements of GOES/East are plotted from two 
co-located receivers a t  NBS/Boulder along with the hourly differences i n  
the values. Al though  the o u t p u t  of each receiver has time code variations 
of several tens of microseconds, the differences between the simultaneous 
hourly measurements remain generally stable t o  w i t h i n  a few microseconds 
w i t h  occasional jumps of 5-10 1.1s. 

Figures 11 and 12 show similar da ta  for receivers which are separated 
thousands o f  kilometers. Figure 11 applies t o  the simultaneous reception 
of GOES/East a t  NBS/Boulder and the USNO in Washington, DC while Figure 12 
applies t o  reception of GOES/West in Boulder and Hawaii. 
Boulder/Washington differences are not  much worse than for  the co-located 
receivers, the Bdulder/Hawaii differences show larger variations. and a 
relatively large step change a t  about  day #25 on the p l o t .  
Boul der/Hawai i da ta  may be adversely affected by the greater sensitivity 
of the GOES/West downlink frequency t o  land-mobile interference and by the 
f a c t  t h a t  the Hawaii receiver i s  an older model, n o t  conta in ing  some 
improvements incorporated i n t o  the later versions used i n  Boulder and 
Washington. 

Al though  the ' 

The 

Figure 13 presents a l l  of the NBS/USNO common-vizw d a t a  currently 
available, b u t  i n  this case, using d a i l y  averages of the hourly 
measurements a t  each site. 
seemed t o  improve since early October, 1982. F ina l ly ,  a l l  the available 
Boul der/Hawai i common-view differences based on daily averages are shown 
i n  Figure 14. The da ta  gap i n  mid 1982 results from a failure in the 
receiver a t  WWVH. The observed common-view performance with GOES/West 
d u r i n g  this period is  clearly inferior t o  the NBS/USNO comparjsons via 
GOES/East. Further testing will be necessary in order t o  identify the 
specific cause o r  causes. 

A t  present i t  i s  n o t  clear why the results 

Based on the available da ta  t o  date i t  appears t h a t  the common-view 
approach w i t h  GOES should  not  be depended on fo r  comparisons of separated 
clocks t o  better t h a n  10 1.1s. 
i n  view o f  the constraints imposed by the 400-Hertz bandwidth limitation 
on the GOES time code channel. 

Such a result is  probably no t  t oo  surprising 

SOME POTENTIAL FUTURE IMPROVEMENTS 

NBS Access t o  More Current Position Data. Under present operating 
procedures, there sometimes are substantial delays between the 
creation of a revised set  of satell i te orbital elements by NOAA o r  
NASA and the time a t  wh ich  new position predictions based on them 
can be inserted i n t o  the time code transmissions. The current 
procedure requires 
t o  NASA and then t o  NBS, the r u n n i n g  of a large computer program in 
Boulder t o  generate the revised pos i t i on  d a t a ,  and the transmittal of 

distribution of the orbital elements from NOAA 
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these predictions to the Wallops Island equipment. 
involved may be particularly significant at ti 
maneuvers are implemented. Efforts are now in 
this process by developing direct access by NBS 
satellite data residing in NOAA's computer at Suitland, MD. 
a1 so prove feasible to generate improved position predictions more 
quickly and more efficiently directly from the GOES tracking data 
obtained approximately every four hours for each sate1 1 i te. 

The delays 

It may 

Accuracy Indicators in Time Code, 
code format some indicator of when the usable accuracy is degraded 

Suggestions to include in the time 

due to various reasons are under consideration. Unused code-bits are 
available for this purpose and receiver manufacturers have indicated 
willingness to provide a corresponding visible or other form of alert 
at the user's receiver as appropriate. 

Automatic Compensation for Eclipse Periods. 
fimitations the time code transmissions are shifted to an in-orbit 

Due to GOES spacecraft 

spare satellite at 106"W longitude for scheduled 2-hour periods each 
day during eclipse periods (March l-April 15 and Sept. l-Oct 15). 
During these 2-hour periods the satellite position data cannot at 
present be revised to reflect the spare satellite's position. 
Changes to the GOES time code system software at Wallops Island are 
being considered to alleviate this problem. 

Automatic Delay Monitoring at Wallops Island. At present equipment 
delays through the Wallops Island transmission channel processing 
equipment are not monitored directly and could introduce 
uncompensated changes in path delay when subsystems are replaced or 
modified. 
incorporated in the future. 

- 

Capabilities for monitoring such station delays may be 

Use of GOES Trif ateration System for Higher Accuracy Time Transfer. 
Some of the current limitations in GOES timing accuracy are related 
to the 1 imi ted 400-Hz interrogation-channel bandwidth available and 
uncertainties in the satellite position predictions. NBS plans to 
investigate the possibility of removing or reducing these limitations 
through the use of the GOES trilateration ranging system for time 
transfer. Ranging signals are transmitted at about 1.6 GHz 
approximately every four hours. With sidetones as high as 200 kHz, 
these ranging signals could provide timing resolution in the 1 ns 
range. Furthermore, since the satellite positions are determined 
accurately during each of the ranging operations, time transfers 
should be possible at these times with both higher precision and 
higher accuracy. Benefits may be realizable in both a general 
dissemination mode and a higher accuracy common-view comparison mode. 
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W C. JOHNSON, USNO 

I s  there any p o s s i b i l i t y  of expanding an area of coverage t o  other govern- 
ments? 

MR. BEEHLER: 

The U.S. GOES s a t e l l i t e s  are pa r t  of an internat ional  sys&m which include 
the MEDISAT Sa te l l i t es  i n  the European area and GMS Sa te l l i t es  i n  the 
Japanese area. There have been some continuing discussions r e l a t i v e  t o  
providing the code t h a t  we provide here, o r  something s im i la r  on those 
s a t e l l i t e s  t o  make i t  i n t o  p r e t t y  much an internat ional  system. 

A t  present, I understand tha t  the decision o f  the Japanese govern- 
ment i s  not  t o  include the time code and the European Space Agency s t i l l  
has under consideration, including i t  on the European System. But, a t  
present there are no d e f i n i t e  plans. 

AUDIENCE: 

I have a question concerning your Wallops Is land set-up, the 3 cesium 
standards; are they configured as an ensemble o r  a simple redundancy? 

MR. BEEHLER: 

They're configured now j u s t  f o r  simple redundancy. 

DR. KELLOGG: 

Last year, Al lan talked t o  us a l i t t l e  b i t  about another development i n  
Boulder using the GPS S a t e l l i t e  between Boulder and the US Naval Obsef- 
vatory. I n  the longer range future, w i l l  both o f  these co-exist o r  w i l l  
you choose the bet ter  o f  the two o r  i f  not? 

MR. BEEHLER: 

Well, I th ink  f o r  the foreseeable future we would say t h a t  they're both 
going t o  co-exist. 
we're r e a l l y  dealing wi th  d i f f e r e n t  accuracy capab i l i t i es  here. A t  l eas t  
wi th  the time code constraints as we reported here today, your r e a l l y  con- 
f ined t o  something a t  the 50 t o  100 microsecond leve l  , w i t h  GPS on the 
other hand the measurements have shown t h a t  you're able t o  do be t te r  than 
100 nanoseconds. So they are not r e a l l y  competing systems. 

I think, especial ly a t  the moment and i f  the t r i - l a t e r a t i o n  were 
on the GOES system, would eventually look favorable a t  the one t o  ten nano- 
second range, then I t h ink  one j u s t  simply has t o  look a t  p robab i l i t y  of 
the GPS signals continuing t o  be avai lable and the trade-of f  involved, 
the cost and so on before making any long-term decision. 

I t h ink  you want t o  keep i n  mind, f i r s t  o f  a l l ,  t h a t  
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ease? Do you have an idea o 
tomers for the different precision 

signals? 

MR. BEEHLER: 

Well, I think there's no question that the larger number of users of 
course are for the more modest accuracy needs. If you look at, for ex- 
ample, the users of WWV, they probably number in the hundreds of thou- 
sands. 

When you get down to the GOES region where you' re tal king about per- 
haps fifty to 100 microseconds the users of that service are probably 
numbering between 500 and a 1,000 at the present time. 

When you get down to the GPS capabilities of better than 100 nano- 
seconds I really can't answer except I'm sure it's a much smaller number. 

DR. W I NKLER : 

That is true, I'd like to share also here in this discussion what we have 
observed, however, that a system when it becomes very reliable then the 
greatest capability system will carry the day. 

In other words, people will buy receivers for the one system which 
can satisfy all requirements. That brings me, of course, back to a ques- 
tion which we just had before, a comparison between the different systems, 
essentially has to be made, I believe on the basis of one-way versus two- 
way operation. 
the propagation delay for you, ov by transmission and reception, the prop- 
agation problem simply goes away. And, therefore, a two-way system, at 
the expense of transmitting at the site, which may not always be possible 
or practical, but it does provide for essentially a much less expensive 
capabi 1 i ty down to the nanosecond region. 

In the case o f  the two-way operation, the system determipes 

In favor of the one-way system, one can only repeat that it doesn't 
require transmissions; it can be set up anywhere on earth; but, because 
you have to compute the propagation delays very carefully it is essentially 
a more expensive solution. 

I can see the future, both of them co-exists. Where the one-way sys- 
tems will , eventually be the counsel of despair for all the users who can- 
not transmit and I think that they are the'large majority of the users. 
Where as the two-way comparisons will be used mainly by those who have an 
easy access or are nearby a communication terminal or communications ten- 
ter where the transmission problem really does not exist. 
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I t h i n k  you will see i n  the future, both of these methods t o  co- 
and a ~uestion whether those can be pushed t o  t h a t  kind of a pre- 

cision o r  not, will have t o  be seen. 

DR. KELLOGG: 

You added UT-1, t o  the capability t o  the s i g n a l ,  was this as an experi- 
ment or  as a responsive t o  a demand? 

MR. BEEHLER: 

Well, I ' d  say i t ' s  i n  response t o  a small demand. The particular user 
tha t  was interested i n  this i s  involved w i t h  electric power system 
timing.  And, the reason for needing i t ,  i t ' s  kind of a strange a p p l i -  
cation you might t h i n k ,  b u t  the reason goes hck t o  historical arguments. 
They simply have a large number o f  older receivers i n  the system, which 
a t  one p o i n t  i n  time were configured i n  a hardware sense t o  use UT-1, 
and i f  they cannot continue t o  reference t o  UT-1 and they switched t o  UTC 
as a reference then they would have to modify i n  a hardware sense many of 
the older equipment. So they would prefer t o  l e t  t h a t  go u n t i l  the equip- 
ment just naturally phases out. 

DR. WINKLER: 

One more p o i n t ,  by using UT-1 you d o n ' t  have the leap seconds. 
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SESSION I 1  

RUB1 DIUM FREQUENCY STANDARDS 

A1 f red Kahan, Chairman 
Rome A i  r Development Center 





R. ALFRED ~ H A N ~  Rome Air Deve opment Center 

T h i s  afternoon session considers improved t iming  devices , namely Rubidium 
Frequency Standards, and a continuation of a topic of Synchronization. 

Several years ago, I t h i n k  i t  was i n  1978, according t o  the proceed- 
ings  of this conference, I made some remarks, during one of the 
sions regarding the lack of research and development i n  rubidium 
quency standards . And even the possi bl e obsolescence of the standard. 

Clark oscillators promise quantum improvements and cesium standards 
were suppose t o  become smaller and cheaper, and rubidium was being squeezed 
i n  the middle. A t  that time, and since t h e n  I have received severe re- 
action t o  those comments, and I t h i n k  i n  this same spirit the organizing 
committee considered i t  poetic justice that I should chair this session 
on R&D and Rubidium Frequency Standards. 

Before I call the f irst  paper, I would like to relate t o  you an 
incident I had this weekend. I was over a t  some friend's house and she 
showed me a collector's bound volume. of the illustrative London News 
from 1871 , which was a beautiful copy of a combination of l i f e  and time 
type of t h i n g  o f  today. Today i t  has a l i t t l e  b i t  of times, a l i t t l e  b i t  
of sports, and has everything else. 
the June 3rd issue of 1871 that was called clocks and photographs. And 
evidently Mr. Norman Lockyer, who I'm t o l d  by Dr. Winkler is a known 
astronomer, gave his sixth lecture on instrumentation using modern as- 
tronomy, that  was devoted t o  clocks and photographs, as such. And he 
went on t o  review the history of the development of clocks starting w i t h  
Archimedes and the wheels moved by weight. And then he mentioned that 
the f i r s t  clock i n  England was i n  Court Place Yard i n  Westminister i n  
1268. And then he started w i t h  the further development i n  1639 by 
Gal ileo, who discovered the isochronal properties of oscillating bodies 
suspended by equal strings and hope that would apply i n  1658 by Huygens 
t o  the suspended pendulum and things like that. And then he recalled 
the further developments of Hooke, C1 emens, Grayham and Harrison. 

Let us just continue then, Mr. Lockyer by 8 of diagram explained 
this successive improvement and then proceeded to  exhibit i n  action a 
splended modern astronomical clock, loaned t o  him by Colonel Strange 
stating t h a t  the principles now demanded i n  such clocks are that the 
weight shall be small, and the pendulum heavy, and that there shall be 
as sol id  a connection between the two as possible. A word to  the pre- 
cautions necessary t o  be observed t o  preserve the pendulum from the 
action of temperature as much as possible i n  order t o  take advantage 
of the compensated pendulum. Then he went on t o  say, Mr. Lockyer t h e n  
referred to S i r  Charlie Whitstone's patent i n  1840 to apply the electro- 
magnetic force t o  record a very minute section of time and thought that 

In that one i t  was related that, i n  

85 



ust wonder i f  anyofie 1 1 1  years from to- 
day will read our proceedings; What's their opinions o f  our world, one 
hundred and eleven years from now? 
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ABSTRACT 

The error s ignal  which i s  used t o  control the fre- 
quency o f  the quar tz  crystal oscillator of a pas- 
si ve rubi di um cell frequency standard i s  consider- 
ed. The value of the slope of this signal,  f o r  an 
interrogation frequency close to the atomic tran- 
si tion frequency is calculated and measured for var- 
ious phase (or frequency) modulation waveforms, and 
for several values of the modulation frequency. 
A theoretical analysis is made using a model 
which applies t o  a system in which the optical 
pumping ra te ,  the relgxation rates and the r.f. 
field are homogeneous . Results are given f o r  
si ne-wave phase modul a t ion ,  square-wave fre- 
quency modul ati on and square-wave phase modul a- 
tion. The influence of the modulation frequency 
on the slope o f  the error signal i s  specified. 
I t  i s  shown t h a t  the modulation frequency can 
be chosen as large as twice the non-saturated 

87 



full-width a t  half-maximum without a dras t ic  loss 
of the sens i t iv i ty  t o  an of fse t  of the interro-  
gation frequency from l ine center,  provided tha t  
the power saturation factor and the amplitude of 
modulation are properly adjusted. The in t e re s t  of 
square-wave phase modulation i s  pointed out for  
large modulation frequencies. 
Experimental data has been obtained on a labo- 
ratory set-up i n  which a rubidium cell  f i l l s  a 
TE microwave cavity. 
Exbdbimental resul ts  achieved w i t h  t h i s  config- 
uration are i n  excellent agreement w i t h  the 
predictions of the given model. 

1. INTRODUCTION 

In passive frequency standards, such as the rubidium cel l  frequency standard, 
frequency control requires that  the microwave interrogation signal i s  phase 
(or  frequency) modulated. An e r ro r  signal i s  obtained, w h i c h  i s  proportional 
to  the of fse t  of the interrogation frequency from the l i n e  center, i f  this 
of fse t  i s  small enough. The e r ro r  signal drives the frequency control loop. 
The slope of this e r ro r  signal has to be optimized i n  order to  achieve the 
best frequency s t a b i l i t y  of the controlled quartz crystal  osc i l la tor .  In 
practice,  the modulation frequency should be large enough, i )  t o  allow ampli- 
f icat ion of the modulated atomic cell  response i n  a frequency range where 
sho t  noise dominates f l icker  noise and i i )  
tack time of the frequency control loop, i n  order t o  ensure a better attenua- 
tion of the e f f e c t  of perturbations, such as acceleration, which m i g h t  a f fec t  
the frequency of the quartz crystal  osc i l la tor .  

to  enable a reduction of the a t -  

Although investigation of frequency modulation effects has been performed by 
several authors i n  the framework of magnetic resonance experiments, very few 
analysis of frequency modulation has been given, which are direct ly  applica- 
ble t o  the f i e l d  of atomic frequency standards El-41. Furthermore, previous 
resu l t s  are of limited practical in te res t  because r.f.  power saturation ef- 
6ects were not taken into consideration. 

In th i s  paper we give : 

suming, a t  f i rs t ,  that  the modulation is slow. Optimum values of the satura- 
t i o n  factor and of the modulation depth are specified for  sine-wave phase 
modul a t i  on and square-wave frequency modul a t i  on. The achieved resul t s  are 
used as a basis for  further comparison w i t h  resul ts  derived when the dynami- 
cal behaviour of the atomic medium has t o  be taken into consideration i . e .  
when the modulation frequency i s  not small compared to the atomic line-width. 

for arbitrary values of the modulation d e p t h  and of the modulation frequency, 
b u t  for  weak saturation. We show that  the resul ts  derived by Andres e t  a1 C11 
and which were the only available fo r  a long time are not exact. 

i )  analytical expressions for the slope of the e r ror  signal as- 

i i )  analytical expressions for  the slope of the error s igna l ,  
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i i i )  computed values of the slope of the error signal I for a 
large range of values of the saturation factor, the mo 
modulation frequency. Sine-wave phase modulation, square-wave 
l a t ion  and square-wave phase modulation are considered, The i n f l  
value of the modulation frequency on the slope of the error s ign  
fied. The values of the saturation factor and of the modulation depth which 
maximizes the slope of the error signal are given. 

i v )  experimental values of  the slope of the error signal for  a 
rubidium cell f i l l ing a TE microwave cavity. Results are obtained for  t 
three considered modul atioh'4aveforms. They confirm that the reduction of 
error s igna l  is small a t  modulation frequencies up t o  twice the non-saturated 
atomi c 1 i ne width .  

2, THE MODEL USED FOR THE THEORETICAL ANALYSIS 

In  order t o  p o i n t  out  the results of major interest, we will consider a mod- 
el i n  which the following simplifying assumptions are made. 

i )  the properties of the rubidium cell are homogeneous. This 
means t h a t  any effect related t o  the progressive absorpt ion of light inside 
the atomic cell i s  neglected and t h a t  the light intensity i s  a constant 
across the l i g h t  beam cross-section. In particular, the longitudinal and 
transverse relaxation times T and T 
s tan t  over the cell VO1ume.Mokional gveraging i n  a coated cell w i t h o u t  buf- 
fer gas would yield homogeneous values o f  T and T . 
mme.This condition is approximatively verified close t o  the center of a 
microwave cavity i n  which the TEOll mode is excited. On the contrary, the 
amplitude of the microwave field varies largely over the volume of a 
rubi  di  um cell f i  11 ing the enti re volume of a TE cavi ty ,  an arrangement 
which i s  used widely i n  practice, i n  order t o  rhdhce the size of the fre- 
quency standard. However, we show i n  Section 7, t h a t  the experimental re- 
sul ts are i n  very satisfactory agreement w i t h  the theoretical predictions 
and t h a t ,  consequently, the model chosen i s  adequate. 

whi ch opt i  cal pumping has created the necessary popul ati on di  fference - 
The given results are valid for passive frequency standards i n  which the 
atomic resonance i s  probed v i a  a measure of the population difference be- 
tween the two involved atomic 1evels.This measure consists either i n  the 
monitoring of the absorption of the pumping l i g h t ,  as i n  the passive rubi- 
dium cell frequency standard, o r  of the fluorescence of the optically pump- 
ed medium, as i n  the mass 199 mercury ion device. 

Throughout  this paper, we will assume t h a t  the fol lowing condition i s  ful- 
f i l  led : 

respectively, will be assumed con- 

i i )  the m%crowave field i s  uni4orm ov& the rubidium cell vol- 

i i i )  rubid ium atoms behave as  a two-level quantum system i n  

w - w  < < w  (1) i 0 
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where wi i s  the i n t e r r  gation angular frequency', wo i s  the atomic t r a n s i t i o n  
angular frequency and 
resonance l i n e  (expressed i n  angular f 

i s  the fu l l -w id th  a t  h a l f -  maximum o f  the atomic 

The modulation depth w i  11 be characterized by a dimensionless parameter, u2$ 
defined as : 

where w i s  the amplitude o f  the per iodic angular frequency deviat ion. 
Similar!?y, we w i l l  introduce the normalized modulation frequency v2 defined 
as : 

where w M  i s  the modulation angular frequency. 
We w i l l  
the fundamental component o f  the pe r iod i ca l l y  modulated c e l l  response by a 
demodulation funct ion g ' ( t )  such as : 

'2 = T  2 w m 

v ~ = T  2 M  u (3 )  

(2) 

assume t h a t  synchronous detection consists i n  the m u l t i p l i c a t i o n  o f  

+ 1 f o r  0 .i: t < TM/2 

- 1 f o r  TM/2 < t < TM 

3. THE STATIC LINE SHAPE 

It may be shown t h a t  the i n t e n s i t y  I o f  the l i g h t  
c e l l  i s  given by : 

(4) 

transmi t t e d  by the r u b i  d i  um 

where I i s  a background component, I depends on 
and on !he propert ies o f  the l i g h t  f 1 8 ~  emitted by the rubidium lamp. The 
quant i ty  S i s  the saturat ion factor  defTned as : 

n 

(5) 

the atomic densi ty i n  the c e l l  

S = TITZbL (6) 
where T1 and T2 are the longi tud ina l  and transverse re laxa t ion  times, respec- 
t i v e l y  and b tis a measure o f  the microwave f i e l d  appl ied t o  rubidium atoms. 

Equation (5) describes the resonance l i n e  as a lorentz ian funct ion o f  the d i f -  
ference between the angular frequency w o f  the microwave f i e l d  and the angu- 
l a r  t r a n s i t i o n  frequency a,. The full-width-half-maximum o f  the l i ne ,  W ,  i s  
given by : 
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- - -  453 
of the resonance line is  Ill such as : T2 

c 
and the height 

( 7 )  

(8) 
3 

Ill = - I, iTs 

I O 0  

where the minus s i g n  indicates t h a t  the resonance appears as a d i p  i n  the 
transmission profile o f  the resonance cell.  For very large values of S, we 
have Ill = - 

4. THE NORMALIZED SLOPE OF THE ERROR SIGNAL 

The error signal, which i s  useful for frequency control o f  the quartz crystal 
osci 1 1 a to r  i s  proportional t o  the low-pass component of the synchronous detec- 
tor o u t p u t .  Under the condition given by equation ( l ) ,  i t  i s  proportional t o  
the angular frequency offset of the interrogation frequency from the line cen- 
ter. We then define the following normalized slopes of the error signal f o r  
( W i  - Lug)<< w : 

i )  P =  (9) 
IoT2(q - wo) 

where I (t)  i s  the component of the fundamental of  the cell response which i s  
i n  phas8 w i t h  the modulation waveform. The b a r  means time average. 

qmiw 
ii) q = 

where I ( t )  is the component of the fundamental of the cell response which is 
i n  quadpature w i t h  the modulation waveform. 

T h i s  is the slope of the error signal when the phase of the fundamental of 
the cell response and of the demodulation signal are matched. 

5. SLOW FREQUENCY MODULATION 

In the condition of slow frequency modulation, the period T = 2 ~ / w  of the 
frequency modulation i s  large compared t o  the atomic longitudinal afd trans- 
verse relaxation times. We then have : 

In this quasi s ta t ic  approximation, the atomic medium i s  assumed t o  reach a 
steady state fo r  every value of the angular frequency w of the applied micro- 
wave field. Equation (5 )  is then v a l i d ,  w i t h  w depending on time. 

v2 0 (12) 
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5.1. Square-wave frequency modulation 

The instantaneous angular frequency w ( t )  i s  given by : 

where g ( t )  i s  the modulation function which describes the frequency modula- 
t ion  waveform. For square-wave frequency modulation, i t  i s  given by : 

w ( t )  = wi + wmg(t )  ( 13) 

I t  can easily be seen t h a t  under condition ( l ) ,  the fundamental component of 
the modulated l i g h t  intensity,  which i s  transmitted by the rubidium ce l l  i s  
i n  phase with the frequency modulation waveform. 

SU T (w -a ) We have : 
8 o sin oMt I p ( t )  = 7 Io 9 2  

( 1+S+uzL) 

The fundamental component of the demodulation waveform g ' (  t)  being (4 /n)s in  
w M t ,  the normalized slope a of the error signal is given by : 

(16) 
16 u2 a =2 
IT (l+S+u22)2 

I t  can easily be shown t h a t  the maximum value of a = 0.203 occurs for  S = 2 
and u = 1. These values define the optimum operating conditions for  applied 
microiave power and modulation depth. Figure l a  shows the variation of a 
versus the quantity u2 f o r  different  values of S .  

5.2. Si  ne-wave frequency modul a ti on 
The frequency modulation waveform function g ( t )  of equation (13) i s  now : 

The fundamental component of the transmitted l i g h t  intensi ty  can be e i the r  
derived direct ly  thanks to  standard techniques of  calculation of the coef- 
f ic ien ts  of the Fourier ser ies  expansion of the response, o r  using general 
resul ts  obtained by Arndt [5] who has analyzed the quasi-static sine-wave 
frequency modul a t i  on of a 1 orentzi an 1 i ne. 

g ( t )  = sin wM t ( 17) 

The fundamental of the cell  response i s  in phase w i t h  the frequency modula- 
t ion  waveform, and we have :s u2 

4 ( 18) a = -  
IT 2 3/2 ( 1+S) l'*( 1+s+u2 ) 

The maximum value of a = 0.189 is achieved for S = 2,  as i n  the previous case, 
b u t  f o r  u = 1.22. Figure lb shows the variation of a versus the quant i ty  u2 
f o r  diffeFent values of S .  
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Fig. 1. Quasi s t a t i c  approximation. Variation of the normalized 
slope a of the e r r o r  signal versus  the normalized modula- 
t ion  depth u = T w f o r  d i f f e ren t  values of t he  sa tura t ion  
f ac to r  S , i n  the quasi-static approximation. 
a) squarewave frequency modulation with narrow band 

f i l t e r i n g  of the response, a t  the modulation fre-  
quency. 

b) sine-wave frequency modulation with narrow band 
f i l t e r i n g  of the response, at t h e  modulation fre-  
quency. 

2 2 m  

6 .  INFLUENCE OF THE MODULATION FREQUENCY ON THE SLOPE OF THE ERROR SIGNAL 

6.1. Bloch equation o f  the modulation problem 
In general, the behaviour of any two level quantum system which follows as- 
sumptions i )  t o  i i i )  o f  Section 2 can be described by Bloch equations [ 6 3 .  
For a AF = 1, AmF = 0 transit ion,  as used i n  an atomic frequency standard, 
those equations are best expressed i n  terms of  the so-called coherence o f  
the atomic medium, a ( t ) ,  and of the population difference between the two 
atomic levels, ag( t ) :  The quantity a ( t )  i s  a complex one, and we set  a ( t )  = 
a l ( t )  + i a 2 ( t ) .  

I t  can be shown that ,  i n  the presence of modulation, the Bloch equations of 
the considered problem are the following : 
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T 2 2  a + a2 - T2(wi-wo)al = T2 b a3 COSY (19) 

Tla3 + al = AT1 - Tlb(a l  s in9 + a2 cosy ) 

where the dot means time derivative. The quantity X is  ,the creation rate of 
the population difference which i n  the present case is obtained by optical 
pumping. The time dependent quantity9 is  the instantaneous phase of the m i -  
crowave interrogation signal * and the instantaneous angular  frequency is : 

The quant i ty  of  interest t o  us i s  the popula t ion  difference a ( t )  merely be- 
cause the transmi t ted l i g h t  i ntensi t y  changes are proportiona? t o  a3( t). We 
will consider the fundamental component of a g ( t )  i n  the presence of specified 
phase modulation waveforms. From now on, the i n  phase and i n  quadrature compo- 
nents of the fundamental of the cell response w i l l  be referred t o  the phabe 
modulation waveform rather t h a n  t o  the Q~eqwncy modulation waveform. 
A look a t  equations (19) shows the following : 

field amplitude b,  and t h u s  of the saturation factor S 

t ions of time which need t o  be represented by Fourier series w i t h  i n  general 
an infinite number of terms. Equations (19) then generate, i n  general an 
i nfi n i  te  set  of coup1 ed equati ons . 

w ( t )  = wi + +  (20) 

i )  they are coupled t o  a degree which depends on the microwave 

i i )  the d r i v i n g  terms i n  their r i g h t  hand sides are periodic func- 

Consequently, i t  is  no t  tractable t o  derive analytical  solutions for the quan- 
ti t y  a 
saturahon assumption w h i c h  will be considered i n  Section 6.2. Equations (19) 
have also been ana ly t ica l ly  solved for arb i t ra ry  saturation, b u t  under the 
assumption of  fas t  modulation, for which the spectrum of the cell response 
can be limited t o  frequencies -u,,,) 0 and + %. The related results wil l  be 
pub1 ished elsewhere. 

For operating conditions prevailing i n  rubidium cell frequency standards , 
equations (19) must be solved by numerical techniques. The results are 
given i n  Section 6.3. 

unless s impl i fy ing  assumptions are made. One of them is the weak 

6.2. Analytical solution for weak saturat ion 
As i t  will  be shown later, operating condi t ions  are optimized for saturation 
factors larger t h a n  unity. However, we wish to  consider weak sa tura t ion  
(i.e. S 1) a t  f i r s t  w i t h  the purpose of p o i n t i n g  o u t  t h a t  one should not 
rely on previously published results [1] established under this assumption. 

In quantum electronics, i t  is usual practice t o  expand the quantities such as 
alY a2 and a3 i n  increasing powers of the field amplitude, and t o  derive SO- 

lut ions for components of a given degree. However, the equations obtained are 
more and more intricated as the degree of the considered component increases. 
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We wi l l  limit the expansion t o  degree two of field amplitude, 1.e. t o  degree 
one of saturation factor. The v a l i d i t y  o f  the results i s  then limited t o  small 
values of S, i.e. S << 1.. 

This perturbation expansion has been considered for sine-wave phase modul a t ion,  
square-wave frequency modulation and square-wave phase modul ation 141. 
We will focus here on sine-wave phase modulation. 

We define the slopes p(') and q ( 2 )  of the error signal when the fundamental 
of the cell response i s  observed i n  phase or  i n  quadrature w i t h  respect t o  the 
phase modulation waveform. The superscript means t h a t  results are valid t o  
order two of field amplitude only. I t  comes : 

J. 

1 q ( 2 )  =-2 1 all - -=a '2  vi 
- 
S l + V l  l+v  

where we have v = T w and where the quantities a t l  and a B 2  are given by the 
following equadons ! ' 

c t I 2  = \Jo(m)Jl(m) + 

JR is Bessel function of order R.  The quantity m is  the phase modulation 
index such as m = urn/"'. R i s  an integer. 

In practice relaxation times T and T have values which are very close to- 
gether, i n  the considered atomfc medi6m. I n  order t o  derive general informa- 
t i o n  on the slope of the error signal, we set  : 

i n  equations 21 and 22. 
We then have : v1 = v2 = v = TuM and u2 = u = Tu . The phase modulation index 
is m = u/v.  

Figures 2a and b show the variations of  p( ' )  and q ( 2 )  , respectively, versus 
the normalized modulation frequency v for  different values o f  the normalized 
modulation depth u. These sets of curves differ significantly from t h a t  given 
by Andres e t  a1 El]. An examination of their derivation shows t h a t  the lon- 
g i t u d i n a l  relaxation was no t  properly accounted for.  In  figures 2a and b y  the 
undulations are related t o  addi t iona l  resonance features which occurs a t  fre- 
quencies wo t RwM, i n  the presence of  periodic phase modulation. 

T 1 = T  2 = T  (23)  

m 
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Fig. 2a Fig. 2b 

Fig. 2. Sine-wave phase modulation and weak sa tu ra t ion  (S << 1) .  
The curves show the  var ia t ion  of the slope of t h e  e r r o r  
s i g n a l  versus the normalized modulation angular frequency 
v = Tu and f o r  d i f f e r e n t  values of the normalized modula- 
t i o n  depth u = Tw . 
a )  t he  fundamentaqe of the cell  response i s  observed i n  

phase with the phase modulation waveform. 
b) the  fundamental of the  ce l l  response i s  observed i n  

quadrature with the phase modulation waveform, 

M 

6.3. Computed resul ts  for  values of the modulation frequency of the modu- 
lation depth and o f  the saturation fac tor  i n  ranges of practical 
i n teres t 

The s e t  of equations (19) has been integrated numerically, assuming TI = T2 = 
T for  si ne-wave phase modul at ion,  square-wave f reqeency modul ation 
square-wave phase modulation. The quantity (0. - w ) has been fixed t o  a 
value which equals 1/10 of the half-width a t  fialf-fiaximum o f  the non- 
saturated resonance l i ne  ( i . e .  T ( w  - w ) = 0.1). I t  has been checked tha t  
this of fse t  is  small enough that2 i t  8llows a precise enough calculation 
of the slope of the e r ror  signal , and of the phase of the fundamental of the 
ce l l  response, fo r  w. = w Physically sound i n i t i a l  conditions have been 
chosen and the numerjcal ifkegration has been performed u n t i l  t ransient  

and 

96 



ef fec ts  vanish. The components of the fundamental of the population differ- 
change which are i n  phase and i n  quadrature with the modulation wave- 

form are extracted us ing  standard techniques of Fourier coefficients compu- 
ta t ion.  The values of the slopes p and q are then derived. Physically, they 
are obtained when the fundamental of the ce l l  response i s  observed i n  phase 
or i n  quadrature w i t h  respect t o  the phase modulation waveform. 

In the following we will give the values of the slope a , defined by equa- 
tion ( l l ) ,  which i s  obtained when the reference signal applied t o  the syn- 
chronous detector i s  delayed i n  order to  match i t s  phase to tha t  of the f u n -  
damental component of the cell  response. The phase of this fundamental, rela- 
t ive to  the phase modulation waveform is  Cp given by : 

tan = 4 P 
Double precision computation techniques have been used t o  derive numerical 
resul ts .  Furthermore, i t  has been checked tha t  the computed resul ts  agree 
w i t h  analytical ones, i n  the l imits of weak saturation, or f a s t  frequency 
modulation, for  the three considered types of phase modulation. 

6.3.1. Results f o r  sine-wave phase modulation 
Figures 3a to  3e show the computed variation of the slope a of the e r ro r  sig-  
nal and of the phase Cp of the fundamental of the population difference 
change versus the normalized modulation d e p t h  u = TU for  different values 
of the saturation parameter S = T T b2, which is probortional t o  the micro- 
wave power. Figures d i f fe r  by the' value o f  the normalized modulation fre- 
quency v = TuM. 

On figure 3a established for  a relatively slow frequency modulation such as 
v = 0.1, the c i rc les  represent values calculated under the quasi-s ta t ic  ap- 
proximation i .e .  for v = 0, according t o  equation(l8). For v II: 0 ,  the funda-  
mental of the population difference change is  i n  quadrature w i t h  the phase 
modulation of the interrogation microwave field.  One sees tha t  the val idi ty  
of the quasi-static approximation i s  extremely good f o r  v = 0.1. 

Figures 3a to  3e are for  increasing values of the mddulation frequency. The 
origin of the undulations i s  the same as i n  figures 2a and 26. 

Table 1 gives, for  specified values of the normalized modulation frequency v ,  
the values o f  the  saturation fac tor  S and of the normalized modulation depth 
u for  which the slope a of the e r ro r  signal i s  a maximum. I t  shows off  the 
main resu l t  : the slope of the e r ror  signal does not depend strongly on the 
modul ation frequency provided tha t  the saturation factor and the modul.ation 
dep th  are properly increased as the modulation frequency takes 1 arger Values 
For i nstance, for  v = 1.9, i .e .  f o r  a modulation frequency almost equal 
t o  the non-saturated full-width- a t  half-maximum, the slope a may be made 
equal t o  i ts  value f o r  slow frequency modulation. I t  may also be noticed t h a t  
the loss in the value of the slope remains small fo r  v = 4. 
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Fig. 3. Sine-wave phase modulation eamp&ed n a u ,  Variation of 
the slope of the e r r o r  signa2 and of t he  phase $, versus 
the  normalized modulation depth u and f o r  d i f f e ren t  values 
of the  sa tura t ion  f ac to r  S .  
a) v = 0.1. Circiles represent the values calculated under 

b) v = 1.0 
c )  v = 1.9 
d) v = 2.8 
e> v = 3.7 

the quasi s ta t ic  approximation, according t o  equation (18). 
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Table 1. Sine-wave phase modulation comptc;ted v h u .  For a given 
value of the normalized modulation frequency v ,  the slope 
a of the e r ror  signal shows a maximum f o r  the specified 
values of the saturation factor  S and of the normalized 
modulation depth u .  
For v = 0 ,  results are derived from the quasi-static 
approximation. The quoted uncertainties on S and u 
are equal t o  the step of change of these parameters 
i n  the computations made. The phase Q is  expressed i n  
radian. 

6.3.2. Results f o r  square-wave frequency modulation 
Figure 4 shows an example of the computed variation of the slope a of the 
er ror  signal and o f  the phase cp of the fundamental of  the population differ-  
ence change versus the normalized modulation d e p t h  u ,  fo r  different values 
of the saturation parameter S. 

Table 2 gives, for  specified values of the normalized modulation frequency v ,  
the values of the saturation factor  S and of the normalized modulation dep th  
u f o r  w h i c h  the slope a of the e r ro r  signal shows a maximum. 

For v = 0.1, the computed results are closely identical t o  the results obtain- 
ed under the quasi-static approximation, and given by equation (16). The 
same s o r t  of remarks and conclusions w h j c h  have been made fo r  sine-wave phase 
modulation apply fo r  square-wave frequency modulation. 
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Fig. 4 .  Square-wave frequency modu- 
l a t i o n  WmpuXed ~ U e f i .  Variations 
of t h e  slope a of the e r r o r  s igna l  
and of t he  phase 4, f o r  v = 3.7, 
versus the  normalized modulation 
depth u and f o r  d i f f e r e n t  values 
of the sa tura t ion  f a c t o r  S. 

0 I I u 
-0.4 2 4 
-0.8 - 
-1.2, 

c 

-c, 

Table 2. Square-wave frequency modulation compu-ted valueh. For a given value 
of the normalized modulation frequency v, the slope a of  the e r ro r  
signal shows a maximum fo r  the specified values of  the saturation 
factor S and of the normalized modulation depth u .  For v = 0 ,  re- 
sul ts are derived from the quasi-static approximation. The quoted 
uncertainties on S and u are equal t o  the step o f  change of these 
parameters i n  the computations made. The phase cp i s  expressed i n  
radian. 
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6.3.3. Results for square-wave phase modulation 
For square-wave phase modulation, the atomic medium response i s  enti rely f~unda 
ed on transient effects which occur after phase jumps. In that case,the quasi- 
s ta t ic  approximation is  then meaningless, because the first harmonic content 
of  the cell response vanishes for v 2*- 0. Intuitively, one migh t  t h i n k  t h a t  
the cell response i s  significant when the modulation frequency is of the or- 
der of the atomic line-width. T h i s  i s  verified, i n  order of magnitude, by 
quanti t a t i  ve resul ts. 

Figures 5a t o  5d show the computed variations of the slope a of the error 
signal and of the phase 4 of  the fundamental of the population d'ifference 
change versus the amp1 itude of the phase deviation '9 m, for' di fferent values 
of the saturation parameter S ( i t  should be noticed t h a t  the phase steps 
amount t o  29,). Figures differ by the value of the normalized modulation 
frequency v. 

Table 3 summarizes the important results. I t  gives for the specified values of 
the normalized modulation frequency v, the values of the saturat ion factor ' 

and of the amplitude o f  the phase change? for  which the slope a of the 
error signal shows a maximum. The optimum value of tQm is  close t o  d4. T h i s  
slope decreases only very slightly from v = 1.9 t o  3.7, i n  the explored 
range, when the saturation factor S and the phase changevm are adjusted t o  
their increasing optimum values. 

0.169 - 1.15 

Table 3.  Square-wave phase modulation campu.&d va&u. For a given value of 
the normalized modulation frequency v, the slope a of the error 
signal shows a maximum for the specified values of the saturat ion 
factor S and of the amplitude of phase deviation 'Q 
uncertainties on the values of these parameters are equal t o  
their step of change i n  the computations made. The phases M m  
and 4 are expressed i n  radian. 

The quoted 
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Fig, 5, Square-wave phase modulation compLl;ted h e n m e  
Variation of the slope a of the e r r o r  s ignal  and 
of the phase Cp, versus the  amplitude of the phase 
change 9 and for  d i f f e ren t  values of the satura- m t ion f a c t o r  S.  
a)  v ;P 1.0 
b) v = 1.9 
c )  v = 2 . 8  
d) v = 3.7 

7.  EXPERIMENTAL RESULTS 

Etcperimental results have been obtained w i t h  a set-up having a widely usedg7 
configuration. An isotopic f i l t e r ,  with 80 Torrs of argon i s  used. The Rb 
cel l  containing 20 Torrs of nitrogen is  operated a t  60" C. I t  f i l l s  almost 
en t i r e ly  a cylindrical microwave cavity operated i n  the TE mode. In th i s  
experimental arrangement, optical pumping and relaxation aid1 not homoge- 
neous i n  the c e l l .  In addition the microwave magnetic f i e l d  amplitude shows 
large variations over the ce l l  volume. The experimental resul ts  can then be 
used to check the ab i l i t y  of our model t o  predict the influence of the modu- 
la t ion frequency on a practical device. 

An average saturation factor S' i s  defined from the d i p  of the transmitted 
l i gh t  a t  microwave resonance. We have, from equation (8) : 

S I  = - Ia / ( Io  t I a )  (25 )  

The value of the transverse relaxation time T2 is  measured by extrapolating 
the atomic line-width to zero microwave power. I t  i s  found that  the f u l l -  
width a t  half maximum W varies as follows : 

2 w2 = wo (1 t a s 1 )  

where Wo = 2/T2 is  the non-saturated linewidth. Experimentally, one has 
a = 5.2 and 

T2 = 1.77 + - 0.18 ms 
- 

I t  can be shown that  the value of a depends on the microwave f ie ld  configu- 
ration, the l i gh t  intensity,  the length of the c e l l ,  the temperature and 
also on the area of the photo cel l  exposed t o  the transmitted l ight .  

The value of the longitudinal relaxation time i s  measured by observing the 
exponential variation of the transmitted l i g h t  intensi ty  a f t e r  the microwave 
power has been switched off .  We have 

T1 = 1.82 t 0.04 ms 
Thus i t  turns out  tha t  the condition T1 = T2 which has been assumed i n  Sec- 
t ion 6.3. i s  fu l f i l l ed  quite sa t i s fac tor i ly .  
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The slope of the error signal i s  measured as follows. A quartz crystal oscil- 
l a t o r  i s  frequency locked t o  the rubidium ce l l ,  b u t  w i t h  a voltage added t o  
the synchronous detector o u t p u t .  The frequency of the qua r t z  crystal oscil la-. 
tor i s  measured for two opposite values of the voltage, and the normalized 
slope of the error signal i s  obtained. I t  has been checked t h a t  the offset 
of the interrogation frequency from the resonance frequency remained m a l  l e r  
than  1/10 of the full-width a t  half-maximum. The phase of  the fundamental 
component of the light intensity changes shows an extremum for w. = w so 
t h a t  i t s  measurement was precise enough with the stated experimehal 'pro- 
cedure. 

Sine-wave phase modulation, square-wave frequency modulation and square- 
wave phase modulation have been applied t o  the microwave signal. 

Figures 6a t o  6d show the results for sine-wave phase modulation. The value 
of the measured slope i s  smaller t h a n  the value calculated from the model 
and the optimum occurs for smaller values of  the saturation factor ( for  
v = 0.1 the optimum value of S I  i s  1.3). However, for a given value of v ,  
the shape of the computed and o f  the measured variations i s  quite similar. 
Table 4 summarizes the experimental results. I t  shows t h a t  the optimum value 
of a does n o t  depend drastically on the value of  the modulation frequency. 

Table.4. Sine-wave modylation. Exp&rnevLtae v & a .  For a given value 
of the normalized modulation frequency v,  the slope a of the 
error signal shows a maximum for the specified values of the 
saturation factor S I  and of the normalized modulation depth u .  
The quoted uncertainties on S' and u are equal t o  the step of 
change of these parameters in the measurements made. The phase 
Cp i s  expressed i n  radian. 

Figure 7 shows an example of  measured results for square-wave frequency modu- 
lation with v = 3.7 and Table 5 gives the main results, w i t h  the same general 
conclusions as for sine-wave phase modulation. 
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Fig. 6a  Fig. 6b 

Fig. 6c Fig. 6d 

Fig. 6. Sine-wave phase modulation. ExpetLimeMkd tLQnul%. 

Variation of the slope a of the e r ro r  s igna l  and of 
the phase (9, versus the normalized modulation depth u 
and f o r  d i f f e ren t  values of the sa tura t ion  f a c t o r  S ' .  
Circles represent  the experimental points.  
a )  v = 0.11 b-) v = 1.0 
c) v = 2.9 d) v = 3 . 7  
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Fig. 7 .  Square-wave frequency modulation, 
ExpaLmenkae WU&A. Variation 
of the slope a of the error 
signal and of the phase 4, for 
v 5 3.7,  versus the normalized 
modulation depth u and for dif-  
ferent values of the saturation 
factor S' . Circles represent 
the experimental points. 

Table 5. Square-wave frequency modulation. ExpetGimerttae v & a .  For a 
given value of the normalized modulation frequency v ,  the 
slope a of the er ror  signal shows a maximum for  the specified 
values of the saturation factor S' and of the normalized mod- 
ulation depth u .  The quoted uncertainties on s '  and u are 
equal t o  the step of change of these parameters i n  the mea- 
surements made. The phase + i s  expressed i n  radian. 
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Figures 8a t o  8c show the va r ia t i on  of the normalized slope a i n  the case o f  
square-wave phase modulation as a funct ion o f  the amp1 i t ude  o f  the phase dxvia- 
t l o n  vm 
ized modulation frequency v. Again, the shapes agree q u i t e  s a t i s f a c t o r i l y ,  
but  w i t h  smaller values o f  a and S' . Table 6 shows tha t  the optimum values o f  
'Q 

Comparison o f  Tables 4 t o  6 shows tha t  square-wave phase modulation y i e l d s  an 
optimum value o f  the slope a which i s  even l a r g e r  than w i t h  the two o ther  
types o f  modulation f o r  v = 4. 

f o r  d i f f e r e n t  values o f  the sa tura t ion  fac to r  S '  and o f  the normal- 

agree c lose ly  w i th  the computed ones. 

I 
a 

-1 2. 

Fig. 8b 
Fig. 8a 

Fig. 8. Square-wave phase modulation. 
ExpULhenkd Uhl.l&h. Varia- 
t ion  of the slope a of the 
e r ro r  s igna l  and of t h e  phase 
@, versus the normalized modu- 
l a t i o n  depth u and f o r  d i f fe -  
r en t  values of  t he  sa tu ra t ion  
fac tor  S' . Circles represent 
the experimental points.  
a) v = 1.0 
b) v = 2.9 
c) v = 3.7 

Fig. 8c 
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TABLE 6 .  Square-wave phase modulation. ExpmLrnentae uaeueb. For a 
given value of the normalized modulation frequency v ,  the 
slope a of the e r ro r  signal shows a maximum f o r  the speci- 
fied values of the saturation fac tor  S '  and of the ampli- 
tude of phase deviation 9,. The quoted uncertainty on the 
values of these parameters are equal t o  the i r  step of change 
i n  the computations made. The phases 'Q and cp are expres- 
sed i n  radian. 

8. CONCLUSIONS 

Our theoretical analysis has been made w i t h  the assumption tha t  optical pump- 
ing ,  relaxation and the r.f.  field are homogeneous over the rubidium ce l l .  
O u r  experimental data has been obtained w i t h  a rubidium cel l  i n  a TElll cavity 
and those conditions are not sa t i s f ied .  However, these resu l t s  agree 
sa t i s fac tor i ly  w i t h  the theoretical  predictions. Consequently, we may con- 
clude the following : 

i )  for  sine-wave phase modulation and square-wave frequency modu- 
lation, the resul ts  of the quasi-static approximation can be used up t o  v = 1, 
as f a r  as the slope a of the e r ror  s igna l  is concerned. I t  yields a s a t i s -  
factory estimate of the values of the saturation factor and of the normalized 
modulation depth f o r  which this slope is maximum. 

modulation, the slope a of the e r ror  signal decreases only s l igh t ly  i f  the 
modulation frequency is  increased up  t o  a value such as v = 4, provided tha t  
the saturation factor  and the modulation depth are adjusted t o  increasing op- 
t i m u m  values specified i n  Tables 1 and 2. One sees that  when the modulation 
frequency increases, the l ine  m u s t  be power broadened i n  order tha t  the 
linewidth tends t o  follow the value of the modulation frequency. Similari ly,  
the frequency excursion around the interrogation frequency has to be increased. 

i i i )  f o r  square-wave phase modulation, the optimum modulation fre- 
quency i s  such as v II: 2 and the slope a f a l l s  off very s l igh t ly  for  v 
when the values o f  the saturation factor  and of the amplitude of the periodic 
phase change are adjusted to  the values given i n  Tables 3 o r  6. 

i v )  f o r  large modulation frequency such as v = 4, the slope a 
becomes a l i t t l e  larger  for square-wave phase modulation than f o r  the two 
other so r t s  of modulation which have been considered. Square-wave phase mod- 
ula t ion  might then be the best modulation method i n  applications where f a s t  

i i )  for  sine-wave phase modulation and for  square-wave frequency 

2 
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frequency modulation is required. In addition, i t  has other known specific 
advantages-such as ease o f  i m p l ~ e ~ t a t i o n  and excellent i m n u n i  t y  t o  non- 

i s torti on o f  the phase modul ator 
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ABSTRACT 

Recently, there has been interest in the possibility of replacing 
the rf discharge lamp in a rubidium gas cell clock with a single 
mode laser diode. Since the short term stability of the rubidium 
frequency standard is limited by the shot noise of the 
photodetector, an increased signal-to-noise ratio due to more 
efficient laser diode optical pumping might improve the short term 
performance. Because the emission wavelength of the laser diode 
can be tuned, improved long term performance could be gained 
through the control of the light shift effect. However, due to 
the nature of the gas cell frequency standard, various physical 
phenomena are strongly coupled in their effect on the frequency 
output, and thus careful consideration must be given to any change 
in one parameter because of its interrelation with other 
parameters. We report here some investigations concerning the 
coupled effect of the optical and microwave fields in the rubidium 
atomic clock. We show that this type of coupling is an important 
consideration for any attempt to incorporate a laser diode into a 
gas cell clock. 

INTRODUCTION 

Laser diodes have been proposed for use in ato c frequency standards because 
of the potential for improved clock performance. ml-6 In particular, in the gas 
cell frequency standard, the use of g laser diode in place of the cwventional 
rf discharge lamp should increase the signal-to-noise ratio and thus produce 
better short term stability, e drastically reducing the detrimental 
effects due to the light shift. 'y' These projections of laser pumped clock 
performance must be tempered by the possibility of new effects that could 
arise due to the intense optical pumping provided by lasers. We report here 
our investigations into laser induced asymmetries and broadening of the rubi- 
dium microwave lineshape. These effects are important both in determining and 
understanding the optimum conditions for laser optical pumping. 

A schematic diagram of a typical gas cell clock is shown in Figure 1. Some 
of the more important elements in the physics package of this device 
include: i). the source of optical pumping radiation; ii). the light filter; 
iii). the absorption cell; iv). the microwave cavity; and, v). the externally 
applied axial magnetic field. 
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tradition ally^ 
source, The 1 
tunab i l i t y  and 
l i g h t  from a d 
ing, and t h i s  
isotope i n  t 
tuning.'2 Conversely, a laser diode can provide an in tense  tunable l i g h t  beam 
which, because of its narrow spec t r a l  linewidth, would el iminate  the need f o r  
l i g h t  f i l t e r i n g .  Also, the tunable nature of the l a se r  diode would allow f o r  
the poss ib i l i t y  of e i t h e r  eliminating or control l ing l i g h t  induced frequency 
s h i f t s  that  a r i s e  from a spec t r a l  o f f se t  between the pumping rad ia t ion  and the 
absorption l ines .  

The microwave l ineshape, which controls the clock's performance, has complex 
dependencies on various physical phenomena tha t  occur i n  the absorption 
ce l l .  The op t i ca l  pumping radiat ion,  the buffer gas, the  microwave power and 
d i s t r ibu t ion  i n  the cavity,  the magnetic f i e l d  and the thermal environment a l l  
a f f e c t  the s i ze  and the shape of the microwave l ine.  As a re su l t  of the 
inhomogeneous nature of the microwave ine,  the e f f ec t s  of various parameters 
on the  clock performance are  coupled." Thus, a change i n  one parameter, e.g. 
the pumping l i g h t  i n t ens i ty ,  designed to  improve performance could r e s u l t  i n  
degraded performance due t o  an incomplete understanding of the way these 
parameters a f f ec t  the microwave lineshape and center frequency. In  t h i s  
present study we consider the coupled e f f e c t  of the op t i ca l  and microwave 
f i e l d s  on the incorporation of a laser diode i n  a gas cell frequency standard. 

EXPERIMENTAL 

The experimental apparatus is shown schematically i n  F i  u re  2. The absorption 
cell of an Efratom FRK-L rubidium frequency standardlf is il luminated by the  
emission from s ing le  mode diode laser, Mitsubishi ML-4001, which is tuned t o  
one of the 8'Rb D1 hyperfine resonance l i n e s  (794.7 nm). W e  measure the  
l ineshape by ramping the frequency of a VCXO through the  hyperfine resonance 
and monitoring the l i g h t  transmitted through the absorption cell. The VCXO is 
l i n e a r  and carefu l ly  ca l ibra ted  which allows us t o  convert VCXO voltage 
d i r e c t l y  to  frequency. The microwave f i e l d  is  chopped with a diode switch a t  
a few Hz, and a lock-in amplifier is used t o  enhance signal-to-noise on each 
sweep. Typically, s ixteen r e p e t i t i v e  scans, taking about two minutes each, 
are averaged with the aid of an HP 9825 computer. W e  estimate about 5 Hz 
accuracy i n  the l ineshapes with t h i s  method. 

W e  do not have a d i r e c t  measure of the s t rength  of the microwave f i e l d  i n  the 
cavity. Mult ipl icat ion up t o  the microwave frequency from the nominal VCXO 
frequency is accomplish d using a 'step-recovery' l,fiode. Idea l ly ,  the 
microwave power i n  the NtR harmonic is  expected t o  be: 

PN = Po/N 

where Po is the input power t o  the step-recovery diode. However, the coupling 
coef f ic ien ts  between the diode and the cavity antenna, and the cavity antenna 
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e (I), We bel  easonable est 
ower i n  the cavi ty  is on the order of 10 pW. 

interferometer,  was found t o  
be tuned t o  e i t h e r  

Typically, the laser is tuned by f i r s t  adjust ing the temperature so t h a t  the 
lasing wavelength is near the Rb DL l i n e  at 794.7 nm. The in jec t ion  current  
is then used as a f i n e  control t o  tune the laser over the hyperfine absorption 
spectrum, and as long as las ing mode hops do not occur, the in jec t ion  current  
can be cal ibrated t o  the las ing  frequency. This is found t o  be approximately 
16 GHz/mA. Since the laser's s ingle  mode output power is a function of the 
in j ec t ion  current,  the  laser power w i l l  vary as the  laser is tuned. However, 
the f rac t iona l  change i n  power is found t o  be only about 1% as the laser is 
tuned over several  GHz, and thus the var ia t ions i n  laser power are neglected 
fo r  these measurements. The typica l  t o t a l  laser power i n  the  s ing le  mode l i n e  
is  found t o  be about 3 mW i n  a Gaussian beam diameter of -0.45 cm. 

RESULTS 

In  Figure 3 we present representative samples of our microwave lineshape 
measurements. upper lineshapes correspond t o  low incident laser inten- 
s i t y ,  -0.5 mW/cm , f o r  several  d i f fe ren t  detunings of the laser frequency. 
From l e f t  t o  r i g h t  these are -420 M H z ,  0 and +420 MHz. The lower curves were 
observed with f u l l  laser in t ens i ty ,  The frequency axis ind ica tes  
the t o t a l  scan of the microwaves from some a rb i t r a ry  start frequency, 
and Av denotes the s h i f t  of the center frequency of the microwave l i n e  
from t!k% found f o r  zero laser detuning, shown i n  both the upper and lower 
center  scans. From the f igure it is apparent that  fo r  higher laser intens- 
ities the microwave lineshape is asymmetric when the laser is tuned off reso- 
nance, and that  t h i s  asymmetry has the same sign as the l i g h t  s h i f t .  Further- 
more, t h i s  asymmetry is or re la ted  to  the recent ly  observed non-linearity of 
the clock's l i g h t  shif t ."  In  Figure 4 we have plot ted the  microwave frequen- 
cies corresponding t o  a l ineshape's peak and f i r s t  moment as a function of 
laser in tens i ty  ( the  laser detuning was - -400 M H z ) .  The difference between 
these two frequencies can be considered as a measure of the asymmetry of the  
l i ne ,  It should be noted tha t  the asymmetry and non-linearity become s ign i f i -  
cant fo r  the same l i g h t  i n t ens i ty  levels.  This is  more than coincidental;  it 
is the r e su l t  of both e f f ec t s  being due t o  l i g h t  induced inhomogeneous broad- 
ening, and i n  t h i s  type of broadening the l i g h t  i n t ens i ty  and microwave f i e l d  
s t rength  act together t o  produce the shape and center frequency of the ob- 
served resonance l ine .  

-10 mW/cm*. 
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DISCUSSION 

We have recently developed a lineshape model for the gas cell clock which 
describes optical pumping with a spect ow, low intensity laser source 
(i.e. low "fh respect to the intensity necessary to saturate the optical 
transition). Since the typical gas cell clock uses a buffer gas in the 
absorption cell, we consider the atoms in our model as being essentially 
frozen in place due to the presence of this buffer. Atoms in different re- 
gions of the cell experience different local light intensities and different 
local microwave field strengths. The observed lineshape, and thus the shape 
that controls clock performance, is a superposition of regional transmission 
signals which are determined by the local parameters. The local light inten- 
sity and magnetic field strength determine the local resonance frequency 
through the light shift effect and second order magnetic field dependence, 
respectively; the combined effect of the local light intensity and the local 
Rabi frequency, determined by the microwave field strength, determines the 
amplitude of the regional transmission signal. In Figure 5 we present the 
calculated microwave lineshape in a TElll cavity for both low and high laser 
intensity, off-resonance pumping. In Figure 6 we show the calculated inhomo- 
geneous light shift for several values of laser detuning. The close agreement 
between the theoretical model and our experimental results demonstrates the 
significance of light induced inhomogeneous broadening on the clock signal. 

In practice the calculation of the clock lineshape is performed numerically by 
summing all the regional transmission signals as a function of microwave 
frequency. Though this is an accurate and straightforward procedure for 
obtaining the lineshape, it does not readily lend itself to an intuitive 
understanding of the relationships among the parameters in the problem. In 
this context we therefore consider the effect of the local parameters on the 
homogeneous lineshape. 

It is quite easy to show that the amplitude of a regional transmission signal 
can be written approximately as: 2 

(2) ( A m ~ l - 1 ~  rans ( A 6 F O )  - - r /2  [ 2 1 'trans S =  

I'+v (r  + Y l 2  + 1 
where some constants have been omitted for clarity. l7 In the above 

= the transmitted light intensity, It rans 
AW = microwave frequency detuning from the hyperfine resonance, 
r = optical pumping rate, 
Y = relaxation rate (we assume the longitudinal rate is equal 

to the transverse rate), and 
= microwave Rabi frequency. 

The regional behavior of S is reflected in the fact that both 
spatial dependencies. 

w1 

I' and w1 have 

It is important to realize that the complexity of the problem in obtaining the 
total transmitted intensity is not due to the form of Eq. (21, but to the fact 
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that the pumping rate, and hence the 1 ght shift, in the nth region of the 
cell depends on the transmission from the n-1 previous regions: 

Sn(r,e) = f(S1(r9e), S2(r,8), Sn-l(r,Q)) (3)  

However, we can gain qualitative information on the processes that determine 
the total transmission signal by considering the regional transmission signals 
at a particular axial position, 

In Figure 7 we have plotted the regional transmission signal S as a function 
of (r/w ) for several different values of (y/w,). If we consider for example 
the case where y = 0.1~ we see that the maximum transmission signal will 
occur for I'-0.4wl, (i.e.l;ot for arbitrarily large I'). This implies that an 
increased pumping rate does not immediately guarantee larger signal amplitude 
and thus improved signal-to-noise. Rather, it is the ratio 
of Furthermore, since the peak of 
the inhomogeneous lineshape corresponds to the largest amplitude homogeneous 
lineshape, and since this in turn is a function of both I' and wl, it follows 
that the inhomogeneous light shift is a function of r and wl. 

Let's now consider the radial dependence of I' and w explicitly; we assume a 
Gaussian laser beam, and a TElll microwave cavity: 

1 

r to w1 that is the important parameter. 

1 

I(r) = Ipexp(-41n2(r/s) 2 1, 

2 r(r) = rpexp(-41n2(r/a) ) , 

where I is the light intensity, r is the radial position in the cell, a is the 
laser beam diameter, R is the cavity radius, X is a normalizing factor and all 
quantities are related to their peak values, denoted by the subscript p. 
Substituting these expressions into Eq. (21, we have plotted the normalized 
transmission signal amplitude as a function of radial position within the 
cavity in Figure 8. The three different curves correspond to three different 
values of ( r  /w ) assuming that y = 0 . 1 ~  and (R/a)=2. As we would have 
expected fro& &))re 7 if we consider I' '2s fixed, then as w varies the 
radial position giving the maximum signk amplitude changes .Ip Since these 
radial positions correspond to dif erent light intensity levels, we have the 
so called position shift effect. Thus, the position shift effect is just 
one consequence of the coupled effect of I' and w1 when light induced inhomo- 
geneous broadening determines the clock lineshape, 

It should now be understood that it is both I' and w that determine the asym- 
metry observed in the present experiments, The disiribution in r determines 
the distribution of homogeneous lineshapes; the ratio of I' to w1 determines 
the envelope, It should be noted that even though no asymmetry was observed 
for on-resonance pumping, an asymmet y may be present due to the hyperfine 
splitting in the excited state of "Rb. Since the excited state hyperfine 
slitting is on the order of the Doppler linewidth, the absorption lines par- 
tially overlap and off-resonance .pumping to some degree is unavoidable. 
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S CONCLUSIONS 

We have observed a gross asymmetry in the microwave lineshape of a gas cell 
clock when pumping off resonance with a laser diode. This asymmetry, along 
with the non-linearity of the clock's light shift and the position shift 
effect, can be explained by a model based on light induced inhomogeneous 
broadening of the hyperfine transition. 

In this model the light intensity and microwave field strength cannot be 
regarded as acting independently in their effect on the observed lineshape. 
Thus, the anticipated changes in clock performance on changing either of these 
parameters must be tempered by an appraisal of their combined effect. The 
significance of the asymmetry on actual clock performance, and the constraints 
it will place on laser optical pumping schemes is still unclear. However, its 
observation and interpretation lead to some rather important considerations. 
Since the inhomogeneous microwave lineshape has a center frequency and ampli- 
tude which depend both on the light intensity and microwave field strength, 
this could imply that many of the advantages of laser diode pumping may not be 
fully realized with the standard clock design. If this is the case, it might 
be advantageous to design a laser diode pumped clock t a bufferless wall 
coated cell, most likely a cesium cell in a TEO cavit3'which would have a 
homogeneous microwave line. However, with a bufferless cell one would have 
the additional complication of radiation trapping. Finally, since light 
induced inhomogeneous broadening is so significant in laser diode pumping, and 
since there is reason to believe that it is also important for the standard 
lamp pumping;13 it may be possible to extrapolate results from these laser 
diode studies to the regime of the lamp, and thus gain a better understanding 
of the mechanisms which limit the standard gas cell clock's performance. 
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4) 

as cell clock. 
h its direction 

Experimental set up for determtning clock lineshape. 

Experimental results of the clock's lineshape when pumping with a 
laser diode, The t$p row of lineshapes correspond to low las 
tensity (-O.SpW/cm ), the bottom row to high laser 
sity (-10 mW/cm ). The frequency axis indicates the total scan of the 
microwaves from some arbitrary start frequency, and Au denotes the 
shift of the center frequency of the microwave line frokf%hat found for 
zero laser detuning. 

Frequency of the peak and first moment of the laser pumped clock line- 
shape for a laser detuning of - -400 MHz. The difference between these 
two curves is a measure of the lineshape's asymmetry; the change in the 
frequency of the lineshape's peak corresponds to the clock's light shift. 

Calculated clock lineshapes for low and high laser intensity, laser 
detuning of -411 MHz. 

Calculated clock light shift for several detunings of the laser. From 
top to bottom these are -411 MHz, -201 M H Z  and +219 MHz. 

Relative transmission signal amplitude for a homogeneous region in the 
absorption cell as a function of (I'/wl) for several values 
of (y/w,). I' is the optical pumping rate, w is the microwave Rabi 
frequency, and y is the hyperfine spin relaxadon rate. 

Relative transmission signal amplitude at a particular axial position in 
the absorption cell as a function of radial position within the cavity. 
Curves for several different values of (I' /w ) are shown. I' and w 
are the peak values of the optical pumpigS Pate and the micrgwave &i 
frequency, respectively. 
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R, DEHMELT: 

Why does one want such a high intensity a t  a l l ?  

signal-to-noise goes only up by the square root o f  the power, so one 
doesn't want much power. 

After a l l  , the l i g h t  goes up proportional to the power and the 

MR. VOLK: 

Well, I t h i n k  our computer model is showing that you have to reach opti- 
mum trade-off between that, that 's certainly true. 

You s t a r t  broadening as soon as you s t a r t  pumping b u t  you must reach 
some degree of polarization before you can have a signal. 

MR. DEHMELT: 

I was under the impression this can be reached w i t h  ordinary lamps? 

MR. VOLK: 

The optimum? I'm not sure. 

MR. DEHMELT: 

Comment on i t .  

MR. VOLK: 

I t h i n k  even i f  you could reach that there would be advantages of replacing 
the lamp w i t h  the laser diode. And so, I t h i n k  one must look a t  the rami- 
fication of doing that. 

MR, DEHMELT: 

I can see that you couldn't see your maximum for diagnostic purposes. 

MR. VOLK: 

I'm sorry, I couldn't hear that l as t  comment. 

MR. DEHMELT: 

For diagnostic purposes i t ' s  probably fine to use a laser. 

MR. VOLK: 

Yes, I agree w i t h  that. 
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e you do have so much power, much more than you need, wou 
advisable since you want to  use the diode for other reasons to  deliver 
this spread out the power over the total line width  by noise modulating 
the laser, laser frequency. And then you would get away from these troubles 
of generating asymmetry by an unbalanced power distribution along the 
wavelength. 

MR. VOLK: 

I really t h i n k  that 's  a good point .  
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STUDY OF MULTIPLE OPTICAL TRANSITIONS I N  87Rb USING LASER DIODES 

C . L . J .  Newton and H . G .  Robinson 
Physics Department, Duke University, Durham, N.C. 27706 

ABSTRACT 

Recent work with l a s e r  diodes has indicated t h e i r  po ten t ia l  
usefulness i n  opt ica l ly  pumping atomic frequency87tandards. 
We consider various op t i ca l  pumping schemes fo r  
such l i g h t  sources a t  two D 1  frequencies for  experimental 
s i tua t ions  of e i t h e r  evacuated wall-coated c e l l s  o r  atomic 
beams. Numerical in tegra t ion  of rate equations governing 
the  level  populations with a rb i t r a ry  pumping l i g h t  choices 
of i n t ens i ty ,  D 1  hyperfine t r ans i t i on ( s ) ,  and polar izat ion and 
subsequent calculat ion of scat tered l i g h t  provide a s implif ied 
0-0 hyperfine s ignal  analysis.  
l a se r  diode, w e  have excited two op t i ca l  t r ans i t i ons  i n  an 
evacuated wall-coated cel l  and observed a large AmF=l  hf  s igna l .  

Rb incorporating 

By frequency modulating one 

INTRODUCTION 

The demonstration of 87Rb hyperfine t rans i t ions  as narrow as 10 Hz (FWHM) 
i n  an evacuated wall-coated cell1 led t o  our i n t e r e s t  i n  various schemes 
f o r  op t ica l ly  pumping and detect ing the (F,m )=(2,0)*(1,0) hyperfine 
llclockll t rans i t ion .  
po ten t ia l  usefulness i n  op t i ca l ly  pumping frequency standards .2*3  
spec t ra l  width obtainable from such diodes can be considerably less than 
t h e  Doppler width of t he  D 1  t r ans i t i on  f o r  room temperature 87Rb, and 
i n i t i a l l y  we model t h i s  l i gh t  source as a d e l t a  function i n  frequency which 
can be tuned t o  any of these opt ica l  t rans i t ions .  In  the  case of an 
evacuated c e l l ,  t he  primary light-atom in te rac t ion  is i n  the  cell  volume. 
This is a free-space in te rac t ion  so tha t  no mixing i n  t h e  exci ted 2P 
s ta te  occurs. In  t h i s  sense, t he  atomic beam and evacuated wall- 
coated cell  are q u i t e  similar. This is i n  contrast  t o  t h e  case of t h e  
buf fer  gas f i l l e d  ce l l  where mixing does occur i n  the exci ted s t a t e .  
wall-coating reduces relaxat ion a t  the w a l l  so t h a t  an atom may suffer  
many wall co l l i s ions  before having i ts  quantum state severely perturbed. 
A s  a r e su l t ,  t h e  atom can undergo an opt ica l  pumping process ( i . e . ,  a re- 
d is t r ibu t ion  of ground s t a t e  l eve l  populations by sca t te r ing  l i g h t  of 
spec i f i c  polar izat ions and frequencies) extending over many wall co l l i s ions .  

Recent work with laser &odes has indicated t h e i r  
The 

1 / 2  

The 

RATE EQUATION CALCULATIONS 

Rate equations are wri t ten f o r  t he  PO ulat ions of the e ight  m 
t h e  2Sl,2 e lec t ronic  ground state of g7Rb using electric dipofe t r ans i t i on  

sublevels of 
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matrix elements t o  describe the  various leaving and 
equations are  well-known from ea r ly  opt ica l  pumping expe 
recent ly  been used i n  the analysis  of  0-0 hyperfine t r ans i t i ons  i n  atomic 
beams of C s  and Rb.536 Our s p e c i f i c  i n t e r e s t  a t  present deals  with 87Rb D 1  
op t i ca l  t rans i t ions .  The rate equations are put  i n  a general matrix formal- 
ism which allows use of any combination of i n t e n s i t i e s  and polar izat ions of 
the four hyperfine components of t he  D 1  t rans i t ions .  (These t r ans i t i ons  are 
labeled as (F-F ' )=(l- l*)  ,(1-2*) , (2-1?) ,  and (2-2') where the  primed number 
indicates  the 2P1/2 s t a t e  F-value and the unprimed number, t he  corresponding 
value f o r  the 2S1/2 s t a t e .  Thus pumping using various frequencies and AmF 
se lec t ion  ru les  can be investigated.  
is  t rea ted .  I t  is a reasonable approximation i n  view of  the  long relaxat ion 
time at ta ined i n  t h e  wall-coated c e l l  and the  r e l a t ive ly  high in t ens i ty  
avai lable  from the  laser diode. Numerical integrat ion by computer gives the  
time evolution of the  level  populations. The s t a r t i n g  d i s t r ibu t ion  assumes 
equal populations i n  each of t he  eight  mF-sublevels. 

When a microwave-induced hf t r a n s i t i o n  is  present ,  the r a t e  equations are 
modified by adding a term t o  t h e  affected leve ls  equal t o  a fixed f rac t ion  
of t he  0-0 level  population difference.  The "resonant signal" i s  taken as 
the  difference between the t o t a l  scat tered photon f lux under conditions of 
leve l  population equilibrium when the  mw power is on and the f lux  when the  
mw power i s  o f f .  
method mainly f o r  i t s  s implici ty  and ease i n  making a r e l a t i v e  comparison 
between several  pumping cases. 
justment of mw power. A weak mw pertur3ation is  used t o  avoid sa tura t ion  
e f f ec t s .  
the  scat tered l i g h t  a t  population equilibrium and hence, affects t h e  0-0 
s igna l  s ize .  
on the  r e l a t ive  i n t e n s i t i e s  used. 
i n t ens i t i e s  f o r  each applied primary pumping component, u , u- o r  w. In  an 
experimental s i t ua t ion ,  d i f f e ren t  e f fec t ive  i n t e n s i t i e s  of the  components 
could be produced. 

The simple procedure outlined above permits a comparison of pumping schemes 
with regards t o  leve l  populations and sca t te red  l i gh t  i n t ens i ty  changes as 
the "signal." 
resolut ion obtained fo r  various pumping schemes. 
a resonance lineshape calculat ion including linewidths and sa tura t ion  effects  
as well as s igna l  amplitude and background f lux.  

The l imi t ing  case of no T1 re laxat ion 

Other detect ion schemes a r e  possible;  w e  have chosen t h i s  

No attempt is  made t o  consider optimal ad- 

The choice of i n t e n s i t i e s  of the  various pumping components affects 

Thus intercomparison of pumpingldetection schemes is  dependent 
In  t h i s  paper, we chooqe equal r e l a t i v e  

However it does not address the issue of t he  0-0 resonance 
For t h i s  we would need 

Large population differences are a t ta inable  using two appropriate op t i ca l  
frequencies f o r  pumping. 
rected along t h e  magnetic f i e l d  axis (AmF=+l), at  frequencies (2-2') and 

( l -Z? ) ,  a l l  population is  pumped i n t o  the (F,mF)=(2,2) ground s t a t e  leve l .  
By frequency modulating one l a s e r  diode wlth a square-wave current ,  we were 
able  t o  exci te  these two t r ans i t i ons  and t o  demonstrate a large hf s igna l  
f o r  t he  (2,2)*(l,l) t r ans i t i on  i n  a 1.5G magnetic f ie ld . '  

For example, with c i r cu la r ly  polarized l i g h t  d i -  
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Three of the bes t  pumping schemes inves t  ed f o r  obser 
t r a n s i t i o n  are  now presented. Figure l a  en t  of leve l  
populations f o r  t h e  case of two resolved o p t i c a l  frequen 
driven simultaneously by 1) l i n e a r l y  polarized u- t at  the  (2-2') fre- 
quency and 2). l i n e a r l y  polar ized n- l ight  at  the  ( ) frequency. The 
first causes AmF=fl  t r a n s i t i o n s ,  while t h e  second, AmF=O t r ans i t i ons  with 
O+O' excluded. In  equilibrium, a l l  population has been 
(1,O) level .  This achieves one of the  des i rab le  condi t i  
pumping/detection: namely, l a rge  difference of populat i  
spec i f ied  by t h e  mw transit ion.  

0 

i t i o n s  

If  t h e  laser  source has a f i n i t e  frequency width and t h e  ce l l  has the  real 
Doppler width f o r  t he  D 1  t r a n s i t i o n s ,  then op t i ca l  t r ans i t i ons  t o  the  F ' = l  
and 2 s t a t e s  of t h e  'P 
are  not completely 
(2-1') t r ans i t i on  overlaps the  (2-2') t r a n s i t i o n  center.  The unintent ional  
exc i ta t ion  of (2-1') when exc i t ing  (2-2') provides a depumping mechanism 
which reduces t h e  0-0 l eve l  population difference.  
resonance overlap was made f o r  an op t i ca l ly  t h i n  cell  by taking the absorp- 
t i o n  lineshape t o  be Gaussian with Doppler width of 500 MHz and the  laser 
lineshape tQ be Lorentzian with width 300 MHz. The convolution of these 
two functions gives  an absorption curve which has a r a t i o  of t a i l  height  
t o  on-resonance height  of Q 5% when the  t a i l  frequency corresponds t o  the  
hf  separation i n  the  2P1,2 state ( ~ 8 1 8  MHz). 
is expected t o  be 5100 1%. 
However, the  examples discussed w i l l  use a 5% overlap t o  emphasize t h e  
e f f e c t .  

1 /2  
state from a common F-value i n  t h e  ground 2S '" resolved. For example, the  t a i l  of t h e  

An estimate of op t i ca l  

Actually t h e  l a s e r  linewidth 
MHz for which the  t a i l - cen te r  overlap is  

In F i g .  l b ,  the  primary op t i ca l  pumping t r a n s i t i o n s  a re  t h e  same as i n  F i g .  
l a  but now, i n  addi t ion,  l i g h t  of 5% r e l a t i v e . i n t e n s i t y  is added a t  each of 
t he  (1-2') and (Z-l l )  t r ans i t i ons .  The r e l a t i v e  0- hf  t r a n s i t i o n  s igna l s  
i n  these two cases are i n  t h e  r a t i o  Q 1 .8 : l .  

As shown i n  Fig. 2a, a l l  population can be pumped in to  the  ( 2 , O )  l eve l  by 
using t r ans i t i ons  (2-2')~ and (1-1')o. The effect caused by addition of 
5% r e l a t i v e  i n t e n s i t i e s  a t  (2-1') and (1-2') i s  shown i n  Fig. 2b. The 
r a t i o  of 0-0 hf signals for  these  cases i s  Q 2 . 1 : l .  

A t h i r d  example uses (2-2')~ and (1-2')T-pumping rad ia t ion .  See Fig. 3a 
and 3b where again an addi t ional  5% r e l a t i v e  i n t e n s i t i e s  have been used a t  
the  (2-11) and 1-10 t rans i t i ons .  The r a t i o  of 0-0 hf  s igna l s  f o r  these 
cases i s  Q 2 . 1 : l .  

An rf plasma exci ted Rb lamp with "Rb f i l t e r i n g  i s  modeled by using un- 
polar ized o l i g h t  with primary pumping t r ans i t i ons  a t  (1-2l) and (1-11) 
and secondary t r a n s i t i o n s  (2-2') and ( Z - l l )  a t  10% r e l a t i v e  i n t e n s i t i e s .  
Figure 4a gives t h e  leve l  population h is tory .  
polarized v-radiat ion f o r  pumping. The r a t i o  of  the  respect ive 0-0 hf  
signals i s  % 0.7 : l .  

In  Fig .  4b w e  use l i nea r ly  
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An intercomparison of the  0-0 signals fo r  s. la,  2a, 3a, and 4a 
t o  Fig. 4a gives the  r a t i o s  20:22:30:1. Differences i n  t h e  rate of approach 
t o  equilibrium are evident from the  figures.  The case presented i n  Fig. 3 
is  the  simplest from an experimental viewpoint s ince only one polar izat ion 
and direct ion of propagation of l i g h t  i s  required. 

Several pumping schemes have been considered which show t h e  p o s s i b i l i t y  of 
obtaining a large 0-0 population difference with r e l a t ive ly  large hf tr 
t i o n  s ignals .  
e f f ec t ive  depumping resu l t ing  i n  a reduced population difference and a 
l a rge r  background of sca t te red  l i g h t  in tens i ty .  The atomic beam method 
can take advantage of the  much reduced e f f ec t ive  Doppler width t o  avoid 
depumping. For e i t h e r  beam o r  evacuated cel l ,  subs tan t ia l  improvement over 
conventional Rb lamp pumping i s  expected f o r  t he  parameters discussed. 
are act ively pursuing an experimental comparison with these calculat ions.  

Doppler linewidth and laser linewidth were t r ea t ed  t o  show 

We 
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1 

0 

I/ 
la) TIME 1b) TIME 
Figure 1. Level populations as a function of (arbitrary) time when 
pumping with (2-2') a-light and (1-ll)n-light. Completely resolved 
optical transitions are treated in a 
5% excitation is assumed for each of the (2-11) and (1-2I) transitions. 

while in llbll, an additional 

1 

0 

Figure 2. Time history of level populations when pumping with 
(2-2') n-light and (1-1') a-light. 
tation is assumed for each of the (2-1') and (1-2l) transitions. 

In "b" an additional 5% exci- 
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3a) TIME 3b) TIME 

Figure 3 .  
(2-2')a l i g h t  and (1-2I) a - l igh t .  
i s  assumed for each of the  (2-1') and (1-1') t r ans i t i ons .  

Time h i s to ry  of leve l  populations when pumping with 
In  "bfl an addi t ional  5% exci ta t ion  

1 
1 

F =2 

F =1 F =1 
0 ' ' " ' 1 ' ' ' ' ' ' * ' 1 ' 1  0 . . . * . . , . . .  1 . 1 1 1  

TIME 
4a) 

TIME 
4b) 

Figure 4. 
Rb plasma lamp. 
with an addi t ional  10% exci ta t ion  at  each of t h e  (2-1') and (2-2') 
t r ans i t i ons .  I n  *'a1' o- l ight  is  used while i n  "bb" r - l i g h t  is  used. 

Time h i s to ry  of l eve l  populations when pumping with modeled 
Primary pumping is at  (1-2I) and (1-11) trans'itions 
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QUESTIONS AND ANSWERS 

Could you t e l l  us the s tate o f  the experiments please, Hugh? 

MR. ROBINSON: 

Yeah, Carrol l .  The experiments are i n  a state where we need some research 
funding. We have a laser which has been loaned t o  us by Lyndon Lewis 
and we are now i n  the ac t  o f  t r y i n g  t o  get a l i g h t  system so we can put  
the l i g h t  i n  a t  r i g h t  angles t o  the f i e l d .  The apparatus tha t  we have, 
i s  b u i l t  spec i f i ca l l y  for  the Delta M plus one t r a n s i t i o n  o r  minus one 
c i r c u l a r  o f  polarized l i g h t .  

the l i g h t  i n  perpendicular t o  the access j u s t  requires a l i t t l e  b i t  o f  
e f f o r t  and we're now undertaking that. So we hope t o  go ahead and do 
these experiments tha t  we would l i k e  t o  see i s  some comparison with t h i s  
theory. 

And we are accustomed t o  looking a t  Zeeman t rans i t ions and ge t t i ng  
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A RUBIDIUM CLOCK FOR SEEK-TALK 

William J. Riley 
EG&G, Inc. Frequency and Time Department 

Sal em, Massachusetts 

ABSTRACT 

The work at EGtG, Inc., on a miniature rubidium frequency standard 
for the SEEK-TALK program has now reached the prototype stage. 
This paper describes the design objectives and approach, the more 
important design features, and the results obtained thus far. 

INTRODUCTION 

EG&G, Inc., with support from the U.S. Air Force Electronic Systems Division, 
has developed a tactical rubidium frequency standard (TRFS) for the SEEK-TALK 
program. This effort, which is now entering the prototype stage, is directed 
toward the establishment of a production capability for miniature rubidium 
clocks of medium stability capable of fast warmup and extreme ruggedness for 
military avionics applications. The overall unit will consist of an ultra- 
miniature physics package and four plug-in circuit boards inside a 24-inch 
square by $-inch box. This size is achieved without the extensive use of hybrid 
microcircuitry, yet is believed to be the smallest atomic frequency standard 
yet developed. A mockup of the unit is shown in Figure 1. 

The physics package is about the size and shape of a "D" flashlight battery. 
It combines the best features of the integrated and discrete filter cell 
approaches by using separate filter and absorption cells, both of which are 
inside the microwave cavity. Small size is achieved by dielectric loading of 
the cavity and by a unique electric field mode of lamp excitation. Performance 
is enhanced by excellent line homogeneity made possible by an optical design 
giving uniform light distribution, separate hyperfine filtration, and a uniform 
C-field. Low net temperature coefficient is achieved by cancellation of the 
individual filter and absorption cell coefficients. The discrete filter cell 
also allows zero light shift to be conveniently obtained by adjusting cavity 
temperature. The overall physics package assembly includes a low-noise photo- 
detector and microwave multiplier, as well as lamp exciter and VCXO circuits and 
a second magnetic shield. 

The TRFS electronic block diagram has a single frequency lock loop that contains 
a wide bandwidth A/B PLL synthesizer as a subloop. A particularly simple rf, 
chain is used that has no mixing and a few tuned circuits. The servo amplifier 
is a low-complexity cascade detector configuration and the power supply and 
temperature controller sections use efficient high frequency switching tech- 
niques. 
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Figure 1. Photograph o f  TRFS Mockup Unit. 
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SPECIFI S 

ec i f  i c a t  ions FS are shown i n  able 1 and are based on the  genera^ 
r e q u i r ~ e n t s  o f  the SEEK-TALK program. 

Table 1. TRFS condensed specif icat ions. 

Output Frequency, MHz 
Output Level, v rms i n t o  50 ohms 
Harmonics, dBc 
Spurious components, dBc 
Phase N o i s e t ( f  1, dBc/Hz 

f = 1 H z  
f = 100 Hz 
f - 1 kHz 

DC Power, watts 
Steady State a t  25°C 
Wannup 

DC Input Voltage, vo l t s  
Warmup, minutes 

from 25OC 
from -55OC 

per month 
per year 

1 sec 
10 sec 
100 sec 

D r i f t  

Short Term Frequency S t a b i l i t y  

Trim Range 
Voltage Coefficient 
Temperature Coefficient, -54 t o  +7loC 
Retrace 
Storage Temperature, "C 
Magnetic Susceptibi l i ty, (worst axis) 
A l t i tude  from SL t o  50,000 feet 
Humidity, % 
Shock 
Acceleration 
Sinusoidal Vibrat ion 
Random Vibration 
Re l iab i l i t y ,  airborne inhabited, hours 
Size, inches 
Weight, pounds 

10 
0.5 
-30 
-80 

-80 
-120 
-135 

<13 
< 70 
22-32 

1.5 
4 

(5 x 10-11 
<5 x 10-10 

<4 x 10-11 
<1 x 10-11 
<4 x 10-12 
23 x 10-9 
<1 x l O - ~ ~ / l O %  
<3 x 10-10 
53 x 10-11 
-62 t o  +S0C 
<2 x 10-11/Gauss 
<1 x 10-13/mbar 
100 

30 9 peak 

4 9 Peak 

220,000 
24 x 24 x 4 
<2.0 

<4 x 10-11/11) g 

0.04 #/Hz 
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LOCK DIAGR 

A block diagram o f  t he  TRFS i s  s 
high performance, s imp l ic i t y ,  and manufacturabil i ty, The major sections are: 

a. The physics package which acts as a frequency d r im ina tor  t o  produce an 
e r ro r  s ignal  which indicates the magnitude and se o f  the  d i f ference i n  
frequency between the applied rf exc i ta t ion  and the rubidium atomic reso- 
nance, 

am 

b. A servo ampl i f ie r  which processes the e r ro r  s ignal  t o  produce a cont ro l  
vol tage f o r  a vo l tage cont ro l led  c rys ta l  o s c i l l a t o r  (VCXO). 

c. A VCXO sect ion which contains the locked c r y s t a l  osc i l l a to r ,  c i r c u i t s  t o  
produce the desired (5 or 10 MHz) output, and one d i v ide r  por t ion  o f  the 
syn t hes i zer . 

d. A VHF section which contains the r e s t  o f  the synthesizer t h a t  converts the 
standard output frequency i n t o  a d i r e c t  submultiple of the rubidium reso- 
nance. 

e. A power sect ion which provides supply voltages t o  the c i r c u i t r y  and has 
temperature con t ro l l e rs  f o r  the two  physics package ovens. 

PHYS ICs PACKAGE 

The hear t  o f  the TRFS u n i t  is, o f  course, the physics package. EG&G began t h i s  
p ro jec t  w i th  the i n t e r n a l l y  sponsored development o f  a rubidium physics package 
tha t  combines good performance w i t h  u l t ra-min ia ture size. The features inc lude.  
a new concept i n  lamp exc i ta t ion  and a d i e l e c t r i c a l l y  loaded c a v i t y  tha t  contains 
separate f i l t e r  and absorption ce l l s .  The basic physics package s t ruc tu re  i s  
shown i n  Figure 3. 

Extreme min ia tu r iza t ion  o f  the lamp assembly was accomplished by e l im ina t ing  
the usual rf c o i l  surrounding the rubidium lamp. An e l e c t r i c  f i e l d  s t ruc tu re  
was developed for  s t a r t i n g  and maintaining the  lamp plasma. Fabry-Perot studies 
confirmed the proper spectral  output f r o m t h i s  structure, which i s  approximately 
ha l f  the overa l l  diameter o f  an equivalent c o i l  arrangement since no spacing 
i s  required between the lamp and oven wall. The lamp i s  exc i ted by a conventional 
C o l p i t t s  rf power o s c i l l a t o r  which w i l l  be located ins ide the physics package. 

Min ia tu r iza t ion  o f  the microwave c a v i t y  was obtained, paradoxically, by pu t t i ng  
more i n t o  it. It was decided t o  use a d iscrete f i l t e r  c e l l  f o r  best performance. 
This al lows independent n u l l i n g  o f  the l i g h t  s h i f t  and gives good spa t ia l  
homogeneity i n  the  absorption c e l l  t ha t  r e s u l t s  i n  a low rf power coe f f i c i en t .  
It was fu r the r  decided t o  locate the f i l t e r  c e l l  ins ide the c a v i t y  t o  avoid the 
volume of an add i t iona l  oven. The conmon thermal environment also al lows 
cancel l a t i o n  of the f i 1 t e r  c e l l  temperature c o e f f i c i e n t  by t h a t  o f  the absorption 
ce l l ,  since the l a t t e r  i s  adjustable by i t s  b inary buf fer  gas mix r a t i o .  The 
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increase in t glass dielectric in the T C 

A further advantage is that the filter and absorption cells become shorter, 
which is desirable for optimum signal at a high operating temperature. 

The physics package includes two lenses in the optical path. The first, located 
in front of the absorption cell, collimates the la 
light intensity distribution. The second lens, lo 
cell, focuses the light on the ~1 cm2 photodetector to give g 
efficiency . 
Two C-field coils are used to provide 21% C-field uniformity, which helps to 
ensure good line homogeneity and minimizes rf power sensitivity. 

A nonmetallic conical spacer rigidly connects the lamp and cavity ovens for 
ruggedness and low vibration sensitivity with low heat transfer between the 
ovens. 

coli 
PHOTO- ’ TUBE 1 

DETECTOR ABSORPTION 
CELL 

\ OVEN \ SPACER MAGNETIC 
I 

FILTER 
CELL SHIELD 

Figure 3. Layout o f  Miniaturized Physics Package. 
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e SRD microwave mul t  orated i n t o  the t e  
cavi ty,  I t s  design i s  bo e f f i c i en t  since i t  
X38 mu l t i p l i e r ,  

Table 2 l i s t s  some o f  the physics package parameters and Figure 4 shows the 
major parts. The synthesizer r a t i o  resu l t s  i n  a buffer gas o f f s e t  t h a t  i s  ideal  
f o r  such considerations as l inewidth, f i l l  tolerance, and barometric c o e f f i -  
cient. 

Table 2. Physics package parameters. 

P ar amet e r  Val ue 

Lamp Size 
Lamp F i l l  
Lamp Oven Temperature 
F i l t e r  Cel l  Size 

F i l t e r  Ce l l  F i l l  
Absorption C e l l  Size 

Absorption C e l l  F i l l  ( f o r  20 
Cavity TC and +2.7 kHt o f f s e t )  
C av i ty  Temper a t  ure 
( f o r  0 lamp oven TC) 
DC Photodetector Current 
Linewidth ( f u l l  width between 
in f l ec t i on  po in ts  a t  normal r f)  
Maximum Fundamental Photodetector 
Signal (a t  fmod = 235 Hz) 
Discriminator Slope a t  Photodetector 
Lamp Oven TC 
Cavi ty TC 
RF Power S e n s i t i v i t y  
Frequency Stabi  1 i ty 
(1 sec 5 T 1000 sec) 

0.31 in. dia. x 0.45 in. long 
a100 pgram Rb87 + 7 t o r r  K r  
115OC 
0.81 in. dia. x 0.25 in.  

= lo0  pgram R b s  + 120 t o r r  A r  
0.81 in. dia. x 0.30 in. 

2100 pgram Rb87 + 8.4 t o r r  
N2/Ar mixture 
80°C 

ins ide  length 

ins ide length 

= lo0 pA 

=600 HZ 

220 nA rms 
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20 MHZ 
vcxo 

PHOTO. 
D ~ E E T O R  

SRD 
MULTIPLIE~ 

EAVlW 
OVEN 

A ~ S O R ~ ~ O N  LENS FILTER LAMP 
CELL CELL 

Figure 4. Physics Package Parts. 
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The function of the servo amplifier i s  to  process the error signal from the 
physics package so as t o  lock the frequency of the 20 crystal osci 11 ator 
to  the s table  rubid ium atomic resonance. The major blocks : (1) a preamp1 ifier 
tha t  converts the photodetector current t o  a voltage, ( 2 )  a synchronous detector 
tha t  converts the fundamental ac error signal t o  a dc voltage, ( 3 )  an integrator 
tha t  develops the control voltage for the crystal  o sc i l l a  
harmonic detector tha t  indicates lock, (5) a sweep circu 
acquisition, and (6) a modulation r a t e  generator tha t  produces refer 
for the synchronous detectors and phase-modulates the cavity excitation. 

MODULATION 
SIGNAL 

Figure 5. Servo Amplifier Block Diagram. 

The TRFS servo amplifier, shown i n  Figure 5, uses a cascaded detector arrangement 
wherein the fundamental error signal passes t h r o u g h  the second harmonic detector 
before reaching the fundamental detector. T h i s  has the advantage o f  requiring 
less hardware. The op amp associated w i t h  the second harmonic detector also 
provides gain for  the fundamental signal. The large amplitude second harmonic 
signal is shifted t o  the f o u r t h  harmonic ahead of the fundamental detector, 
making i t  possible t o  obtain suff ic ient  dynamic range without a bulky notch 
f i 1 ter . 

149 



CXO SECT10 

The VCXO section consists o f  20 MHz crys ta l  o s c i l l  
10 MHz and ~ 1 4 0  kHz, and a t ed ampl i f ier  t o  prod 
The voltage cont ro l led  c rys ta l  o s c i l l a t o r  uses a 20 MHz t h i r d  overtone SC-cut 
c rys ta l  i n  an HC35/U s t y l e  holder operated a t  =80°C i n  the  c a v i t y  oven. This 
c rys ta l  type i s  chosen f o r  i t s  small size, ruggedness, f a s t  warmup, and low 
v ib ra t i on  sens i t i v i t y ,  The VCXO i s  fol lowed by a speed comparator t o  provide 
i s o l a t i o n  and conversion t o  TTL levels. S t ra ig  rward TTL log i c  div ides the 
20 MHz by 2 and 143 for the output and synthesizer, respectively. '  The output 
ampl i f ie r  i s  a d i f f e r e n t i a l  conf igurat ion using a s ing le  tuned c i r c u i t .  Another 
b inary d iv ider  sect ion i s  avai lab le t o  produce 5 MHz as an.optiona1 output. 

VHF SECTION 

The VHF section generates a s ignal  a t  2180 MHz t h a t  i s  a d i r e c t  submult iple 
(1/38) o f  the rubidium resonance. This frequency i s  produced by a phase-locked 
loop (PLL) tha t  operates as a X1286 m u l t i p l i e r  from the' 2140 kHz reference from 
the VCXO section. The PLL also serves as the means t o  apply phase modulation. 
This approach i s  hardwareef f i c ien t  and avoids bulkyand c r i t i c a l  tuned c i r c u i t s .  
The rf c i r c u i t r y  consists o f  a ~ 3 0  MHz VCXO, a diode doubler, and an rf power 
ampl i f ier .  The PLL consists o f  an ECL div ider,  a TTL phase detector, and a 
loop a m p l i f i e r / f i l t e r .  The loop has s u f f i c i e n t  bandwidth f o r  v ib ra t ion  imnunity 
and servo modul a t  ion. 

POWER SECTION 

The power section o f  the  TRFS consists of input  f i 1 ters, .temperature contro l  l e r s  
f o r  the lamp and c a v i t y  ovens, and +5V and +15V power supplies. 
The lamp and c a v i t y  ovens are supplied d i r e c t l y  from the input  bus and are 
cont ro l led  by high frequency switching contro l lers .  These cont ro l le rs  provide 
both warmup and running power and are simple, e f f i c i e n t ,  operate over a wide 
dynamic range, and maintain constant thermal gain as the oven power changes. 
Each con t ro l l e r  consists o f  on ly  one act ive device and a few.discrete components. 
All TRFS e lec t ron ic  c i r c u i t s  are powered from +5V and +15V supplies which also 
use switching regulators. Provis ion i s  made f o r  a separate %o-breaktl input 
t o  maintain operation during an in te r rup t ion  i n  heater power. 

PACKAGING 

The overa l l  TRFS packaging i s  shown i n  Figure 6. The physics package ( inc lud ing 
c y l i n d r i c a l  inner magnetic shield, VCXO, SRD mu l t i p l i e r ,  and lamp exc i te r )  i s  
located i n  the center. It i s  supported ins ide the square second magnetic sh ie ld  
by r e s i l i e n t  mater ia l  t ha t  provides shock and v ib ra t ion  iso la t ion.  The four 
main e lect ron ic  c i r c u i t  boards surround the physics package and plug i n t o  a 
mother board. The e lect ron ic  components face outward for good access. An 
L-shaped member provides overa l l  support, whi le  power f i l t e r s  and connectors 
are mounted t o  the mother board. 
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he TRFS p r o g r ~  began w i  lopment and t e s t  o f  the i a t u r e  
hysics package. This w by the design o f  the uni t .  

Fabr icat ion and t e s t  o f  a bench model was then accomplished w i th  A i r  Force 
funding. 

The bench model TRFS consists of the u l t ramin ia tu re  physics package and four 
c i r c u i t  boards mounted f l a t  on a 9-inch square p a l l e t  as shown i n  F igure 7. 
This conf igurat ion i s  wel l  su i ted  f o r  developmental test ing.  

The physics package i s  complete ou t  t o  the f i r s t  magnetic shield, inc lud ing a 
custom low-noise EG&G s i l i c o n  photodetector and the SRD microwave m u l t i p l i e r .  
The lamp exc i te r  i s  housed separately i n  a small sh ie ld  box and the VCXO c i r c u i t  
i s  on one o f  the main boards w i t h  the c rys ta l  i n  a small separate component oven. 

Test resu l t s  on t h i s  u n i t  have confirmed the v a l i d i t y  o f  the overa l l  design 
concept. The program has now advanced through a prototype redesign stage where 
de ta i led  design has been done f o r  a packaged prototype. 
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I would l i k e  t o  comment t h a t  i n  the 1950's when Bob Dickey, Tom Carver 
and I were doing some of the ear ly work on hyperfine section and rubidium, 
we had a room f u l l  of equipment and we used t o  joke t h a t  there's no reason 
you couldn't  put  t h i s  i n  a match box. 

So, we were happy t o  see progress towards t h a t  end. 

MR. RILEY: 

Well , I never r e a l l y  believed. 
i n t o  a beer can one time. And I never r e a l l y  believed i t  f o r  many years, 
but  t h i s  i s  r e a l l y  smaller. 

I heard some comments about pu t t i ng  i t  
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ABSTRACT 
This paper presents a new method which is used t o  
measure time delay accurately by using a Type 9OO-LB 
Slotted Line. The accuracy f o r  calibrating time delay 
of a precision coaxial air line Type 900-L is about 
5(0.4-0.6)ps, and f o r  coaxial cables-with VSWR less 
than 1.5 and time delay t less than 50ns is about 

Theoretical analysis and mathematical derivation of 
microwave networks in cascade are given in this paper. 
Methods to eliminate the errors which are caused by 
the discontinuities and the error analysis of the 
measuring system are presented. 
In the last part of this paper, skin effect analysis 
of the transient characteristic of coaxial transmission 

*( 3-5 J ps,. 

line are d'iscussed in detail. Methods to eliminate the 
errors which are resulted from using the calibrated 
time delay standard to calibrate time interval IiTea- 
surement instruments are presented. The estimation of 
errors and formulae f o r  correction of those errors are 
described. 

1 INTRODUCTION 
Owing to the rapid growth of the requirement of measuring 

time delay accurately nowadays, a lot of commercial precision 
electronic instruments such as time delay generators with an 
accuracy ?Ins, electronic counters f o r  time interval measurement 
with an accuracy of' &lOOps, and coaxial time deRay standard with 
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een develope 
a1 of period e is no dif- 

requency  with^ the accuracy of &I X it is 
possible to measure the time delay of a coaxial transmission line 
accurately by means of frequency domain measurement method. By 
using the method described in this paper a coaxial cable with VSWR 
leas than 1.5 and tiroe delay t l o s s  than 503s has been measured. 
Tlis sca-aracy of measuring the time delay of that cable is about 
t(3-5)ps.Skin effect analysis of the transient characteristic of 
coaxial transmission line have been discussed in detail, The 
effect of the inductive component and resistive component of the 
coaxial line on pulse transient characteristic have been analyzed 
and estimatedalso.This paper indicates how to correct the 
error which is caused by skin effect, in this consequence measur- 
ing and transfer accuracy has been increased. 
When the calibrated time delay standard is used to calibrate a 
precision time measurement counter, the total calibration uncer- 
tainty is about &IOpxs. 

I1 Principle and Method of Measurement 

2.1 The principle of measurement is based on the method of measur- 
ing the displacement ofthe minimumof the standing wave pattern as 
shown in Fig.1 
When the device under test (DUT) is disconnected and connected 
between the Slotted Line and Short, the displacement of the mini- 
mum ofthe standingwave pattern is Ad. The time delay t of the 
device under test at measuring frequency is known as 

ni, od t = , f - c  
Where c is the velocity of the electromagnetic wave and n is any 
positive integer. 

2,2 Method of lvieasurement 

There are two methods to measure the time delay of coaxial trans- 
mission line accurately by using a Type 900-LB Slotted Line. 
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They are t h e  periodic and t h e  nonperiodic m e t  

Periodic Hetho 

When the time delay of t he  DUT is exac t ly  n / 2  m u l t i p l e s  of t h e  
period of the measuring frequency, t h e n d  i n  eq.(l) equals  zero.  
Through properly ad jus t ing  the measuring frequency the displacement 
of the dnimum of the s tanding  wave patternmdshould 
when the DUT is disconnected and connected between t h e  S lo t ted  L i n e  
and Short. Then the  time delay of the DUT a t  measuring frequency is 

-11 i 
t - 2  f 

This method is 
the  time delay 
If Si, Sa, and 
two por t s  DUT 

c a l l e d  "Periodic Method". It is s u i t a b l e  tog measure 
of two port devices w i t h  small VSWR. 
Sir are the s c a t t e r i n g  parameters of t he  r e v e r s i b l e  

then the maximum measured phase and time delay 
errors can be represented as 

Nbnpsriodic Method 

If the VSWR of the DUT is r a t h e r  large, the  measured phase e r r o r  
A* i n  eq.(2) w i l l  be q u i t e  large and i t  is  d i f f i c u l t  t o  a d j u s t  
the measuring frequency properly t o  make the  displacement of mini- 
mun of the  s tanding  wave p a t t e r n a d  approach zero,  s o  t ha t  the 
measured time delay e r r o r  A t  would be r a t h e r  large. I n  such con- 
d i t i o n  it is impossible t o  acquire  an accurate  time 
delay measurement by making measurement at  one frequency only; t h e  

nonperiodic method which makes time delay measurement with a series 
of measuring frequencies  i s  required.  

2.3 Example of measurement 

U s e  t he  nonperiodic method t o  measure the  t i m e  delay of a piece of  
coaxia l  cable  wi th  N connectors. 
I n  order  that  the  coaxia l  cable can be in se r t ed  i n t o  the Type 
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syst the co 1 cab1 
tors has to be connected 
in Fig. 2. 
The system of connection is as in Fig. 1, When the DUT is inserted 
in system at terminal 1-1, the minimum of the standing wave pattern 
would shift. The method, which evaluate the time delay of the DUT 
by means of measuring the displacements of minimum and the measur- 
ing frequencies, is called nonperiodic method, and eq. ( 1 )  is 
suitable for this method to calculate the time delay. 
The measurement procedure is as follows. 
1. According to a certain test frequency fi , there is a corres- 
ponding displacement of minimum Adi , and the time delay (including 
the two Type 900-QNJ adaptors in this example) can be evaluated. 
2. Repeat a series of time delay measurement by changing the test 
frequency in fixed frequencyintervals,and obtain a set of time 
delay data which would be changing periodically with frequency. 
3 .  As shown in Fig.2. the measuring terminal is changed owing to 
the adding of Type 900-QNJ adaptors. They are shifted from termi- 
nals Ti and T, to terminals 1-1 and 2-2 respectively. There would 
be discontinuities at terminal Ti and T1 owing to the mismatch 
between the coaxial cable and Type N connectors. In general the 
VSWR of conventional coaxial cables are about 1.3 to 1.5 and the 

tk the Type 900-QNJ adaptors a 

VSWR of Type 900-QNJ adaptors are 1 .I016 at 3 GHZ so that it can 
be neglected as compared with the coaxial cable. 
There are rapid periodic variations in the time delay data, owing 
to the discontinuity at Ti , and the error of measurement can be 
minimized by taking the arithmetical mean value of the maximum 
and minimum time delay values in the frequency range of interest. 
But the discontinuity at T, would introduce unnoticed systematic 
error if the terminal T, is connected directly to the Short Type 
900-WNC. In o u r  experimental system terminal T, is connected 
through a Type 900-QNJ adaptor to the Short Type 9OO-WNC. The 
electric length of the Type 90U-QNJ adaptor is 5Cm, so that there 
are slow periodic variations (about 3OOOMHZ) superimposed on the 
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d per iodic  v a r i a t i o n s  i n c  the t m e  delay data.  I n  o rde r  t o  in-  
e electric l eng th  a p iece  of Type 900-L30 A i r  L ine  is adde 

etween te rmina l  2-2 an the Type 900-WNC Short ,  then the frequeno 
of slow per iodic  v a r i a t i o n  becomes 428.6 MHZ and i t  is acceptable  
i n  t h i s  experiment. By us ing  the  method descr ibed above, a set of 
t i m e  delay d a t a  w i t h  two kinds of pe r iod ic  va r i a t ionswou ld  be present; 
take t h e  arithmetical mean value of t he  maximum and m 
time delay va lues  i n  the frequency range of interest  as t h e  r 
time delay datum. Then the systematic  error owing t o  the discontin- 
uities a t  Terminal Ti and T2 can be eliminated. 
4. Why are there two kinds of per iodic  v a r i a t i o n  i n  the time delay 
data? There is a e-Jzfi(t+lro) term i n  eq.( 4 )  ( s e c t i o n  111) , which 
is introduced by the r e f l e c t i o n  a t  t h e  M network i n  F ig  3 .  L e t  
1, =lQ+tao then e-JrSCB+&,,) changes i n t o  e$@& . The condi t ion f o r  
producing a pe r iod ic  v a r i a t i o n  is 384=2nx,  t h e r e f o r e  the frequen- 
cy i n t e r v a l  f o r  a r ap id  per iodic  v a r i a t i o n  is  

I 

A f  =& ( 3 )  
For example 1, = 1 + 
12 - -e lec t r ic  l eng th  of the coax ia l  cab le  with Type N conneotors 
&,--electric l eng th  of Type 900-QNJ Adaptor 
4, --electric length  of Type 900-L30 A i r  Line 

pu t  t h e  value of 1, i n t o  eq. (3) and obta in  A f f  =56MHZ 

t A 3 &  = 1 i- a,6 = 2 6 7 3  

- -e lec t r ic  l eng th  of Type 900-QNJ Adaptor and 900-LtgO A i r  Line.  

I n  the same way t h e  slow per iodic  v a r i a t i o n  which is caused by t h e  
r e f l e c t i o n s  a t  N network i n  F ig  3. can be analyzed. 
If the Type 900-L30 A i r  Line is connected i n  t h e  measuring system 
the frequency i n t e r v a l  f o r  i t  would become 

A f ,  =428*6MHZ 
The ca l cu la t ed  values  of A f t  and af, are wel l  matched w i t h  the ex- 
perimental  curve shown i n  Fig. 6. 

5. Evaluate the time delay of the  coax ia l  cab le  under test. 
I n  t h i s  paper a Type N connector coax ia l  cable  w i t h  a Type 900-QNJ 
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adaptor at each device under test (DUT). Ta 

o obtain the accurate time delay value of the MJT. 
1 t=Z ( tmax + tmin) ~8209 e 6 p ~  0 

The time delay of the air line has been discounted from this value. 
III Theoretical Analysis of Microwave Networks in Cascade 
Lett represent the electric length of the coaxial cable, 12,. and 
the electric length of Type 900-QNJ adaptors, &'e is the electric 
length of Type 900-QNJ adaptor andType 900-L30 Air: Line as shown 
in Fig.3. Terminal 1-1 is connected to the output terminal of the 
9OO-LB Slotted Line and Terminal 2-2 (or 2'4') is connected to 
the Type 900-FINC Short. 
Use m,,, ma,, mI2 and mar to represent the scattering matrix elements 
of the connector pair M and n,, , n,, , n,a and npa to represent the 
scattering matrix elements of the connector pair N. Use S,,, Sa,, 
Sli and Sar to represent the scattering matrix elements of the network 
between the terminals T, and Tz and SJ , SJ,,S;.pnd Si, 
the scattering matrix elements of the network between the terminals 
1-1 and 2-2 (or 2v-2t)). 
When terminal 2-2 (or 2'-2' ) , is connected to the Type 900-!4NC Short, 
the reflection coefficient <at terminal 1-1 can be represented as 
(see appendix I) 

to represent 

The m,, n, m,, n2, e-328(~+,410tllrd~,,~erm in eq. (4) represents the required 
quantity for the time delay measurement of the DUT, and the other 
four terms in the bracket represent the rapid and slow periodic 
variations of the time delay measurement data. If there is no A,, , 
n,, and n, would introduue an unnoticed systematic error. If is 
very short, the frequency of the slow periodic variation would be 
very high (as described in Secrion I1 it is '3OOOMHZ). After adding 

160 



a 30 Cm prec ne the freq~ency decreases to 42 

to be realized. 
The phase angle fi(A+@j&,) in eq.(4) corresponds to the time delay 
between terminals 1-1 and 2'-2', from which the time delay of the 
DUT can be evaluated by subtracting 1.U012 ns, the time delay of 
the precision air line Type 9U0-L30e. If the time delay of the two 
900-QNJ adaptors are subtracted,the time delay of the coaxial ca- 
ble with Type N connector can be obtained. 
It doesn't introduce systematic error in time delay measurement 
when the DUT has loss, but it increases the random error as the 
sharpness of the minimum of the standing wave pattern decreases. 

Proceed the error analysis according to eq.(4) as follows 
1 . Let the VSWR of the DUT be 1.5, then JS,;l=/S!zl=0.2, {tn,l=In,,l. 
~0.1 so that 1&1=O.u1 . Under the worst phase combination 
it corresponds to a phase angle of 1 .I 5'- When the measuring 
frequency is 4 GHz,it justintroducesan error of 0.4 ps. 

In the point of v acceptable Y 

2. The effect of a,, nrt a, n,, . 
Evaluate mf2 a, as shown in Fig. 4. 
Evaluate nl2 rill by the same way. 
If the transmission line hasan impedance discontinuity at a certain 
interface, we use network M to represent this discontinuity and 
let a,, , ma,, and m, represent the elements of the M matrix. For 
convenience use normalized impedance in Z 1  and 2,. Let Z,=1 
Za=l+x+jy There is the following relation 

- ( X t j Y j 2  
where 6'= 4 ( 1  t x  + j y) 

since ~ S , ~ ~ = ~ S & ~  =0.2 x=0.1, y=U.l so that g'r0.01 In the same 

From eq.(5) itintroduces a0.4 ps time delay incertainty, but in 
precision time delay measurement, this uncertainty can be elimin- 
ated by interchanging the input and output of the DUT in two mea- 
sure-ments and taking the mean value. 

way nf2 rial -1+f then a,, n,, n2! *1+2&" (5) 
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ke t 

term first. Neglect & a s  a s m a l l  quant i ty ,  and assume the M matrix 
is los s l e s s ,  then the extrema of the expression 

are l+g+jh and l-g-jh , they correspond t o  the phase angles  

e,=%'&- , Q = t d A  '-% 
Then the express ionfor  t h e  phase e r r o r b e ,  
value of the extrema as the time de1ay;is 

A e = +&{ (-2gh) 

( 7 )  

while tak ing  the mean 

(1-6) 
n, eh 120 
4 2  n2, 

I n  the same way, the effect of the two terms 

and n,,pjsD&, can be considered. 

thenA8/2=35' 
When taking the mean value of the extrema as the time delay of the 
DUT, the four  terms i n  the bracket would introduce an uncer ta in ty  

Since (S,/l =1S$l =0.2 , g50.14 h g  0- 14 
it corresponds t o  a 0 . 4 ~ ~  time delay uncer ta in ty .  

_. 

Of 2 X Oe4pse 

I V  Measurement Errors  
There are eight kinds of  e r r o r s  source f o r  the t i m e  delay measure- 
ments of two p o r t s  DUT i n  the Type 900 system. 

1.  The frequency i n s t a b i l i t y  of the s i g n a l  generator introduce t h e  
e r r o r  A t, 

i n  example above 4 t l =  t 9 . 4 ~ ~ .  

At,  = +t 

2. The inaccuracy of the s l o t t e d  l i n e  sca le in t roduces ' the  e r r o r  At, 

The inaccuracy of the s l o t t e d  l i n e  scale is O . l m ,  (wi th  the micro- 
meter i t  can be decreased t o  0.01 mm). 
s o  t ha t  A t 2 =  f 0.33 pS. 
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lay is 1OO1.2  kU.4 ps, so that it introduce the error at, . 
At3= f 0.4 pS. 

4. The M and R networks of the connector pairs would introduce the 
error At, . 
This error comes from the &term in eq. (4) and it has-been de- 
scr ibed i n  part I11 

5. The test frequency interval cari't be infinitesimal, it would 
introduce the error Ats . 
Since a series of measured time delay data of the required measur- 
ing frequencies are required to obtain the extrema, the smaller 
the measuring frequency interval, the more accurate extrema can be 
obtained. In the example described in Part 11, the measuring fre- 
quency interval is I O M H Z ,  and a frequency interval of two to three  
MHZ can be used in the neighborhood of the extrema. According to 
the data analysis, the error A ts is less than Ips. 

6. The reflection of the Type 900-BT connector would introduce the 
error At6 . 
Type 900-BT connectors are used in both the terminal 1-1 and 2-2 
of the measuring system, and the time delay error introduced by 
them is less than 0.8 ps. 

7. While taking the mean value of the extrema to evaluate the time 
delay it would introduce the errorat,, and A $  . 
]From Atl to atg the total r.m.s. error is about 1.6 ps. 

V Skin Effect Analysis of the Transient Characteristic of Coaxial 
Transmission Line. 

At+= & 0.4 PS. 

As described in part 111, A t q  = +, 0.4 ps. A t & =  ,+ 0 . 4 ~ ~ .  

The time delay of a coaxial transmission line changes with frequen- 
cy Since the series inductance changes with frequency owing to skin 
effect. For example if the time delay of a piece of coaxial cable 
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is 4996.64 p s  at IOOOMHZ it would change to 5000 ps at 3OOOMHZ. 

the output pulse would be degenerated owing to the frequency res- 
ponse of time delaym If an input pulse with Ins risetime is pass- 
ing through a coaxial cable with 50ns time delay the rise time of 
the output pulse would change t o  1.14nsm On the other hand the 
changing of series resistance owing to skin effect degenerates the 
risetime of the output pulse too. The magnitude of degeneration is 
afunctionof the attenuation of the coaxial cable and the risetime 
of the input pulse. If an input pulse with Ins risetime is passing 
through a coaxial cable with 0.4 dB attenuation, the risetime of 
the output pulse would change to l.0’gns. 

hen it is operated ina pulse condition, the risetime of 

5.1 The relation between the frequency response of the series in- 
ductance and the pulse time delay and transient characteristic. 
As described above, the series inductive component increases as 
the frequency decreases so that the wave propagation speed through 
the cable decreases and the time delay increases. For this reason 
the calibrated time delay standard should be used at the cali- 
brated frequency. If it is used on the other frequencies, correc- 
tion should be taken. According to the relation between the elec- 
tromagnetic wave propagation velocity and the inductive component, 
the formula of time delay as a function of frequency can be deriv- 
ed. (see appendix 11) 

t = t,(l + (9 )  
A s  the existence of skin effect, the phase frequency characteristic 
is no longer linear. When working in a pulse condition, since the time 
delays are different for each of the harmonic components of the 
pulse, the resultant output waveform would change and the risetime 
degenerates as shown on Fig. 5. 
This means, the frequency response of the inductive component 
would also degenerate the pulse output waveform besides the fre- 
quency response of the resistive component but, when using the 
calibrated time delay standard to calibrate time measurement in- 
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struments the effect of the ihductive component is very small and can 
be neglected, provided the calibrating frequency of the time delay 
standard and the bias voltage of the calibrated equipment are 
properly selected. 

where A = =  -fundamental angular frequency 

If the coaxial  transmission l i n e  has ideal l i n e a r  phase frequency 
c h a r a c t e r i s t i c  and the module of the transmission c o e f f i c i e n t  is 
constant throughout the passband and equal t o  zero outs ide  the 
passband, then the output can be represented as 

T 
E -- pulse ( o r  square wave) amplitude 

P - n O  

where H -- the module of transmission coe f f i c i en t  
tc-- delay time 

Since the phase frequency c h a r a c t e r i s t i c  is nonlinear owing t o  
sk in  e f f e c t ,  the delay time is  no longer constant and should be 
expressed as 

t,= t*  (I+ (1 2) 

where to-- delay time of  zero depth of penetrat ion 
t, -- delay time a t  frequency f, = x*f, 
fo-- the highest harmonic frequency of the input  pulse 

b -- correc t ion  coe f f i c i en t  
f. -N 0 0 3 5 / &  

under t h i s  condition eq. (1 1 ) should change to  

When the bias vol tage equals t o  KE/2, there is  a delay time, 
t=t, which satisfies the following formula (14 )  

Y =  0 
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S u b s t i t u t i n g  formulae (15) and (16) i n t o  formula (14) and taking 
i n t e g r a t i n g  we get 

A 2 0.3 (17) 

so t ha t  tA= t, (1+ b 

According t o  the preceding a n a l y s i s ,  when KE/2 is used a s  t he  bias  
vol tage,  0.3 f o  should be taken  as the  c a l i b r a t i n g  frequency for t h e  
time, delay standard.  For example, i f  the input  pu lse  E=0.5V and 
the pulse risetime &=O.lns, then fe=3.5GHZ. When use 0.25V as the 
bias vol tage,  t h e  t i m e  delay data should be taken a t  t h e  measuring 
frequenoy f =1,05GHZ as the s tandard time delay va lue  f o r  t h i s  
specified condition. 
Besides, from eq. (12)  and Fig. 5. i t  is evident  that  the  time of 
the  lower p a r t  o f  the l ead ing  edge of  the delayed pu l se  corre- 
sponds t o  de lay  t i m e  of its higher  harmonics. So t h a t ,  when t h e  
risetime and t h e  amplitude of t h e  input  pulse  are rather large 
KE/10 (or  smaller) may be used as t h e  bias  vol tage,  and fo  is taken  
as the  cal ibrat ing frequency f o r  t h e  t i m e  delay s tandard.  When 
using t h e  calibrated t i m e  delay standard t o  calibrate t i m e  measure- 
ment  i n s t rumen t s  t h e  e r r o r  which is caused by t h e  frequency response 
of t he  induct ive component, can be e l i m i n a t e d  by using t h e  method 
described above. 

5.2 
the s k i n  e f f e c t  of r e s i s t i v e  component. 
When a pulse  passes through a coaxial  cable, the output waveform 
would be degenerated owing t o  t h e  changing of the high frequency 
l o s s  of  the coax ia l  cable. But i n  general  t h e  d i e l e c t r i c  loss is 
much smaller  than the r e s i s t i v e  loss. 

The d i s t o r t i o n  of pu lse  t r a n s i e n t  c h a r a c t e r i s t i c  owing t o  
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C 

R= 

where &, 

8 , &  
outer conductors. 
be, ac are the radius of the inner and outer conductors 
It shows that the changing of the resistive component owing to 
skin effect of the coaxial cable increases with frequency. It 
doesn't introduce time delay measurement error when the standard 
is calibrated at a single frequency but it would degenerate the 
output pulse. Since the higher harmonics have larger attenuation 
so the risetime of the output pulse would increase. If the bias 
voltage used is not zero, time delay measurement error is intro- 
duced. The larger the bias voltage used, the larger the time 
delay measurement error that would be introduced, but by using 
the correction formula (22 )  given below, this error term can be 
reduced by a factor of 10. 

go. are the skin depths of the inner and outer qonp+ctors 
-8 

are the resistivities of the materials of the inn 

2. Correction formula for reducing the time delay measurement 
error owing to the resistive component 
Considering the resistive loss of the coaxial oable, the increment 
of the risetime can be evaluated a8 (see appendix IV) 

A&' = &as 
where 

dfe -- the attenuation nB at the highest frequency 
6. -- the risetime of the input pulse 
As described above if 0.1KE or 0.5KE is used as bias voltage the 
correction value should be 

f,= 0.35/& 

A& = 0.1 d;; a, 
A& = 0.5& as 

for 0.1KE bias voltage 

for 0.5KE bias voltage 
(21 1 

So that in a pulse condition the effective standard delay time of 
the calibrated time delay standard should be 
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where ts--effective standard delay time of the oalibrated time 
delay standard, when the input pulse risetime is &and the bias 
voltage is O.1KE. 

ttS-- the same as t,, except 0.5EIE is used as bias voltage 

th--delay time of the calibrated time delay standard at fre- 

t'h"" the same as th, except it is at frequency 0.3 f, . quency fo 

6-- the risetime of the input pulse 
ds,-- the attenuation in neper of the time delay standard at 

frequency f, . 
VI Conclusion 

1. This paper presents a new method to calibrate the time delay 
standard (coaxial cable). The accuracy of calibration is kt(3-5)~~. 

2. When we use the calibrated time delay standard to calibrate 
precision time measurement instruments, we must use formula (22) 
to evaluate effective standard delay time for correcting the 
errors owing to skin effect. 

3.  When w e  use t h e  calibrated time delay standard to calibrate preci- 
sion time measurement instruments, two additional errors should be 
considered as follows. 

a. The evaluation of the highest limiting frequency may have a 
tolerance of IO%, and it introduces an error bt{ . 

_f,b 
G At,' = 0.054 

when fo= 0.35GH2, b=O.0816, t~82OOps, At,'=Oe61ps 
when f, = 0.35GHZ b=0.0816, tr5O.OOOps A t,'=3.'12ps 
It is evident the higher the f, the smaller the A t(' . 
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0% to the s voltage use introduce err0 
e 

ti = 0,0067 for 0.1EIE bias voltage 
At; = 0,0334g& for 0.5KE bias voltage 

Since o$ e is proportiOnto 
as 6. decreases in the rate of E,, 
In general, for an inpuC pulse with E Z E V ,  6,slns or E20.5V, 
&5uo1na, using the calibrated time delay atandard to calibrate 
time measurement instruments, the additonal error owing to skin 
effect ia less than k5ps. 

So that, when the calibrated time delay standard is used to cal- 
ibrate a precision time measurement instrument (counter), the 
total calibration uncertainty is less than +IOpa. - 

, and 6zOo.35/f, , then At: decreases 
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o r m ~ a  derivation for the reflection coefficient at the inpuL 
terminal of the microwave networks in cascade. 
As shown in Fig. 3 .  the microwave networks has the following re- 
lation 

b, = mrrar  i- muAt 

Since the Type 900-QNJ Adaptors have electric length the S’ matrix 
of the network between terminal 1-1 and 2-2 
becomes 

s,; = s,~ e-j2811tm 

= s,,e-jW~, 

s,: = s,,e-je&+&,) 
(5 )  



'= s,; + 
where E is the reflection 

~ n ~ l y s i ~ ~  the 
nput terminal 

coefficient of the termination of the 
network. When this S t  network is terminated: a Short, = -1 

s' s '  r'=s;:- ,;it 
( 7 )  

Substituting eq. (6) into eq. (7) and neglecting J-* and higher 
order terms of the small quantities the expression for the reflec- 
tion coefficient at terminal 1-1 becomes 

This is the eq. (4) in this paper. 
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Appendix I1 

Formula derivation for the relation between delay tias and meas- 
uring frequency a 

In lossless coaxial transmission line the propagation velocity of 
the electromagnetic wave is 

where I, --inductance per unit length 

The delay time for a piece of transmission line is inversely pro- 
portional to the propagation velocity 

C --capacitance per unit length 

(101 
t M 7  1 

Thus t a  

the expression of 

La= 2R* x 

where D., d, --the 
outer diameter of 

( 1 1 )  

inductance for zero skin depth is 

10-9 H/W (12) 

inner diameter of the outer conductor and the 
the inner conductor respectively. 

In those frequencies, where skin effect can not be neglected, the 
effective diameters of the inner and outer conductors of the co- 
axialtransmission line are no longer their mechanical dimensions 
do and Do. In this case, the effective diameter of the outer con- 
ductor increases with the amount of skin depth, on the contrary, 
the effective diameter of the inner conductor decreases with the 
amount, of the skin depth. So that, the value of inductance is no 
longer expressed as eq, (12)  it should change to 

L = 2j4, + 10-9 ~/cm (1 3) 
where D, d --the effective diameters of the outer and inner con- 
d&tors considering the skin effect, 
From eq. (II), (12) and (13) we get 
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where b -- correction c o e f f i c i e n t  f o r  the induct ive component 
v a r i a t i o n  owing t o  skin e f f e c t ,  

Coeff ic ient  b is the func t ion  of the diameter-of  the coaxia l  
transmission Line, and the resis t ivi ty  of the conductors. Here 
are some examples f o r  the Type 9OO-LZ Reference A i r  Sine b is 
0.0284, and f o r  the Type SYV-50-5 and SYV-50-2-2 coaxia l  cables 
made i n  China b is 0,0816 and 0.1711 respec%ively.  
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e t 

L e t  the expression f o r  input  pulse (square wave) 

where = -fundamental angular frequency 

When the input  pulse has passed through an ideal network which 
has l i n e a r  phase frequency c h a r a c t e r i s t i c  and constant  t ransmisr  
s ion  c o e f f i c i e n t  i n s ide  the pass band and zero transmission 
coe f f i c i en t  ou ts ide  the pass band, the output pulse becomes 

E -- amplitude of  the ingput pulse  (square wave) 

where K--transmission c o e f f i c i e n t  
tc-- delay time 
Pm-- t he  maximym value which depends on the highest  o rder  
(2Pm+l ) of harmonics which can pass through the  network. 

It is evident t ha t  (2&+1 )a 5 We (18)  
where W,--the highest angular frequency of the passband. 
Differ8ntd.ate with respec t  t o  eq. ( 1 7 )  

where f,--the highest frequency of  the passband. 
So tha t  the risetime of the output pulse  can be expressed 

(21 1 - KE - 0.5 -- d- fa 
as 

I n  prac t ice ,  when u,w, bl0)C 
e transmission c o e f f i c i e n t  is not  

zero,  but it decreases r ap id ly  as the frequency increases.  So 
that i n  general  the following formula is used in s t ead  of ( 2 1 )  
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on for the output pulse riset 
to the variation of coaxial transmission line 'loss. 

Assume that the coaxial transmission line ha8 linear phase fre- 
quency characteristic, When an input pulse expressed as eq, (16) 
passes through a piece of coaxial transmission l3ae with loss, 
the ampilitude frequency characteristic of the output' pulse can 
be expressed as 

where& --attenuation of coaxial transmission l ine in neper 

For conventional coaxial cable 

Where b, a,--the radius of the inner and outer conductors 

&--relative dielectric constant of the dielectric medium 
f-- frequency 

respectively 

8 

According to eq. (25), can rewrite eq. (24) to 

=KJ.F (26) 

Differentiate with respect to eq. (23) 

since o($. , make transformation X =&/Nn, and in tegrate  * 
when t=t6 (assumed t,is constant), there is 
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where O(fr--attenuation in neper at the higheat frequency f ,  
f, -- the highest harmonia frequency of the imput pulse 

take f, = 0.35/& 

thus, the increment of the output pulse risetime can be obtained 
&--risetime o f  the input pulse 
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- A SPACE 
W I T H  ATOMIC CLOCKS 

S, Starker, He Nau, J. Hanunesfahr (Dmrr;R) *) 
H. Tschiesche (SEL) **), F.R. Germany 

NAVEX is a navigation- and t ime transfer experiment. It  e11 
be flown within the payload of the first German Spacelab mission 
D-1, scheduled in  June 1985. The objectives of the experiment 
are t o  synchronize distant ground stations with an accuracy of 
better than 10 nsec and to  demonstrate one way ranging w i t h  an 
accuracy of better than 30 m. Spread spectrum signals w i l l  be 
used and the related technique w i l l  be tested. On board a Cs  
and a Rb clock w i l l  be used, The relativist ic effect of these 
clocks w i l l  be about -25 vsec per day. On the ground a t  least 
two receiving stations and one transmitting-receiving station 
w i l l  be installed, The synchronization of the ground clocks by 
Shuttle signals w i l l  'be compared to those achieved with clock 
transportations and with GPS measurements. The paper gives a 
system description of this  experiment, containing details on 
the technical concept, the hardware and the planned data eva- 
luation. The present s ta te  of the preparatory work is briefly 
reviewed. 

Th2 recent successful mission of the Space Shuttle Columbia was not only a 
considerable success for NASA; it was  also a step forward for a l l  those 
experimenters who make preparations for  future investigations with the 
Shuttle. 

Such preparations are also running in  Europe on the basis of an agreement 
from 1973 between the United States and nine European countries who contri- 
bute t o  the European Space Agency (ESA) . This agreement provides cooperation 
in  the development and utilization of the new Space Transportation 
System (STS). 

*) DFVLR = Deutsche Forschungs- und Versuchsanstalt fiir Luf t -  und Raumfahrt, 

**) SEL 
The work is sponsored by the 'Bundesministerium fiir Forschung und Technologie' 
(BMET) of the Federal Republic of Germany. 

Oberpfaffenhofen 
= Standard Elektrik Lorenz, Stuttgart 
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experiment equipment outside of the lab in the cargo bay of the Shuttle. 
tures which carry 

A special arrangement of SPACELAB and a unique support structure CUSS) with 
some experimental equipment is shown in Fig. 1. 
This arrangement will be used on Shuttle on STS 26 
Wl-Mission, because it is the first $1 ooked by lic 
of Germany. The SPACELAB and the pallet structure will have been space 
proved in earlier flights STS 9 and STS 19. 

The pallet structure shown in Fig. 1 is also known under the nam SPAS 
Wuttle PAllet Satellite) and will be flown for the first time in spring 
1983. Durzg the-Wl Mission it will carry equipment for experiments NAVEX 
and MEA. MEA is a Material Experiment Assembly from the United States. NANEX 
is an experiment ox the Fedgral RepublYc of Germany with the aim to investi- 
gate future possible applications of space borne atomic clqcks. It will be the 
first European step in this direction. Therefore the experiment will be con- 
fined to a few basic questions in this field: the investigation of a micro- 
wave link for comparison of on-board and ground based clocks and some test 
measurements for one way positioning. In both cases spread spectrum tech- 
niques with pseudo noise codes will be applied. In the following som mre 
information on this experiment is given. 

GENERAL VIEW 

The Shuttle experiment NAVM is part of the German SPACELAB utilization pro- 
gram. It arose from two proposals made by SEL and by DFVLR. The first 
concerned one-way ranging, the second time transfer with space borne clocks. 
During the succeeding study phase, both proposals were combined in a single 
experiment with the focal point on navigation; because of that the name 
MVEX (= MVigation EXperiment) was chosen, 

Table I shows the main stages of the experiment evolution from proposals to 
the Shuttle Mission 1985. From 1977 until 1979 an engineering model was built 
and preliminary field measurements were performed. 

Fig. 2 shows the configuration of field measurements. A Cs-clock on 
an airplane was compared with another on the ground by a two way micro- 
wave link. Additional range information for data analysis were received 
from simultaneous ranging with radar. The results were encouraging. A pre- 
cision of IT < 10 nsec could be demonstrated (Fig. 3). 
Afterwards &time lag occurredbecause of funding problems and by the lack of 
a flight opportunity. In mid 1981 the decision was hade for N A . .  partici- 
pation in the D-1 mission. For that some conceptual and technical modifica- 
tions and reductions had to be accepted. 
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e modified concept and 
Fig. 4, The two way clock co 
Simultaneous ranging w i t h  a 
propagation effects of i 
ground control station. 
a t  two ground receiving stations the 
arc can be determined. For this purpose the ground stations have to be equip- 
ped with atomic clocks, which must be synchronized by additi 
the Shuttle positions and the true ranges to  the different 
are known w i t h  an accuracy 0f.a; < 10 m, the one way posit 
receiving station can be tested. 

In Fig. 5 the experiment configuration is shown with the main functions of the 
participating installations. For the coordination of several ground stations, 
a central operation control is provided. The station operation control re- 
quires orbit and attitude predictions of the Shuttle from the Payload @%ration 
Control Center (POCC) a t  Houston. These data w i l l  be received via the German 
Payload Operation Center (GPOC). NAYEX housekeeping data transfer will occur 
via TDRSS. During ground station contacts the on-board measurement data will 
be transmitted to  the ground by digital modulation of the L-Band carrier. 

The synchronization of the ground station clocks w i l l  be done by clock 
transportation and by an additional microwave link. Concerning the la t te r ,  
tine transfer investigations w i t h  GPS and with a communication satel l i te  are 
presently going on. 

A t  the launch site the on-board clocks w i l l  have to be checked before and 
after the mission. For an accurate determination of the clock frequency dif- 
ference on-board and on the ground, a frequency transfer from the launch site 
to  the control station w i l l  be necessary. We think that GPS could be a good 
solution for this task. Finally, after a l l  data and time transfer, the mea- 
surement results.willhaare to be gathered, preprocessed and recorded for the 
off line data evaluation. 
After this rough survey some details may be outlined. 

EXPERIMENT EQUIPMENT 

The MVEX specific hardware consists of the on-board station, of one ground 
control station and two receiving stations; it has t o  be completed by an 
AN/MPS-36 radar and by additional equipment for tests, for data handling 
and for ground clock synchronization and frequency transfer. 

The on-board equipment is mounted on three GAS-containers. (GAS = get  
away specials). These containers were chosen because they w i l l  be available 
and already space proved from another experimental program. These three 
containers and three antennas are mounted on a SPAS structure (Fig. 6). The 
accomodation in  the cargo bay of the Shuttle is Shawn i n  Fig. 7. The geo- 
metry is such that cable lengths between containers and the Spacelab sub- 
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* systems are minimized, that good 
a t  optimal environmental condit 
onal assemblies of the on-board station and the main signal flaw with the - and Base Band (BB) signal interfaces: Container # 1 contains the onboard 

arator, a divider and synthesizer, clock interface, power supply, redun- 
switch and a battery. Container # 2 includes the receiver assembly, 
asurement assembly w i t h  code modulator and demodula 

interval measurement unit, a processor assembly w i t h  the 
control system (DACS 11-N) , with a memory module and with I/O-modules for 
operation control , and a second power supply. Finally container # 3 con- 
tains the L-band transmitter with PSK-modulator, preamplifier and a 25 W RF- 
power amplifier, the C-band radar transponder and a third power supply. 

Fig. 9 shows the ground control station, which contains very similar function- 
a l  assemblies as the onboard station without the radar transponder. 
The receiver station (Fig. 10) is identical t o  the control station without 
the transmitting equipment. 

The main technical parameters concerning the RF-links between Shuttle and 
ground stations are given in  Table 11. 

As for the additional equipment, only that for synchronization of the ground 
stations and for frequency transfer should be mentioned here. The basis for 
synchronization w i l l  be clock transportations. In cooperation w i t h  our 
national time insti tute ' Physikalisch-Technische Bundesanstalt' (PTB) 
several clock transportations over a distance of 700 km between PTB and 
DFVLR have been carried out w i t h  an accuracy of + 5 nsec. Moreover GPS-signals 
should be received a t  the different groundstatio% and used for synchroni- 
zation according to  the 'Comn View Technique' [121, For preliminary in- 
vestigations of this  opportunity an experimental GPS receiver was built  and 
C/A code signals from several satell i tes were received. Fig. 11 shows the 
fluctuation of single point measurements. The difference between the NAVEX- 
master clock and GPS time was taken every two seconds. The RMS of these 
single samples was u = 54 nsec. By averaging on 300 samples, received during 
10 minutes observation time, the RMS could be reduced to u = 3 nsec. With 
these more precise mean values a frequency comparison between GPS- and the 
NAVEX master clock could be made during more than 10 days. The results 
received w i t h  NAVSTAR SV # 6 are shown in Fig. 12. A s  the frequency diffe- 
rence between USNO-masterclock and GPS time is knm from USNO-Time Service 

the same period, the frequency difference between USNO-MC and NAVEX-X 

systematic errors w i l l  be small enough for  a frequency transfer with suffi- 
cient accuracy. These measurements w i l l  have to  be continued. 

reference assembly (OTR) with a Cs- and a Rb-frequency standard, a phase 

Id be calculated. The results l e t  us anticipate that slowly varying 

EXPERIMENI' OPERATIONS 

The D-1 mission w i l l  have a duration of 7 days. The operating t i m e  of the 
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t w i l l  be about 150 hours. 1 timeline Q 
is given i n  Fig. 13. 

The e q u i p n t  of container # 1, these are 
a l l  the time. The equipment of containers # 2 
only when passing the ground stations because 
Every day 6 successive passes w i l l  occur during a time span of 8 hours. 

mitters w i l l  occur before the Shuttle appears a t  the horizon of the g r U  
stations. The duration of each contact to the ground stations w i l l  be 5 to  8 
minutes. After that the transmitters and other equipment of containers # 2 
and # 3 w i l l  be switched off again. The changing power consumption of the 
NAVEX onboard equipment is shown in  Fig. 15. 

The data links between the Shuttle and the ground stations and the ground 
data net are shown i n  Fig. 16. Besides a data and vpice link via TDRSS and 
POCC to  the Gpoc, a direct data transfer of 250 bit/sec is provided from the 
Shuttle t o  the NANM ground stations. Between the ground stations and the 
PJAVEX operation control center, the data transfer w i l l  be executed by a 
1.2 k bit/sec data link, by telex, by telephone and by magnetic tapes. The 
data exchange between GPOC and NAVEX operation control needs no special 
e q u i p n t ,  because both w i l l  be housed in the German Satellite Operation 
Center (GSOC) at DFVLR Oberpfaffenhofen and because the same data system will  
be used by both. 

clocks, will be 

r constraints. 
w i l l  be switched on 

- The timeline during each pass is shown in Fig. 14. “he f 

DATA EVALUATION 

The raw data coming from the Shuttle via POCC, from the g r d  stations and 
from auxiliary measurement devices, as for instance refractometers, have to  be 
preprocessed for two different purposes (Fig. 17): one is the near real time 
evaluation, necessary for antenna pointing, Doppler frequency predictions and 
for data monitoring; the other is the production of an experiment tape for 
the off-line data evaluation. The main points of the off-line evaluation are 
given by the experiment objectives i n  Fig. 4. 

The principle of two way clock comparison between on-board and ground based 
clocks is i l lustrated by Fig. 18. The time difference AT between both can 
be calculated from time interval measurements onboard and on the ground. 
Transmitter and receiver delays have t o  be determined before the mission 
and w i l l  be controlled before and after each pass. The upward and downward 
propagation delays w i l l  be somewhat different because of the relative motion 
between Shuttle and ground’station and because of the different ionospheric 
influence on the two signal frequencies. Taking this into consideration, 
AT can be determined by the formula 
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TG 

TS 
T~~ =L delay time of ground tr 

T~~ = delay time of onboard transmitter 

= delay time of ground receiver 

= delay time of onboard receiver 

= delay time of dawnward signal 

= time difference measured a t  ground station 

= time difference measured onboard 

tter 

TRG 

TRs 

TL1 
T~~ = delay time of upward signal 

Because of the relativist ic effect a frequency deviation of the onboard 
clocks relative t o  the ground master clock is expected. This causes an 
increasing time difference A t  between both clocks according to the formula 

t 

= Shuttle velocity 
= velocity of ground station 
= gravity potential a t  the Shuttle 
= gravity potential a t  the g r o u  

vS 
v 

42 

c = velocity of light 

gr 

$gr 

Fig. 19 illustrates the increase of the expected time difference during one 
revolution of the Shuttle for orbit eccentricities e = 0 and e = 0,01. 

For the determination of the ionospheric propagation effect, the range rate 
dr/dt between control station and Shuttle has to  be taken into account in  a 
similar way as for the two way time transfer 
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(3) 

'TS 
c = velocity of light, 

The frequency dependence of the ionospheric refractive index N can be des- 
cribed in  the frequency 'I"af1lge f r o m  1 to 6 GHz by the relationship 

I 

modified refractive index 

electron density i n  electronslm 
signal frequency in  Hz 

of ionosphere 3 

as was verified by [ZQI. 
From this the integral ionospheric effect A q c a n  be calculated by integra- 
tion of NI along the ray path between Shuttle and ground control station 

s '(Shut tle) s (Shuttle) 

(5)  AT^ (f) = y- I NI (s) ds RT 

c * f2 
(Control) 

(station) (Station) 
s (Control) 

The integral on the electron density on the right side of the above equation 
is called electron content along the ray path. Its valw can be determined 
by delay t ime measurements a t  different frequencies. For the special case 
of NAVM this electron content can be determined f rq  corrected delaytime 
measurements i n  L-band (zL1 + T ~ ~ )  and in  C-band ( T ~ ~  + T ~ ~ )  using 
the f o m l a  

s (Shuttle) 

RT -4093 1 Ne (s) ds . 
C 

s, Kontrol) 
(Stationj L 
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 AT^^^ = ionospheric delays in the L-band 

 AT^^^^  AT^^^ = ionospheric delays in the C-band 
ATIL1 , 

The influence of the troposphere is assumed to be independent of frequency. 
It can be determined by integration on the known profile of tropospheric 
refractive index 

(7) 
5 (Troposphere) 

when the height of the ground station and the refractivb index at the ground 
station are known. 

For accurate Shuttle position determination, corrections have to be derived 
from control station measurements for the receiving station one-way measure- 
ments. For this purpose a simple ionospheric model may be sufficient for 
estimating the electron content along the ray path from the Shuttle to the 
receiving stations E9l. 

s (Shuttle) s (Shuttle) 
ionospheric 

Ne (SI ds 
s (Control) 
(Station) 

sR (receiving) 
(Station) 

The determination of ground station positions relative to each other has been 
carried out by TRANSIT measurements in cooperation with the 'Institut fiir 
Angewandte Geodiisie' (IFAG) Frankfurt. 'An accuracy of Ax, Ay, Az < 1 m has 
been achieved. 

Finally the accuracy of one way pseudo range measurements for a ground 
station position determination may be evaluated by wing the relation 

(9) 

i = 1, 2, 3, 4 
%, yG, zG = coordinates of ground receiving station 

xi, yi, zi = coordinates of the Shuttle at four 

ti 

different points of time 

and tropospheric corrections. 
= propagation delay times after ionospheric 
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This procedure is w e l l  known from GP5 and need not be explained any more. The 
ionospheric and tropospheric corrections w i l l  be made as ioned before 

EXPERliW3T ORGANIZATION 

The implementation of the experiment w i l l  be supported by several organi- 
zations with different activities: 
DFVLR-JT/Koln : 
SEL/Stut tgar t : 

Project D-1 and NANEX management 
Hardware development, 
manufacturing and 
receiving station operation 
Operation control and data evaluation 
Ground control station and radar 
Synchronization of groundstations 
Frequency transfer 
German Payload Operation Center 
Receiving station and 
primary clock 

Support for frequency transfer. 

DFVLR-NE and WT: 
Oberpfaffenhofen 

FTB/ Braunschwe i g : 

m/Bonn: Funding support 
USNO/Washington : 

The main funds come from the Bundesministerium fiir Forschung und Technologie 
(€?&ET) and from DFVLR. 
The time schedule is shown in  Fig. 20. 
The main events w i l l  be the delivery of the NAVM onboard equipment in  spring 
1984 and the Shuttle mission D-1 i n  mid-1985. 
Concerning the D-1 mission a special agreement was signed by NASA and by 
DFVLR in  September 1982, in  which NASA assured the necessary support. 
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Fig. 1 - Payload of Spacelabmission D1 
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Table I - The NAVEX-Story 
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Fig. 2 - Comparison of on-board and ground based clocks 
by a two-way microwave l ink  

Fig. 3 - Result of a preliminary experiment with aircraft 
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* SHUTTLE POSITIONS DETERMINATION ( ur c 10ml 

* ONE-WAY GROUND STATION POSITION DETERMINATION ( 0 x.y,z c30m) 
AND CLOCK COMPARISON 

Fig. 4 - NAVEX - Objectives 

PROCESSINQ 

Fig. 5 - MYEX - Experiment Configuration 
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Fig. 6 - A c d t i o n  of on-board station 

NAVEX ANTENNAS 

E SUPPORT 
STRUCTURE (USS) 

Fig, 7 - Configuration of on-board equipment 
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Fig. 8 - Onboard Station 

Fig. 9 - G r d  Control Station 
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Fig. 10 - Receiver Station 
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Table I1 - NAVEX - Signal Parameters 
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linear fit: y = - 19. 
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= 54 ns (single point) samples taken every two seconds 
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Fig. 11 - Time comparison w i t h  GPS NAVSI'AR SV # 6 
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NAVEX Stand-By Mode 
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7.5 32 56 80 104 b- NAVEX-On Orbit Operat. ca. 150 h 

Fig. 15 - Typical power load modes 

I I NAVEX-DATA NET 
DATlVOlCE 

Fig. 16 - NA'VEX-Data net 
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Fig. 17 - NAYEX-Data flow 

Fig. 18 - Principle of two-way clock comparison 
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Fig. 20 - NAVM-Time Schedule 
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OR. WINKLER~ 

Can i t  be i n  10 parts? There has been such smorgasbord o f  in terest ing 
de ta i l s  t h a t  I th ink there are several questions, 

Number one, what k ind o f  a clock do you use now? In, yes, your 
master c l  oc k? 

MR. STARKER: 

We have a cesium clock from Hewlett-Packard. 

OR. WINKLER: 

Regular o r  high performance? 

MR. STARKER: 

High performance tube. 

OR. WINKLER: 

And i n  your in terest ing s t ra igh t - l ine  comparison between our clock and 
yours, over ten days, what have been the residuals? 

MR. STARKER: 

We could on ly  measure the precision, our receiver i s  not cal ibrated. And 
the other is ,  t h a t  we are not sure i f  t h i s  i s  correct. 
than 5 nanoseconds, t h i s  signal, but over ten days we cannot save a good 
tape --- 

If i t ' s  smaller 

DR. WINKLER: 

From the graph, i t  look l i k e  10 nanoseconds or  15, which i s  excellent, of 
course. 

MR. STARKER: 

Excuse me, my co-author i s  here, Mr. Nau, who had made these measurements. 
Perhaps he knows a more exact value. 

MR. NAU: 

I f  taken f o r  ten days, we have a one sigma value f o r  a s ingle po in t  for 
less than twenty nanoseconds. 
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RO Y: 

Y 

No, t h i s  w i l l  be another clock. A cesium clock and a rubidium clock. We 
hope t o  get i t  from the United States, and from a company which has 
experience with phase one clocks. 

PROFESSOR ALLEY: 

Do you intend t o  keep the clocks running during the launch and landing? 

MR. STARKER: 

A t  f i r s t  we intended t o  do so but Nau d id  not agree and we must switch 
i t  on, we are sorry. 

PROFESSOR ALLEY: 

So am I .  Thank you. 

MR. STARKER: 

Thank you very much. 

203 





HIGH-ACCURACY GLOBAL T I  E AND FREQUENCY TRANSFEH 
WITH A SPACE-BORNE HYDROGEN MASER CLOCK 

R.  Decher ( N A S A ) ,  D, W. Allan (MBS), C. 0. Y 
( U .  of Maryland), C. Baugher ( N A S A ) ,  B. J.  Duncan 

( N A S A ) ,  R.F.C. Vessot (SAO),  and G . M . R . @  Winkler (USNO) 

ABSTRACT 

T h i s  paper describes a proposed s y s t e m  fo r  high 
t i m e  and frequency t r a n s f e r  u s ing  a hydrogen m a  
space v e h i c l e .  D i r e c t  frequency t r a n s f e r  w i t h  
and t i m e  t r a n s f e r  w i t h  an e s t ima ted  accuracy of 
by a 3 - l ink  microwave sys t em.  A s h o r t  p u l s e  laser system is i n -  
cluded for  subnanosecond t i m e  t r a n s f e r  and s y s t e m  c a l i b r a t i o n .  The 
basic concept of such a system w a s  d i scussed  a t  t h e  1980 PTTI Meet- 
ing.  T h i s  paper p r e s e n t s  t h e  r e s u l t s  of fu r the r  s t u d i e s  i n c l u d i n g  
o p e r a t i o n a l  aspects, error sources, data f l o w ,  system c o n f i g u r a t i o n ,  
and implementation requi rements  for  an i n i t i a l  demonstrat ion ex- 
periment u s ing  t h e  Space S h u t t l e .  

INTRODUCTION 

N A S A ' s  O f f i c e  of Space Science and Applications has supported a 
s tudy  of a space s y s t e m  for  high-accuracy global t i m e  and fre- 
quency transfer which uses  a hydrogen maser i n  a space v e h i c l e .  
The concept of t h i s  s y s t e m  was presented  a t  t h e  T w e l f t h  Annual 
PTTI mee t ing  i n  1980 and elsewhere (1). The p r e s e n t  paper d is -  
c u s s e s  t h e  r e s u l t s  of recent s t u d i e s  concerned w i t h  t h e  imple- 
mentat ion of a Space S h u t t l e  demonstration experiment . The 
S h u t t l e  experiment would be t h e  first s t ep  toward a later oper- 
a t i o n a l  s y s t e m  which would provide high-accuracy global t i m e  and 
frequency t r a n s f e r  on a more permanent basis. 

The idea of t h e  Space T i m e  and Frequency T r a n s f e r  (STIFT)  s y s t e m  
evolved from t w o  earlier experiments performed s e v e r a l  y e a r s  ago 
t o  measure r e l a t i v i s t i c  effects on clocks. I n  1976, Gravi ta-  
t i o n a l  Probe A (GP-A),  a j o i n t  project of t h e  Marshall Space 
F l i g h t  C e n t e r  and t h e  Smithsonian Astrophysical Observatory,  
carried a hydrogen maser clock i n t o  space to measure t h e  g r a v i t -  
a t ional  r e d s h i f t  effect (2) .  The f r equenc ie s  of t h e  hydrogen 
maser clock i n  space and a ground-bas hydrogen maser clock 
were compared w i t h  an accuracy of 10 us ing  a spec ia l ly  
developed microwave s y s t e m  which provided automatic  cance l la t ion  
of t h e  first-order Doppler effect ( 3 ) .  The technology and the  
s y s t e m  concepts demonstrated i n  t h i s  experiment are the  basis 
for  t h e  STIFT microwave t i m e  and frequency t ransfer  system. 

In 1975 and 1976, t h e  Univers i ty  of Maryland w i t h  suppor t  from 
t h e  U . S .  Navy carried out  s e v e r a l  a i rp l ane  experiments  to 
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ects on clocks 

same technique  would be appl i  
s y s t e m ,  

The STIFT concept  combines t h e  t w o  proven techniques  to provide  
a space cloak f a c i l i t y  for high acc global . t i m e  and 
quency t r a n s f e r .  Such a system cou 
s t a t i o n  or w i t h  a sa te l l i  

d as the  first ph 
te  s y s t e m  perform 

of the  o p e r a t i o n a l  aspect 
requirements ,  and error s o u r c e s  for  a S h u t t l e  experiment has 
been performed. The r e s u l t s  are summarized i n  t h i s  paper. 

Systems Desc r ip t ion  

The concept of t h e  s y s t e m  is i l l u s t r a t e d  i n  F igure  1. Two 
wide ly  separated clocks, A and B j  are compared i n  t i m e  and 
frequency by means of an o r b i t i n g  hydrogen maser clock which 
s e r v e s  as a t r a n s f e r  s t anda rd .  STIFT is composed of t w o  inde- 
pendent s y s t e m s ,  a microwave s y s t e m  which provides  both t i m e  and 
frequency t r a n s f e r  and a shor t -pulse  laser s y s t e m  for t i m e  
t r a n s f e r  . 
The microwave t i m e  and frequency t r a n s f e r  r e q u i r e s  a ground 
t e rmina l  which r e c e i v e s  s i g n a l s  from and t r a n s m i t s  s i g n a l s  t o  
t h e  spacecraft. A s  t h e  space clock passes over  ground clock A, 
t h e  t w o  clocks are compared by microwave t r ansmiss ions .  The  
process is repeated when t h e  space clock passes over  ground 
clock B. Combination of the  two measurements y i e l d s  a compari- 
son of clock A and B. The microwave s y s t e m ,  which is similar t o  
t h e  system used w i t h  GP-A, provides  automatic  c a n c e l l a t i o n  of 
t h e  first-order Doppler effect and of propagat ion d i s t u r b a n c e s  
i n  t h e  atmosphere. T h i s  technique permits very a c c u r a t e  direct 
frequency comparison which is a unique f e a t u r e  of the  proposed 
system. Simultaneously w i t h  the  frequency comparison, microwave 
t i m e  transfer is accomplished w i t h  P R N  code modulation of t h e  
carrier f r e q u e n c i e s  and c o r r e l a t i o n  techniques .  The ( l a )  
accuracy n% the  frequency comparison ( A f / f )  is known to  be a t  
least 10- for  100-second measurement i n t e r v a l s ,  and t h e  
accuracy ( A t )  of t h e  t i m e  t r a n s f e r  is estimated to  be better 
than  1 nanosecond. 

A s impl i f i ed  block diagram of the  microwave system inc lud ing  the  
onboard sys t em and t h e  ground t e rmina l  is shown i n  F igu re  2. 
The sys t em t r a n s m i t s  three CW, phase-coherent carrier s i g n a l s  at  
S-band. The f r equenc ie s  shown are those used w i t h  GP-A and no t  
necessarily the  ones to be used i n  t h e  proposed S h u t t l e  expe r i -  
ment. A s i n g l e  antenna w i t h  a t r i p l e x e r  is used for  a l l  three 
f r equenc ie s  . 
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The frequency comparison u t i l i z e s  t h e  phase informat ion  of t h e  

the  ground ter 
a one-way Dopp 
d i s tu rbances .  The 
t h e  space v e h i c l e  a 
onboard t r a n s  

compared. The va r ious  frequency 
t h e  diagram of F 
cia1 t ransponder  des ign  and are chosen to e l i m i n a t e  ionospheric 
d ispers ion  encountered by t h e  use of d i f f e r e n t  carrier fre- 
quencies .  The r e s u l t i n g  d i f  fe renke  frequency A f  between ground 
clock and space clock c o n t a i n s  r e l a t i v i s t i c  frequency s h i f t s  
(second-order Doppler and g r a v i t a t i o n a l  r e d s h i f t )  which are 
accounted for by c a l c u l a t i o n s  u i h l i z i n g  o rb i t  data. 

T i m e  transfer is accomplished by t he  shaded f u n c t i o n a l  blocks i n  
the  diagram (F igure  2)  which r e p r e s e n t  an a d d i t i o n  t o  t h e  or igi-  
n a l  GP-A s y s t e m  concept.  The t i m e  code of t h e  space clock is 
modulated on t h e  clock downlink carrier us ing  PRN phase modula- 
t i o n  (5). The space clock t i m e  code rece ived  a t  t h e  ground ter- 
minal is correlated wi th  t h e  ground clock t i m e  code to  measure 
t h e  t i m e  d i f f e r e n c e  b t  which con ta ins  t h e  one-way propagat ion 
de lay .  A range code modulation of t h e  t ransponder  l i n k  p rov ides  
a two-way propagat ion de lay  measurement which is used to  el imin-  
ate t h e  one-way propagat ion  delay. 

The microwave system is r e l a t i v e l y  i n s e n s i t i v e  t o  adverse  
weather c o n d i t i o n s  (which c a n  affect t h e  laser s y s t e m )  and is 
therefore the  pr imary  mode of t i m e  and frequency t r a n s f e r  for an 
operational STIFT s y s t e m .  The user  of such a s y s t e m  w i l l  re- 
q u i r e  a comparat ively inexpensive ground te rmina l  which fits 
i n t o  a s t anda rd  size ins t rument  rack to  i n t e r f a c e  w i t h  h i s  
clock. A microwave antenna w i t h  hemispherical coverage is part 
of t h e  ground t e rmina l .  

The STIFT s y s t e m  can also perform t i m e  t ransfer us ing  short-  
p u l s e  laser techniques .  The laser t i m e  t r a n s f e r ,  which is inde-  
pendent of t h e  microwave system, w i l l  be used w i t h  e x i s t i n g  
laser s t a t i o n s  around t h e  world. A block diagram of the r 
t i m e  transfer method is shown i n  Figure 3. The onboard system 
is comprised of a corner-cube reflector array equipped w i t h  f as t  
photodiode detectors and an event  t i m e r  i n t e r f a c i n g  w i t h  t h e  hy- 
drogen maser clock. The laser pu l se  s i g n a l  is r e t u r n e d  t o  t h e  
ground s t a t i o n  by t h e  reflector array and is detected on board 
s imul taneous ly  by photo detectors. The event  t i m e r  measures t h e  
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arrival time T2 of the laser pulse at the space vehicle in the 
ame of the onboard clock. 
he ground station by tele 

determines the round trip time o 
point time (T3-T1)/2 between tran 
The difference between this midpo 
time difference between ground clock 
istic corrections must also be applied to laser time transfer, 

The short-pulse laser techniq m 
time transfer available , It an 
the capabilities of the microwave system 
for calibration of the microwave system 
of microwave and laser time transfer will provide a comparative 
evaluation of the two different techniques . 
Space Shuttle Experiment 

The ultimate application of the proposed STIFT technique is an 
operational space system which serves a global user community. 
A Space Shuttle experiment is proposed as a first ptep toward 
this goal. The Shuttle experiment will demonstrate and verify 
the performance of the system and provide the opportunity to 
optimize the system design for a later operational use. The 
experiment can be reflown, and, with relocation of ground ter- 
minals, increased user participation is possible. The Shuttle 
experiment could serve also as a test bed for testing atomic 
clocks intended for space applications, 

Figure 4 illustrates the concept of packaging for the experiment 
flight instrument . All components are integrated into a modu- 
larized, self-contained assembly with minimal interfaces to the 
spacecraft . The dome on top of the assembly shows one of sever- 
al antenna concepts consisting of a phased array of S-band ele- 
ments combined with an interspersed array of corner-cube re- 
flectors for the laser link. The assembly is mounted on a 

the Shuttle payload bay and deployed by the manipula- 
ring operation. Deployment away from the space ve- 

hicle is desired to minimize interference and reflected signals 
from the vehicle structure (multipath propagation). Proven 
designs exist for the mechanical release and re-berthing mechan- 
isms, and for the grapple fixture for use with the remote mani- 
pulator, This type of packaging and hardware design has been 
used already on early Shuttle missions with the Induced 
Environmental Contamination Monitor (IECM) which was deployed by 
the manipulator arm. The experiment container has an active 
closed-loop, thermal control system and includes batteries for 
operation of the maser clock during ground handling prior to 
launch. Otherwise, experiment power will be obtained from the 
utility Shuttle system. A minimum interface with the Space 
Shuttle systems makes the experiment compatible with a broader 
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range of complementary payloads and,  thereby ,  increases f l i g h t  

Most S h u t t l e  miss ions  are flown i n  rather low earth 
allow for  a short t i m e  i n t e r v a l  between s t a t i o n  con t  
g i v e  r e l a t i v e l y  short periods of v i s i b i l i t y  for  i n a i v i d u a l  
ground s t a t i o n s .  An orb i t a l  a l t i t u d e  of 360 km w i t h  57O i n c l i -  
n a t i o n  has been assumed for the s tudy.  Figure 5 shows the  
ground tracks of t h e  space v e h i c l e  and t h e  radio h 
some assumed l o c a t i o n s  of ground t e rmina l s .  T h i s  
o rb i t a l  ground tracks is repeated every  24 hours.  Time between 
o v e r - f l i g h t s  and e l e v a t i o n  ang le s  for  s e v e r a l  s t a t i o n s  is shown 
i n  F igu re  6. Included are only  those c o n t a c t s  i n  which t h e  
s p a c e c r a f t  remains v i s i b l e  from t h e  ground for  more than 6 
minutes above 5 degrees e l e v a t i o n .  The maximum t i m e  of v i s i b i l -  
i t y  (contact w i t h  t h e  s p a c e c r a f t )  above 5 degrees e l e v a t i o n  is 
approximately 7 t o  8 minutes.  T h i s  v i s i b i l i t y  pe r iod  is s u f f i -  
c i e n t  t o  perform t i m e  and frequency t r a n s f e r .  The above 
c o n d i t i o n s ,  which are t y p i c a l  for a low-orbit S h u t t l e  expe r i -  
ment, can be modified to  some e x t e n t  by s e l e c t i n g  a S h u t t l e  
mission w i t h  d i f f e r e n t  o r b i t  parameters. 

The accuracy c a p a b i l i t i e s  of t h e  STIFT system are such ,  t h a t  
r e l a t i v i s t i c  effects have to be taken i n t o  account .  To correct 
for  these effects r e q u i r e s  a c c u r a t e  o rb i t  data. The g r a v i t a -  
t i o n a l  r e d s h i f t  effect depends on o r b i t a l  a l t i t u d e ,  and t h e  
r e l a t i v i s t i c  Doppler effect ( t i m e  d i l a t a t i o n )  depends on t h e  
r e l a t i v e  motion of t h e  ground s t a t i o n  and space v e h i c l e .  In  t h e  
case of t h e  S h u t t l e  experiment ,  some s p e c i a l  e f for t  is needed to 
o b t a i n  orbi t  in format ion  of t h e  r equ i r ed  accuracy s i n c e  S h u t t l e  
o r b i t s  are n o t  as predictable as those of a f r e e - f l y i n g  satel- 
l i t e  pr imar i ly  because of space v e h i c l e  maneuvers executed dur- 
i n g  t h e  mission. However, there are ways to overcome t h i s  d i f -  
f i c u l  t y  . 
I n  p r i n c i p l e ,  a c c u r a t e  o r b i t  d a t a  are needed only for  those arcs 
dur ing  which the  experiment operates du r ing  t i m e  and frequency 
transfer. klicrowave two-way Doppler and range  measurements made 
as p a r t  of t h e  STIFT experiment can be used to  improve o rb i t  
data a v a i l a b l e  from t h e  Mission C o n t r o l  Center.  The laser 
ground s t a t i o n s  also provide range measurements, a c c u r a t e  t o  a 
few cen t ime te r s  and range rate measurements a c c u r a t e  t o  perhaps 
mi l l imeters / second as w e l l  as angular  pos i t ion .  These data, 
together w i t h  S h u t t l e  o p e r a t i o n a l  nav iga t ion  data, can be used 
w i t h  a s t anda rd  orb i t  de te rmina t ion  program to improve the  
accuracy of a v a i l a b l e  o r b i t  information.  Another , and 
completely independent method, is t h e  use  of a Global 
P o s i t i o n i n g  System (GPS) r e c e i v e r  as part  of the  onboard 
experiment sys t em.  The GPS r e c e i v e r  can provide nagiva t ion  data 
of r equ i r ed  accuracy.  
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The number 
experiment is complete1 

d of two mi 
was assumed 
each pair co 

equipped with a 
microwave termin 

difference, 
data are recorded on magnetic tape together with the telemetry 
housekeeping data from the onboard and ground systems. The re- 
lativistic corrections to be applied to the time and frequency 
differences are computed from orbit information generated by the 
orbit update program which receives a variety of inputs, includ- 
ing coarse orbit data from the Mission Control Center in Houston 
and range and range rate measurements from the microwave termin- 
al and the laser station. The laser station can also provide 
direction cosine information. Other tracking data could be 
obtained including tracking data from mobile laser stations, 
onboard Shuttle navigation data received by telemetry, and 
navigation data from an experimental GPS receiver included in 
the STIFT onboard system. 

The laser station will be equipped with an S-band telemetry 
receiver to obtain the onboard measurement of the laser pulse 
arrival time T2 Which is required to determine the epoch dif- 
ference T. Again relativistic corrections are applied to ob- 
tain the true difference in the epochs. Predicted pointing 
information for the laser telescope is derived from the orbit 
data received from the Mission Control Center. If an onboard 
GPS receiver is used, orbit determination and relativistic cor- 
rections could be accomplished in the Shuttle, and the resulting 
information could be distributed to ground stations by teleme- 
try. 

The same considerations apply to the remote station pair. A l l  
ground stations/terminals will be connected by data and voice 
link to the Mission Control Center for scheduling of station 
operations and distribution of operational information. In 
addition, the data links between ground stationslterminals can 
be used to exchange processed data of time and frequency trans- 
fer for evaluation of experiment performance during the Shuttle 
mission. 
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System Performance 

There are t w o  aspects concerning t h e  
frequency t r a n s f e r ,  namely the t r a n s f  ck and 
ground clock and t h e  transfer between ground us ing  
t h e  space clock as a t r a n s f e r  standard.  

In  t h e  S h u t t l e  experimemt t h e  fol lowing a c c u r a c i e s  can be ex- 
pec ted  for  the  space-to-ground t r a n s  ical  c o n t a c t  
w i t h  a ound s t a t i o n :  Microwave f r e  

A f / f  =lo-", microwave t i m e  t r a n s f e r  A 
better and laser t i m e  t r a n s f e r  At-0.1 nanosecond. These 
accuracy goals are based on t h e  r e s u l t s  ob ta ined  from earlier 
experiments (GP-A and aircraft  laser experiments) .  Advances i n  
technology i n  r e c e n t  years should make it possible  t o  achieve  
f u r t h e r  improvements i n  accuracy for  t h e  S h u t t l e  experiment.  

F igure  8 shows t h e  r eceq t  improvements i n  clock performance. I n  
the  1976 Redshi f t  T e s t  ;the mipgowave s y s t e m  demonstrated sta- 
b i l i t y  performance at  ghe 10- l e v e l  for 100 second aver- 
ag ing;  t h i s  w a s  t h e  lirhit set by t h e  then  a v a i l a b l e  hydrogen 
maser. The STIFT c lock  w i l l  b ene f i t  from advancements i n  maser 
technology which are reflected by t h e  s t a b i l i t y  curve  for  t h e  
1979 hydrogen maser. I t  is, therefore, reasonable  t o  assume 
t h a t  t h e  accuracy of t h e  STIFT s y s t e m  w i l l  approach t h e  s e v e r a l  
parts i n  1015 l e v e l  for t h e  4 t o  5 minutes of observing (aver-  
ag ing )  t i m e  a v a i l a b l e  du r ing  t y p i c a l  ground s t a t i o n  contacts. 

I 

F igure  8 also shows why t h e  hydrogen maser is t h e  obvious choice 
for t h e  STIFT f l i g h t  clock. I t  provides  t h e  h ighes t  degree of 
s t a b i l i t y  n o t  only f o r  t h e  s t a t i o n  c o n t a c t  i n t e r v a l s ,  but  also 
for  t i m e  i n t e r v a l s  between s t a t i o n  c o n t a c t s  ( t y p i c a l l y  up to  a 
f e w  hours;  see Figure 6 ) .  

A p a r t i c u l a r l y  important f i n d i n g  of t h e  previous  microwave and 
laser experiments  was that t h e  t r a n s f e r  sys t ems  d i d  not  i n t r o -  
duce detectable errors i n t o  t h e  t i m e  and frequency transfers. 
S ince  t h e  S h u t t l e  expe r imen t  r e p r e s e n t s  a s u b s t a n t i a l l y  d i f f e r -  
e n t  type of operation it is appropriate t o  examine its l i m i t s .  
Two r e l a t i v i s t i c  effects, t h e  g r a v i t a t i o n a l  r edsh i f t  and t h e  
r e l a t i v i s t i c  (second order) Doppler effect cause a s h i f t  i n  t h e  
f requency of the space clock oscillator as measured on t h e  
ground. The r e s u l t i n g  effect i n  the frequency t r a n s f e r  and i n  
t h e  t i m e  keeping between t h e  f l i g h t  clock and ground s t a t i o n s  
must be accounted for. These r e l a t i v i s t i c  effects are removed 
from t h e  comparison data by a n a l y t i c a l  means us ing  t r a c k i n g  
data e 

F o r  t h e  frequency t r a n s f e r  t h e  p re sen t  goal is to  account for  
relatixistic effects w i t h i n  a f r a c t i o n a l  frequency error of 
1x10- . T h i s  r e q u i r e s  accu rac i e s  of 10 meters i n  o rb i ta l  
a l t i t u d e  and about  1 cen t ime te r  per  second i n  r e l a t i v e  v e l o c i t y .  

211 



Updating orbital data, as outlined earl 
necessary accuracy in t parameters 
arcs of experiment op on 

To assess the influence of relat r 
between stations one has to cons 
iods between s n contacts. 

the following expression: 
pend only on spacecr 

AT GM 
- N  

and 2C2Re 

2 2 2C Re 
3GM 6h 

where 
h is the altitude 
Re is the radius of he earth 

From this one obtains 6(T) A 4  = 5.9~10'4 ( how ns )/meter. 
Therefore, if station-to-station contacts are arranged to be 
separated by only a few hours (see Figure 6 ) ,  fairly large 
intra-station errors in altitude can be tolerated. For time 
transfer contacts separated by intervals of the order of 1 
orbital period (90 minutes) even a kilometer error in the 
spacecraft altitude would impart only about a nanosecond error. 

Differential phase changes between the individual microwave 
carrier links are a potential error source in the RF system. 
The Doppler cancellation system eliminates phase perturbations 
that apply uniformly to all three microwave links. In designing 
the RF system special attention must be given to minimize 
differential phase changes in those parts of the system, where 
the carrier signal paths are separated, by selecting components 
and units which have a low phase/temperature coefficient. The 
necessary phase stability can be achieved by providing 
temperature control for critical subsystems as was demonstrated 
with the GP-A system. For example, the GP-A flight transponder 
exhibited a phase/temperature coefficient of 13 degrees/OC, 
which was compensated for by temperature control. If the same 
transponder were used for  STIFT, temperature control of 
0.25OC/hour would reduce i s error contribution in the frequency 
transfer to the part in lOI5 level. 
stability is well within the state-of-the-art. In addition, it 
is always possible to calibrate the phase versus temperature 
behavior and to apply appropriate corrections derived from 
telemetry data . 

This temperature 

Another potential source of phase perturbations is the flight 
antenna. Even though all three carrier signals use the same 
antenna, care must be taken to provide approximately equal 
phase characteristic for all three frequencies over a large 
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p o r t i o n  of t h e  an tenna  p a t t e r n  to  minimize d i f f e r e n t i a l  phase  
changes  i n  t h e  RF l o o p s  as t h e  a s p e c t  a n g l e  between ground 
t e r m i n a l  and spacecraft changes  d u r i n g  a c o n t a c t  

The first order atmospheric and ionospheric refract ion 
effects are e l i m i n a t e d  by t h e  Doppler c a n c e l l a t i o n  system. The 
former because  a t m o s p h e r i c  r e f r a c t i o n  e n t e r s  a l l  three l i n k s  
u n i f o r m l y  and t h e  latter because  of t h e  c a r e f u l  s e l e c t i o n  of 
f r e q u e n c i e s  used i n  t h e  t r a n s f e r  (see F i g u r e  2 ) .  The e x a c t  
f r e q u e n c y  s e l e c t i o n  for the  i o n o s p h e r i c  c a n c e l l a t i  is based on 
t h e  v e r y  good approx ima t ion  t h a t  a t  S-band f r e q u e n c i e s  t h e  
i o n o s p h e r e  behaves  l i k e  a d i s p e r s i v e  medium whose r e f r a c t i v e  
i n d e x  is i n v e r s e l y  p r o p o r t i o n a l  to  t h e  s q u a r e  of t h e  f r equency .  
With t h i s  approx ima t ion  it is p o s s i b l e  t o  s ta r t  w i t h  the  maser 
s i g n a l  i n  F i g u r e  2 and follow t h e  f r equency  m u l t i p l i c a t i o n  paths  

' t o  show t h a t  i f  t h e  r e l a t i o n  

1 1 
2 

Ground Maser Upl ink  Frequency ] = 
+[1+ c F l i g h t  Maser Downlink Frequency (Transponder  Factor)2 

is sa t i s f i ed ,  t h e n  i o n o s p h e r i c  effects c a n c e l .  

Otherwise ,  o n l y  rare p r o p a g a t i o n  anomal i e s  may affect t h e  
operation of t h e  exper iment .  There are o c c a s i o n s  when iono- 
spheric or a t m o s p h e r i c  c o n d i t i o n s  can  l i m i t  t h e  e x p e r i m e n t ,  
p a r t i c u l a r l y  f o r  o p e r a t i o n s  attempted a t  very  l o w  e l e v a t i o n  
a n g l e s .  In  t h i s  s t u d y  a n  o p e r a t i o n a l  l i m i t  of f i v e  degrees above 
t h e  ho r i zon  has been used for p l a n n i n g  purposes .  Anomolous at- 
mospher ic  r e f r a c t i o n  or u n u s u a l  i o n o s p h e r i c  s c a t t e r i n g  c o u l d  
d r i v e  t h e  l i m i t  h i g h e r  on occas ion .  In  g e n e r a l  these effects 
w i l l  impose no l i m i t  a t  a l l  and t h e  expe r imen t  can  be o p e r a t e d  
e s s e n t i a l l y  t o  t h e  l i n e - o f - t h e  s i g h t  c u t - o f f .  The f o r g o i n g  d is -  
c u s s i o n s  on performance deal s p e c i f i c a l l y  w i t h  a S h u t t l e  demon- 
s t r a t i o n  expe r imen t  and somewhat d i f f e r e n t  c o n s i d e r a t i o n s  a p p l y  
t o  a n  o p e r a t i o n a l  STIFT sys t em.  For  example,  a more predict-  
able,  h i g h e r  a l t i t u d e  o r b i t  would be selected for  such  a system. 
O v e r a l l ,  t h e  per formance  of an  optimized o p e r a t i o n a l  sys t em 
s h o u l d  be better than  what can  be a c h i e v e d  w i t h  t h e  S h u t t l e  
expe r imen t .  

Conc lus ions  

With c o n t i n u i n g  advancements i n  the performance of t i m e  and 
f r equency  s t a n d a r d s  t h e  need for  a h i g h e r  accu racy  global clock 
comparison s y s t e m  e v e r  i n c r e a s e s .  The needs w i t h i n  t h e  
n a v i g a t i o n ,  communication, and electric power t e c h n o l o g i e s  a lso 
c o n t i n u e  to  push for h i g h e r  and h igher  s y n c h r o n i z a t i o n  
a c c u r a c i e s  among remote clocks. F i g u r e  9 shows t h e  improvements 
i n  t h e  a c c u r a c y  of NBS laboratory f r equency  s t a n d a r d s  o v e r  t i m e  
together w i t h  t h e  per formance  of clock comparison methods. 
Clock accuracy  i n c r e a s e d  by a factor of 10 a p p r o x i m a t e l y  e v e r y  7 
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since 1950 ( 8 ) ,  ( 9 ) ,  (lo), There are reliable i n d i c a t i o n s  
h i s  t r e n d  w i l l  con t inue  i n  t h e  f u t u r e ,  a t  least a 
a te ,  as shown by t h e  p r o j e c t e d  accura 

s t a n d a r d  and a mercury s t anda rd  u s i n  
s t o r a g e  t echn iques  . H i s t o r i c a l l y  t h e  accur 
( i n t e r n a t i o n a l )  c l o c k  comparison methods, as measured over 24 
hour s ,  has  a lways been lower than  t h e  accuracy  of e x i s t i n g  
s t a n d a r d s  and t h i s  s i t u a t i o n  persists today  w i t h  GPS c u r r e n t l y  
be ing  t h e  most accurate g e n e r a l l y  available method. The 
ed STIFT concept represents a major s t e p  i n  performance i 
ment and is t h e  most accurate method for g l o b a l  t i m e  and f r e -  
quency t r a n s f e r  conceived so f a r .  The system would be a b l e  t o  
s a t i s f y  growing accuracy  needs of t h e  fu tu re  . 
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DESIGN OF THE STIFT TIME AND FREQUENCY 
ICROWAVE GROUND TERMINAL 

4- + H e  Penfield , E. Imbier , R.F.C. Ve 
Center for  Astrophysics,Cambridge, 

"Harvard Coll ege Observatory 
+Smi thsonian Astrophysical Observatory 

ABSTRACT 
The Sa te l l i t e  Time and Frequency Transfer System (STIFT) is intended t o  
provide, simultaneously, global time comparisons a t  the s u b  nosecond 

a t i l i z e s  an orbit ing hydrogen maser clock and frequency standard tha t  
communicates, via microwave l i n k s ,  time and frequency information t o  
earth terminals operated by hydrogen masers control 1 i n g  local clocks. 
A two-way microwave l i n k ,  t o  and from the space vehicle provides Doppler 
information used t o  cancel the Doppler shifts i n  a one-way link from the 
spaceborne osc i l l  ator.  Pseudo-random noise ( P R N )  modulation in the two- 
way l i n k  also provides range information t o  cancel the range delay i n  
the PRN time t ransfer  between space and earth.  The pseudo-random noise 
modulation system f o r  time difference measurement and i ts  incorporation 
i n  the Doppler cancellation system for  frequency comparison is explained. 
The particular PRN code sequence selected and an analysis of the system 
is discussed. 

level and frequency comparisons to  better than 1 part i n  10 P$ . I t  

BAC KG ROU N D 

The ongoing development of atomic frequency standards presently provides us 
w i t h  s t a b i l i t y  better than 1 part i n  1015 over hourly averaging intervals 
and ever increasing accuracy. 
techniques that  t ransfer  time and frequency on a global scale so tha t  the 
precision of t ransfer  is  commensurate w i t h  the performance of these clocks. 
Today, the most commonly used time transfer  technique is the transportable 
clock. However, this method has s ignif icant  disadvantages. I t  is prohibitively 
costly, i f  carried out on a continuous basis, and the process is generally 
limited to  an uncertainty of the order of 100 nanoseconds owing to  environmental 
conditions d u r i n g  transport. The Global Positioning System (GPS) offers an 
al ternat ive with an accuracy level of the order of 10 nanoseconds, b u t  i t  does 
n o t  have the capabili ty of transferring frequency. 
transportable clock, moving from one s i te  to  another as a means fo r  coordinating 
time and frequency on a global scale can be logically extended to  a clock orbit ing 
the ear th  i n  a s a t e l l i t e .  The hydrogen maser, w i t h  i t s  frequency s t a b i l i t y  o f  
the order of 6 parts i n  1016, fo r  1 hour averaging interval ,  i s  ideal fo r  such 
an orbit ing time t ransfer  clock and osc i l la tor  t o  provid time and frequency 
difference measurements of 1 nanosecond and 1 part  i n  loy4 respectively w i t h  
s ta t ions anywhere i n  s i g h t  of the orbit ing system. 

T h i s  now poses a serious challenge to  current 

However, the concept of a 

* 
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Relation to  GP-A 

Experience already ex is t s  in the practical application of hydrogen maser tech- 
nology to  the space environment. In June 1976, SA0 participated with NASA i n  
the Gravitational Probe A (GP-A) experiment. T h i s  experiment was designed t o  
probe the Earth's gravity f i e ld  i n  a nearly vertical  t ra jectory to  an a l t i t ude  
of10,OOO KM. The hydrogen maser used in GP-A required highly specialized de- 
s i g n  t o  cope w i t h  the traumatic changes in thermal, magnetic and gravitation- 
al environment without allowing time for thermal s tab i l iza t ion  or magnetic 
readjustment. 
ed t o  about two hours, the maser was designed fo r  continuous operation through- 
out many months of testing. The experience gained i n  designing and operating 
the space maser onGP-A i s  direct ly  applicable t o  the o r b i t i n g  t ransfer  Clock. 
In addition to  the space maser technology, GP-A also provided important exper- 
ience i n  the use of microwave l inks t o  compare space and ground clocks. The 
f eas ib i l i t y  of  cancel 1 i n g  propagation effects  i n  the troposphere and ionosphere 
and of  removing Doppler sh i f t s  was demonstrated successfully by the GP-A ex- 
pe r i me n t . 
Choice of Frequencies 

Even though the maser operating l i f e  in space on GP-A was limit- 

The microwave frequencies used in the GP-A experiment were chosen t o  be com- 
patible with the Unified S Band (USB) System and th i s  same choice i s  t o  be 
carried through the Sate1 l i t e  Time and Frequency Transfer Experiment. The 
STIFT system requires both a 2-way up/down link and a l-way down link be- 
tween the o r b i t i n g  clock and the ground clock. 
are selected to  cancel the f irst  order ionospheric dispersion. T h u s ,  the 2- 
way l i n k  utilizes 2,117 MHz for  the up transmission t o  the orbit ing clock and 
2,299 MHz for the transponded down transmission to  the ground clock. The 1- 
way l i n k  transmits down from the orbiting clock on a frequency of 2,203 MHz. 
With t h i s  selection of frequencies, the combined ionospheric dispersion f o r  the 
2-way l i n k  i s  just twice that  of the l-way l i n k  and may be cancelled i n  sub- 
sequent frequency difference processing in the STIFT ground terminal. 

SYSTEM DESCRIPTION 

The frequencies in this system 

The STIFT system is designed t o  provide simultaneous precision measurement of 
time difference and frequency difference between a ground clock and the orbi t -  
i n g  space clock. Figure 1 i l l u s t r a t e s  the overall STIFT system design inclu- 
d i n g  the Space Terminal, Microwave Ground Terminal and Laser Ground Terminal. 
The discussion tha t  follows deals primarily with the Microwave Ground Terminal 
and the other sections of the system are shown i n  Figure 1 only t o  g ive  some 
perspective t o  the role of the Microwave Ground Terminal. 

2-way Link 

T h e  2-way microwave link between the space terminal and the ground terminal 
serves three major functions. 
two terminals; second, i t  provides the reference fo r  f i r s t  order Doppler can- 
cellation and t h i r d ,  i t  compensates for  ionospheric dispersion through selec- 
tion of link operating frequencies relative t o  the l-way l ink frequency. 

First, i t  measures the path delay between the 
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quency is derived from the atomic 

gen maser o sc i l l a to r  is shown as the g 
l ink transmit ca r r i e r  frequency is  obtained by an 
Band maser O u t P u t .  
local o sc i l l a to r  drive i n  the first heterodyne mixers of both  the 2-way and 1- 
Way receivers i n  the ground terminal. 

Prior to  being t nsmitted, the 2,117 MHz 
l a t o r  which imp 
of a pseudo-random noise (PRN 
then amp1 i fied t o  approximate 
circulator  t o  the ground terminal antenna. 
element for both the 2-way and 1-way links and consists of a small (1 meter) 
steerable parabolic d i s h  with a gain o f  about 25db and a half-power beanwidth 
of 9.5 degrees a t  the S-band operating frequencies. 

The 2,117 MHz ground terminal transmit signal i s  received by a broad beam, 
circular ly  polarized antenna a t  the space terminal and is coupled through a 
triplex f i l t e r  t o  the i n p u t  of a phase coherent transponder. The transponder 
strips the phase modulation from the received signal , coherently t ranslates  
the 2,117 MHz ca r r i e r  by the r a t i o  240/221 and reapplies the phase modulation 
t o  form a 2,299 MHz transponder output signal.  
through the t r iplex f i l t e r  t o  the space terminal antenna and transmitted to- 
ward the ground terminal. 

The received 2,299 MHz signal,  a t  the ground terminal, is picked up by the 
parabolic antenna and coupled through the f e r r i t e  c i rculator  t o  a d ip l ex  
f i l t e r  t ha t  separates the 2-way and 1-way received signals and provides h i g h  
rejection t o  the 2,117 MHz transmit signal. The low-noise amplifier, a t  the 
output of the d i p l e x  f i l t e r ,  feeds the 2,289 MHz signal t o  a mixer where i t  is 
heterodyned w i t h  the 2,117 MHz local osc i l la tor  signal t o  form a 182 MHz IF 
signal.  The ca r r i e r  component of the IF signal i s  extracted by a ca r r i e r  
phase-lock loop and is used i n  subsequent processing t o  cancel f i r s t  order 
Doppler i n  the frequency difference determination. 

A part  Of the 2,117 MHz c a r r i e r  i s  utilized as coherent 

hase modulated siqnal i s  
and coupled through a ferri te 

T h i s  single antenna is a common 

T h i s  2,299 MHz signal is coupled 

The 182 MHz IF signal ( fu l l  band) and extracted IF ca r r i e r  component a lso are  
fundamental i n p u t  signals fo r  the 2-way Time Discriminator. 
PRN code generator ( w i t h  the identical code sequence used t o  modulate the 
2,117 MHZ transmit s ignal)  is coupled i n  a closed-loop tracking configuration 
w i t h  the Time Discriminator t o  automatically lock-on and track the path delay 
i n  the 2-way link. T h i s  2-way path delay, i n  d ig i ta l  form, is d iv ided  by 
two and used i n  conjunction w i t h  the 1-way receiver output t o  determine time 
difference. between the space clock and ground clock. 

A d ig i t a l ly  delayed 

1-way L i n k  

The 1-way microwave l i n k  between the space terminal and the ground terminal 
operates on a carrier frequency of 2,203 MHz. T h i s  signal is derived from 
the L-Band hydrogen maser coupled t o  a 76/49 frequency t ranslator .  A PRN 

226 



code generator, w i t h  the identical code sequence used by the PRN 
i n  the ground terminal, controls the phase modulation (90 d 
impressed on the 2,203 MHz ca r r i e r  prior t o  transmission from the space termi- 
nal. 
space terminal antenna used fo r  both the 2-way and l-way links. 

The t r ip lex  f i l t e r  couples the l-way link transmission t o  the common 

The received 2,203 MHz signal,  a t  the ground terminal, is coupled from the 
parabolic antenna th rough  the f e r r i t e  c i rculator  t o  the d ip l ex  f i l t e r  i n  the 
same fashion as the 2,299 MHz 2-way link signal. 
s p l i t  off  separately by the diplex f i l t e r  and fed through a low-noise amplifier 
t o  a mixer where i t  i s  heterodyned w i t h  the 2,117 MHz local osc i l la tor  t o  form 
an 85 MHz IF signal.  The ca r r i e r  component of this IF signal is extracted by 
a ca r r i e r  phase lock loop and a f t e r  frequency t ranslat ion,  i s  compared w i t h  
the processed 2-way IF car r ie r  t o  establish the frequency difference between 
the space clock and the ground clock. 

The 85 MHz IF signal ( fu l l  band) and extracted IF car r ie r  component are  coupled 
t o  the l-way Time Discriminator. A PRN code sequence (identical  to  t h e  other 
PRN code sequences used i n  the ground and space terminals) i s  d ig i t a l ly  delayed 
and automatically locks-on and tracks the l-way path delay plus the time d i f -  
ference between the ground clock and the space clock. Path delay is  cancelled 
by subtracting half of the 2-way path delay leaving a d i r ec t ,  real time output 
of the apparent time difference between the two clocks. True clock difference 
is obtained from post-real time data reduction i n  which r e l a t i v i s t i c  and gravi- 
tational effects  are  removed. 

The 2,203 MHz signal is 

TIME DIFFERENCE MEASUREMENT 

The STIFT microwave ground terminal is designed t o  provide time difference 
measurements between a space clock and a ground clodk t o  an accuracy of 1 
nanosecond. This time difference measurement i s  implemented through the use 
of a periodic pseudo-random noise ( P R N )  code tha t  i s  phase modulated on the 
2-way and l-way microwave links. Simultaneous measurement of time delay i n  
both the up/down (2-way)and down (l-way) receivers i n  the ground terminal a l -  
lows cancel l ation of propagation del ay between the space terminal and ground 
terminal. 

Figure 2 is a detailed block diagram of the time delay tracking loops f o r  bo th  
the 2-way and l-way receivers. 

PRN Time Discriminator Tracking Loop 

The operation of the delay tracking loops is based on a time discriminator 
c i r cu i t  that  senses time coincidence between the PRN code modulation on the 
received signal and a PRN code tha t  i s  precisely shifted re la t ive  to  the 
recei ved code. 

When two similar periodic time functions, such as the two PRN code sequences, 
are shif ted i n  time relat ive to  each other and then m u l t i p l i e d  together and 
averaged over one period, the result has the form of the autocorrelation 
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function of the original time function. 
characterized by a maximmi value tha t  occurs when the relatieve time sh i f t  i s  
zero o r  some integer multiple of the time function period. 
time sh i f t  increases (or  decreases), the autocorrelation function drops t o  a 
lower value. The ra te  a t  which the autocorrelation function decreases either 
side of maximum is proportional t o  the spectral w i d t h  (bandwidth) of the time 
function. The magnitude of the "hash" level between maximum points is de- 
termined by several factors including the product of the spectral  w i d t h  and 
time function period (time-bandwidth product) and the detai 1 
time function. The PRN code sequence represents a time function that  can be 
optimized t o  have an "ideal" autocorrelation function i n  which the "hash" level 
i s  uniform w j t h  a magnitude, re la t tve  t o  the maximum, tha t  i s  equal to  the 
reciprocal of one half the time-bandwidth product. 

The PRN code is  a binary sequence composed of 'IN" code elements i n  each period. 
Individual code elements have a duration of ' 'toi1 and may be e i the r  ''1"(+) or  
' I O ' ' ( - )  as determined by the code sequence. 
sentation of the autocorrelation fo r  a 31 element P R N  code. Two different 
cases are i l lus t ra ted ;  the f i r s t  w i t h  an offset or  delay ( i . e . ,  non-aligned 
codes) and the second without any of fse t  ( i .e.  , aligned codes). 
the output o b t a i n e d  by integrating the product of the codes over a complete 
period ( N t o )  is shown below the codes. 
tween codes, the integrated output builds up l inear ly  over the period whereas 
i n  the case of an offset, the integrated o u t p u t  f luctuates back and for th  about 
zero d u r i n g  the period. 

Periodic autocorrel ation functions are 

As the re la t ive  

Figure 2 gives a pictor ia l  repre- 

In each case, 

Note tha t  when there i s  no delay be- 

The time discriminator u t i l i zes  two correlation c i rcu i t s  t ha t  are dr iven  by 
separate PRN code generators operating with a fixed of fse t  i n  time, re la t ive  
to  each other, equal t o  one code element, t . 
of the correlation process as a received cole moves i n  delay relat ive t o  the 
two PRN codes, A and B. The code sequence i n  this figure is the same as tha t  
used i n  Figure 3. 
to and are symetrically displaced about the nominal zero delay point by t0/2. 
T h u s ,  the maxima i n  the A and B correlation outputs are displaced symetrically 
e i ther  side of zero delay. When the A and B outputs are added together, the 
resul t  i s  a f l a t  topped signal with a half amplitude duration of 2 tQ. When 
the B output is  subtracted from the A o u t p u t ,  the result is  a time discrimi- 
nator signal w i t h  a l inear  slope Of 2 / t  times the amelitude of the maxima 
and passing through zero a t  the zero de?ay poin . THIS time discriminator 
signal i s  ut i l ized as the time e r ro r  signal i n  the closed loop time tracking 
sections of both the 2-way and l-way receivers of the STIFT microwave ground 
terminal . 

Figure 4 i s  an expanded picture 

The A and B codes are displaced re la t ive to  each other by 

Figure 5 shows a block diagram of the time discriminator and delay tracking 
loop. The c i r cu i t  requires three i n p u t s :  

1. 
2. 
3. 

and provides a d ig i ta l  output representing the delay between the received sig- 
nal modulation code and the nominal zero delay point of the A and B PRN generators. 

Signal ( fu l l  band receiver IF) ,  
Carrier (receiver IF c a r r i e r ) ,  and, 
Clock drive fo r  PRN generators, 
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Figure 4 e Time Discriminator Autocorrelation and Sum and 
Difference Outputs for 31 Element Code 
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Precise control of the delay of the A and B PRN generators i s  obtained by 
passing the clock i n p u t  through a phase s h i f t e r  followed by a divider. 
phase s h i f t e r  is  essent ia l ly  a s ingle  sideband modulator t ha t  i s  driven by 
the digi ta l  e r ror  output from the time discriminator. The lower ten bits of 
the e r ro r  output are  converted t o  sine and cosine terms and these are then 
converted t o  quadrature analog signals by digi tal-to-analog ( D / A )  converters 
that  drive the s ingle  sideband modulator. The fu l l  range of ten bits (1024) 
represents one complete cycle of phase s h i f t  a t the clock i n p u t  frequency. The 
phase shif ted clock frequency drives a digi ta l  divider c i r cu i t  t o  reduce the 
clock frequency t o  the l / t o  ra te  required to  drive the A and B PRN generators. 

In the STIFT system, the value o f  t o  is 2 microseconds (500 KHz clock r a t e )  
and the digi ta l  d i v i d e r  factor is 32. Hence, the clock i n p u t  frequency to  the 
phase s h i f t e r  i s  16 MHz. 
terms of the time delay represented by 1 b i t  i n  the error  signal i s  1/(1024 
x 16 x 106) or 0.06 nanoseconds. 
criminator response yields a to ta l  of 32,768 bits (32 complete cycles of the 
phase s h i f t e r )  over the l inear  slope region between the maximum and minimum 
points. The period of the PRN code i s  500 microseconds (250 code elements) 
thus, the total  number of b i t s  f o r  one period i s  8,192,000 (8,000 complete 
cycles of the phase sh i f t e r ) .  In order to  accommodate this fu l l  range of 
delays, the digi ta l  o u t p u t  from the tracking loop will be a 23 b i t  binary 
number. Since the period in terms of bits i s  less  than the maximum numerical 
value of  the 23 b i t  binary number (8,388,607) the loop output will be reset  
to zero when i t  t r i e s  t o  exceed 8,191,999. 

The 

The time resolution of the time discriminator i n  

Relating this to  the slope of the time dis- 

The operation of the time discriminator and delay tracking loop i l l u s t r a t ed  i n  
Figure 5 s t a r t s  with the injection of the fu l l  band receiver IF signal into 
balanced demodulators (mixers) i n  both the A and B channels of the time d i s -  
criminator. The A and B PRN generators provide the other i n p u t  to  these de- 
modulators. The output from each demodulator ( s t i l l  a t  the IF level)  is ampli- 
f ied and coupled to  a second mixer where i t  i s  heterodyned w i t h  the IF carr ier .  
The output from each of the second mixers i s  a fluctuating dc level represent- 
i n g  the correlation voltage. 
over the duration of one period of the PRN code. A t  the end o f  the integration 
cycle, the integrator output is  sampled and held and converted t o  a 12 b i t  
binary number. The separate d ig i ta l  outputs from the A and B channels are  
combined to  form both sum and difference output numbers. The cycle t i m i n g  for  
the integrators,  sample/hold c i r cu i t s  and Analog-to-Digital converters i s  gen- 
erated by a t iming  control c i rcu i t .  This c i r cu i t  also reverses the relat ive 
delay "sense" of A and B PRN generators and combiner differencing polarity a t  
the end of each period i n  order t o  cancel drifts  and voltage or current off-  
s e t s  i n  the A and B channels of the time discriminator. T h u s ,  two complete 
periods of the PRN generator (1 millisecond) is  the time required to  obtain 
a valid e r ror  signal (difference output a t  the combiner). The digi ta l  e r ro r  
signal i s  coupled t o  a loop f i l t e r  (accumulator) and then th rough  a buffer t o  
the sine/cosine u n i t  t o  complete the tracking feedback loop. 

The time delay output i n  the form of a 23 b i t  binary number i s  taken from the 
buffer. The update ra te  on this output is 1KHz. 

T h i s  dc level is then amplified and integrated 
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PRN Code Sequence 

There i s  no unique PRN code sequence that is optimum f o r  t h e  time diffe 
measurement i n  STIFT. Several guidelines tha t  were followed i n  establishing 
the parameters fo r  the code are  l i s t ed  below: 

1. 

2. 

3. 

The code length, o r  period, should be suf f ic ien t  t o  allow easy resolution 
o f  any ambiguity. 
The code length should be such that i t  can be conveniently used t o  time- 
tag the clocks. 
The code element duration should be selected t o  give reasonable time d i s -  
crimination character is t ics  and also to  be compatible with the USB trans- 
ponder bandwidth of approximately 800 KHz. 
The code element duration 
the 
code element duration. 
The code element duration should allow a clock rate  t ha t  i s  easi ly  derived 
from standard frequencies. 

4. should be compatible w i t h  the code length in 
sense tha t  the code length must be an exact integer multiple o f  the 

5. 

After consideration of the various tradeoffs involved in satisfying these guide- 
l ines ,  the choice o f  500 microsecond code length with 250 code elements of 2 
microseconds duration was made. 

The STIFT system requires a to ta l  of s ix  PRN generators, a l l  of which may* 
provide identical code sequences. 
is to  u t i l i ze  a d ig i ta l  s h i f t  reg is te r  w i t h  feedback from two or  more stages 
through Exclusive Or ( X O R )  logic gates to  the input stage. 
back connections, these s h i f t  reg is te r  code generators provide a code tha t  re- 
peats every 2n-1 s h i f t s  (elements) where t tnt t  is  the number of stages i n  the 
shif t  register.  T h i s  special c lass  of codes, known as "Maximal Linear Codes", 
have the character is t ic  of  containing a l l  possible sequences of length "n" 
except for  the sequence of a l l  zeros. These Maximal Linear Codes also exhibit  
a very special autocorrelation function i n  which the hash level between maxima 
remains " f l a t "  with a magnitude of 1/(Zn-l)  re la t ive to  the maximum value. 

A convenient means of generating these codes 

W i t h  proper feed- 

A PRN code generator u t i l i z ing  an eight stage s h i f t  reg is te r  will yield a code 
sequence that  contains 255 elements. 
by truncating this 255 element code. 
counting clock pulses and paral le l  loading the i n i t i a l  s t a t e  i n  the s h i f t  
reg is te r  each time 250 pulses are counted o r  by sensing the par t icular  s t a t e  
corresponding to  the 250th sh i f t  and parallel  loading a t  t ha t  point. 

The truncation of a maximal l inear  code sequence destroys the f l a t  hash level 
and replaces i t  w i t h  a noise-like fluctuation. 

The required length of 250 may be obtained 
The truncation i s  implemented e i the r  by 

The behavior of the hash level in truncated maximal l inear  codes fo r  e i g h t  
stage sh i f t  regis ters  has been investigated t o  determine i f  there is  any par- 
t i c u l a r  feedback configuration tha t  gives the lowest hash level. T h e  resul ts  
of t h i s  investigation are summarized i n  Table 1. 
*The 2-way and l-way link codes may use different  sequences. 
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Table 1 (. Truncated aximal Linear Code Hash Level 

Stages Tapped for Feedback 
Hash Level 

Peak Ave. Rms 
22 
22 

7.4 
8.0 

5.1 
€ 6 0  

22 7.2 5.5 
26 7. a 6.0 
30 7.2 5.4 

There is  no great difference among the five feedback GOnfigUrat iOnS that 
were studied, except f o r  the higher peak hash values found witn the las t  two 
configurations. In general, the hash level for a l l  configurations remained 
low (peak less than 6 )  for  a t  least 16 code element delays either side of the 
zero delay maximum. 

reason plus i t s  good performance i n  terms of overall average and rms hash level, 
i t  has been selected for the STIFT system. 
autocorrelation function for the PRN code sequence generated by the 8-stage 
shif t  register w i t h  feedback taps  from stages 1,3,5 and 8. 

The 1,3,5,8 feedback configuration showed the lowest 
. hash level for the greatest delay either side of zero delay so, for this 

Figure 6 showsow-hdf cycle of the 

FREQUENCY DIFFERENCE MEASUREMENT 

The STIFT microwave ground terminal is designed t o  provide frequency difference 
measurement between a Space clock and a ground clock t o  an accurac of 1 part 
i n  1014. 
a f irst  order Doppler cancellation scheme t h a t  was utilized i n  the GP-A ex- 
periment i n  1976. The key t o  the first order Doppler cancellation is the use 
of phase-locked frequency translators in the 2-way and l-way receivers t o  ref- 
erence the 2-way IF  carrier t o  the ground maser frequency and the l-way IF 
carrier t o  the space maser frequency. 

The realization of this level of accuracy i s  made possib r e through 

Frequency Trans1 ation 

The ground maser frequency undergoes two coherent frequency trans1 ations prior 
t o  being received by the ground terminal 2-way receiver. A translation of 
82/55 is applied pr ior  to  transmission toward the space terminal and a 240/221 
translation occurs i n  the space terminal transponder. Both o f  these transla- 
tions are then counteracted by 221/240 and 55/82 translations n the 2-way re- 

o 76/49 pr ior  
ation i s  counter- 

ceiver. The space maser is translated i n  frequency by the ra t  
t o  being transmitted toward the ground terminal and this trans 
acted by a 49/76 translation i n  the l-way receiver. 

The effects of frequency translations and Doppler on the 2-way 
as follows: 

Carrier transmitted t o  space terminal, f l  
f l  = f, (82/55) 

where fo = ground maser frequency. 
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Carrier received a t  space termina 

(2)  
where v = radial velocity of space terminal re la t ive  t o  the ground 

terminal 
c = velocity of propagation 

Carrier transponded from space terminal , 

Carrier received a t  ground terminal 

First IF ca r r i e r  i n  2-way receiver 

2-way I F  ca r r i e r  a f t e r  221/240 and 55/82 t ranslat ion 

f l  (1 + v/c) (240/221) 

f l ( l  + 2 v/c) (240/221) 

f l  (1 + 2 ~ / c )  (240/221) - f l  

(3 )  

(4) 

(5) 

f l  (1 + 2 V / C )  ( 55/82)-f1 (221 /240) (55/82) 
o r  by s u b s t i t u t i n g  fo (82/55) for f l  
fo  (1 + 2 v/c)-fo(221/240) (6) 

T h i s  l a s t  expression, (6), is the 2-way I F  ca r r i e r  output reference t o  the 
the ground maser frequency. Note tha t  only f i r s t  order Doppler i s  shown 
I n  the expression above. Relativistic and-gravitational e f fec ts  are discussed 
i n  the section below on Doppler cancellation. 

The e f fec ts  of frequency translations and Doppler on the 1-way l i n k  are  
analyzed as fol lows : 

Carrier transmitted from space terminal , f 2  

f2  = f; (76/49) 

where f; = space maser frequency. 

(7) 
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Carrier received a t  ground terminal 
f 2  (1 + v/c) 

f 2  (1 + v/c) - f l  
First I F  ca r r i e r  i n  1-way receiver, 

1-way IF ca r r i e r  a f t e r  49/76 translation 
f2  (1 + V / C )  (49/76)-f1(49/76) 
or  by s u b s t i t u t i n g  for f 2  and f l  

fh (1 + v/c)-f0(49/76)(82/55) 

Expression (10) i s  the 1-way IF car r ie r  o u t p u t  referenced to  the ground 
maser frequency fo ,  and the space maser frequency, f;. 

Doppler Cancel la t ion 

First order Doppler cancellation is achieved by dividing the 2-way IF car- 
rier o u t p u t ,  (6 ) ,  by 2 and taking the difference between tha t  and the 1-way 
IF ca r r i e r  output (10). 

The desired end resu l t  i n  this process i s  t o  obtain a d i r ec t  measure of A f ,  
the frequency difference between the ground maser and the space maser. 

Carrying through the Doppler cancellation and the substi tution of A f  for - fb ,  the following resul t  i s  obtained: 
f O  

In addition to  the desired frequency difference. /If, the output of the Doppler 

cancellation process contains; 1 )  a cpnstant term, f0(83/100320), 2 )  an un- 
2 A A  a cancelled Doppler term, (fo/c )(rsp.ae) where rsp is the line-of-sight vector 

and ae i s  the ground terminal acceleration due to  Earth rotat ion,  3) a second 
2 
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order Doppler term ( f  / 2 C 2 ) (  
ground terminal velocity vec 
the Newtonian potential difference between Earth and space. 
i s  removed by heterodyning the Doppler cancellation output with a synthesized 
frequency equal t o  to (83/100320), approximate1 y 1.1751 621 MHz. 

are  the space and 
(fo/c2)Apl, where A 0  i s  

The  constant term 

The uncan- 
celled Doppler term, second order Dopp 
post-real time processing based on the 
puted from the s a t e l l i t e  f l igh t  prof i le  

ACCURACY ANALYSIS 

The accuracy expected from the STIFT m 
using the following system parameters: 

e r  and redshift  terms are  removed by 
position and velocity information com- 
relat ive t o  the ground terminal. 

Microwave Ground Terminal 
Transmit Power 2-way up1 i n k )  
Peak-to-Peak Phase Excursion 
Receiver Noise Figure 
( i  ncl udes i n p u t  1 osses) 
Antenna Gain 
( I  meter, 55% efficiency) 
Polarization 
PRN Code Element Duration 
PRN Code Sequence Length 

Space Terminal 
Transmit Power (2-way down 1 ink) 
Transmit Power (1 -way 1 i n k )  
Peak- to-Peak Phase Excursion 
Recei ver Noise F i  gure (2-way up1 ink) 
Antenna Gain 
Polarization 
PRN Code Element Duration 
PRN Code Sequence Length 

crowave ground terminal is calculated 

Propagation P a t h  ( 2  cases) 
Zenith Angle (ground terminal ) 
Range 
Path Loss 
Atmospheric Loss 

10 watts 
90 degrees 

5 db  

25 db  

Linear 
2 microseconds 
250 elements 

250 mi 11 iwatt 
250 milliwatt 
90 degrees 
13 db 
3 db  

Ci rcul a r  
2 microseconds 
250 elements 

0 degrees 80 degrees 
437 km 1536 km 
125 db 163 db 

0 db  0.4 db  

Link Noise Margins 

Utilizing the system parameters l i s t ed  above, the signal-to-noise ra t ios  i n  
a 1 MHz bandwidth a t  the receiver inputs are as follows 

Ground Terminal Zenith Angle 
S/N 2-way up link 
S/N 2-way down link 
S/N 1-way down 1 ink 

0 degrees 80 degrees 
13.8 db 2.8 db  

6.1 db -4.9 db  
6.1 db -4.9 db 

239 



I f  the space terminal transmit channels are  increased to  a 10 watt power out- 
p u t ,  the s i tuat ion is  improved as follows:: 

Ground Termi nal Zeni t h  Angle 
S/N 2-way up 1 ink 
S/N 2-way down link 
S/N l-way down link 

0 degrees 80 degrees 
13.8 db 2.8 db 
22.1 db  11.1 db 
22.1 db  11.1 db 

When the car r ie r  i s  phase modulated by a square wave type signal such as the 
PRN code, the fraction of car r ie r  component i n  the output is g iven  by: 

where, f3 is  the modulation index. 
f 45 degrees) B is  unity and the carr ier  component, following phase modulation, 
has an am li tude of 2 / X  re la t ive to  the unmodulated carr ier .  

and 59.5 percent is i n  the modulation sidebands. 

For the case of 90 degree modulation (i.e., 

T h u s ,  in the 90 
degree PR F; phase modulated s ignal ,  40.5 percent of the energy i s  i n  the car r ie r  

Time Difference Uncertainty 

The uncertainty i n  time difference measurement is computed by proceeding step- 
wise through the time discriminator and delay tracking loop. For the case of 
a 250 milliwatt space terminal transmit power and the 80 degree zenith angle, 
the f u l l  band signal-to-noise r a t io  i n  1 MHz is -4.9 db. Since 59.5 percent 
of the signal power is  i n  the modulation sidebands, the effect ive signal-to- 
noise ra t io  a t  the signal input of the time discriminator i s  -7.2 db. The de- 
modulation and integration process i n  the time discriminator provides coherent 
enhancement t o  the signal-to-noise ra t io ,  under locked conditions, t ha t  i s  
equal t o  the number of code elements i n  one period of the code sequence. T h u s ,  
the signal-to-noise ra t io  a t  the output of the integrator for  the STIFT code 
sequence of 250 elements i s  40.8 db. When the A and B channels of the $ime 
discriminator are combined to  form the difference (loop e r ro r )  output, this 
signal-to-noise r a t io  i s  reduced to  37.8 db. 
i n  the loop f i l t e r  where 64 of the difference outputs are  accumulated t o  pro- 
vide a resultant signal-to-noise ra t io  of about 46.8 db. In terms of time un- 
certainty,  this represents an rms value of about 4.6 nanoseconds as determined 
from the slope of the time discriminator response. 

Further reduction i n  noise occurs 

When the 2-way and l-way time tracking loop outputs are  subtracted to  get 
the time difference, the overall uncertainty is about 6.4 nanoseconds. Further 
improvement of this uncetainty t o  a subnanosecond level will occur through 
averaging of the difference output and improved IF signal-to-noise obtained a t  
lesser zenith angles and/or increased transmit power. 

Frequency Difference Uncertainty 

The frequency difference uncertainty i s  computed for  the case of a phase-lock 
tracking bandwidth of 50 Hz. 
ca r r i e r  and the case o f  250 milliwatt space terminal t r a n s i t  power and 80 de- 
gree zenith angle, the effect ive signal-to-noise ra t io  f o r  the car r ie r  i n  the 

Taking the 40.5 percent of signal power i n  the 
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fu l l  IF band is -8.8 db. Applying the reduction i n  bandwidth t o  this rat io  
yields a signal-to-noise of 34.2 i n  the 50 Hz tracking bandwidth. Combining 
the 2-way and 1-way receiver signals i n  the Doppler cancellation process re- 
duces the signal-to-noise ra t io  t o  31.2 db. 

When the Dop ler  cancellation o u t p u t  is converted t o  a zero frequency base 
band, throug R heterodyritng w i t h  a 1.17517621 MHz signal followed by low-pass 
f i l t e r ing ,  the maximum anticipated frequency is the order of 1 Hz. Assuming 
a 100 second averaging time t measure this frequency difference, the uncer- 
ta inty is about 5 parts in 1064 for the 250 milliwatt transmit power a t  80 
degree zenith angle. 
the s ce terminal, the calculated uncertainty improves t o  well below 1 par t  

When the transmit power is  increased t o  10 watts i n  

i n  10 94 . 
SUMMARY 

The design study of the STIFT system shows t h a t ,  w i t h  the current state of the 
art i n  atomic hydrogen maser osc i l la tors  and w i t h  existing time and frequency 
measurement techniques, i t  i s  reasonable t o  expect accuracy levels of 1 nano- 
second or less i n  time difference and 1 par t  i n  1014 or be t te r  i n  frequency 
difference. The application of the STIFT system to  time metrology on a 
global scale and t o  potential users such as the Deep Space Network, the Orbi t -  
i ng  Space Stat ion and the Very Long Baseline Interferometer s ta t ions would 
provide 1 t o  2 orders of magnitude improvement over the present accuracy level. 
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Department of Physics and Astronomy 
University of Maryland 

College Park, Maryland 20742 

ABSTRACT 

A horizontal  two-way t i m e  comparison l i n k  i n  air  between 
the University of Maryland laser ranging and t i m e  t ransfer  
equipment a t  the Goddard Optical Research Fac i l i ty  (GORF) 1.2 
m telescope and the Time Services Division of the U.S. Naval 
Observatory (USNO) has been established. Flat  mirrors of 25 
c m  and 30 cm diameter respectively have been placed on top of 
the Washington Cathedral and on a water tower a t  the  
Bel t sv i l le  Agricultural -search Center since direct l i ne  of 
sight transmission is not possible. The bent path has a one- 
way distance of 26 Ian. Two optical  corner re f lec tors  a t  the 
USNO, ident ica l  t o  those placed on the  Moon during the  Apollo 
program, reflect the laser pulses back t o  the GORF. 

Light pulses of 100 ps duration and an energy of several  
hundred microjoules from a neodymium-YAG laser, frequency- 
doubled t o  a wavelength of 532 mn (green) are sent  a t  a rate 
of 10 pulses per second. The detection a t  the USNO is by 
means of an RCA C30902E avalanche photodiode and the  timing 
is accomplished by an HP 5370A computing counter and an HP 
1000 computer w i t h  respect t o  a 10 pps pulse t r a i n  from the 
Master Clock. 

The reflected l i g h t  is  detected back a t  the  1.2 m 
telescope a t  the s ingle  photoelectron leve l  and the epoch of 
reception is recorded by a University of Maryland designed 
event timer attached t o  a NOVA 2/10 minicomputer. About 100 
detection events are  recorded for  1000 pulses transmitted. 
The outgoing pulses have t h e i r  epoch of transmission recorded 
by the same event t i m e r ,  which is driven by an HP cesium beam 
frequency standard. 

* This work has been supported by the U.S. Naval Observatory and the  Office 
of Naval Research under contract  NO00 14-78-C-0338. The following members  of 
the Time Services Division of the  USNO have participated act ively i n  the 
experiments: G.M.R. Winkler, W. Klepczynski, K. mtkovich, A. Kubik, P. 
Wheeler and D. Chalmera. 
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The Einstein prescription is used t o  relate the  epoch of 
the  received event a t  the USNO t o  the the 
transmitted and received events a t  the dure 
is  independent of the delays i n t  duced by the atmosphere. 
The standard deviation for  100 comparisons is typical ly  200 
t o  400 ps. The corresponding standard deviation of the mean 
is 20 t o  40 ps. W e  are st i l l  working on the  cal ibrat ion 
accuracy which a t  present is 1 t o  2 ns, established by a 
portable clock t r i p .  

The l ink  w a s  t o  have been a near real t i m e  connection 
with the USNO during our planned par t ic ipat ion i n  the LASSO 
experiment. The l ink is also serving t o  provide experience 
for  the high accuracy short  pulse laser time t ransfer  par t  of 
the Space Time and Frequency Transfer (STIFT) experiment t o  
be discussed a t  t h i s  PTTI meeting. 

INTRODUCTION 

There have been two major purposes for  the experiments described i n  t h i s  
paper. 

1)  To gain additional p rac t i ca l  experience with the short  laser l i g h t  
pulse technique of t i m e  comparison between remote clocks. The method w a s  
pioneered i n  atomic clock experiments with a i r c r a f t  which measured the  e f f ec t  
of gravitational potent ia l  on t i m e .  It w i l l  be used i n  both the  Laser 
-chronization from Stat ionary grbit (LASSO) and the *ace T i m e -  and 
Frequency Transfer (STIFTI3 experiments, i f  these are carr ied out. The 
technique offers  the most accurate pract ical  means of remote t i m e  comparison. 

2 )  To provide a l ink t o  the  USNO from the  GORF 1.2 m e t e r  telescope t o  
f a c i l i t a t e  t i m e  comparison with Western Europe during the LASSO experiment. 
The fa i lu re  on 20 September 1982 of the t h i r d  stage of the  ARIANE rocket 
carrying the SIRIO-2 satellite with the LASSO instrumentation has prevented 
t h i s  experiment from being performed. The LASSO par t ic ipants  have been 
informed by PI Berlin, the project  manager fo r  the SIRIO-2 satellite, and B. 

C. 0. Alley, "Relativity and Clocks", Proceedings --- of the 33rd Annual 
Symposium on Frequency Control, U . S .  Army Electronic Research and Development 
Command, Fort Manmouth, N J ,  pp. 4-39A (1979). Copies available from Elec -  
t ron ic  Industries Association, 2001 Eye Street, N. W. Washington, D. C. 20006. 

B.E.H. Serene, "Progress of t he  LASSO Experiment,'' Proceedings of the  
Twelfth Annual Precise Time and T i m e  Interval  (PTTI) Applications Planning 

NASA Conference Publication 2175. pp 307-327, December 2-4, 1980. 
R. Decher, D.W. Allan, C.O. Alley, C. Baugher, B.J. Duncan, R.F.C. Vessot, 

and G.M.R. Winkler, "High-Accuracy Global T i m e  and Frequency Transfer with a 
Space-Borne Hydrogen Maser Clock", Proceedings of the Fourteenth Annual Pre- 
---- cise Time and T i m e  Interval  (PTTI) Applications and Planning Meetinq, November 
30 - December 2, 1982. To be published as a NASA Conference Publication. 
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Serene I the  project  manager f o r  SSO, t ha t  there  is  act ive consideration now 
being given within the European Space Agency t o  f ly ing  a new SIRIO-2B 
satell i te with LASSO instrumentation, using exis t ing engineering test 
equipment, If the decision is favorable, and another ARIANE launch can be 
arranged, perhaps the LASSO experiment can be performed i n  about two years. 

THE SHORT LIGHT PULSE TIME TRANSFER TECHNIQUE 

Einstein8s Prescription 

The idea of using short  l i g h t  pulses t o  compare the readings of separated 
clocks is one of the  conceptual foundations of r e l a t i v i t y  contained i n  
Einstein 's  o r ig ina l  paper.4 It is remarkable t h a t  the advent of lasers with 
t h e i r  a b i l i t y  t o  produce very short  pulses of l i g h t  has allowed the method t o  
be implemented as perhaps the most accuracte means of remote t i m e  comparison. 

The method is i l l u s t r a t e d  i n  the  spacetime diagram of Figure 1. In an 
i n e r t i a l  system i n  the absence of an atmosphere, the speed of l i gh t  is 

(1)  8 c fl 2.9979 x 10 m/s  = 30 cm/ns, 

so t h a t  for the uni t s  shown, the l igh t  l i nes  have a slope of 45O f o r  an 
outgoing pulse and -45O for  an incoming pulse, representing the  same veloci ty  
i n  each direction.* I f  a pulse is sent  out a t  t i m e  tl, ref lected from a 
d is tan t  point a t  t i m e  t, and received back a t  t i m e  t3, then t2, the midpoint 
i n  t i m e  between tl and t3, is t o  be ident i f ied with t, according t o  Einstein: 

t2 = t l  + (t, - t 1 ) / 2  = (tl + t 3 ) / 2  = t. ( 2 )  

Also, the distance x is given by the radar equation from the difference 
between measured epochs t l  and t3: 

x = (t3 - t l )  4 2 .  (3 )  

The ef fec t  of the atmosphere is t o  reduce the speed of l i gh t  from c t o  
c/n, where n is the  index of refraction. (The detai led physics leading t o  
t h i s  r e su l t  is ra ther  complex and not widely known, but w i l l  not be discussed 
here. ) ' The value of n depends on the frequency of the l i g h t ,  the atmospheric 
pressure, the temperature, and the  composition of the atmosphere, including 

A. Einstein, "Zur Elektrodynamik B e w e g t e r  ICtfrper," Annalen der Physik, 17, 
1905. A t rans la t ion  in to  English is available: "On the Electrodynamics of 
Moving Bodies ,I' i n  - The Principle  of Relativity,  Collection of Original 
Papers on the Special and G e n e r a l x e o r y  of Relativity,  t ranslated by We 
Perrett and G. B. Jefferey, Dover Publications, Inc., New York, 1952. 
* In  a coordinate system attached t o  the surface of our ro ta t ing  Earth, which 
is not an i n e r t i a l  system, the  speed i n  the  East-West d i rect ion d i f f e r s  from 
t h a t  i n  the West-East  d i rect ion by about ~ x I O - ~  a t  the  equator. In  the 
present experiment, the  e f f ec t  might be barely detectable as the ca l ibra t ion  
is refined. 
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x (30cm) 

Fig. 1, The Einstein Prescription. 

the partial pressure of water vapor. (The dependence on water vapor is tar 
smaller €or optical frequencies than for microwave and radio frequencies.) 
The atmosphere thus produces an additional time delay for the light pulse on 

as shown in the way out, T , and a corresponding delay on the way in, T 
Figure 1. Thc?%nstein prescriptions for determining the coordinates ( t, x) 
of the reflection event as expressed in equations (2) and (3) now become 

in 

t = [(t,- T out + (t3+ Tin)]/2 (tl+ t3)/2 + (Tin- T out )/2 ( 4 )  

nearly cancel 

x = [(t3+ Tin) - (tl' T out 1 - (Tin+ Tout)] c/2 

measured round trip time additive 
( 5 )  

Note that for the time determination in equation (41, the atmospheric delays, 
occur as a difference. They are essentially the same and will 

distant event Iry the midpoint in time between emitted and the received 
(reflected) pulse is .essentially unaffected by the atmosphere. 

near 'Io? y and cance e The Einstein prescription for determininq the time of a 

This is to be contrasted with the effect of the atmosphere on the 

P and T must be subtracted. z& accurate distance measurement requires 
distance determination, equation ( 5 )  , in which the sum of the delays 
that the atmospheric delays be known. out in -- 

An added advantage of the light pulse method of determining the time of a 
distant clock with respect to a local clock is that the motion of the distant 
clock does not have to be considered in the comparison between the local 
midpoint event and the distant reflection event, There are no Doppler effect 
complications. 

However, if the distance between the clocks is not changing, one can use 
the radar delay to determine the one-way time difference. This is helpful 
when the returned light pulse is so weak that single photo-electron detection 
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.AND 

Fig. 2. The path of the laser  beam across Washington. 

is required. Under these circumstances the ref lected pulse a t  t3 w i l l  not be 
recorded for  each shot, but only with a cer ta in  probabili ty,  perhaps one i n  
ten.  This w i l l  be discussed i n  the l a t e r  section on the analysis of typical  
data. 

Path Across Washington and Atmospheric Effects 

The actual path of the l i g h t  pulses from the 1.2 m telescope a t  the  
Goddard Optical Research Fac i l i t y  t o  the dome on the roof of the Time Services 
Building a t  the  U.S. Naval Observatory where two lunar type corner r e f l ec to r s  
and a detector are located is shown i n  Figure 2. A direct l i ne  of s igh t  is 
not possible because of the topography of the Washington area, but a 30 c m  
f l a t  mirror on a w a t e r  tower a t  the Bel t sv i l le  Agricultural Research Center 
and a 25 cm f l a t  mirror on the top of the National Cathedral ( the  highest 
point i n  the Washington area) allow a connection. The approximate l i g h t  
t r ave l  t i m e s  and distances fo r  the several legs are given on the map. The 
t o t a l  one-way l i g h t  t rave l  t i m e  is 87 microseconds corresponding t o  a total  

5 one-way distance of 26 h. The value of the  atmospheric index of re f rac t ion  
fo r  green l i gh t  of 532 nm wavelength from the frequency-doubled neodymium YAG 

C.W. Allen, Astrophysical Quantities, the University of London Athlone 
Press, London, Second Edition, 1955, pp 119f. This reference contains many 
useful tables  and formulas f o r  the opt ical  index of refraction. 
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laser, for a pres ure of 760 m of gr for a temperature of 150 C ,  and for 
water vapor pressure of mm of Hg is given by 

n - 1 = 0.000277 (6) 

and produces a one-way atmospheric delay of 24 nanoseconds. This does not 
matter for the Einstein prescription, as discussed above. Other atmospheric 
effects do cause experimental troubles, however. 

If the "visibility" as quoted for the Washington National Airport is less 
than five or six miles, we cannot detect reflected light over the 52 km round- 
trip path even at the single photo-electron detection sensitivity for our 
several hundred microjoule pulses of green light. 

Instabilities in the atmosphere associated with a changing vertical 
temperature gradient, which often occur a cloudless cold night after a warm 
day, require frequent adjustment of the pointing of the 1.2 m telescope to 
keep the narrow laser beam on the water tower mirror. This bending of the 
light is similar to mirage effects. The laser beam is about 2 cm in diameter 
aB it leaves the telescope, expanding to about 45 cm over the 3.3 km path to 
the water tower. At the cathedral the beam is 200 to 300 cm wide and 
dcintillations are observed - a changing mottled pattern - caused by the non- 
uniformity of the atmosphere in the transverse dimension of the beam during 
the 21.6 km path to the cathedral. Changing vertical temperature gradients 
also require occasional angular adjustment of the water tower mirror to keep 
the beam on the cathedral mirror. At the USNO the laser beam has a horizontal 
extent of about 15 cm and a vertical extent of about 25 cm, the projected 
dimensions of the cathedral mirror as it intercepts the beam. 

Methods of Aligning the Mirrors 

It has proven necessary during a time transfer to have people at the 
various locations to make the initial mirror alignments and to maintain them: 
one person at the USNO, one person at the cathedral, and two persons at the 
water tower. Three persons are needed at the telescope to operate it, the 
Laser, and the computer, and to coordinate all the activities. A telephone 
has been installed at each location and a conference call is arranged during 
each time transfer exercise to allow the necessary communications. 

The most difficult adjustment is the initial alignment of the water tower 
and cathedral mirrors. A very elegant and fast method of accomplishing this 
was finally devised by D. G. Currie, J. V. Mullendore, C. A. Steggerda, and C .  
0. Alley, at the University of Maryland. The idea derives from methods used 
to direct narrow laser beams to a specific location on the Moon.6 The method 
uses a high quality 38 mmn diameter circular corner reflector identical to 

C.0.  Alley, "Laser Ranging to btro-Reflectors on the Moon as a Test of 
Theories of Gravity," in Quantum Optics, htp erimental Gravitation, 
Bbasuremnt Theory, edited by P. Meystre and M.O. Scully, Plenum Publishing 
Corporation, New York (1983). 
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(Lunar Type (Ad justable about 
Horizontal and 
Vertical Axes) 

Light from 
Water Tower 

Fig. 3. Optical arrangement €or the telescope which looks forward and 
backward at the same time. 

Fig. 4, Picture of the forward and ba rd looking telescope. 
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those placed on the Moon, together with an Edmund Scientific Company 
Celestial/Terrestrial 60 mm objective 
the arrangement.. It allows one to look f 
timee A corner reflector has the property that an entering ray of light is 
reflected three times at three orthogonal mirrors, emerging at a diametrically 
opposed point with a reversed propagation vector. When the reflector is 
mounted as shown, halfway across the entrance pupil of the telescope, the view 
from behind is superposed on the normal lescope . 
Coarse adjustment of the mirror is achieved and the 
GORF telescope dome during daylight, bri ope dome into 
coincidence with the corner of the cathedral spire. Fine adjustinent is done 
at night by superposing the image of the attenuated laser beam on the image of 
an incandescent light placed at the cathedral mirror. Once this is done, the 
laser beam is guaranteed to hit the cathedral mirror. An even finer angular 
adjustment can now be accomplished by temporarily placing a corner reflector 
at the cathedral mirror and observing the reflection from it in the 60 mm 
telescope (after rotating its corner reflector out of the way) adjusting the 
water tower mirror to maximize the intensity. A picture of the forward and 
backward looking telescope is shown as Figure 4. 

For the water tower mirror, this procedure with the two-way telescope and 
lights must be done before each time transfer exercise since the alignment 
does not stay constant. We believe that both the changing water level in the 
tank and the temperature changes in the structure cause the angular changes in 
the mirror. Carrying the equipment to the top of the tower, setting it up, 
and making the adjustments usually requires about a half-hour. For the 
cathedral mirror, the two-way telescope is used only rarely since the mounting 
of the mirror is very stable, and the optical "lever arm" to the USNO is only 
1.2 Ian. Usually, an adjustment of only 30 to 60 cm in translation is needed. 
This is accomplished by observing the position of the green light from the 
laser on the back of the dome, and adjusting the cathedral mirror until the 
detector/reflector combination casts a shadow in the middle of the green 
spot. The propagation vector reversal of the corner reflectors adjacent to 
the detector at the USNO causes the reflected light to retrace the path back 
to the telescope at the GORF. 

DESCRIPTION OF THE EQUIPMENT 

Laser and Timing Instrumentation at the GORF 

At the 1.2 m telescope a frequency doubled neodymium YAG laser produces 
100 picosecond duration pulses of green light at 532 nm, each with an energy 
of about 0.5 millijoule. For the time transfer experiments the repetition 
rate is set at 10 pps to match the 10 pps master clock pulse train at the 
USNO, although the laser is capable of operating at 30 pps. This laser is 
described in detail in a recent paper7 and is the same one that was used in 

C. 0. Alley, "Proper Time Experiments in Gravitational Fields with Atomic 
Clocks, Aircraft, and Laser Light Pulses." in puantum optics, Experimental 
Gravitation, and Measurement Theory, edited by P. Meystre and M. 0. Scully, 
Plenum Publishing Corporation, New York (1983). 
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Electi . 
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OPTICAL SYSTEM 

Fig. 5. Coupling of laser and 
detector t o  the telescope. 

Elevation ------- 

Fig. 6 .  Path of the laser beam 
through the telescope. 

the a i r c ra f t  atomic clock r e l a t iv i ty  experiments (reference 1). The opt ical  
system for  coupling the laser t o  the telescope and for detecting the reflected 
light is shown i n  Figure 5. The pulse from the laser is l inearly polarized 
w i t h  the electric vector vertical .  It therefore reflects from the multi-layer 
thin f i lm polarizer and passes thlcough a quarter-wave plate  which converts the 
l inea r  polarization to circular polarization. The pulse is reflected off- 
center from a 4 5 O  bending mirror (M6 i n  Figure 61, allowing it t o  proceed 
through the telescope optics as  shown i n  Figure 6, emerging w i t h  a diameter of 
about 2 cm from the annular region between the edge of the primary mirror M 1  
and the edge of the secondary mirror M2. 

The returning l igh t  has suffered some depolarization, but is st i l l  mainly 
circular ly  polarized i n  the opposite sense. On passing through the quarter- 
wave plate  the light becomes linearly polarized i n  the horizontal plane and 
therefore passes through the thin f i l m  polarizer. A rotat ing chopper wheel 
carries a vane which blocks the light which has been scattered back from the  
telescope optics and nearby atmosphere. The chopper wheel is phased t o  be 
open when the return light appears a f t e r  the 174 micresecond round t r i p  
t i m e .  The l igh t  is reflected from a dichroic beam splitter through a 10 A 
spectral  filter and through neutral density filters (variable from zero 
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attenuation up to N*D. 12) light is then focussed to a small spot 
on the photocathode of an 
filters allow the simulation of the single photo-elect 
be needed in the LASSO experiment (the satel 
orbit). They also allow the equipment to 
photoelectron level by ranging to a corner reflector located on the water 
tower. An excellent review article by S. K. Poultney gives many details on 
the techniques of accurate time measurements with single photoelectrons. 

omultiplier tube. 

8 

The electronic timing equipment is shown in the block 
_I 7. The start pulse is obtained from a fast photodiode resp 
light from the multilayer thin film polarizer. A standard NIM pulse is formed 
by an Ortec discriminator and passes through an 'or' circuit and a clean up 
discriminator to an event timer/computer combination which records the epoch 
of the outgoing pulse with a resolution of 50 ps. The single photoelectron 
pulse from the photomultipler is amplified by two Hewlett-Packard wide band 
amplifiers and goes to an Ortec 473 constant fraction discriminator which 
minimizes the "walk" in time associated with amplitude fluctuations. A range 
gate is provided by an adjustable width pulse activated by an "alarm clock 
pulse" from the event timer/computer combination. The E G & G fast trigger is 
open only when activiated by the adjustable width pulse. The return pulse 
then passes through the same 'or' circuit as the start pulse and on to the 
event timer where its epoch is recorded in the NOVA 2/10 computer. The 
equipment above the dashed line is located in the telescope dome and that 
below the dashed line is in a trailer adjacent to the dome. 

The event timer is basically a clock which can be read with a resolution 
of 50 ps without stopping it. It can handle up to 100 pulses per second, a 
limit currently imposed by the associated computer. The operation of the event 
timer is illustrated schematically in Figure 8. A 5 MHz external reference 
frequency (currently an HP 5061 cesium standard; for the LASSO experiment a 
hydrogen maser was to have been used) is doubled to 10 MHz inside the event 
timer and operates a synchronous counter. An incoming NIM pulse latches the 
synchronous counter to provide the epoch to 100 ns. The 0.05 ns resolution is 
achieved by a dual slope integrator in which the pulse also starts a capacitor 
charging until it is stopped by an appropriate pulse in the 10 MHz train. The 
capacitor is then discharged in a tinre 250 times longer than the charging 
time, and the discharge time is measured with an 80 MHz oscillator to the 
nearest cycle. Details 08 the basic circuits are given in a University of 
Maryland Technical Report. ( A  new type of event timer is being developed at 
the University of Maryland by C.A. Steggerda with a resolution of 10 to 20 
ps. 1 

* S. K. Poultney, "Single Photon Detection and Timing: Ekperiments and 
Techniques," in Advances 2 Electronics and Electron Physics, vol. 31, edited 
by L. Marton. Academic Press, New York and London (1972). 

C.A. Steggerda, "A Precision Event Timer for Lunar Ranging," University of 
Maryland Technical Report 74-038, November, 1973. 
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Electronic timing equipment at the 1.2 m telescope. 
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Fig. 8. Operation of the event t i m e r .  
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Fig. 9. Instrumentation at the USNO. 

Instrumentation at the USNO 

Figure 9 is a block diagram of the equipment installed at the Time 
Services Division of the USNO. The detector is an RCA C30902E silic&i 
avalanche photodiode of the same type used in the LASSO instrumentation 
(reference 2). It has a rise time of 500 ps. We chose it rather than a 
faster detector in order to gain experience with the expected performance of 
the LASSO equipment. A 5 nm band pass spectral filter precedes a 2-inch 
diameter lens which focusses light on the diode. Provision is made for 
adding neutral density filters. The fluctuations in amplitude of the laser 
pulses reaching the detector are quite large due to scintillation effects in 
the 26 km air path across Washington. (It is interesting to note that in 
transmitting to space, the vertical scale height of the atmosphere is only 7 
km). The wide band amplifier, similar to that in the LASSO equipment, 
produces a rise time of about 750 ps, and drives a typical 0.75 v pulse down 
75 feet of l o w  loss RG/8 cable to start a HP 5370A computing counter. The 
stop pulse for the counter comes from the 10 pps train of the USNO Master 
Clock. The measured arrival time of each laser produced pulse at the counter 
with respect to the Master Clock can be stored in an HP 1000 computer. This 
computer can be accessed by telephone connection from the NOVA computer at the 
GORF site and instructed to create a data file which is then transferred from 
the USNO. These are the times "t" to be compared with the times "t," and ''tgll 
defined above in the description of the Einstein Prescription. This analysis 
is done by the computer at the GORF site. 
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SIS OF TYPICAL DATA 

The expected return from the LASSO retro-reflectors on the S I R I O - 2  
satellite in synchronous orbit was at the single photo-electron level. That 
is, not every firing of the laser would produce a detected return event, and 
one must treat the returns in a statistical way, there being only a 
probability of detection for each shot. To simulate this condition we are 
able to add neutral density filters in front of the photo-multiplier. This is 
necessary only when the visibility is very good -- on the order of 15 to 20 
miles. For poorer visibility the single photoelectron detection must be used 
with zero attenuation. We try to simulate the LASSO return with a probability 
of about one detection in ten shots. 

Under these conditions it is convenient to take advantage of the constant 
distance for the horizontal timing link. (The distance to a synchronous 
satellite is also approximately constant for short times; for longer times one 
could fit a smoooth curve to the measured range). We measure first the two- 
way time delay (range) in a statistical way. Then one half of this value is 
taken as the one-way time delay and used to identify "matches" between the 
epoch tl of the sending event and the epoch t of the pulse arrival at the 
USNO. This allows a determination of the time difference between the clock at 
the GORF and the Master Clock at the USNO. A typical time transfer is carried 
out with 1000 transmitted pulses, requiring 100 seconds at the 10 pps firing 
rate. Midway into the run, the HPIOOO computer is instructed to record epochs 
of arrival of pulses at the USNO for the next 100 transmitted pulses and to 
transmit these back to the NOVA computer, creating a data file. (Because of 
scintillations at the USNO detector, a few of the pulses are not detected.) 

Some analyzed results from time transfers carried out 14 minutes apart 
during the evening of 2 July 1982 are shown in Figures 10 and 11 (draftsman's 
copies of the display on the Tektronix graphics terminalattacGd to the NOVA 
2/10 computer). The top histogram in each figure shows the distribution of 
the round trip time measurements. In our earlier notation, the measured 
quantity is 

(t3 + Tin) - (tl - T out ). 
The bottom histogram in each figure shows the distribution of the measured 
time difference between the USNO and the GORF. In our earlier notation, the 
measured quantity is 

t - [(t,- T 1 + < (t3+ Tin) out 

For each of the time transfers, an attenuation of the returned signal by N.D. 
3.5 (approximately 3 x 10 1 was imposed to obtain single photoelectron 
detection. 

3 

For the earlier time comparison of Figure 10, 55 returns were recorded 
out of 1000 shots yielding a measured round trip time of 174.3291 us with a 
standard deviation of 690 ps. The spread in the distribution is caused 
primarily by the jitter in the transit time in the photomultiplier detector 
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RANGE BIN 
loops 

55 RETURNS GIVING A RANGE OF 174.3291 psec f 0.69 nsec 

TIME 
COMPARISON 

BIN WIDTH 
I n s  n 99 MATCHES GIVING A SHIFT OF -0.5126 psec f 0.24 nsec 

Fig. I O .  Time Transfer on 2 July 1982 at 04:32 UTC. 

1000 shots 

RANGE 
MEASUREMENT 

BIN WIDTH 
loops 

n 
20 RETURNS GIVING A RANGE OF 174.3289 psec f 0.39 nsec 

TIME BIN WIDTH 
COMPARISON n 97 MATCHES GIVING A SHIFT OF -0.5124psec f0.40nsec 

F i g .  11. Time Transfer on 2 July 1982 at 04:46 UTC. 
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ting at the single photoelectron level, The spread in the distri n 
ime comparisons is somewhat tighter since no sin n 

detection is involved, For 99 matches, the standard deviation is 240 ps about 
a mean time difference of -512.6 ns. 

For the later time transfer, shown in Figure 11, atmospheric conditions 
had deteriorated somewhat and only 20 returns were detected out of 1000 
shots. The measured round trip time was 174.3289 ps with a standard deviation 
of 390 ps. There were 97 time comparisons, giving a meah time difference of 
-512.4 ns with a standard deviation of 400 ps. The two measurements are 
consistent. 

The standard deviations of the mean for the two time comparisons are 24 
ps and 41 ps respectively. Most of the spread in the distributions is thought 
to be caused by the detector electronics at the USNO as influenced by the 
scintillation induced intensity fluctuations in the light pulses. We intend 
to install a faster detector and circuits whose delay is less sensitive to 
amplitude changes. Also in the future, we intend to replace the 
photomultiplier detector with another photomultiplier having faster response, 
less jitter, and higher quantum efficiency. 

If the Einstein prescription for time comparison were used directly with 
the above data, only 55 comparisons in the first run and 20 in the second run 
would be possible. This would not matter if the measured distributions had 
very small dispersions, but with the present detectors the incorporation of 
the measured round trip time is desirable. In addition, use of the Einstein 
prescription would have required that the arrival times at the USNO be 
recorded for each of the 1000 transmitted pulses and sent back to the GORF 
instead of recording and sending back the 100 pulses in the middle of the 
sequence. 

Calibration of the laser timing link has been accomplished so far only by 
a clock trip of about 30 minutes duration between the USNO and the GORF. The 
portable clock was compared directly with the USNO Master Clock at the HP5370A 
computing counter and by means of the event timer at the GORF with the HP 
cesium beam clock at that site. These are the basic reference points for the 
time comparison. The stability of the clock during the trip, estimated at 1 
to 2 ns, gives the level of calibration. we plan to make measurements of the 
actual delays between the optical detectors and the basic reference points. 
It is hoped that these delays can be determined to 0.1 ns. The laser pulse 
link alone could then establish synchronization at this level which would 
require allowance for the East-West asymmetry in the speed of light mentioned 
earlier as a footnote to the discussion of the Einstein prescription €or time 
comparison. 

PHOTOGRAPHS OF THE EQUIPMENT 

The details of experimental equipment are often best shown by actual 
photographs, which also convey impressions not achievable with words and 
drawings. The following series of pictures traces the path of a photon 
participating in the light pulse time time transfer as the photon itself might 
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see it. 

Figure 12 is a cutaway a r t i s tw s drawing of the 48-inch (1.2 m) precision 
tracking t e l z c o p e  a t  the GORF.* The opt ical  path through the  telescope shown 
i n  Figure 6 can be better understood by comparing it w i t h  Figure 12. 
computer controls fo r  direct ing the telescope are i n  the room t o  the l e f t .  
Our event t i m e r  and related equipment are located i n  a trailer parked adjacent 
t o  the dome on the  r igh t .  

The 

Figure 13 shows the Newport Research opt ica l  table on which the equipment 
of Figure 5 is  located. The electronic  equipment of Figure 7 is  i n  the  rack 
under the table. The enclosure on top of the table contains f i l t e r e d  a i r  t o  
protect  the optics.  

Figure 14 shows the water tower on the horizon 3.3  km f r o m  the telescope 
as seen through the dome opening. 

Figure 15 is  a picture  of the water tower. The 30 CIU mirror mount can 
been seen on the l e f t  in s ide  t h e  catwalk. The ladder for  climbing the  tower 
is hidden by the t rees .  

Figure 16 is a view of the water tower mirror mount with the f ront  
removed from the aluminum box which protects the mirror from the weather. The 
f ine ly  adjustable mirror mount w a s  made by Aerotech. The micrometers for  
ro ta t ing  about the  horizontal and ver t ica l  axes can be seen a t  the bottom of 
the mount. 

Figure 17 is a picture  of the National Cathedral as seen on the horizon 
from the water tower. Because the  cathedral is on a h i l l ,  the top of its 
tower is s l igh t ly  higher than the Washington Monument. 

Figure 18 is  a picture  of the cathedral tower taken from the ground 
showing the parapets between which the laser pulses enter  and leave. The 
mirror mount cannot be seen from the ground. 

Figure 19 shows the mirror mount on top of the brick stairwell 
enclosure. This is a very so l id  s t ructure  containing a s p i r a l  s ta i rcase.  The 
adjustable mount fo r  the mirror is ident ical  t o  the one on the water tower but 
houses a 25 cm ( IO inch) f l a t  mirror. The reason for  the difference i n  s i zes  
is t h a t  these mirrors w e r e  available from the beam direct ing optics used i n  
the a i r c r a f t  r e l a t i v i t y  experiments with atomic clocks performed i n  1975 and 
1976, described i n  references 1 and 7, and a l so  a t  the last PTTI meeting. 10 

* W e  are very gra te fu l  t o  Michael Fitzmaurice, John Degnan, and others of t h e  
Optical Instrumentation Branch of the Goddard Space Flight Center fo r  kindly 
allowing us t o  use t h i s  excellent f ac i l i t y .  
lo 12.0. Alley, "Introduction t o  Some Fundamental Concepts of General 
Relativity and t o  Their Required U s e  i n  Some Modern Timekeeping Systems," 
Proceedings of the Thirteenth Annual Precise Time and Time Interval  (PTTI) 
Applications =Planning Meeting; NASA Conference Publication 2220, pp. 687 - 
724, December 1 - 3, 1981. 

--- 

258 



20 shows the domes of USNO framed between parapets with the 
nn t z  and Potomac River i e background, The small dome in the 

center is on top of the Time Services Building and contains the detector and 
corner reflectors. Spectacular views of Washington are seen from the top of 
the cathedral 

- 21 shows the dome on the roof of the Time Serves building, The 
dete lector combination is mounted on an unused telescope mount in the 
center, as seen in Figure 22. The detector/amplifier as86 - 9 is in the cylinder at the top left. The two corner r 
top right. They are the same ones used in the aircraft time transfer 
experiments described in references 1, 7 and 9 and are mounted in the hous 
constructed for the outside of the aircraft, The lower panel of reflectors 
was lent by the Marshall Space Flight Center as* part of the studies for the 
STIFT experiment, It is not presently used. 

Figure 23 shows the top of the cathedral above the trees as seen from the 
roof of the Time Services Building. The green laser flashes come from between 
two smaller parapets at the right. 

Figure 24 looks toward the water tower from the top of the cathedral. 
Since the water tower does not project above the horizon it is not 
distinguishable at its distance of 21.6 km in this daytime photograph. 
However at night, when the laser beam is correctly pointed, the green flashes 
are by far the brightest light in the whole Washington area. 

The final picture in the series, Figure 25, is a reflection in the water 
tower mirror of the many domes at the Goddard Optical Research Facility. The 
large dome on the right, just to the left of the dome on a tower, contains the 
telescope where the trip began, which is also the final destination for the 
photon. 
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Fig. 12. Transmit/Receive telescope at the GORF. 

Fig. 13. Optical and electronic equipment for transmitting and 
receiving laser pulses. 
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F i g o  14. Water tower seen from the telescope.. 

F i g s  15, Water tower seen f r o m  near its base, 
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Fig. 17, National Cakhedral on the  horizon as seen from the  
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8. C a t h e d r a l  t o w e r  rror on C a t h e d r a %  t o w e r ,  

F i g .  2 0 ,  The f r o m  the Cathedral 

263 



F i g o  21* Dome on the roof of the USNO Time Services B u i l d i n g D  



Fig. 23. Top of the Cathedral seen from the 
roof of the Time Services Building. 

Fig. 24. Looking toward the water tower from the Cathedral, 
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F i g .  25. Domes of the Goddard Optical Research Facility 
reflected i n  the water tower mirror. 
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What's the time constant for a l ign ing  the two mirrors tha t  are a t  D? 

PROFESSOR ALLEY: 

Oh, No! Our electronics engineer, Mr. Steggerda is also an expert a t  
l i n i n g  tha t  up and he can do i t  i n  a matter of 5 or  10 minutes, I guess. 
I t  takes a l i t t l e  longer than t h a t  t o  get a l l  the equipment up on the 
water tower, and so on. B u t  we typically can get a number of measurements 
done during an evening's run of several hours, provided the weather permits. 
We don ' t  have t o  have freedom from cloud cover. In fact cloud cover is  
good because i t  stabilizes' these vertical temperature gradients. 

MR. KAHAN: 

Can you work i n  rain? 

PROFESSOR ALLEY: 

No! No! 

I should say t h a t  we checked w i t h  the airport forecasters -- visibil- 
i t y  however they define i t ,  and I d o n ' t  know quite how they define i t ,  b u t  
i f  i t ' s  less than 6 miles, we begin t o  get into trouble. We like t o  work 
w i t h  visibility of 15 t o  20 miles b u t  we can work w i t h  5 o r  6 miles. B u t  
we cannot work i n  rain or fog. 
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DISCUSSION ON GODD 

DR. ~INKLER~ The United S t  

would have a l i t t l e  group and discuss the various aspects and summarize 
and ask questions. I would l i k e  the audience t o  be as act ive as possible. 

Dr .  Bernard Serene; I talked w i th  him yesterday morning t o  get some new 
information on the status o f  the LASSO project ,  and he regrets tha t  he 
was unable t o  come, obviously, but on the news we received i t  appears 
as Professor A l ley  has already mentioned, tha t  the LASSO i s  not dead. 

Let me begin by giv ing you best regards from our European colleagues 

I n  fact  i t ' s  a very good chance tha t  it might be a series o f  two 
' successors, which w i l l  e i ther  be on a SERIES-2 type s a t e l l i t e ,  two ex- 

periments of course, o r  where i t  w i l l  be on METEORSAT as a piggyback 
effort.  And then as mentioned by Professor A l ley what we w i l l  expect, 
so tha t  we w i l l  have t o  f i n d  out  what i s  going t o  happen. 

I n  looking over the papers which we have heard today and some o f  the 
papers which are s t i l l  t o  come, and we have again the two classes of ex- 
periments o f  techniques: The one-way time transfers using a navigation 
system such as GPS, o r  such as TRANSIT and two-way transmission, using 
a communication s a t e l l i t e  o r  using the ranging signals which are avai lable 
on some o f  the other sa te l l i tes ,  i n  the piggyback fashion. 

I was very much in t r igued by the s l i d e  shown by Mr. Starker today, 
about unscheduled and completely passive o f  comparison between Washington 
and PTB i n  Germany using completely d i f f e r e n t  GPS receivers and achieving 
as we have heard a standard deviat ion of, something l i k e  20 nanoseconds 
over a period o f  10 days which includes a l l  o f  the var ia t ions i n  the two 
clocks, i n  a l l  the c i r c u i t s  and everything. And i t  includes the uncertainty 
o f  the GPS t ime transfer. 

And j u s t  from that, but  a lso when d 
by David Al lan and the NBS group and o t  
have the capab i l i t y  t o  synchronize any two clocks t o  about 20 nanoseconds 
wherever they are. Using the system which, i n  i t s  o r i g ina l  purpose, was 
f a r  from being operational, but  f o r  a time transfer it i s  more than oper- 
at ional  because we have f i v e  s a t e l l i t e s  which can be used and are being 
used. 
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t ions? We have heard today 
these super prec is ion ex- 

periments and I would l i k e  t o  ask maybe anyone t o  answer here, how they 
see the future,  and what r o l e  the laser  i s  going t o  p lay i n  l e t s  say 5 o r  
10 years from now, i s  i t  going t o  be a ca l i b ra t i on  too l  o r  maybe i t  w i l l  
become an operational t oo l?  

PROFESSOR ALLEY: 

The laser  has the  immediate disadvantage of not being able t o  go through 
clouds, a t  l e a s t  i n  the powers avai lab le t o  c i v i l i a n  users. But, I th ink  
as a c a l i b r a t i o n  technique i t  could p lay a very important par t  i n  the 
future. 

I would th ink,  for  example, i f  we could ca l i b ra te  using 1/10 nano- 
seconds lase r  pulses, the GOES pos i t ion ing s a t e l l i t e s  are few, and the 
GOES pos i t ion ing  s a t e l l i t e s  were as they were t i e d  d i r e c t l y  t o  a master 
clock, f o r  example, a t  the Naval Observatory then using the conventional 
readouts, one could improve on the global t ime transfer from the ten  nano- 
second leve l  down t o  the precis ion o f  which the GPS i s  capable which i s  
a t  the one nanosecond, o r  perhaps even bet ter .  

DR. W INKLER: 

That i s  c e r t a i n l y  an i n te res t i ng  comment, because we hear about develop- 
ments o f  c locks which are capable o f  keeping time down t o  the 10th o f  a 
nanosecond and i t  i s , a  question what u t i l i t y  they would have without a 
be t te r  readout capabi l i ty .  That question has been ra ised several times, 
and I th ink  i t  has not been answered sa t i s fac to r i l y .  

I would l i k e  t o  ask Dr.  Decker about h i s  estimate, I mean t h a t  may 
be an ind isc re te  question; but  i t  i s  a planning meeting and we ought t o  
discuss these things as candidly as possible. 

What i s  your present assessment o f  t h i s  STIFT experiment? 

DR. DECKER: 

Well, a t  the  present time, t h i s  is a study place, so i t ' s  not  an approved 
colloquium. And i t  i s  ra ther  d i f f i c u l t  t o  s t a r t  any new program today 
because a l l  agencies are su f fe r ing  from budgetary problems. 

The system, as present ly studied by NASA, would be o f  benef i t  t o  
. a large outside user group and i n  order t o  get  something l i k e  t h i s  

going, I t h i n k  one needs the  support o r  the expression o f  i n te res t  
from outs'ide users t o  NASA t o  support the s t a r t  o f  such a program. 

So, a t  the present time, we do no t  have any committed s t a r t  o r  
s t a r t  o f  t he  development o f  t h i s  STIFT system. 

270 



DR e W I NKLER : 

And so i t  i s  a concept, essentia 
for support? 

looking f o r  sponsors 

DR. DECKER: 

That's r igh t .  

DR. WINKLER: 

And as I heard, Mr .  Starker, today, your experiment i s  apparently going 
i n  f u l l  force, i s  t ha t  true? 

MR. STARKER: 

Yes, you are r i gh t .  It i s  i n  f u l l  force and it can be, and there i s  no 
doubt that  i t  i s  a decision o f  great determination. 

And t o  your question about laser o r  microwave l inks,  I come from a 
microwave Ins t i t u te ,  and I th ink  tha t  microwave l i n k s  w i l l  be the 
operational t oo l  f o r  time t ransfer  and laser  w i l l  be used as a ca l ibra-  
t i o n  tool,  perhaps. And f o r  us, not the highest experiencing i s  our aim 
i n  t h i s  f i r s t  experiment w i th  dual l inks .  We f ind t h a t  the experimental 
technique t o  use a computer and a noise code as time signals, i s  a very 
important th ing which can be used wi th  communication s a t e l l i t e s  o r  w i th  
low-orbit ing sa te l l i tes ,  as well .  And t h i s  i s  our ,aim- and we made some 
experiments t o  o f f e r  as proof and we got also precisions o f  smaller than 
1 nanosecond. 

DR. W I N KL E R : 

Your presentation presented us w i th  such a wealth o f  in terest ing i n f o r -  
mation and in te res t ing  deta i ls ,  I r e a l l y  th ink  you should look very 
care fu l l y  through your panel paper. 

very wise f o r  ESA t o  establ ish much closer relat ionships w i th  t h i s  
European group and f i n d  out  how we could possibly par t i c ipa te  --- what 
p o s s i b i l i t i e s  s t i l l  exists? As we have heard, one o f  the main d r i v ing  
objectives i n  the German experiment i s  t o  gain experience i n  using 
clocks i n  space. x 

But i t  appears t o  me t h a t  i n  Europe the schedules-- t ha t  i t  may be 

DR. DECKER: 

I have a question. 
l a r  experiment? You said i t  was the f i r s t  one? 

Do you have any plans i n  the fu tu re  f o r  t h i s  part icu- 
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wo ve no , up t o  now. 

DR. WINKLER: 

Well, we can change,the subject, i n  tha t  t h i s  panel member say something 
about whose point .  of view .they have i n  GPS s a t e l l i t e s  and time transfers. 

MR. TALLEY: 

Well, I guess there's a t  l eas t  one comment w i th  regard t o  the laser and 
tha t ' s  probably contrary t o  Dr.  Al ley 's in terest ,  we have never had a l o t  
o f  in te res t  t r y i n g  t o  do laser  tracking o f  one o f  our s a t e l l i t e s  i n  order 
t o  separate the ephemeris from our clock information. We recognize tha t  
as data base l ine ,  and many o f  us who are involved i n  clocks, are involved 
i n  the ephemeris evaluation are interested i n  that. 

There has been considerable reluctance on the pa r t  on the program 
o f f i c e r s  t o  sponsors such an ac t i v i t y .  And they are s t i l l  working i t  
they are interested i n  NRL doing that, and the groundwork has been la id ,  
and I --- wel l  i t  hasn't happened yet. 

DR. WINKLER: 

Right now, I th ink  there are two aspects which I don' t  th ink have been 
su f f i c i en t l y  emphasized. One i s  tha t  the laser  propagation is ,  from a 
physics po in t  o f  view, a cleaner one. That you do not  have t o  be t h i s  
unknown dispersion; there i s  no noticeable, o r  not as large i n  the 
texture coming from the tropospheric water vapor. And the same th ing i s  
t rue  from any atmospherics. True i n  pr inc ip le ,  tha t ' s  very interest ing.  

But there i s  a second aspect which I th ink  tha t  we should not for- 
get, t ha t  i t  i s  i n t r i n s i c a l l y  an u l t r a  secure way o f  accessing a we l l -  
known object. It i s  much more secure than any microwave system ever i s  
going t o  be. And I think t h a t  the program o f f i c e  has not considered tha t  
aspect yet. But I think i t  would be a very powerful motive t o  inves t i -  
gate the use o f  lasers f o r  special purposes, i n  conjunction wi th  very 
high precision cal ibrat ion.  

MR. TALLEY : 

Would you l i k e  t o  have some statu: f o r  the general audience as t o  where 
our GPS clocks are? 

DR. WINKLER: 

I th ink tha t  would be most useful. 
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m 
d two of them cesium-clocks. r u n n i n x  .-..We have 

radiat ing i n  L Bandcontrolled-by a crystal clock. NAVSTAR 1 is still 
being tracked w i t h  the ~ L M A ~  f i l t e r  and i t  is being updated and has a 
NAV message t h a t  can be tracked. We have several satellites t h a t  are 
ready t o  be launched and are only waiting for a stage vehicle t o  p u t  t h  
UP* 

We actually have three vehicles i n  storage and the fourth one goin 
in to  thermal vac tests this week. The development of the satellites t h  
selves are almost done as far as the contractor is concerned for the f i  
demons t ra  t i on phase 

We are about 18 months late i n  launching our next one. We had a 
rather drastic propulsion failure i n  December of las t  year, just about a 
year ago now, and so tha t  was a significant setback i n  getting them on 
o r b i t  and now we have a heavier version of the satell i te w i t h  what we 
call the secondary payload and we have t o  have a new stage vehicle. And 
tha t  stage vehicle has had difficulties i n  terms of its nozzel. 
when t h a t  i s  solved we will be launching, bu t  not before June of '83. 
The data that was shown on GPS comparison was not from a cesium clock bu t  
from a rubidium clock, which was on NAVSTAR 3. 

If and 

DR. WINKLER: 

T h a t  is a very interesting comment. Just by looking a t  the observatory 
data,  i t s  clock is performing extremely well and if  i t  were not for the 
need to  re-set i t  frequently because i t  has such a large rate due t o  i t g  
aging b u t  i t  can be modeled as a quadratic state extremely well and oveP 
10 days has residuals less than  10 nanoseconds using a quadratic model. 

Unfortunately, you can't do i t  longer for about 14 days because then 
you see the recycle 500,000 microseconds the other way and change the fre- 
quency and your model needs to be picked up again because you d o n ' t  know 
what actually happened t o  t h a t  clock, bu t  the rubidium has the capability 
i n  space, i n  that particular case t o  give extra ordinarily good service, 

Well, maybe we should invite some questions from the audience. Yes 
s i r ,  could you please give your name for the record. 

DR. ROBERT VESSOT, Smi thsonian 

I don ' t  t h i n k  t h a t  i n  the past there has been as great a discrepancy or 
difference between the alleged accuracy of the atomic clocks and the means 
by which this accuracy can be conveyed about the world? 
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suspicion tha 
means f o r  comparison a t  a greater ra te now than ever 
you care t o  d i  cuss t h i s  po in t  and the f a c t  t ha t  a t  
act ion i s  l i k e  y t o  be needed, what act ion can be taken? 

-.' 

DR. W I N KL E R : 

, Any comments? 

MR. TALLEY: 

I have one comment wi th  regard t o  GPS i n  t h i s  area. As f a r  as our observa- 
t i o n  i n  o r b i t  i s  concerned, from the GPS program po in t  o f  view, it i s  
through KALMAN f i l t e r  observations a t  the master control  s ta t ion and if we 
look a t  two o f  the clocks one of which has a temperature coef f ic ient  on the 
rubidium and one has a suspicion o f  a var ia t ion  i n  beam current i n  the 
cesium, the KALMAN doesn't show the diurnal  ef fect .  Yet we are h igh ly  sus- 
picious t h a t  the clocks have these variat ions. 

ter iorated t o  some extent. 

Q 

I think t h a t  the a b i l i t y  t o  look a t  the clocks on the ground has de- 

We are working t o  t r y  t o  separate that .  

DR. W I NKLER: 

I happen t o  completely agree w i th  him on h i s  comments, t ha t  t h i s  i s  true. 
That, i n  fact ,  years from now, we're not going t o  have any means t o  u t i l i z e  
much bet ter  clocks which we can expect t o  have. I th ink  tha t  there are 
d e f i n i t e  gaps i n  our planning and development. We are t a l  king about many ex- 
periments but now not one o f  them w i l l  be useful a t  the one nanosecond level  
w i th  the possible exception o f  the GPS system, but t h i s  w i l l  require some 
doing. 

Further discussion on the clocks? 

MR. WHITWORTH, JHU/APL 

I ' d  l i k e  t o  ask what determinations have been made as t o  what sor t  o f  t i m -  
i n g  accuracy can be del ivered t o  user spacecraft by GPS? 

MR. TALLEY: 

Well, i t ' s  a l i t t l e  out o f  my f ie ld ,  but I'll attempt t o  comment. 
t h a t  we can, w i th  the proper equipment on board, t ha t  we can approach the 
un i t s  nanoseconds transfer capabi 1 i ty. 

on board i n  s a t e l l i t e s  but i t  seems t o  be w i th in  the capab i l i t y  range. 

I assume 

2 
I think t h a t  t ha t  w i l l  take some special equipment tha t ' s  not presently 
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I would like 
ber t h a t  we'r 
the operators who make the adjustments t o  operate the system are making de- 
liberate changes from time t o  time and i n  order t o  gain experience. 

compl etel y agree 
devel o ~ e n t a l  stage and 

' 

I t h i n k  some operational changes will be required t o  reach that bu t  i n  
my opinion, i t 's  entirely possible t o  obtain the one nanosec 

PROFESSOR ALLEY: 

I ' d  like t o  address a question t o  Mr. Talley i n  relation t o  the question 
from the audience. I've heard t h a t  the GPS is now considering spacecraft 
t o  spacecraft communication and synchronization. Is i t  possible, tel l  us 
more about this plan. 

MR. TALLEY: 

Well, you've heard right. There is  a significant study i n  t h a t  area. I t  
i s  not t o  improve the performance tha t  we've been demonstrating i n  this 
phase one, i t  is  addressing a survivability question, an autonomy out be- 
yond 14 days; up to ,  like, 180 days. I t  i s  true that i t  i s  being worked 
and studied. I t  would require considerably more computational capability 
on board the spacecraft than i s  currently available b u t  i t  does appear t o  
be feasible i n  concept form. 

PROFESSOR ALLEY: 

Do the antennas permit this sort o f  t h ing  or  will new antennas be required? 

MR. TALLEY: 

I believe that the antennas would be satisfactory. 

DR. WINKLER: 

Are there any more questions? 

MR. ALLAN: 

Mr. Starker, I ' d  like t o  a lso congratulate him on an excellent paper bu t  
my one comment i n  regard t o  t h a t  i s  that between his s i t e  and PTB there's 
a very short baseline and using GPS i n  common view you could probably ap- 
preciate about one nanosecond because o f  the large removal of the ephem- 
eris error and we would o f  course, be extremely interested i n  t h a t  t ie .  
In the February time frame, we will loan one of the NBS type receivers t o  
the PTB and you would be able t o  conduct such an experiment. T h i s  would 
give you a tie t o  PTB a t  the one nanosecond level. 
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R: 

Can I repeat? One of the resu l ts  which you repor 
t r o l  Symposium tha t  over a period o f  2 o r  3 weeks the residuals i n  common 
view mode between NBS and Washington using precisely the same sa te l l i t es ,  
the t i m e  difference i n  data, was on the order of 2 nanoseconds. 

a t  the Frequency Con- 

MR. ALLAN: 

That ' s correct. 

MR. STARKER: 

We would be very interested i n  such measurements and as soon as the PTB 
would have the  GPS receiver, we would have also the p o s s i b i l i t y  t o  c a l i -  
brate our receiver which i s  delayed up t o  now. 

PROFESSOR ALLEY: 

I ' d  l i k e  t o  re tu rn  t o  our e a r l i e r  discussion, M r .  Starker. I don' t  want 
t o  leave the impression t h a t  the STIFT planners have not had t h a t  k ind o f  
mutual in te res t  but they d i d  not f i nd  anyone wi th in  the NASA o rgan in t ion .  

DR. W INKLER: 

Not up u n t i l  now. Any more question, please? I would l i k e  t o  ask about 
GPS denial o f  access t o  time? 

MR. TALLEY: 

Well, again, t h i s  i s  not something tha t  I worry about and t a l k  about 
every day. But i t  does border on a c lass i f ied type o f  discussion. 
personally suspect tha t  before the system goes operational there w i l l  be- 
come contamination o f  the GPS signal as we know i t today. I think i t  w i l l  
not  be such t h a t  -- recognized users would s t i l l  be able t o  decode i t  and 
make i t  avai lable i n  a sense tha t  i s  would s t i l l  be useful.  

I 

DR . W I N KL ER : 

Maybe we can shorten the discussion f we say -- I should have mentioned 
tha t  the paper which was given, I believe one o r  two years ago, a t  t h i s  
conference by somebody from the GPS Program Office. 
Tennant. I want t o  know whether any s ign i f i can t  change has occurred? 

I th ink i t  was Capt. 

MR. TALLEY: 

I don't  reca l l  exact ly h i s  position, I was here when he gave the paper; 
gave h i s  ta lk .  I believe tha t  he d id  give some assurance tha t  the signal 
would not be contaminated and I believe tha t  t ha t  i s  not correct  and tha t  
i s  how things stand today. 
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bel ieve tha t  Dave A 
i s  expected and maybe he w 
react t o  the contamination* 

pe o f  contami na 
care t o  comment on how c ~ v i ~ i a n  u 

MR. ALLAN: 

Basically, I th ink  we cannot t a l k  about these kinds o f  techniques, but the 
common view approach would el iminate some o f  the problems tha t  would be 
encountered and I th ink t h i s  w i l l  al low us t o  s t i l l  use the system even 
under some disturbed circumstances. 

So, I th ink  tha t  the system w i l l  be continued. 

DR. W I NKLER : 

Ins t inc t i ve ly ,  I have a fee l ing  that  the system i s  o f  very great use r i g h t  
now. 

On the other hand, we have t o  be prepared. Not one of the systems 
can be guaranteed t o  work when we need i t  and there i s  nothing more i m -  
portant i n  time systems than t o  have a common in ter face t o  al low us t o  get 
t i m e  f rom one of the other many coordinated systems. 

That's the whole purpose o f  coordination. 

Well, I think, M r .  Chairman, tha t  we have f in ished now and I thank 
you very much. 

MR. KAHAN: 

I would l i k e  t o  thank a l l  of these speakers t h i s  afternoon. 
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ABSTRACT 

Continuous-time models of o s c i l l a t o r  phase noise x ( t )  usua l ly  have 
s t a t iona ry  n th  d i f fe rences ,  f o r  some n. 
model can be charac te r ized  i n  the  time domain by the  s t r u c t u r e  function: 

The covariance s t r u c t u r e  of such a 

D n ( t ; ~ 1 , ~ 2 )  = E A, n x(s+t) A: x(s) 

1 2 

Although formulas f o r  t h e  s p e c i a l  case D~(O;T,T) ( the  Allan variance times 
2 ~ 2 )  e x i s t  f o r  power-law s p e c t r a l  models , c e r t a i n  estimation problems r equ i r e  
a more complete knowledge of (0). 

We exh ib i t  a much simpler function of one t i m e  va r i ab le ,  D(t) ,  from 

Believing t h a t  D(t) is the  s imples t  func t ion  of time t h a t  
which (0) can e a s i l y  be  obtained from the  s p e c t r a l  density by uncomplicated 
in tegra t ions .  
holds the  same information as (0) ,  we ca l l  D(t) the  fundamental s t r u c t u r e  
function. 

We compute D(t) f o r  s eve ra l  power-law s p e c t r a l  models. Two examples are 
D(t) = K l t l 3  f o r  random walk FM, D(t) = K t 2  l n l t l  f o r  f l i c k e r  FM. 
demonstrate its use,  w e  exh ib i t  a BASIC program t h a t  computes means and vari-  
ances of two Al lan  variance es t imators ,  one of which incorpora tes  a method of 
frequency d r i f t  estimation and removal. Except f o r  a one-line function def i -  
n i t i o n  of D(t), t h e  program i s  independent of t h e  phase no i se  spectrum. 
outputs were used f o r  assigning confidence i n t e r v a l s  t o  t h e  r e s u l t s  of recent 
hydrogen maser performance tests a t  JPL. 

Then, t o  

The 

THE STRUCTURE FUNCTION 

The purpose of t h i s  paper is  t o  demonstrate an easy way of computing a 
c l a s s  of time-domain o s c i l l a t o r  s t a b i l i t y  measures known c o l l e c t i v e l y  as t h e  
s t r u c t u r e  function. 
be modeled by 

L e t  t h e  phase of an o s c i l l a t o r  with nominal frequency vo 

2 9 ( t  + x ( t ) >  , 
where x ( t )  is a random process representing the  "phase t i m e "  of t he  

*The research described i n  t h i s  paper was c a r r i e d  out by t h e  Jet Propulsion 
Laboratory, Ca l i fo rn ia  I n s t i t u t e  of Technology, under cont rac t  with t h e  
National Aeronautics and Space Administration. 

281 



osc i l la tor .  The most r e s t r i c t ed  version of the s t ruc ture  function, discussed 
by Lindsey and Chie [I], is 

(1) 2 
Dn<T) = E[A: x ( s ) l  I) 

where A, is the backwards difference operator defined by A,f(t)= f ( t ) - f ( t - r ) ,  
and E denotes the  mathematical expectation. 
nth difference process A: x ( t )  is wide-sense s ta t ionary? so t ha t  (1) does not 
depend on s. 

It is to  be understood that the  

For n = 2 w e  obtain the  Allan variance as 

2 
l2 

= - 2T 

A more general version of the s t ruc ture  function is  

Dn(t; T ,T ) = E An x(s+t) An x(s) , 
1 2  =-I =, I L 

which w a s  used by Yaglom [2] as a bas is  fo r  a theory of processes with 
s ta t ionary nth differences. 
t h i s  paper, w e  s h a l l  need the ye t  more general version 

For the  application to  be given a t  the end of 

D(t; -- a,b) = E Aax(s+t) A,,x(s) , - - (3) 

where 

Aa = Aal-Aa ’ 
a = (al, ..., a 1, - 

n n -  

and likewise f o r  b, A,,. 

By using the  t ransfer  function 1 - e -iwT of the operator A,, one can 
express a l l  of these quant i t ies  as in tegra ls  involving the  two-sided spec t ra l  
density S,(w) of the process x ( t ) ,  which is assumed to  have s ta t ionary 

- 

differences for  some n. 
zero, then 

For example, i f  the long-term frequency d r i f t  
n t h  
rate is  

4 1  dw 
=: 16 1 s in  ( 7 ~ )  Sx(w) 5 ? 

-W 

D(t; a,b,c,d) = E Aa% x(s+t) AcAd x(s) 

( 4 )  

(This is (3) with n = 2.) 
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Secause of t h e  importance of t h e  Allan var iance  as a s t a b i l i t y  measure, 
t h e  i n t e g r a l  (4) has been evaluated i n  closed form f o r  power-law spectral 
models 

Sx(o) = Kalola-2,  a = -2, -1, 0, 1, 2, 

with a high-frequency cutoff when a 2 1 ("PM" noises)  [3]. 
(5) and (3) are more complex, y e t  w e  shall show how t o  compute any of t hese  in 
two easy s t eps :  1) By means of simple in tegra t ion$  involving only the spec- 
t r a l  density,  eva lua te  a s fng le  function D(t) of one time var iab le ;  2) apply 
a c e r t a i n  d i f f e rence  operator of order 2n t o  D ( t ) .  
depending only on t h e  s p e c t r a l  dens i ty ,  w i l l  be c a l l e d  t h e  
t u r e  function because, merely by tak ing  linear combinations of values of D(t), 
one can generate t h e  e n t i r e  covariance s t r u c t u r e  of t h e  d i f fe rences  of x ( t ) .  

The expressions 

This func t ion  D C t ) ,  
s t ruc-  

STATIONARY PHASE 

I f  x ( t )  is  s t a t iona ry ,  then D(t) tu rns  ou t  t o  be j u s t  t h e  autocovariance 
function: 

do D(t) = Cov(x(s+t),x(s)) = f e io t  Sx(o) * 
-W 

Indeed, by expanding t h e  d i f fe rences  i n  t h e  middle expression of (5), one 
can show d i r e c t l y  that 

It is  j u s t  t h i s  form of expression t h a t  w i l l  be extended t o  t h e  nonstationary 
s i t u a t i o n ,  where Sx(w) is not  in tegrable  near zero frequency. 

THE FUNDAMENTAL STRUCTURE FUNCTION I N  GENERAL 

L e t  us be given a process x ( t )  with s t a t i o n a r y  n t h  d i f fe rences .  It is 
known [2] t ha t  x has a s p e c t r a l  dens i ty  Sx(w) with the  p rope r t i e s  

$'ak 0 Sx(o) dw < w , 

f o r  some in teger  k, 0 5 k 
d i s t r i b u t i o n  function.) 
function D ( t )  : 

2n. (We ignore t h e  more general  case of a s p e c t r a l  
Here is  one way t o  compute t h e  fundamental s t r u c t u r e  

Define t h e  func t ion  

k dw B(z) = .fW eioz (io) Sx(w) 
0 
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on the  upper half-plane I m  z > 0. 
any function such that C(k)(z) = B(z) on I m  z > 0. 
that C(z) can be extended t o  the  real line by continuity.  

L e t  C(z) be any kth in t eg ra l  of B(z), ice.$ 
It w i l l  always be found 

Then l e t  

D(t) = 2 Re C(t) ,  t real (10) 

I f  k > 0, then D(t) is not: unique; any polynomial of degree 
t o  it. I f  x is s ta t ionary  then k = 0, and D ( t )  reduces t o  t h e  covariance 
function (6). 

RANDOM WALK FM 

k may be added 

To see how easy it  is t o  carry out t he  above procedure f o r  power-law 
noise  types, consider the spectral density Sx(w) = 01-4, and take k = 4 .  Then 

a four th  in tegra l  of which is 

3 1 z 1 n z  C(z) = - - 
2 n i  6 (Im z 2 0) . 

(One can throw out  a polynomial of degree less than 4 . )  
l n l z l  + i Arg z f o r  I m  z 5 0 gives 

Taking l n  z = 

D(t) = 2 Re C(t) = 0 (t ’ 0) 
(t 5 0). 3 -t / 6  

3 Adding t /12 t o  t h i s  gives t h e  a l t e rna te  form 

D(t) = ltI3/12 . 
OTHER POWER-LAW NOISE TYPES 

W e  now give D(t) fo r  t he  power-law spectrum 

The forms f o r  t h e  constant K, and t h e  power of w l i n k  the  r e s u l t s  t o  an 
accepted notation fo r  t he  noise  spectrum, namely 

Sy(f)  = haf a 

(31 ,  where y = dx/dt,  f = w / ( ~ I T ) ,  and Sy(f) 
of y. 
pa r t  of 2 - a ( r e f e r  t o  (8)).  

Fractional values of a are allowed. 
is t h e  one-sided spec t ra l  density 
W e  can take k t o  be the  in teger  
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Case 1. a < 1, not an odd in teger .  

This case includes white FM (a = 0) and random walk FM ( a  = -2). 

Case 2. a = -1, -3, -5 ,... 
(3-a)/2 l n l t l  

(1-a) ! (-1) 
Ka D(t) = - 
IT 

This case, which includes f l i c k e r  FM ( a  = -l), is a c t u a l l y  t h e  easiest of a l l .  

Case 3. a = 1 (Flicker PM). 

Here w e  use t h e  spectrum 

The exponential high-frequency cu tof f  y i e lds  t h e  elementary r e s u l t  

2 2 D(t) = - - I n ( t  + Uwh) , 2n 

whereas the  usual rectangular cu tof f  y i e lds  a cosine in t eg ra l .  

Case 4 .  a > 1. 

This phase n o i s e  process (provided with a high-frequency cu tof f )  is 
s t a t iona ry ;  thus D(t) is j u s t  t h e  autocovariance function of x. 

DERIVING THE STRUCTURE FUNCTION FROM D(t) 

Having t h e  fundamental s t r u c t u r e  function D(t) i n  hand, w e  now show how 
L e t  x ( t )  be a no i se  with spectral dens i ty  Sx(w), k t h e  smallest 

The 
t o  use it. 
in t ege r  s a t i s f y i n g  (8), and no t h e  smallest in t ege r  such t h a t  2n0 2 k. 
d i f fe rences  of x of order no and higher are s t a t iona ry ,  and t o  simplify 
matters l e t  us assume t h a t  they are ergodic and have mean zero. 
t h i s  means t h a t  an o s c i l l a t o r  wi th  phase time x ( t )  has no long-term average 
frequency d r i f t .  Our main r e s u l t  is t h e  following formula f o r  t he  general  
s t r u c t u r e  function (3) of order  n L no: 

For no = 2, 

The proof, which has appeared elsewhere [4], starts from t h e  s p e c t r a l  
i n t e g r a l  
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i n  which the differences operate on ei@t as a function o f ' t .  
f o r  the case n = 2.) 
the integral ,  f o r  the  Fourier transform in tegra l  of 'Sx(w) diverges (unless 
k = 0) i f  the s ingular i ty  a t  w = 0 is not neutralized. 
through the function B(z) given i n  (9). 
d i rec t ly  by the  formula 

(Refer t o  ( 5 )  
One cannot slmply p u l l  the  difference operators outside 

One way t o  do t h i s  is 
Another embodiment of D(t) is given 

where n L no . 
MOMENTS OF STABILITY ESTIMATORS 

The remainder of t h i s  paper presents a nontrsvial  application of the 
preceding theory. 
component : 

L e t  the phase time x( t )  have a long-term frequency d r i f t  

x ( t )  = xo(t> + 'ZCt 1 2  Y 

where c is the  constant rate of frequency d r i f t ,  and xo(t) is a Gaussian 
process whose 2nd dTfferences are stationary,  ergodic, and have mean zero. 
Observing x ( t )  f o r  0 t 5 T, w e  wish t o  estimate c and the  quant i t ies  

2 E [A: x ( t ) I 2  (Gross Allan variance) , ay(.r) = 3 

which are the theore t ica l  Allan variances before and a f t e r  removal of d r i f t .  

To define and manipulate the  estimators, i t  is necessary t o  set up some 
notation as follows: Write 

(This has nothing t o  do with (lo).) 
one of these is used f o r  estimating c, namely 

Then EC = c f o r  any a,b,t .  A par t icu lar  

6 C(rc,T-rc,T) (17) 
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where T~ = T/6,29, a value chosen t o  minimize t h e  variance of e i n  the  
presence of f l i c k e r  FM noise  151. 
estimated d r i f t  rate equals t h e  average frequency near t h e  end of the  record, 
minus the average frequency near t h e  beginning, divided by t h e  intervening 
time T - T ~ .  

The in te rpre ta t ion  of (17) is  that t h e  

L e t  us introduce the addi t ional  quant i t ies  

= C(T,T,jT), cT = C(T,T-T,T) , 

To estimate ( 2 / T 2 )  u$(T), w e  use t h e  unbiased 

c3 

where j is  an integer.  
s ta t  is t i c  

m 

where i t  is now assumed that T / T  is  an integer  m. 
Allan variance estimator involvingthesum of squares of adjacent: second 
differences.  
la t ions.)  

This is  j u s t  the  usual 

(The unusual scale fac tor  2 / ~ 2  is convenient f o r  these calcu- 
TO estimate (2/.r2)  yo(^), w e  use 

m 
2 vo = -L ( C j  - 2) . m-1 

j=2  

S ince  

m 

j=2 

we have 
*2 = v - 21CT + c vO 

Our goal is t o  compute t h e  mean and variance of Vo, a biased estimator. 
F i r s t ,  w e  see that Vo does not depend on t h e  t r u e  d r i f t  rate c, and so f o r  
t h i s  purpose w e  can take c = 0. Then 
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EVo = EV - 2E&, + I@* , 

2 (25) - 4 coV(ec,,e ) . 
Because x ( t )  is Gaussian, t he  fou r th  moments i n  (25) are determined from 
t h e  second moments of c ,  c and the  general  formula c j*  f' 

Cov(uv,xy) = Eux Evy + Euy Evx , (26) 

where u, v, x, y are zero-mean random va r i ab le s  with a j o i n t  Gaussian 
d i s t r ibu t ion .  
of t he  s t r u c t u r e  function formula (14), which here  takes t h e  form 

I n  tu rn ,  t he  required second moments are j u s t  spec ia l  cases 

E C(a,b,s + t )  C(c,d,s) e abed A a A b A -c A -d D ( t )  , (27) 

where D(t) is  t h e  fundamental s t r u c t u r e  func t ion  of t h e  phase-time n o i s e  
x ( t ) .  
(See l i n e  1040 of t h e  BASIC program i n  Fig. 1.) 

This expression, when w r i t t e n  out, is  a sum of 16 terms involving D. 

A BASIC PROGRAM 

The tedious but elementary t a s k  of computhg (23) - ' ( 2 5 )  by means of 
(26) and (27) is c a r r i e d  out  by t h e  BASIC program shown in  Fig. 1. The main 
poin t  t o  observe about t h i s  program i s  that t h e  whole algorithm is  independent 
of t h e  phase n o i s e  spectrum, which en ters  only through t h e  one-line func t ion  
d e f i n i t i o n  of D(t) i n  line 1030 (and the  p r i n t  statement 130). The only 
requirement on S,(w) is  t h a t  t h e  in teger  k i n  (8) be a t  most 4. 
tees t h a t  x ( t )  has  s t a t iona ry  second differences.  
pu ts  are scaled,  a mul t ip l i ca t ive  constant i n  D(t) can be neglected; t hus  w e  
can l e t  D(t) = It I 

This guaran- 
Because of t h e  way t h e  out- 

f o r  random walk FPI. For f l i c k e r  FM, l i n e  1030 becomes 

DEF DD(T) = T*T*LOG(ABS(T) + (T=O)) . 
Line 1040 evaluates (27) ,  and t h e  subsequent d e f i n i t i o n s  eva lua te  t h e  required 
special cases. 
time. It must be admitted t h a t  computational e f f i c i ency  has been s a c r i f i e d  t o  
gain ease of coding. 

Note t h a t  t h e  l eng th  of t h e  test run i s  used as a u n i t  of 

Figure 2 shows t h e  output of t h e  program f o r  random walk FM. The column 
-(NET) gives t h e  expected va lue  of (.r2/2)V0 r e l a t i v e  t o  t h e  t r u e  n e t  Allan 
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%o(T) The variances of V and Vo,  t h e  es t imators  of gross and net 
Allan variances, are presented i n  terms of "degrees of freedom" (DF) , defined 
f o r  a p o s i t i v e  random va r i ab le  X by 

as if X had a x2 d i s t r ibu t ion .  
d r i f t  has been subt rac ted  from t h e  phase data.  When T/r 1, t h e  gross and 
n e t  DF are both 1, s i n c e  both V and VO are squares of mean-zero Gaussians. 

CONFIDENCE INTERVALS FOR ALLAN VARIANCES 

The DF(GROSS) r e s u l t  is v a l i d  only i f  t h e  t r u e  

Following Howe e t  al. [6],  w e  use the  r e s u l t s  shown i n  Fig. 2 t o  assign 
confidence i n t e r v a l s  based on t h e  x2 d i s t r i b u t i o n ,  usua l ly  wi th  a f r a c t i o n a l  
DF. The author has no t  estimated t h e  e r r o r  caused by pretending t h a t  V and VO 
are proportional t o  x2 va r i ab le s .  Random walk FM was used as a no i se  model f o r  
T > lo4  s. 
removal) and n e t  Allan variance ( a f t e r  d r i f t  removal) f o r  a 72-day test run of 
a p a i r  of hydrogen masers a t  JPL. 

Fig. 3 shows t h e  estimates of gross. Allan var iance  (before d r i f t  

Di f fe ren t  d r i f t  es t imators  are used i n  Figs. 3a and 3b. I n  Fig. 3a, w e  

Regarding t h i s  va lue  as c lose  t o  t h e  "true" va lue  
use a value of d r i f t  measured by retuning t h e  masers over a period muzh longer 
than t h e  72-day test run. 
c, and using it  i n  (21) i n  place of G, w e  can use  t h e  g r o s s  DF numbers from 
Fig. 2 t o  assignhconfidence i n t e r v a l s  t o  net Allan variance. I n  Fig. 3b, t h e  
estimated value c w a s  used, so t h a t  one must u se  t h e  n e t  mean and DF numbers 
t o  compute the  confidence i n t e r v a l s .  The nega t ive  b i a s  of VO pushes t h e  COG- 
f idence i n t e r v a l s  up; i n  f a c t ,  f o r  T/T = 2 (one sample of second phaee d i f f e r -  
ence), t h e  b i a s  is  so grea t  t h a t  t h e  90% confidence interval does not contain 
t h e  estimate i t s e l f .  This is pushing th ings  too f a r ,  perhaps. 

The bas ic  problem i s  that one cannot remove estimated d r i f t  (v ia  (21) ,  
f o r  example) without a l s o  tak ing  a b i t e  out of t h e  long-term random f luc tua-  
t i ons .  
(-2.5 S a 5 0) support t he  conjec ture  t h a t  t h e  b i a s  of t h e  n e t  Allan var iance  
es t imator  Vo i s  always negative. 

The outputs  of t h e  above computer program f o r  ,a-2 phase no i se  
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i40 

is0 
ib0  
i70 
580 
i70 
20 0 

PRINT ‘MEAN b D.F.  FQR GROSS h NET A . U . ‘ \ \  
‘T /TAU‘, ’MEAN(NET)’ , ’D.F. (GROS~)’ , ’D.F. (N~T)‘  
FOR M=2 TO 7,50  TO 58 BY 2,20 TO SO BY 5 

CDSUB 5080  
D F ~ ~ / U A R U , D F O P ~ ~ E V O S E V ~ / V A R V O  
PRINT M,EVO,DF,DFO 
NEXT M 

STOP 

i o 0 0  ! DEFINITZONS 
i o 3 0  DEF DD(T)=ABS(TtTtT) !FUNDAMENTAL STRUCTURE FUNCTION 

!FOR RANDOM WAL& FM 
io40 DEF M M ( A , B , C , D , T ) ~ ( D D ( T ) - D D ( T - A ) n D D ( T - ~ ) ~ D D ( T + C ) - D D ( T + D )  

+DD(T-A-B)+DD(T-A+C)~DD(T-A~D)~DD(T~~+C)+~D(T-R+~)~DD(~+C+D) 
-DD(T-A-B+C)-DD(T-A-H+a)-DD(T-A+C+D)-DD(T-B+C+D) 
+DD ( T-A-P+C+D ) ) / t AtBfCIrD ) 

iOS0 DEF FF(A,B)2MM(A,5-A,B, I -E,O) 
iObO DEF C G ( A , R , J ) ~ M M ( A , I - A , B , ~ , ~ = J * ~ )  
5070  DEF HH(A,J)=MM(A,A,A,A,J*A) 
1075 RETURN 

2 880 ! COMPUTATION SUBROUTINE 
! INPUTS : MPT/TC)IJ, MCsT/TAUC ( ~ 6 . 2 9 )  
!OUTPUTS: E U 0 I A . U . )  UAR(U)/A.V.tM!, V A R ( V O ) / A . V . W 2  

EUO VAR U VARUO 
5090 U=l/M,UC=I/MC !U STANDS FQR TAU 
i i 0 0 FUUxFF (U, U) , FCUmFF (UC ,U 1 , FCCxFF ( IJC, UC 1 
i s 1 0  HUO~HH(U,O),HUO2=HUOtWUO !HUO I S  SCALED ALLAN VARIANCE 
1520 ! 
i i 3 0  EUOsHUO-2SFCU+FCC 
1540 M 5 4 4 - i , X ~ O \  HeHH(U,J),XrX+(Mi-J)*HtH FOR J m i  TO M-2\ 

5LSO UARCU=FCCtFUU+FCU*FCU, VARCCe2tFCCtFCC 

1270  % s o \  WGG(UC,U,J),X=X+GtG FOR J=2 TO M\ COUVCC=2tX/MI 
i i 80  CVCUCC=2*FCC*FCU 
Si90 ! 
5200  UARUO~UARV+4tUARCU+V~RCC-4~COVVCU+2~COVUCC~4~CVCUCC 
i2iO RETURN WHERE EUO~EUO/HUO,VARV~UARV/HU~2~U~RUO=UARVO/HUO2 

X~2tX+Ml*HU02,VARUxXt2/ (Mi tMi )  

is60 XgO\ XmX+GG(UC,Up J)*GG(U,lJ, J )  FOR Js2  TO H\ COUVCU~ZSX/MI 

Figure 1. A BASIC program for computing mean and variance 
of an estimator of net Allan variance. 
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NOISE TYPE = RANDOM W4L.K FM 
MEAN & D . F .  F(3R GROSS 6 NE:T A . V .  

T/TAU 
2 
3 
4 
5 
6 
7 
8 
9 
i o  
52 
14 
56 
5.8 
20 
2s 
30 
3s 
40 
45 
5 0  

MEAN (NET 1 
. 1i2137iE) 
.4135.003 
.56608639 

.72007427 

.76417726 
-7970189 
.82222754 
.8420?35h 
. 87125838 

.90639572 

.91772997 

.92664775 

.9423454 
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Figure 2.  Output of the program of Fig. 1 for 
random walk FM noise. 
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s, P. V. T ~ o n * ~  and 

ABSTRACT 

Most workers i n  the f i e l d  o f  atomic clocks encounter 
frequency and time i n s t a b i l i t  
i zed (or model led) as random 
fluctuations t yp i ca l l y  display a 
which varies as a power-law over 
o f  (Fourier) frequencies (e. q. , 
denotes the normal i zed, i nstanta 
denotes the Fourier frequency). 
and/or clocks may have regions where one specif ic power- 
law predominates and other regions where other power-laws 
predominate. 
d i f f e ren t  power-laws seem t o  be adequate t o  describe 
almost a l l  observed random behavior i n  atomic clocks. 
The f i v e  types are: 

2 S (f) = h2fl 
Sy(f) = hlfo 
Sy(f) = h f -1 
Sy(f)  = holf_2 
$(f) = h,2f 

Typical osci 1 1 ators 

I n  general, various combinaticw of f i v e  

White phase modulation 
F1 i cker  phase modulation 
White frequency modulation 
F1 icker  frequency modulation 
Random Walk frequency modulation 

I n  addit ion t o  the random components, osc i l la to rs  and 
clocks often show systematjc, (i.e., deterministic) 
trends such as of fsets  i n  frequency and time, as well as 
l inear  d r i f t s  i n  frequency. 

For the atomic clocks used i n  the NBS Time Scales, an 
adequate model i s  the superposition o f  white FM, random 
walk FM, and l inear  frequency d r i f t  f o r  times longer than 
about one minute. The model has been tested on several 
clocks using maximum l ikel ihood techniques f o r  parameter 
estimation and the residuals have been "acceptably ran- 
dom. '' Convent? onal diagnostics i ndi cate tha t  add4 ti onal 
model elements contribute no s ign i f i can t  improvement t o  
the model even a t  the expense o f  the added model 
compl exi t y  . 

I. INTRODUCTION 

Many authors (1, 2, 3) have documented the fac t  tha t  most precision 
osc i l la to rs  and clocks exhib i t  both random and systematic variations i n  
t h e i r  output signals. The typ ica l  random parts may include white noise 

*Deceased 
---------------- 
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phase modulat~on ( 
(FM), f l i c k e r  FM, 
usual ly adequate. I n  
d r i f t  i n  frequency, which i s  often d i f f i c u l t  t o  measure. 

Experimenters of ten diagnose the various noises using the  two-sample 
variance (or  "Al lan Variance") (4,s). On occasion, they w i l l  use an e s t i -  
mate o f  the power spectral density of, the frequency f luctuat ions (4, 5). 
O f  course, one cannot adequately observe the f luctuat lons o f  a s ing le 
c lock o r  o s c i l l a t o r  by i t s e l f  -- one must look a t  the di f ference between 
two clocks. The a l locat ion of noise levels t o  ind iv idual  clocks Pequires 
three o r  more clocks o f  comparable qual i ty.  This a l loca t ion  process does 
not always provide reasonable results. I n  fact ,  of ten the process y i e l d s  
negative values f o r  the variance -- an undesirable a r t i f a c t  o f  the estima- 
t i o n  procedure. 

The Al lan Variance i s  defined (1) as the i n f i n i t e  time average o f  
sample variances based on a sample s ize o f  only two adjacent values of 
frequency. That i s ,  

n 

where i s  the average frequency departure from nominal, averaged over 
the'  t i m e  i n te rva l  and divided by the nominal frequency. An equivalent 
form o f  Eq. (1) is :  

n 

where x(t> and y(t) are re la ted by 

and X ( t ) ,  the instantaneous time error,  i s  re la ted  t o  the phase er ro r  of 
the osc i l l a to r  by the re la t ion:  

(4) 

where $(t) i s  the phase er ro r  and vo i s  the nominal frequency (e.g., 
5MHZ). 
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i s  no f rom f i n i t e  data sets o f  the 
ti here 

Xn =: X(nto 

and the estimated Al lan Variance! i s  

N- 2 

F l  0 
where t = mTo. 

Although Eq. (6) i s  very close i n  form t o  the d e f i n i t i o n  o f  the Al lan 
Variance (see Eq. (l)), it i s  NOT an optimum estimator o f  the "true" A l lan 
Variance. That i s ,  there are other s t a t i s t i c a l  techniques which provide 
more precise estimates o f  the frequency va r iab i l i t y .  These improved 
techniques, however, are usually v a l i d  only f o r  very speci f ic  clock models. 
Fortunately, commerci a1 cesi um beam atomic c l  oc ks have been studi  ed exten- 
s ively,  and good models are w e l l  documented. 

11. Optimum Estimates 

I n  the introduction, we i d e n t i f i e d  two problems: 

A. S t a t i s t i c a l l y  i n e f f i c i e n t  estimators o f  the leve l  o f  o s c i l l a t o r  noises 

B. D i f f i c u l t i e s  i n  separating indiv idual  clock performances. 
and d r i f t ,  and 

While these two problems cannot be t o t a l l y  eliminated, they are amenable 
t o  optimal estimation techniques. That I s ,  we can minimize t h e i r  effects. 

The means o f  est imating these parameters has been developed by R.H. 
Jones and P.V. Tryon (6, 7). Basical ly, the technique i s  t h a t  o f  maximum 
1 i kel ihood estimation. The technique requires an ensemble o f  comparable 
clocks (M > 2) and time dif ference data between clocks covering a s i g n i f i -  
cant duration (e.g., a year). With the assumptions tha t  the perturbing 
noises are both independent and Gaussian, and t h a t  the basic model i s  
adequate, then it i s  possible t o  form the l i ke l ihood funct ion as a func- 
t i o n  o f  the o s c i l l a t o r  parameters. The l i ke l ihood funct ion i s  obtained 
from a Kalman F i l t e r  algorithm applied t o  the clock ensemble data. 

Using essentialy the same notat ion as used by Gelb (8), the clock model 
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and measurements can be e~pressed as follows: 

1 

1 

0 

0 
(7) 

where the subscripts on the matrices denote the recursion number 
(i.e., t ime). 

%l 2 o  
2 

rll 
O a  

0 O . . . )  
1 

0 O . . . )  

0 0 0  

( 1 0 -1 0 0 0 ...) 
( 1 
( 1 0 0 0 -1 0 ...) 

Y = (  1 
( . . . . . .  ...) 
( 1 
( . . . . . . .  . * * )  

(9) 

where the the number o f  clocks i s  M, the s tate vector, g, i s  a 2M column 
vector, @ and Q are 2M by 2M square matrices, and the  measurement ma- 
t r i x ,  y; i s  M - l  by ZM, since there are only M - 1  independent clock d i f -  
f erences . 

I n  matrix form the equations become: 

Xn + yn 
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The forecasts o f  Xn and zn t o  step n+1 based on data up t o  and including 
step n are: 

A A 

O f  in te res t  are the innovations a t  step n+l. The innovations are given 
A - by IY 

&+I  - Zn+l - hn+l 
with the covariance matrix yn+l 

where Po+ 
Append i f k fo r  a b r i e f  summary of the Kalman f i l t e r  relat ions). 

ates with zero mean, then the multivari!he pro&b i l i t y  d i s t r i bu t i on  can be 
wr i t t en  i n  the form 

i s  the er ro r  covariance matrix f o r  the s tate vector (see 

Assuming tha t  the dr iv ing  noises, E and q are normal random devi- 

The function, Q, given by -2 times the log  o f  the l i ke l ihood function, i s  
N N 

N 0  

Now, 2 i s  an i m p l i c i t  funct ion of the parameters a', because both the 
innovations and the error  covariance matrix, e-, are dependent on these 
moeel parameters. The estimation procedure f i & s  tha t  set  of parameters 
(0 Is) which minimizes 2 ( tha t  i s ,  maximqzes the l i ke l ihood function). 
Unfortunately, Q i s  a non-linear function o f  the parameters and must be 
calculated by a complete pass through the data f o r  each t r i a l  set o f  the 
2M parameters. For example, i f  one has M=10 clocks and d a i l y  t i m e  d i f f e r -  
ence data f o r  a year, then one has 365 x (M-1) = 3285 independent measure- 
ments and 2M = 20 parameters t o  adjust i n  order t o  maximize the l i ke l ihood 
function. There e x i s t  standard computer algorithms t o  perform such calcu- 
1 ations. 
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Three addi t ional  concerns are (a) the estimates o f  conf i  
f o r  the parameters, (b) the diagnostics t o  t e s t  the adequa 
model assumptions, and (c) the extension o f  the maximum l i ke l ihood e s t i -  
mates t o  include a frequency d r i f t  parameter f o r  each clock (9), 
model adequacy can be tested by tes t ing  o f  the residuals (Z,) f o r  "white- 
ness'' (i.e., randomness); and by comparing resu l ts  t o  more complex model 
assumptions. References 6,7 include a discussion o f  the methods used t o  
estimate the confidence in te rva ls  o f  the parameter estimates. 

in te rva l  s 

The 

111. Experimental Results 

For many years, the National Bureau o f  Standards (NBS) has accumulated 
large quant i t ies o f  clock comparison data on the commercial cesium clocks 
used i n  the NBS time scale. We used a recent sample o f  time comparisans 
on a dozen clocks over about two  months sampled every two hours. We also 
used another set  o f  d a i l y  data on seven clocks over a per iod o f  one year. 

The basic model assumption was tha t  o f  white FM noise p lus random walk 
FM noise plus l i n e a r  frequency d r i f t .  Thus, f o r  each clock i n  a data se t  
we estimated (T , (T , and D the d r i f t  parameter. Also estimated were the 
corresponding Eonf iqence in te rva l  s. The three parameters can be re1 ated 
t o  the more conventional A l lan Variance through the equation (see Appendix 
B): 

V L 

"%O 
6nt0 L 

Figure 1 displays p lo t s  o f  the Al lan variance obtained from the use o f  
Eq. 19, above and the estimated parameters. Figure 2 displays a cumula- 
t i v e  periodogram o f  residuals f o r  one of the clocks. A periodogram o f  
pure "white" noise would f a l l  w i th in  the boundaries shown 90% o f  the time. 
On the shorter data run, (- 2 mos.) l inear  frequency d r i f t  was not s ta t i s -  
t i c a l l y  s ign i f icant .  I n  fact ,  even on the longer run (1 year), on ly  
i n f a n t  clocks o r  older clocks approaching end o f  l i f e  showed s ign i f i can t  
d r i f t .  ( O f  course, the algori thm could only detect Pelat ive d r i f t s  be- 
tween clocks, not a common d r i f t  shared by a l l  clocks.) Tests were made 
using more complex models, but  any improvement was found to be s t a t i s t i c a l -  
l y  i ns i gni f i cant. 

I V .  Conclusions 

A viable c lock model f o r  commercial cesium beam clocks consists o f  
three elements: 

(1) White FM 
(2) Random walk FM 
(3) L i  near frequency d r i  f t  
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estimation techniques yield reasona results and 
s also. Conventional 1 to  adequate^ 

ly describe observed clock behavior. Further, the technique allows one to 
estimate the individual performance o f  each clock. As pointed out by 
Jones, one can avoid the problem of negative variances by using a log 
transformation, y = an(a2). 

tional Allan Variances. 
Equation 19 allows one to express the results in the form of conwen- 

The new NBS time scale algorithm (TA(NBS)) makes use of the parameter 
estimation routines covered in this paper. The technique is also used for 
NBS clock calibrations. 
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Model : 

Measurement : 

Forecast: 

Error Covariance: 

Kalman Gain: 

Error Covariance: 

State Update: 

h 

x = cp * 4- IJn -n 

2 = H X  + V  -n - -n -n 
h A 

x = cpx+ - - -n-1 

P -n + 9 

P * H ‘ * & * P  * t i ’  -n - -n - + 

P + =  P - K * H O P  -n -n -n - -n 
A A A 

X = X  + K  * [ & , , - H * X ]  -n -n -n -n - 
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uy 2 (mr,) = E 

n+2m 
[ - E  q i +  z 

i=n+l i=n+m+l I 2m2r02 

n+m 
= E  

2 Random Walk FM u (mTo)= u 
Y 

Linear Frequency Drift 
2 Xn = 4D(nto) 

A1 1 an Variance 

(Deterministic) 
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Composite: Assumes noises s t a t i s t i c a l  l y  independent. 

If the time error ,  Xn, i s  sampled from a continuous process, then* 

2 
2 u 2 ( m t o l  = -2 + sv +&(Dmto) 

2 u m t  

Y mtO 3tQ 

9t Private communi cat1 on C. Greenhall 
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The model which you say seems t o  f i t  most o f  our clocks contains random 
walk frequency, no f l i c k e r  frequency. Therefore, much much more pessi- 
m is t i c  view o f  the clocks than we have usual ly adopted, and I was wonder- 
i ng  i f  you could comment on, f o r  instance, what happens i f  you include a 
f l i c k e r  term, do the residuals get better, or, what i s  the reason for re- 
j ec t i ng  the f l i c k e r  frequency model? 

MR. BARNES: 

OK. Everybody -- I guess from my reputation, if anybody used f l i c k e r  
noise i t  would have been me, but, i f  you had had f l i c k e r  FM present, what 
would happen i n  these models would be tha t  the minimum value would move 
up and tend t o  have a f l a t t e r  region r i g h t  i n  the center i f  you r e a l l y  
had f l i cke r  noise. 

I can' t  go and say that, unequivocably, there i s  no f l i c k e r  noise i n  
these clocks, but, I can say tha t  if you looked a t  the residuals for the 
models without f l i c k e r  noise and then added f l i c k e r  noise, you would f i n d  
tha t  the improvement i n  the whiteness o f  the residuals was not s t a t i s t i -  
cal  l y  signif icant. 

A t  least, t ha t  i s  our experience i n  t h i s  data. 

We t r i e d  t o  t e s t  the model , t o  see i f  adding other noises would 
s iqn i f i can t l y  reduce the magnitude o f  the residual, and f o r  no other 
model d id  we-f ind 
not exist ,  but  i t  
it. 

s ign i f i can t  improvement. That doesn't mean tha t  i t  does 
does mean tha t  i n  t h i s  sample, we were unable t o  observe 

DR, W I N KL ER : 

I j u s t  want t o  take t h i s  beaut i fu l  opportunity t o  po int  out  that  your fre- 
quency standard i s  an excel lent  one f o r  long-term. 

MR. BARNES: 

I guess tha t ' s  what tha t  things says, and it doesn't have error  bars on 
t h i s  par t i cu la r  graph, but I would guess tha t  t h i s  i s  not surprising, be- 
cause the f a c t  t ha t  i t  i s  so bad i n  short-term, means tha t  i t  i s  harder 
t o  measure r e l i a b l y  the long-term performance, and hence, the confidence 
in terva ls  along the random walk frequency, are so broad tha t  i t  a1 lows 
i t  t o  almost look too good. And that, I suspect, i s  an a r t i f a c t  of any 
k ind o f  analysis. Thank you. 
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In  this case, I would have t o  say t h a t  our qualitative observations from 
many years indicate t h a t  this analysis is probably correct. 

DR. W I NKLER : 

Nevertheless, I t h i n k  tha t  i t  is important t o  note t h a t  one should not 
use short-term stability parameters for ra t ing of clocks long-term. 

MR. ALLAN: 

Johnson tried, independently, t o  assess the a b i l i t y  for the clock en- 
semble, and the assessment has been over a year period, and a year elaps- 
ed, and another year period, so there was a great deal of difference i n  
the stream of data -- and the parameters on this particular clock were 
the same, two t o t a l l y  independent years. 
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ABSTRACT 

An extension of our work on wall-coated cells has been made t o  
include observation by a t r i p l e  resonance technique of t he  0-0 
hyperfine t r ans i t i ons  i n  87Rb and 133Cs. 
lamps were used. 
cation i n  atomic clocks. 
especial ly  promising i n  t h i s  respect. 

Conventional rf excited 
In t e re s t  i n  such cells i s  fo r  possible  appli-  

The Rb cell  would appear t o  remain 

INTRODUCTION 

We have previous1 RbIAmFI = 1 hyperfine t ransi-  
t i ons  i n  a 200 cm5, evaucated wall-coated c e l l .  The narrow Lorentzian 
component of t he  lineshape has a width of n., 11 Hz, F W ,  giving a 
Q n., 0 . 6 5 ~ 1 0 ~  fo r  t he  resonance. In t e re s t  i n  the  (F,mF) = (2,0)*(1,0) hy- 
perf ine t r ans i t i on  f o r  po ten t ia l  use i n  Rb frequency standards has focused 
our a t ten t ion  toward exploring the  charac te r i s t ics  of t h i s  llclockll t ran-  
s i t i o n .  

87 reported’ observation of 

EXPERIMENT AND RESULTS 

The apparatus avai lable  uses a conventional rf plasma excited Rb lamp which, 
a f t e r  f i l t e r i n g ,  produces c i r cu la r ly  polarized D 1  l i gh t .  The c e l l  i s  placed 
i n  a shielded solenoid producing a 1.5G magnetic f i e ld .  
a(+ or  -) radiat ion permits observation of IAmFI = 1 hyperfine t r ans i t i ons  
by monitoring the  in t ens i ty  of  t he  transmitted l i gh t .  
scheme r e l i e s  on a change i n  (Sz) , the  z-component of the  electron spin.  
Where the population is  pumped toward the  (2,2) level ,  t he  la rges t  s igna ls  
correspond t o  t h e  (2,2)*(2,1) Zeeman t r ans i t i on  and the  (2,2]+1,1) hyper- 
f i n e  t rans i t ion .  However, s ince the  change i n  ( S )  is zero f o r  t h e  0-0 hf  
t r ans i t i on ,  t he  method i s  not su i t ed  for  d i r e c t  oke rva t ion  of t h i s  reso- 
nance. Nevertheless, by exci t ing the  Zeeman t rans i t ions  ( 2 , 2 ) 4 2 , 1 )  and 
(2,1)-(2,0), w e  can detect a change i n  the  ( 2 , O )  population caused by a 
0-0 t rans i t ion .  This t r i p l e  resonance scheme was employed t o  obtain i n i -  
t i a l  da ta  on t h e  clock t r ans i t i on  i n  the sealed,  evacuated wall-coated 
Rb cell.  

The use of  t he  

This detection 
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Linewidths as narrow as 9 Hz FWHM are observed f o r  the  0-0 re ce a 
Figure 1 displays such an observation having a 13 Hz linewidth with a 
Lorentzian lineshape function f i t t e d  t o  t h e  data .  
sonance is  a sens i t i ve  function of the tuning of the two Zeeman resonance 
drives.  The observed wall s h i f t  of the hyperfine frequency due t o  atom-wall 
in te rac t ion  is  - 52 Hz a t  26 OC. Both width and wall s h i f t  are consis tent  
with our previously reported1 observations made on the (2,IZ l)++(l, 11 I )  
hf t rans i t ions .  

A 100 cm sealed, evacuated wall-coated cell  was a l so  avai lable  f o r  133Cs. 
We repeated the  above procedure with the C s  c e l l  using a conventional rf 
driven C s  lamp as the  pumping source. The linewidth extrapolated t o  zero 
l i g h t  and rf i n t e n s i t i e s  is  'L 101 Hz.  The wall s h i f t  observed is  - 180 Hz 
a t  26 OC. 
w a l l  t o  50 OC w e  obtained a w a l l  s h i f t  of - 160 Hz for  t he  (4 ,14( )43 ,131)  
t r ans i t i ons .  

The symmetry of t h e  re- 

3 

Upon cooling the C s  reservoir  t o  5.5 OC and heating the ce l l  

These i n i t i a l  r e s u l t s  leave unanswered questions of aging, r e t r aceab i l i t y ,  
and whether subs tan t ia l ly  b e t t e r  evacuated wall-coated cells can be f ab r i -  
cated. 
a sealed,  evacuated wall-coated c e l l  shows a poten t ia l  f o r  use of t h i s  type 
of ce l l  i n  an atomic frequency standard. We are  pursuing pumping/detection 
schemes permitting e f f i c i en t  d i r e c t  observation of the 0-0 t r ans i t i on  using 
laser diodes. 

However, t he  observation of 87Rb hf  resonance with Q 'L 6 . 5 ~ 1 0 ~  i n  
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Figure 1. 

i n  87Rb with a linewidth of 
13 Hz. The s o l i d  curve i s  
a Lorentzian function f i t t e d  
t o  the  data  points .  Observation 
is by a t r i p l e  resonance tech- 
nique. 

A 0-0 hf  t r ans i t i on  
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QUESTIONS AND ANSWERS 

PROFESSOR JACQUES VANIER, Quebec, Canada 

What kind of a coating material do you use in your cell? 

MR. ROBINSON, Duke University 

The material that's used here is, we believe, is TE IN. These 
cells were built at a very chaotic time and the record keeping on these 
cells is not all it should be. But, we could tell, we could test that 
by taking the cell up to where we would melt the surface wax, find out 
unequivocably, but, we'd rather not do that, until we have played with 
the cells a little longer. 

MR. DEHMELT: 

Do you have an estimate of the optic frequency Zeeman for the transition 
in the rubidium cases? It varies -- more than I know. 

MR. ROBINSON: 

The line width of the zero-zero transition is very insensitive to the 
amount of power put on the Zeeman. The Zeeman line width is considerably 
in excess by broadening of RF, due to the transition due to the Zeeman 
transition power. 

In other words, I would say the Rabi frequency is larger than 9 hertz 
for the Zeeman transition. 
not worked with understanding it either, the experimental fact is that 
the zero-zero transition line is very insensitive to the amount of Zeeman 
power, you put on. The amplitude is sensitive. The amplitude is very sen- 
sitive, but the line -- it may be an Autler (? )  -Townes situation. 

We haven't understood that yet, but we have 

AUDIENCE : 

Yes. What do you think is the dominant contribution to the line width in 
these transitions you're seeing? 

MR. ROB1 NSON : 

The dominant contribution of the line width, we were able to, essentially, 
write a line width budget for the case of the Delta M-1 transition, and the 
dominant contribution, by far, is the effect on the wall. While it sits on 
the wall, there is a dispersion in the phase shift that you get. Each at- 
tack of the wall of the atom does not give you exactly the same phase shift 
as the random walk in phase. And it's that dispersion that is the dominant 
cause. 
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O u t  of t ha t  ten cycles for instance, a t  leas 
andom nature of this phase shift o 

So, the wall i s  the dominant cause of the line w i  . The l i g h t  i n -  
tensity t h a t  we've used t o  take these resonances i s  on the order of,  1 1 /2  
microamps. T h a t  issue came up yesterday -- and I d o n ' t  know how many 
microwatts per square centimeter tha t  is, b u t  t h a t ' s  the transmitted 
l i g h t  intensity. I t ' s  a very, very low l i g h t  intensity, so we d o n ' t  get 
very much 1 i g h t  broadening. 

Now, we could go down a whole l i s t  of potential sources of line width,  
and they a l l  reasonably add up. So, we have looked a t  t h a t  budget, b u t  the 
dominant one by f a r  i s  the wall itself. 

DR. KELLOGG: 

Do you have any plans t o  go the other way i n  the temperature spectrum? 
Maybe cooling the wall before you risk melting the wax? 

MR. ROBINSON: 

Well, theoretically, i t  looks like it 's better to  heat the wax. The l ife- 
time, the time the atom s i t s  on the wall, is related t o  the absorption 
energy. 

What you want t o  do i s  t o  heat the wall up and, i n  fact, for the 
cesium case, we heated the wall up t o  about 5 5 O C ,  and the line width nar- 
rows as you do this. 

The wall shift  decreases as you do this, or rather, the magnitude of 
the wall shift  decreases. So, things get better as you heat the wall ,  un- 
t i l  you reach a p o i n t  where, perhaps, the wax begins t o  melt or change 
character, and then i t  turns around and goes the other way. 

B u t ,  i n  fact, i t  looks like i t ' s  better t o  heat the wall i n  this parti- 
cular case than, than t o  cool it. 

These cells aren't expensive t o  produce. I d o n ' t  know wha t  -- how 
you count production costs, and whatnot, b u t  there's just a tr ivial  
amount of wax invovled i n  them, and glassblowing time and so for th ,  so 
the cost i s  not really significant, I t h i n k .  

AUDIENCE: 

I would like t o  ask one question, please. About the insensitivity to mag- 
netic field gradient. I believe tha t  i s  true if  you use a h i g h  magnetic 
fie1 d,  bu t  1 i ke i n  a hydrogen maser, when you go t o  lower fields , t h a t  i s  
when used for frequency standards, you start t o  have some trouble w i t h  
the Zeeman frequency. I f  i t  i s  of the magnitude o f  the collision fre- 
quency of the atoms, then you start t o  loose signal and you have a shift  
i n  the frequency of the line. So the insensitivity to magnetic gradient 
i s  true only for h i g h  magnetic field and not for low field. 
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R. ROBINSON: 

I'm not sure understood a 1 t h a t ,  b u t  you're commenting on the fact t h a t  
we have 1 1 /2  gauss field and we d i d  t ha t  i n  particular t o  resolve a l l  the 
Zeeman transitions so tha t  we could indiv idua l ly  diagnose things, see what 
was going on. 

The Zeeman line width i s  about 2 1/2 cycles i n  these cells. There's 
no reason why we couldn't  reduce t h a t  field as far  as we see. 
we understand how the averaging proc i t y  occurs, and there 
should be no problem a t  all i n  reducing the field w i t h  respect t o  tha t  par- 
ticular parameter. So I d o n ' t  see any, just offhand, any problem i n  going 
down t o  very small fields. There's no problem w i t h  optical pumping as I 
understand i t  and going t o  essentially zero fields as long as we have some 
direction for the Z direction for the system. 

I t ' s  -- 

AU D I ENC E : 

What I mean is ,  i s  i t  possible t o  go t o  a lower field? Also w h a t  about 
the uniformity of the RF field? 

(QESTION NOT TRANSLATABLE IN THE RECORDING) 

MR. ROBINSON: 

The wall shif t  for the Delta M-1 transition was a much cleaner situation. 
And t h a t  was also -52 Hz. And we expect theoretically t h a t  the two wall 
shifts should be the same, to ,  w i t h i n  some small discrepancy. 
fact tha t  we confirmed t h a t  by this very obtuse triple resonance techni- 
que I t h i n k  i s  a good sign. I t  just means t h a t  we believe t h a t  result. 

So the 

AUDIENCE : 

Is there any plan t o  repeat the experiment w i t h  fresh cells? 

MR. ROBINSON: 

Yes, we need t o  do tha t .  I t ' s  clear t h a t  there's some critical questions 
tha t  arise as t o  how t o  get the cell t o  stabilize, will the wall shift 
itself dr i f t  forever, will i t  stabilize i n  a week or  a month o r  two days, 
o r  just wha t .  Retraceability i f  you heat 
and cool these things . What happens? 

Same t h i n g  f o r  the line width.  

We'd like t o  do some of these things. I t  just takes research time 
t h a t  we haven't managed t o  get. 
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as there any data over en year period as t o  how much the wa 
changed? 

MR. ROBINSON: 

No, our i n i t i a l  experimental use o f  these c e l l s  was i n  shimming magnetic 
f i e l d s  t o  look a t  magnetic moments. We have a h is to ry  of looking a t  G 
factors i n  atoms, and i n  fact, we were j u s t  not  interested i n  the hyper- 
f i n e  t rans i t ions i n  these ce l l s .  So we never even looked a t  the hyper- 
f i n e  t rans i t i on  when they were o r i g i n a l l y  made. That was very unfor- 
tunate but t h a t  was the case. 

They're extremely useful i n  tuning away magnetic f i e l d  gradients, 
because the averaging process gives you a measure o f  the magnetic f i e l d  
a t  a point, mainly the very center o f  the sphere, so i t ' s  actua l ly  mea- 
suring the magnetic f i e l d  l i t e r a l l y  over a volume i n  one sense, but the 
average i s  leg i t imate ly  mathematically t ha t  of a po int  i n  the center of 
the ce l l .  

And not only that, but i t  produces essent ia l ly  a Lorentzian l i n e  
shape, so t h a t  if you have magnetic f i e l d  inhomogeneity shims which we 
have, you can tune each one and i t  uncouples them. So tha t  essent ia l ly  
there's only one pass. 
i s  our use f o r  such c e l l s  and we j u s t  d idn ' t  have the foresignt t o  look 
a t  these things. 

It makes a l l  o f  these knobs orthogonal. So t h i s  

I t ' s  c lear  tha t  tha t  needs t o  be done now. That i s  one o f  the main 
things i f  you look a t  the long-term d r i f t  o f  the wall s h i f t .  

AUDIENCE: 

Do you know why the l i n e  width o f  the cesium was approximately ten times 
tha t  f o r  rubidium? 

MR. ROB I NSON : 

There -- l e t ' s  see, I think i n  pr incipal  from a theoret ical  point  of view, 
you expect the cesium t o  be much worse because i t  has a higher po lar iz-  
a b i l i t y .  I t ' s  a much sof ter  atom and we haven't put numbers i n to  that .  
That would be a nice th ing t o  do, t o  see i f  we could actual ly  give a back 
o f  the envelope ca lcu lat ion t o  show that.  Whether tha t ' s  the factor t ha t  
one would expect, I ' m  not certain. But t ha t ' s  cer ta in ly  one reason. 

coatings t h a t  we get  are reproducible. 
These are one of a k ind ce l l s ,  and i t  may be tha t  the cesium c e l l  j u s t  
simply i s n ' t  as wel l  coated. 

A second th ing  i s  t ha t  we don't  have enough c e l l s  t o  know whether the 
That i s ,  from one th ing t o  another 
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so tha t  i t  l e f t  i t s  o r ig ina l  reservoir  and migrated through the c e l l  and 
out  i n t o  some o f  the other arms tha t  we have on t h i s  c e l l .  

cesium s i t t i n g  on it. We actual ly  noticed an aging, or de-aging if you 
l i ke ,  process over a period o f  maybe ten hours when we cooled the ceslum 
c e l l .  We d idn ' t  notice t h a t  f o r  the rubidium. 

And, it could be tha t  t ha t  wall was damaged, o r  actua l ly  had some 

But, we j u s t  don't know the answer t o  the question and there's some 
good theoret ical  reasons why i t  could have happened. And I w i l l  f i r s t  go 
t o  th is ,  t o  the polarized s t a b i l i t y  o f  the atom, I th ink  tha t ' s  the most 
1 i k e l y  thing. 
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CESIUM STANDAIjD FOR SATELLITE APPLICATION 

M. Bloch, M. Meirs, I. ru, B. Wei 
Frequency Electronics,  Inc., Mitchel Field,  New York 

ABSTRACT 

This paper discusses a Cesium Frequency Standard tha t  has 
been developed f o r  satell i te applications. 
23 lbs. and uses 23.5 watts of power, achieves a s tabi-  
l i t y  of 1 x 10-13/105 seconds, and is radiat ion hardened 
t o  meet GPS Phase 11 requirements. To achieve the  weight 
and r e l i a b i l i t y  requirements, both thick and t h i n  f i lm 
hybrid circuits were ut i l ized.  An SC-Cut c rys t a l  oscil-  
l a t o r  i s  used t o  improve short-term s t a b i l i t y  and perfor- 
mance on a moving platform. 

It weighs 

INTRODUCTION 

I n  order t o  meet GPS performances and weight requirements the Portable Real 
Time Clock [ l ]  presently manufactured by Frequency Electronics,  Inc. was 
redesigned. 
a b i l i t y  and t o  lower the weight. 
resonator, i n  order t o  improve the  frequency s t a b i l i t y  of the  standard as a 
function of temperature. Radiation and thermal-vacuum operation were t h e  . 
prime factors  i n  the  mechanical design of t h i s  standard. 

Hybrids were u t i l i z e d  for  cr i t ical  modules t o  increase the  reli- 
A new air  "C" f i e l d  w a s  used i n  the cesium 

The chassis of t h e  Standard is  machined from a so l id  piece of aluminum t o  
form a "shoe box" on which a l l  the modules are mounted. A modular approach 
was taken t o  allow each subassembly t o  be individually t e s t ed  t o  its perfor- 
mance requirements pr ior  t o  integrat ion i n  the system. A photograph of the 
Standard is shown i n  Figure 1. This shaws the outside of the  shoe box with 
the  A6 Power Supply located on the  extreme right-hand side. 
power supply is  the  A4 high precis ion SC-cut osc i l la tor .  
left-hand s ide  is an RF f i l t e r  box through which a l l  of the  power and tele- 
metry in te r face  s igna ls  are f i l t e r e d  before entering the  Cesium Standard. 
Also located under t h i s  cover are the two high voltage power supplies (A2 and 
A3) f o r  the Vac Ion and Electron Multiplier, respectively. 
is a l s o  located under t h i s  enclosure. 

Adjacent t o  the  
On the extreme 

The Vac Ion Pump 
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Figure 1 Portable Real Time Clock 

Figure 2 is a photograph of t he  underside of t h e  shoe box, The 
Tube, A l ,  i s  loca ted  i n  t h e  center  of t h i s  area, The telemetry 
module, A 8 ,  is loca ted  d i r e c t l y  above the  tube, Below t h e  tube 
Modulator/Multiplier and A7 Synthesizer modules. 

Cesium Beam 
i n t e r f a c e  
are t h e  A5 

Figure 2 Portable Real Time Clock, Bottom View 
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SYSTEM DESCRIPTION 

Figure 3 is a block diagram of t h e  Cesium Standard. The 10,23 
taken from t h e  A4 O s c i l l a t o r  Module. The 5.115 MHz o s c i l l a t o r  
s p l i t  and dr ives  t h e  A5 Multiplier/Modulator and A7 Synthesizer. 
plier/modulator phase modulates t h i s  frequency a t  an  83 Hz rate and then  mul- 
t i p l i e s  the  s i g n a l  by 1800 where it  is mixed wi th  a Synthesized 14.368 MHz 
beat frequency. This generates t h e  9.192+ GHz Cesium T r a n s i t i o n  Frequency 
which is  fed i n t o  Cesium Beam Tube Al. Telemet ry  I n t e r f a c e  Module A 8  accepts 

i- 
t a l  monitors on t h e  s t a t u s  of t h e  Standard. Power supp 
t o  DC Converter t h a t  uses t h e  26.5 Vdc input t o  generate t h e  necessary system 
voltages. 
Vac Ion  Pump and Elec t ron  Mul t ip l i e r ,  respectively.  
have been designed t o  be short-circuit-proof and t o  withstand t h e  pressure 
environments from air  t o  vacuum. 

The multi- 

d i s c r e t e  commands t o  d i r e c t  t h e  Cesium Standard and pro 

Assemblies A2 and A3 are the  High Voltage Power Supplies f o r  t he  
These power suppl ies  

Figures 4 and 5 are photographs of t he  top and bottom of Multiplier/Modu- 
l a t o r  Module A5. 

PERFORMANCE RESULTS 

T e s t s  have been performed on t h e  prototype u n i t  of t h e  Spacecraft  Cesium Clock, 
(SCC) with t h e  following resul ts .  The Allan Variance w a s  measured out  t o  lo5 
seconds and showed a noise  f l o o r  of 1 x 
A phase devia t ion  p l o t  f o r  a period of 4.63 days is shown i n  Figure 7 .  
mary of t h e  s p e c i f i c a t i o n  requirements vs. t h e  measured r e s u l t s  is shown i n  
Table 1. 
pera ture  rise which w i l l  be seen i n  t h e  vacuum environment. 
Location of t h e  modules and test points.  
c u i t  of t he  SCC from each module t o  the  mounting p la te .  
temperature of 45°C w a s  used. 
with two of t h e  a c t u a l  measurement points t h a t  were made i n  thermal vacuum 
measurements. 
s ide r ing  t h a t  t h e  ana lys i s  used worst case conditions. 

This graph is shown i n  Figure 6. 
A sum- 

A thermal ana lys i s  w a s  made on t h e  SCC t o  determine the  maximum tem-  
Figure 8 shows t h e  

Figure 9 is t h e  thermal equivalent cir- 
A maximum base p l a t e  

Table 2 summarizes t h e  ca l cu la t ed  temperatures 

Re la t ive ly  good co r re l a t ion  was obtained, e spec ia l ly  when con- 

CONCLUSIONS 

A Spacecraft Cesium Clock has been successfully designed and b u i l t  t h a t  is 
capable of meeting t h e  GPS Phase I1 requirements. As of t h i s  da t e ,  thermal 
ana lys i s ,  thermal test and r a d i a t i o n  t e s t i n g  have been completed with excel- 
l e n t  r e s u l t s .  F l i g h t  u n i t s  are i n  f a b r i c a t i o n  and w i l l  be completed i n  mid 
1983. 

317 



0 0 m < I ? 

318 



Figure 4 Pllodulator/MultiplierModule, A5 

HYBRID OSCILLATOR 14 HZ DC FILTER/REGULATOR 

2x 
UL 
90- 

Figure 5 Modula tor /Mul t ip l ie r  Module, A5 
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TABLE I REQUIREMENTS VS, PERFORMANCE 
- 

PARAMETER 

ACCURACY 

TEMPERATURE 

COEFFICIENT 

W A R M  UP 
I POWER 
I OPE RATING 

~ 

1 WEIGHT 
, 

W A R M  UP TIME 
~ (Lock) 

TECHNICAL REQUIREMENTS MEASURED RESULTS 
PROTOTYPE 

-- < +1 x 10'11 - +5 x 10'12 

<5 x 10-14/0C 8 x lO'1"''C I 
goal of - +1 x 10'14/0C (1.2 x 10'140C on breadboard) 

- < 50W 34.4w 

- < 30W 23.5W 
+ 

- < 28 lbs 23 lbs 

60 min <35 min 

* 

TABLE I1 SPACECRAFT CESIUM CLOCK 
THE= ANALYSIS 

MODULE 

A1A7 
AlAB 
A l B  
A2 
A3 
A4A 
A4B 
A5 
A6A 
A6B 
A7 
A 8  

T( "C) 
CALCULATED 

58.7 
58.7 
56.2 
51.8 
51.4 
59.4 
59.4 
56.4 
61.7 
61,7 
53.1 
51.6 

T( "C> 
ME AS URE D 
I N  VACUUM 

48.5 

55.6 
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Figure 8 The;mal Measurements, Spacecraft".Cesium Clock A6 
Deck Mounted, Final Configuration 
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Figure 9 Thermal Schematic of Final Configuration 
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Panel Chairman: Dr. A r t h u r  0. McCoubrey, National Bureau of Standards 

I ' d  l i ke  to  welcome you to  the panel discussion this morning. The panel 
this morning will focus upon the requirements fo r  precise time and time inter- 
val technology from the viewpoint of the prospective users. Systems users and 
people who are  responsible for  the design of broad systems'that depend on this 
technology. 

As you reca l l ,  the panel discussion yesterday focused upon requirements 
And I expect tha t  there ' l l  be a good deal from the perspective of planners. 

of g ive  and take between these two areas and the different  perspectives. 

As moderator, I'm not going t o  take any s ignif icant  amount of time, what 
I would l i ke  to  do is  introduce the members of the panel and l e t  them speak fo r  
themselves. We've asked each of them to  speak for  five or  six minutes t o  iden- 
t i f y  their areas of in te res t  as  users, to  identify the role or  t he i r  corpor- 
ations,  o r  the i r  organizations, and also to  ident i fy  the areas of requirements 
as they see them from their perspectives. 

selves concerning the de ta i l s  of their involvement. 
I ' l l  just introduce people now and I ' l l  l e t  each o f  them speak for  them- 

First, on my r i g h t  is  Bill Walker of Pan American Airways, and he repre- 
sents tha t  community of interests i n  the area of space vehicle test ranges. 

Next is Ed Stein of Westinghouse i n  Baltimore. Ed's area of in te res t  is  
communications. And on beyond Ed is  David Clayton of Offshore Navigation, In- 
corporated. Ed's area of interest i s  navigation i n  a particular h i g h  frequency 
navigation. He'll have more to  say about that .  

States Coast Guard, Omega Navigation Systems Operation Detail. 
Then next is  Commander William May, the Commanding Officer of the United 

Next is John Illgen. John is a member of Kaman Sciences Corporation i n  
Santa Barbara. John is  also a member of the Board of Directors of the Wild 
Goose Association, an association of LORAW-C users. 

Beyond John i s  Milton Boutte, a lso of Kaman Sciences, b u t  i n  Albequerque, 
and Milton's area of in te res t  i s  communications. 

And on the end of the table ,  opposite me, is Dr. Mohan Ananda, Aerospace 
Corporation. And Dr. Ananda is  going t o  bear the torch fo r  the Global Posi- 
tioning System, NAVSTAR, and will re f lec t  the perspective o f  the three seg- 
ments of NAVSTAR: the Space Segment, the Users' Segment, and the Control Seg- 
ment. 

I ' l l  be a l i t t l e  b i t  arbi t rary about s ta r t ing  this of f ,  and I'm going to  
ask Commander May t o  g ive  his summary of his interest and involvement f irst .  
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CDR William K O  MAY, USCG 

Commanding Officer, 

OMEGA Havigation System Operations D e t a l  

OMEGA i s  a long-range (l0,OOO mu), ground-based, very low frequency (VU) 
navigation system whieh operates i n  the 19 to  14 kHe navigation.band. Eight 
transmitting stations carefully s i t e d  throughout the world broadcast 
omni-directional, time-multiplexed 10 kW signals on 10.2, 11.05, 11.33, 13.6 
kHz plus one frequency unique t o  each station. 
eagg identification of both station and phase. 
or more stations provide users with lati tude and longitude t o  an accuracy of 
four nautical miles for  95% of the time. 
15,000 worldwide users of OMEGA. 
of position (manual) instruments which required significant operator 
understanding and intenrention i n  order t o  yield a position fix. 
today we have complex, multiple-frequency, state-of-the-art receivers 
(automatic) using microprocessor8 t o  convert OMEGA phase information directly 
into a latitude and longitude readout. 
been relatively slow due t o  early use of manual receivers coupled with an 
incomplete OMEGA system, the airborne community has dramatically increased its 
use of OMEGA within the l a s t  several years. 
when Australia became operational, OMEGA is the most cost-effective, worldwide 
radionavigation system i n  existance today. 

The timed transmissions allow 
Phase mea~rements from three 

It i e  estimated that  there are about 
Early receivers were siagle-f requency, line 

However, 

Although marine user acceptance has 

Finally completed in August 1982 

OMEGA STATIONS 

Eigh.t OMEGA transmitting stations are strategically located around the world. 
Each station has redundant timing and control equipment, two transmittere, and 
an antenna t o  ensure high operational availability. The antenna eystem is one 
of two types: 
transmitting elements; or, a valley span antenna typically 10,OOO feet in  
length. 
specifics are given i n  Table 1. 

A ver t ical  tower approximately 1400 feet  t a l l  supporting 16 

Each station radiates 10 kW on a l l  transmitted frequencies. Station 

Table 1: OMEGA Transmittina Stations 

Letter Date 
Designation Location Operational 

A Aldra, Norway 
0 Monrovia, Liberia 
C Haiku, HI 
D LaMoure. ND 
E La Reunion Is. (FR) ' 

F Golf0 Nuevo, Argentina 
G Woodside, Australia 
H Tsushima Is., Japan 
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DEC 1973 
FEB 1976 
JAN 1975 
OCT 1972 
MAR 1976 
JUL 1976 
AUS 1982 
APR 1975 

Antenna Type 

Valley Span 
1400' gnd twr 
Valley Span 
1400' hot twr 
1400' gnd twr 
1400' hot twr 
1400' gnd twr 
1500' hot twr 



ONSOD cons is t s  of 30 mili tary and c ivi  
divisions. The navigational Science D 
organizing, d i rec t ing  and coordinating 
data. 
signal modeling, improving propagation correctioils, ionospheric modeling, and 
improving s ignal  coverage diagrams. 
and Operations Division provides special  maintenance and support of s t a t i o n  
electronics  equipment, develops and i n s t a l l s  f i e l d  changes t o  s t a t ion  
electronics  equipment. Day-to-day control of s t a t i o n  operations, navigational 
warning notices, and back-up synchronization cont ro l  are the responsibil i ty of 
the Operations side. 
programming and f inanc ia l  execution of ONSOD's annual $5 mill ion budget. 

It performs ana ly t ica l  invest igat ion i n  such areas  as semi-empirical 

The Engineering s ide of the Engineering 

The Comptroller Divis'ion performs the planning, 

OMEGA SYSTEM SYNCHRONIZATION 

One of ONSOD's principal  missions i s  t o  ensure the OMEGA system i s  maintained 
witbdn established timing tolerawes.  A l l  OMEGA s ta t ions  transmissions a r e  
synchronized, so that one s t a t ion ' s  signals do not in te r fe re  with s ignals  from 
another station. Futher, the accuracy of the system i s  dependent upon the  
s t a b i l i t y  at  which phase-synchronized signals are transmitted. I n  order t o  
ensure s t a b i l i t y ,  t h e  phase of each OMEGA transmiasion signal is  controlled 
such that the phase relat ionship between s igna ls  from the  eight  s ta t ions  does 
not deviate  more than + 2 us  from the  (estimated) system mean. 
maintenance of this toierance i s  ca l led  internal  system synchronization. 

The 

Additionally, the OMEGA System is  referenced t o  an external time 
standard: Coordinated Universal Time (UTC). To provide this synchronization, 
each- s t a t i o n  employs cesium frequency standards and considerable e lectronic  
c i r cu i t ry  within the  Timing and Control Set. 
controls  the proper timing s ignals  t o  insure t h a t  each OMEGA s t a t ion ' s  
synchronization (EPOCH) is  correct re la t ive  t o  OMEGA standard time. 

OMEGA standard time commenced on 1 January 1972 a t  00002, when the  phase of 
a l l  OMEGA s t a t ion  transmissions were going through zero i n  the 
d i rec t ion  a t  a l l  OMEGA transmitting antennas. A t  this instant 
time was conincident with UTC. 
i n t e rg ra l  number of seconds. 
one second t o  compensate a s  atomic time and astronomical time are  not 
congruent and a l so  because of the continuing slow down i n  the ear th ' s  
rotation. The OMEGA epoch i s  not retarded as this would cause navigation 
receivers t o  lose synchronization. 
00002, 1JAN72. Since then 11 leap seconds have occurred, the last  being on 

This c i r cu i t ry  provides and 

A t  present the OMEGA epoch leads UTC by 
Approximately once every year, UTC is r e t a r d e d  

The OMEGA epoch and UTC were coincident a t  
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e t e n  second transmission 
transmission format, i s  held t o  within +5 us of UTC through comparison with 
LORAN-C s ignals  (A ,  C, D & H), one-way TMEGA phase monitoring (OKEGA s t a t ion  D 
only), synchronized te lev is ion  s i g q l s  (G) ,  and perodic portable clock visits 
t o  the  OMEGA S ta t ions  (OMSTAS). 
comparison with t h i n g  s ignals  from the NAVSTAR Global Positioning System, 
with an anticipated accuracy of - + 1 us using a low-cost, C/A only receiver. 

System synchronization i s  purely a technical function perfonned by the 
Japanese Maritime Safety Agency (MSA) (since 17OCW7), and duplicated by ONSOD 
t o  provide a back-up capabili ty.  
receives from other s t a t ions  i n  accordance with the  assigned Station 
Operations B i l l .  Every Monday, this, plus other  data, is provided t o  MSA and 
OlVSOD by each s t a t ion  i n  t h e i r  Weekly Stat ion Data Message. 
OBSOD prepares and sends t o  MSA a message which lists Delta OMEGA correctione 
gathered from"the four  nothern OMEGA s ta t ions  (A, C, I), H) and four Loran4 
chains plus  one-way phase monitoring by U. S. Naval Observatory of S ta t ion  D. 
Each Wednesday, ONSOD runs the SYNC2 Computer Program, compares r e su l t s  with 
the MSA Weekly Synchronization Message (also received Wednesday a t  ONSOD), 
invest igates  and resolves any discrepancies between the two SYNC2 resu l t s ,  and 
sends a message t o  MSA l i s t i n g  OBSOD SYNC2 re,sults. Sending #SA the ONSOD 
SYNC2 re su l t s  confirms t o  them our a b i l i t y  t o  function as a back-up, plus  acts 
a s  a check t o  maintain system tolerance levels.  

Future plans call  f o r  external time 

Each OMEGA station monitors the s ignals  i d  

Each Tuesday, 

Further, each Wednesday MSA computes and sends each OMEGA s t a t ion  a 
Synchronization Directive l i s t i n g  ACCUM and CORRECTION values. 
entered i n t o  the s ta t ions '  cesium t i m i n g  standards t o  maintain the  transmitted 
phase t o  within - + 2 us of m e a n  epoch of the OMEGA System. 

This data  i s  

THE FUTURE OF OMEGA 

Since the OMEGA System presently provides worldwide coverage, no expansion In 
the number of transmitt ing s t a t ions  is  expected. However, an expanded 
tranqmission format has been implemented. 
addi t ion of a fourth navigation frequency (11.05 H e )  t o  fur ther  help resolve 
lane ambiguity, and the addition of a frequency unique t o  each s t a t i o n  t o  
provide posit ive s t a t i o n  ident i f icat ion.  

This expanded format involves the 
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the accuracy of an OMEGA posit ion fix. 
differential OMEGA stations i n  operation todey. 

In fact, France already has over 15 

The Department of Defense ha8 adopted OMEGA as  an enroute navigation syetem 

1987, the  Army and A i r  Force plan t o  phase ou 
presently evaluating continued uee of OMEGA a8 a back-up t o  HAVSTAR GPS. 

It l e  likely that OMEGA w i l l  be in operation a t  least un t i l  the year 2000. 
Six 'of the eight station have been eetablished on non-U.S. territory through 
Bilateral Agreemeate between the U.S. and partner nations. Becauee of tb 
international character of the aystem and international user acceptance, 
operational decisions regarding the ayetem must be coordinated with the 
partner nations. 
conditional upon international acceptance aad i n  accordarice with the 
applicable sections of the Bilateral Agreements. 

for a i rcraf t  and ahipa. However, aaswiag HAV 1 

Thus, any disestablishment of the OMEGA system would be 
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Panel Chairman: Dr. A r t h u r  0. McCoubrey, National Bureau of Standards 

Thanks very much Bill. 
you'll be wanting t o  ask these people a f t e r  we've gone through the introduc- 
tory statements, and I'm going t o  ask the panel for questions of each other, 
and then I ' l l  be asking for questions from the audience, so, please make i t  
clear  t o  me when you have questions. 

I ' l l  ask you t o  be t h i n k i n g  of the questions tha t  

I 'd  1 i ke t o  cal l  next on John I1 1 gen t o  ta lk  about the LORAN area. 
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~ P L I C A T I O ~ S  PANEL 

ember: John D. Illgen, Kaman Science Corporation, Field Testing 
Technology Group 

I work for Kaman Sciences Corporation, i n  the Field Testing and Technology 
group and we've been evaluating the potential accuracy of a number of naviga- 
t ion  systems over the years. These have included bo th  terrestrial  and satel- 
l i t e  systems. 

I've been asked t o  focus on the LORAN-C system for this discussion to- 
day, and I ' d  like t o  discuss some of the improvements where we are w i t h  re- 
spect t o  LORAN-C. 

Many of us have been u s i n g  i t  for t iming  purposes. The potential of 
using LORAN-C for t iming  has been discussed i n  literature over the years. 
First of a l l ,  the LORAN-C system is a hyperbolic system. I t  certainly does 
have a textbook shape pulse. Any of you have ever monitored i t  know that 
when we monitor the 30 microseconds from the start t o  the first pulse, i t ' s  
easi 1 y control 1 ed. 

The coverage for this particular system includes 20 mill ion square miles. 
The CONUS i s  covered by approximately 80%, including Hawaii and Alaska, and 
the expansion o f  the system over the past few years has been enormous, and 
I've l isted the countries t h a t  are either negotiating now, or have included 
LORAN-C over, just the past few years. 

On the next view fo i l ,  I ' d  l ike t o  show what the present day coverage i n  
fact looks like. The dark area on this particular view fo i l  represents the 
ground wave coverage, and the o u t l i n i n g  area represents the sky wave coverage, 
and, as we can see, a very large fraction of the earth's surface that i s  cov- 
ered by this particular system. 

A particular chain consists of a master and two or more secondaries. Over 
the years, the time synchronization, the system has been improved dramatically. 
Each, almost each, TRIAD has i t s  own control monitor, which basically measures 
the time differences i n  real time from the master and secondary pairs, and com- 
pares those w i t h  established mean values a t  that monitor s i te .  

25-35 nanoseconds for the TD's. These are the RMS standard deviations that I 
am mentioning. 

The chains as we had found i n  tests and experiments is held t o  w i t h i n  20- 

The cesium timer and transmitter variations are approximately 15-20 nano- 
seconds. That ' s  a very quick rundown of where the LORAN-C system i s  now. 
should mention that there have been some improvements as far  as signal-to-noise 
ratio. The base lines of the system are shorter. Transmitters are going so l id  
state. The geometry i n  many of the areas has been improved, there's been care- 
ful planning placed i n t o  these issues. 

I 
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In recent years, we have i scovered tha 50 nanosecondsv or  50 foot  ac- 
curacy, for th is  system is possible. And today, the system is  being used i n  
the Delaware Bay area for navigation purposes i n  some of the very t i g h t  chan- 
nel areas just t o  give you a feel for the accuracy potential of the system. 

And, there's a great deal of interest i n  %he offshore industry w i t h  
LORAN-C. I'm sure other gentlemen will be addressing t h a t  question. 
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APP~ICATIONS PANEL 

Panel Member: David A. C ayton, Offshore Navigation 

I'm the key sea manager for Offshore Navigation. We've been in the radio 
positioning business for thirty-six years, so, we feel we do have a lot of 
experience. 
community until someone discovered we had in excess of seventy cesium standards. 

I feel it's a little humorous that we were not known in the PTTI 

We presently have eighty-three. 

Naturally, someone became a little curious as to what a company like ours 
was doing with all these cesiums. This lead to the outcome where we're begin- 
ning to become familiar with the PTTI community, and it familiar with us, 
and the purpose of the community. I think we'll both benefit from this get- 
together. And for those who are not familiar with us, I'll explain briefly 
some of the functions we have for cesiums. 

One of our main systems, we take a simple 1/2 to 2 magahertz hyperbolic 

However, we work 
phase comparisons radio positioning CW system and use it in the range-range 
mode. This is similar to the Coast Guard's LORAN-C chain. 
with much shorter base lines, and shorter ranges. Approximately 100 miles, 
this allows us to produce greater accuracies for the offshore oil industry and 
other people who require these accuracies. 

Unlike the Coast Guard, we do not have sophisticated automatic time cor- 
rection systems. 
clock drifts as they occur. When they fall out of tolerance, we dispatch a 
technician to each site who makes a C field correction. This is one of the 
most important problems we are faced with: how to keep these base stations 
synchronized at the lowest possible cost. 

We have a sort of clumsy monitoring system which detects 

We're experimenting at the moment with microprocessor control led micro- 
stepper connected to a modem, which in turn is connected through our land line. 
This land line is connected to a microprocessing control central monitoring 
station. The problem becomes a little more complex when we have to correct 
our cesium control transmitters which are installed in offshore platforms, 
which don't have the convenience of land lines. 

We presently have six offshore platforms and thirteen on-site sites (bn- 
shore sites we should say). The mobile tracking vessels offshore are passive, 
and their drift is determined by an on-board navigation computer, which is 
computing the ship's position from four simultaneously tracked ranges. The 
tracking of four stations also allows us to compute and correct the on-board 
clock drift. This assumes that the four stations are synchronized. 

At the risk of sounding repetitive, to previous discussions, I feel our 
future requirements are the most obvious: one, that is stability; two, lower 
costs; three, less sensitivity to temperature changes; four, smaller physi- 
cal dimensions; five, greater reliability; six, lower power consumption; 
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o see cesiums 
dorng that; an 

e've found i n  
the l a s t  ten years t h a t  replacement parts have skyrocketed f o r  cesrums and i t ' s  
something tha t ' s  causing us a l o t  of concern. 

One point  t h a t  does need addressing, I feel, i s  the question o f  why cesium 
standards do not  fo l low the trend o f  other electronic equipment tha t  i s :  
coming less cos t ly  and more e f f i c i e n t  wi th  mass production. As f a r  as the 
cesiums are concerned, they general ly become more expensive t o  purchase and 
maintain w i th  time. 

chronized, such as GPS, meteorburst, and other systems. 

be- 

We're also looking a t  other methods o f  keeping our t ransmit ter  clock syn- 

I would also l i k e  t o  mention tha t  not only the HF system tha t  I referred 
to, we do have a very, very la rge  in te res t  i n  the LORAN-C community, hyperbolic 
long range-range applications. And we fee l  t ha t  the requirement o f  cesium i s  
going t o  be a long one i n  both our range-range and our hyperbolic systems. 

Hopefully by the inventors, manufacturers and users get t ing together, such 
as a t  t h i s  meeting, we can look forward t o  an ever improving technology i n  the 
PTTI world. 

Thank you. 

334 



ember: Dr .) Mohan Ananda Aerospace Corporation 

As you a l l  know, the Global Positioning System is currently i n  the concept 
and engineering sytem evaluation phase. We have six sa te l l i t es  up there, out  
of which four are i n  good health, and of the other two sa te l l i t es ,  one of the 
sa te l l i t es '  clock i s  really bad, the other one is  marginal. 

We may have another s a t e l l i t e  which will be launched early April o r  May. 
Also, the next phase, w h i c h  is  the operation phase, hopefully will begin l a te  
'85 o r  early '86. The Air Force office is  currently negotiating w i t h  Rockwell 
Internation for the clock buy. 
operational phase. 

I t ' s  planning t o  buy 28 sa te l l i t es  for the 

Now, each of the block two satel l i tes  will have two rubidium and two 
cesium clocks. In  the future we may f ly  one hydrogen maser as an experimental 

* clock. 

Now, the performance o f  the space rubidium and cesium clocks have been 
extremely good. I have a chart t o  show. I have two. 

The chart shows the clock prediction error for both NAVSTAR VI and NAVSTAR 
V ,  and NAVSTAR V has a rubidium clock and NAVSTAR VI has cesium. The dotted 
l ine i s  geared to  the performance of d3, the specification for the rubidium 
i s  5 X d3, whereas the cesium i s  2 X 

The performance exceeds the spec in both rubidium and cesium, i f  you're 
In fac t  the NAVSTAR VI shows somewhere looking a t  a th i r ty  days prediction. 

around a five t o  eight times which is beyond expectations. 

If you look a t  the next chart, the same t h i n g  predicted over a longer 
period for the bottom scale i s  ninety days -- The NAVSTAR V kind of d r i f t s  
a f te r  forty o r  f i f t y  days. NAVSTAR VI, s t i l l  doing very well. So the manu- 
facturers have b u i l t  clocks of this  type t h a t  are really very good. 

Of course, the hydrogen maser technology, when i t  comes should provide 
better accuracy for a much longer period of time. 
i s  concerned, there is  quite a l o t  of interest i n  getting sa t e l l i t e  autonomy 
o r  autonomous navigation where the two error sources are clock errors and errors 
i n  the ephemeris determination. Certainly, the clock error dominates a f te r  a 
long period of time. 

There are two concepts we are pursuing. One of course would be a better 
clock. If a reliable better clock is avialable, that will be approached. If 
not, we are apparently t h i n k i n g  what's known as a cross-line communication con- 
cept which seems t o  provide a similiar level of accuracy. We're s t i l l  i n  an 
analysis phase. 

As f a r  as the space segment 
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Coming back to the clocks, the space segment i s  not the only user of the 
clock. We have two other segments, as you know. The control segment, which 
is responsible for computing the orbit parameters, as well as the clock para- 
meters, which would be transferred to the satellite, and would be used by the 
user. 

And obviously, we have to have a highly stable clock for the control seg- 
ment monitor stations. And now their accuracy requirements are as stringent 
as the space vehicle clocks. However, there's really no weight or power limi- 
tation and the reliability requirement i s  not as stringent as in the cases of 
satellite clocks because we can always replace the parts or we can have re- 
dundant systems available to the ground stations. 

because, from a naviagation accuracy point of view, we don't need to depend 
upon four in-view satellites, if four in-view satellites are not available, 
you can still get the same accuracy if you have a stable clock on board the 
user and only 3 in-view satellites. 

There is a future set o f  users which may require stable clocks primarily 

The satellite users, specifically surveillance satellites, which may re- 
quire highly stable oscillators because if you want high accuracy the GPS 
antenna being limited to the earth pointing direction, the satellites above 
GPS have to look from the other side. So, the possibility of seeing several 
satellites is limited and you want 10 to 20 meter level of accuracy, you may 
need a, in fact, you do need a highly stable oscillator on board the satellite. 

Of course, if you can live with 100 meter level of accuracy, then you 
don't really need the highest stability in the clock. 

So, those are the three specific requirements from user control end and 
the space vehicle point of view. 

Now, the most concern we have is the reliability of the on board satellite 
on clocks. O f  course, lately we have had pretty good luck so far. We don't 
have a lot of experience, because we haven't flown that many cesium and rubid- 
ium clocks, so, hopefully, one of the problems the PTTI can solve is how to 
guarantee the reliability for a long period of time. 
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APPLICAT~ONS PAN 

: I, Ed r i c  Cor 
Elect  

Good Morning. Our corporation i s  an or ig ina l  equipment manufacturer and 
system design and in teg  t i o n  company, p r i nc ipa l l y  for the DoD and for the 
other government agencies. 

been i n  the m i l i t a r y  strategic communications area. The environment i s  the 
usual m i l i t a r y  environment f o r  the airborne o r  f o r  the ground type applica- 
t ion. 

The par t i cu la r  area o f  communications i s  the VLF-LF, t o  some extent'MF 
d i g i t a l  communications. The systems tha t  we deal wi th  are broadcast type of 
systems w i th  a very l im i ted  number o f  transmitters and a large number of 
receivers used f o r  the dissemination o f  information t o  various operational 
elements i n  the m i l i t a r y .  

The par t i cu la r  programs t h a t  we have done, o r  which are users f o r  t h i s  
type o f  equipment, are the 61684871, survivable low frequency communication 
system, the ARC-96, which i s  the airborne version of t h i s  survivable low fre- 
quency systems, the VERDAN, which i s  the Navy equivalent, the TACAMO, which 
i s  the Navy airborne version. 

And then, a l l  of these things interconnect i n t o  what i s  known as the miniv 
mum essential emergency communications network f o r  the DoD, commonly ca l led  
MEECOM. The communications technique i s  synchronous-coherent detection and 
d i r e c t  sequence pseudo-random modulation i s  used i n  these systems. 

That leads t o  the need f o r  accurate time a t  the transmitters and receivers 
f o r  system synchronization. NOW, we use bas ica l ly  a corre la tor  technique and 
the requirements t h a t  we have are much less str ingent i n  terms o f  absolute time 
than the navigation requirement tha t  I ' v e  been hearing today, here, t h i s  morn- 
ing. 

We have a requirement t o  know time a t  a l l  the terminals i n  the network t o  
an area tha t  ranges from a few mill iseconds i n  some systems, t o  tens and small 
numbers o f  hundreds o f  mill isceonds i n  other systems, so that, i n  terms of 
absolute time, we thought we, we were pre t ty  precise u n t i l  I sat  here t h i s  morn- 
ing and l is tened t o  some o f  the navigation requirements. Now I don't feel very 
precise a t  a l l .  

However, we do use cesium standards and we use cesium standards for  several 
reasons. One i s  t h a t  we do want t o  maintain a systems standard a t  our trans- 
mi t te rs  which then can be used as reference f o r  the res t  o f  the system. 

Most o f  the applications t h a t  I ' v e  had experience w i th  personally, have 
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t ha t  we face have t o  do wi th  maintenance: the insert ion, i n i t i a l  inser t ion  
and then the maintenance o f  t ime i n  the system. And, i n  the area o f  por t -  
a b i l i t y ,  pa r t i cu la r l y  f o r  airborne terminals, there i s  a requirement t o  be 
able t o  set  time on board an airplane very simply. 

The environment we're deal ing i n  i s  a m i l i t a r y  user, where the people 
who are using the equipment are not  people tha t  are pa r t i cu la r l y  t ra ined i n  
the techniques o f  precise time management. They' r e  operational people, and 
what they want i s  t o  have something they can take i n  t h e i r  hand and plug i n t o  
a s lo t ,  push a button, and t h e i r  system i s  going t o  work. 

So, we f ind t h a t  we need equipment tha t  i s  l i gh t ,  t ha t  i s  low power, 
t h a t  i s  h igh ly  re l iab le ,  i t  i s  very user to lerant,  very user f r iendly (as 
they say i n  the computer business these days). 
t ha t  does not hassle a man who's got many important respons ib i l i t i es  i n  serv- 
i ng  time i n t o  h i s  system being only  one o f  them. 

requirements are ac tua l l y  re lax ing a l i t t l e  b i t .  Not a great deal, but  some- 
what, because we look t o  take advantage o f  the great ly increased processing 
capab i l i t y  tha t ' s  coming along i n  terms o f  ari thmatic processors, and high- 
speed, high capacity ar i thmat ic processors. 
cost memory t h a t  al lows us t o  subst i tute a cer ta in  measure of processing for 
precise know1 edge o f  time. 

Equipment tha t  can be -- 

We also are f ind ing  currenbly, looking i n t o  the future, t ha t  our precision 

A high density low power, low 

Sort o f  t o  sum up then, we are driven a t  the present time i n  the direc- 
t i o n  o f  low power, f o r  po r tab i l i t y ,  high r e l i a b i l i t y  i n  terms o f  specif ic 
equipment such as cesium standards and crysta l  clocks which we use a great 
deal of. A l l  o f  our receive stat ions are c rys ta l  clock control led. 

The other s ide o f  the co in i s  t o  f i n d  equipment which can be read i l y  
maintained and f ind techniques which we presently don't  have, and which are 
some o f  the other things tha t  are being discussed here today are relevant t o  
t h a t  f o r  inser t ing  time i n t o  our system, both from a rout ine maintenance point  
of view, and from the point  o f  view o f  recovering time i n  the event t ha t  some 
remote s i t e  loses rea l  time. 
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Those ar c 
a p p r e ~ ~  ate  yo 

hank you, 
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i l  ton Boutte, Kaman Sciences Corporation 

I work for Command Sciences Corporation in the Albuquerque office. My 
area of expertise is electronic warfare, and it's totally different from what 
you have heard thus far. I work as an independent test and evaluator, if you 
will, of tactical data links and navigation systems for the C environment. 

As you all know, the heart of all data links and navigations system is 
precise time and timing intervals. That's how I'm getting involved. We do 
not actually look at the hardware in the way of precise timing from the stand- 
point o f  looking at the oscillator and cesium clock. We're more interested in 
being able to take and independently evaluate a particular data link or system 
in a battlefield environment with red forces, with blue forces, with all kinds 
of chad propagation from the electronic support countermeasure area, and be 
able to define to the user in the field what the capability of that data link 
navigation tactical system is, and what its limitations are. 

From this standpoint, we do get involved in evaluating the timing require- 
ment that the designer has put into the system. 
user in the field and what we've seen over the years, that the clock is not the 
problem that we're having. 

3 

From the standpoint of the 

The problem we're having is synchronization. And once we lose synch, we're 
having trouble locking back up, or the system's having trouble locking back up. 

The other problem that is rapidly coming upon us is DoD's thrust towards 
GPS, where our systems are required to be compatible with the Global Position- 
ing System. There's concern about the availability o f  GPS timing. 

Thank you. 
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ember: William Wa ker, Pan American Airways 

Pan American World Airways contracts with the Air Force for the oper- 
ation and maintenance of the eastern test range. 
the collection, reduction, analysis and pub1 icat 

A directed responsibility also exist for PT 
operations for planning, for specification, acqui 
and check out o f  new equipment as needed to meet changing program require- 
ments. 

The Eastern Test Range (ETR) is a 5,000 mile range extending from the 
launching facility at Cape Canaveral southeast, southeastward. The instru- 
mentation and tracking platforms located on the Florida mainland sides, Grand 
Bahama, Grand Turk, Antigua and Ascension Islands, and on ships located in 
the Atlantic. 

The range PTTI system provides services to both range users and range 
instrumentation systems, such as photo optics, range safety, command disrupt, 
communications, telemetry and radar. 

The UTC time scale is employed and synchronization is maintained with 
respect to the DoD master clock located at the USNO. The interrange instru- 
mentation group serial and parallel standard time group formats, are gener- 
ated and distributed. Range count status information is also generated, 
distributed and displayed in the user areas. 

systems, timing signals at the user site which are synchronized better than 
50 microseconds . 

The PTTI operating philosphy is to provide both range and range user 

In the past, this has been accomplished by direct synchronization to 
LORAN-C. The range is now in a modernization phase, which will upgrade syn- 
chronization to an accuracy of better than one microsecond with respect to 
the DoD master clock. Conversion will be accomplished sequentially by plat- 
form on an as needed basis. The Cape Canaveral master clock conversiton is 
now in progress with completion expected in about six to nine months. 

The Antigua platform is now operating on an interim basis to an accuracy 
of about five microseconds; better than five microseconds. 

Complete range conversion is anticipated to take about three to four 
years, but it's dependent on yearly funding. 

The PTTI operation philosophy employed at the ETR is to use a hierarchy 
of clocks, consisting of the range master clock located in the vault at Cape 
Canaveral, and synchronized to the USNO master clock to about one to two 
hundred nanoseconds. 
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T h i s  method assures PTTI i n t eg r i ty  i n  the event of communication l i n k  
failure between the s ta t ion and s i t e  clocks. Timing signal i n p u t  to  the site 
clocks will be a modified IRIG serial time code, transmitted by a twenty-two 
gauge, or  wide metal wire circuit, o r  by a microwave. 

Correlation accuracy will be dependent upon transmission method used and 

An ensemble of three or more cesium standards, frequency standards, is  

will range from about one microsecond, t o  ten t o  twenty nanoseconds. 

maintained a t  each s ta t ion clock. The ensembles are steered continuously 
through the use o f  microphase steppers, the next higher level clock, w i t h  
information obtained by portable clocks, and continuously verified by the 
monitor system. 

from the Cape master clock t o  a l l  station clocks t o  achieve a to t a l ly  auto- 
mated system w i t h  operator/technicians being required only for repairs or 
emergency manual control during periods of bus failure. 

ation systems a t  the expense of frequent clock trips. The technique is ,  how- 
ever, flexible t o  place greater emphasis on external transfer systems as 
they become operational , portable and re1 iable. 

PTTI dissemination system now used a t  ETR include LORAN-C, TRANSIT, 
GOES and WWV. The GPS receiver is under procurement w i t h  delivery expected 
by the end of 1983. We have noticed tha t  a subtle change i n  the requirements 
from users numerous recent discussions concerning the need for t iming  signals 
which are active elements i n  ranging systems, rather than the more conven- 
tional use as a passive scaler for data tagging. 

Requirements for a network synchronization o f  three t o  five ranging si tes 
i n  the order of twenty to f i f t y  nanoseconds have been discussed. We feel that 
these can be achieved through the use o f  the systems tha t  I've described here. 

As this system matures, control commands will be introduced via the bus 

This technique minimizes direct dependence upon external PTTI d i  ssemin- 
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Panel Chairman: Dr .  Arthur 0. ~ccoubrey, Nat Bureau o f  Standards 

That completes the statements by each o f  the panel members, and now we come t o  
a period o f  discussion. 
t o r  and ask one question o f  one o f  the panel members t o  s t a r t  i t  off.  

As I l is tened t o  each of the presentations, I got  a p 
the requirements are, and where the most urgent requireme 
not have been 1 is ten ing hard enough, but there's one case where I d i d n ' t  get 
the p ic ture s t ra ight ,  and I ' d  l i k e  t o  be sure tha t  we get it out, so I'll ask 
John I l l g e n  a question. 

John, i f  you had one wish, w i th  one s t r i ng  attached, the s t r i n g  i s  t h a t  you've 
got t o  spend it on PTTI technology, b r i e f l y ,  what would it be? 

MR. ILLGEN: I th ink  presently, as f a r  as the users' requirement i s  concerned 
f o r  i n  the LORAN-C area, we've been, we have, the Coast Guard has i ns ta l l ed  
cesium standards a t  each o f  the transmitters, and addi t ional ly,  the control  
monitor tha t  I refer red  t o  t h a t  i s  used t o  control  the synchronization of the 
chain, o f  each chain, does have i t s  own clock. 

The computations t o  date, as I mentioned before, include cesium var iat ions on 
the order o f  cesium var iat ions and also t ransmit ter  f luc tuat ions mixed i n  tha t  
we have measured a t  about f i f t e e n  nanoseconds. 

Now, our receivers, our user receivers, the receiver noise i s  about twenty t o  
twenty-f i ve  nanoseconds typ ica l  1 y f o r  time di f ference receivers. So, t o  r e a l l y  
answer tha t  question today, -- t o  do any be t te r  as f a r  as synchronizing the 
chain from a high accuracy harbor standpoint, we're f ine.  But once the recei-  
ver, the onus today i s  on the receiver manufacturers t o  d r i ve  t o  reduce the 
er ro r  i n  the receivers. 

And I think r e a l i s t i c a l l y ,  from a user standpoint, maybe what we're saying is ,  
f o r  harbor navigation we're not  i n  too bad a shape. 

I ' d  l i k e  t o  take advantage o f  my posi t ion as modera- 

DR. MCCOUBREY: OK. Thanks John. 

Let  me ask other panel members if they have some questions t o  ask o f  each 
other, o r  o f  the members o f  the audience t o  s t a r t  the discussion here. Ques- 
t ions  among the panel members? 

DR. ANANDA: 
timing. 

I have one. There was a concern about the a v a i l a b i l i t y  o f  GPS 

DR. MCCOUBREY: Yes. 

DR. ANANDA: Maybe explain what the concerns are? 
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cern i s  tha t  DoD i s  becoming ex remely dependent on 
going t o  be out i n  guess our concern i s  that  

e ' r e  hoping t h  t GPS i s  going t o  be 
concern. We need t o  t rack GPS and make sure tha t  it gets there, because our 
systems are cur ren t ly  on schedule and we're worried. 

ha t8s  the basic 

DR. MCCOUBREY: Provide some assurances? 

DR. ANANDA: As far  as we know, we are also p re t t y  close t o  schedule, unless 
something more happens e 

MR. BOUTTE: Well, we're h igh ly  dependent on GPS and tha t ' s  our concern. With- 
ou t  GPS we don' t  work. 

DR. MCCOUBREY: John, perhaps you have a question? 

MR. ILLGEN: Yes. From a user standpoint, what i s  the accuracy that  w i l l  be 
provided t o  the c i v i l  community? 

DR. ANANDA: As f o r  the navigation accuracy, we have two modes, as probably 
everybody knows. One i s  f o r  the military, o r  the c lass i f i ed  community, and the 
other one for c i v i l  uses. However, the accuracy, f u l l  accuracy may be avai lable 
t o  everybody. A decision t o  -- 
MR. ILLGEN: You're saying the precision code w i l l  be provided t o  the c i v i l i a n  
and defense communities? That's a -- 
OR. ANANDA: Unless, there i s  a provision under which the secur i ty panel may 
choose not t o  make the precision code avai lable t o  the user. A l l  users. I f  
tha t ' s  the case, the navigation accuracy which w i l l  be around 200 meters. As 
f a r  as the t iming accuracy i s  concerned, i t  would be much be t te r  than that:  
100 nanoseconds, o r  150 o r  200 nanoseconds. Just the time, tha t ' s  only 1 para- 
meter. 

But i f  you want the f u l l  navigation accuracy, would l i k e  a c i r cu la r  p robab i l i t y  
on dimensions, then i t ' s  about 200 meters i f  the f u l l  accuracy i s  denied. Other- 
wise, the accuracy w i l l  be around f i f t e e n  meters i n  navigation, o r  be t te r  than 
ten nanoseconds i n  time. 

MR. ILLGEN: There are many people that  are using the systems for LORAN-C for 
timing, and a recent report  t ha t  was issued by GAO recommends tha t  LORAN-C be 
phased out i n  favor o f  GPS. That's one o f  the reasons why people, I think,  are 
asking questions regarding the GPS schedule, and I guess the rea l  concern i s ,  
current ly  the GPS system i s  i n  the conceptual stage, design stage, and i n  fact, 
production o f  the operational space segments, t ha t  has not started yet.  

I s  t ha t  t rue o r  false? 

344 



is being negotiated. It's fun 
next fiscal year. 

Since the block buy is funded, we can hope that the missions will be there. The 
current schedule is, we will have in the beginning of '86, that there will be 
six satellites of block one, and subsequ tly we will start launching block two 
satellites at the rate of seven satellit per year. * 

So, by the end of '87, or the middle of '88, we'll have an eighteen satellite 
constellation there out, to be a mix of block one and block two. The block one 
satellites are in 63" inclination and the block two are flfty-five. However, 
as the time goes, one of the block one satellites will be phased out, and we 
will replenish and maintain an eighteen satellite constellation. --That's the 
correct one. 

DR. MCCOUBREY: Ed, do you have a question? 

MR. EDWARD STEIN: I'd like to raise a question in that same context. 
communications systems which we service, as I said before, time acquisition and 
maintenance is a problem for us and some different sites go at this in different 
ways. Different maintenance organizations. 

But, people have used, or thought about using LORAN-C quite a bit. Television, 
line ten television synchronization has been discussed. I don't know that any- 
body is using it. I heard Omega mentioned -- By the way, all the systems that 
we're talking about are sufficiently accurate for our application, so I'm wonder- 
ing, looking ahead, say, fifteen years from today, which systems would provide 
the most economical long-term approach. 

If you were setting up a maintenance facility say, and one that would be relpon- 
sible for the maintenance of time for a number o f  receiver sitesI what way would 
you go? I'm asking anybody that would have an opinion on that in terms of uti- 
lization of Omega or LORAN-C, or, looking ahead to GPS. 

DR. MCCOUBREY; Who wants to handle that? 

In the 

MR. EDWARD STEJN: Would anyone like to comment on it? 
DR. MCCOUBREY: Lets, ask Bill May to tackle it first and then, Mohan Ananda. 

CMDR. MAY: I'd like to address that from the viewpoint of what radio navigation 
systems we have; and what the Federal government's planning forecasts are for 
these systems. 

The Department of Defense, of course, runs some navigation systems, they run 
TRANSIT, they will run GPS. They run a number of aeronautical systems. The 
Department of Transportation, the two operating agencies in the Department of 
Transportation, the FAA and the U.S. Coast Guard, run the remainder o f  the govern- 
ment provided radio navigations systems for general use: the VOR/DME, the micro- 
wave, the ILS, LORAN-C, and Omega. 
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A number of years ago, i 
between DoD systems and DOT systems. So, we formed working groups i n  each o f  the 
Departments. 

A navigation working group i n  DoD, and a navigation working group i n  DOT. These 
two groups t a lk  t o  one another a t  l e a s t  once a quarter and usually more frequent- 
ly ,  t o  te l l  one another what they're doing. 

became apparent that there was n adequate coordination 

Under mandate by Congress, we came out w i t h  an animal cal led the Federal Radio 
Navigation Plan, which i s  available through NTIS i n  Spr ingf ie ld .  Unfortunately, 
a t  a f a i r l y  h i g h  cost .  I t h i n k ,  $30.00 to  $40.00. 

T h i s  plan, now i n  i t s  second revision, the second being March of 1982, d e t a i l s  
the long-range outlook f o r  Federally provided radio navigation systems. 

I'm only familiar w i t h  the marine segment, and I ' l l  summarize what I know of i t  
fo r  you. For LORAN-C DoD has said their requirement will cease approximately 
five years a f t e r  GPS becomes operational, o r  i n  l a t e  1992. 

So, we, the Coast Guard, a r e  operating overseas LORAN-C t o  meet a DoD require- 
ment. 

I ' l l  address TRANSIT, and GPS, and then Omega. 

For LORAN-Cy the Coast Guard operates the overseas LORAN-C chains. The current 
plans a r e  tha t  DoD requirements f o r  overseas LORAN-C will end when GPS becomes 
operational. 

DR. MCCOUBREY: Yeah, Alright.  OK. 

CMDR. MAY: 
be required by the DoD, and current plans a re  t o  phase out Coast Guard operation 
of these overseas chains. 

I'm sorry. That means i n  1992, the overseas chains will no longer 

There might  possibly be host nations agreeable t o  taking over the s ta t ions  and 
running  them, b u t  i t ' s  pure speculation a t  this point. 

We foresee the CONUS chains, e a s t  coast ,  west coast, G u l f  of Alaska, Hawaiian 
Islands a s  remaining on the a i r ,  continued t o  be operated by the Coast Guard 
t o  meet the needs of the United Sta tes  coastal confluence zone. 

TRANSIT is a Navy system. Always has been, and will be u n t i l  i t  ends. Projected 
to  end, again, i n  1992, because the DoD requirement will transfer from TRANSIT 
t o  GPS. 

There has been a l o t  of t a l k  about a c iv i l ian  consortium taking over operation 
of TRANSIT. To the best of my knowledge, there has been no ac t ive  p u t t i n g  u p  of 
funds t o  take this over. 

346 



So, tha t  i s  a DoD system wh 
years a f t e r  GPS i s  op 

d by the Unite 
ian  system. We have 15,000 c i v i l i a n  users, more o r  l e s  
rs. We enjoy a f a i r l y  high degree o f  support from co 

hey have announced w i  

aviation; somewhat less from c i v i l  maritime users. 

Because we have so many partner nations involved and so much internat ional  ac- 
ceptance, and a r e l a t i v e l y  low operating c 
approximately $8,000,000.00 a year t o  oper 
wide system. My personal fee l ing  i s  that  Omega w i l l  be around a t  l eas t  u n t i l  
the year 2,000. 

The Federal rad io navigation plan hedges on th is .  They say tha t  the Navy i s  
re-evaluating t h e i r  requirement f o r  Omega as a backup t o  GPS even i f  the Navy 
does not want GPS. 
c i v i l i a n  needs. 

I s t i l l  p ro jec t  i t  w i l l  be required f o r  many years t o  meet 

DR. MCCOUBREY: Thanks, B i l l .  

I ' d  l i k e  t o  begin t o  ask f o r  questions from the audience. 

MR. SAMUEL WARD, JPL: My question i s  t o  Commander May. You presently have your 
Omega operation i n  Australia, and i t s  t raceab i l i t y  t o  UTC i s  being established, 
as you said through TV, t o  the Department o f  National Mapping, and t o  UTC by way 
o f  UTC Austral ia? Do you plan t o  furnish them wi th  GPS receivers so tha t  you 
lower tha t  present uncertainty t h a t  you have by, maybe, an order o f  magnitude 
o r  two? 

You stated the TV t raceab i l i t y  was plus o r  minus h a l f  a microsecond. And wi th  
the GPS tha t  could drop t o  f i f t y  nanoseconds o r  less, and f o r  the UTC trace- 
a b i l i t y  plus o r  minus f i v e  microseconds, t ha t  o f  course, t ha t  could drop two 
orders o f  magnitude. 

CPIDR. MAY: Right. The primary purpose o f  precise time f o r  Omega i s  t o  synchro- 
nize our signals f o r  navigational use. The larger  the time er ro r  between the 
phase synchronized signals, the la rger  the navigational error.  The t raceab i l i t y  
back t o  UTC i s  s o r t  of a side l i g h t ,  an extra provided service. 

Our requirement i s  t o  keep our signal, our signals from our e ight  stat ions t o  
w i th in  two microseconds o f  the mean Omega system epoch. OK. I n  doing th is ,  we -- Oh, by the way, -- t i e  t h i s  i n t o  UTC, the Austral ian horizontal TV synch 
pulse, which i s  d i r e c t l y  traceable t o  USNO through ty ing our signal i n t o  the 
LORAN-C system a t  our four northern stat ions and through USNO monitoring of our 
North Dakota stat ion, they monitor the signal here i n  Washington, D.C. 

A l l  these various inputs go i n t o  a f a i r l y  complex computer program t h a t  produces 
weekly corrections which are entered i n to  our system t o  br ing a l l  signals t o  
w i th in  two microseconds o f  our Omega epoch. And the Omega epoch i s  w i th in  f i v e  
microseconds, usual ly  better, but, almost always wi th in  f i v e  microseconds o f  UTC. 
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To d i rec t ly  answer your question, we are planning to  procure, if  we can get a 

eventually becomes available on the market. 

I 've  budgeted funds i n  1984 t o  procure one of these, for  t r i a l ,  and to  procure 
a number of these i n  following years, depending on the results of the first 
one. We would p u t  these GPS receivers first on the s ta t ions tha t  are not tied 
to  an external UTC reference. 
1 and. 

hat as somewhere i n  the area of 10 K ,  a stan- 
uracy), commercial grade GPS receiver when i t  

That being Argentina, Liberia and Reunion Is- 

If we get  the funding ,  yes, we do plan to  p u t  i t  on a l l  the s ta t ions as  an ex- 
ternal t i m i n g  source which would indeed improve the accuracy. I t  would i m -  
prove the accuracy t o  roughly what we get from GPS, which, I'm told by some 
of the experts i n  the field,  t ha t  u s i n g  a low cost standard accuracy receiver, 
we should expect somewhere between a half a microsecond and a microsecond and 
a half accuracy from GPS. 

This will be another external i n p u t  because if  Omega, i n  f ac t ,  is  a backup t o  
GPS, wh ich  i s  the current plans, we cannot rely entirely on GPS. We have to  
be independent. So i t  would be an extra l i n k .  

DR. MCCOUBREY: Others? Sam? Another question? 

MR. WARD: My question had to  do w i t h  tying your Omega s ta t ion to ,  directly to  
National Mapping Service. 

CMDR. MAY: I'm not familiar w i t h  tha t ,  sir.  

MR. WARD: To use two receivers a t  the same time. 
and the second a t  the National Mapping f a c i l i t y  i n  the Canberra d i s t r i c t ,  and, 

One a t  the Omega location, 
-- 
CMDR. MAY: You're talking about a different ia l  GPS time recover? 

MR. WARD: What'd you say? 

CMDR. MAY: Are you referring to  a different ia l  GPS time recover system? 

MR. WARD: Yes. That doesn't have t o  rely on the GPS clock. I t  would es- 
sential  l y  provide real time synchronization. 

CMDR. MAY: Again, our primary purpose is t o  synchronize our Omega signals i n  
phase w i t h  one another using a s a t e l l i t e  that  happens to  be synchronized 
to  UTC. I t  will do us no good, the way our current synchronization program 
runs, t o  take only one s ta t ion,  Austrialia, and t i e  i t  down very closely t o  
UTC. Because the other s ta t ions,  then, could d r i f t  up t o  five microseconds 
from UTC and my synchronization program as written would tend t o  p u l l  Australia 
away from being tied down to  UTC. 
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hat you're suggesting would only work if I coul tap a l l  of my s t a  
he GPS time, Perhaps we could discuss i t  l a t e r  a f t e r  the discuss 

CCOUBREY: Are there other questions from the audience? I have one over 
here ,. 
DR. KELLOGG: I'm a aerospace representative, working f o r  Lockheed, I have a 
question about why you're so confident tha t  you have ephemerides under control? 
When one looks a t  other data sources of the on board clock i f -  
ca l ly  from the U.S. Naval Observatory, I f i n d  i t  d i f f i c u l t  
as you, i f  you know what the causes are. 

ic 

DR. ANANDA: I'm not c lear  what you're referring to. 

DR. KELLOGG: I'm mostly concerned about on board clocks' r e l i a b i l i t y ,  and I 
have a good feeling about the accuracy of ephemerides. 
t ha t  statement. I'm wondering what your source of data is. Do you weight the 
U.S. Naval Observatory data very lowly? Do you include i t ,  o r  what? 

DR. ANANDA: No. Many predict the GPS orbi ts .  The loss of accuracy i f  you do 
not receive the navigation message, daily,  o r  whatever the time period is, 
there a re  two e r ro r  sources existing; one is  due to  the s t a b i l i t y  of the on- 
board clock; the second i s  the inabi l i ty  t o  model the ephemeris to  the re- 
quired accuracy. 

Now, if  you compare these two er ror  sources, the clock e r ro r  dominates that .  
I'm not saying t h a t  the o rb i t  e r rors  are  not there. Maybe I d i d n ' t  quite 
understand what you're suggesting. 

DR. KELLOGG: Before I predict anything, I ' d  like to  know where I am. 
uncertain about t ha t ,  I asser t  t ha t  influences my predictions since a t  the pre- 
sent moment, I will asser t  you have some d i f f i c u l t y  i n  establishing o r  d i s -  
t i n g u i s h i n g  between an ephemeris e r ror  and t i m i n g  error  w i t h  the way GPS i s  
set up. 

I cannot agree w i t h  

If I'm 

DR. ANANDA: We can estimate t h a t  o rb i t  accuracy to  a few meters which includes 
the clock, as f a r  as  the knowledge phase is  concerned. Then you extrapolate 
and you predict. That's when the users s t a r t  using. The current operational 
control segment, the concept is, we process the available data,  and every e i g h t  
hours, o r  every ten hours, we upload a NAV message which would be available 
t o  user, so the to ta l  time predicted is ten hours. 

And, we maintain a user range e r ro r  of s ix  meters, which includes the clock, as  
well a s  the ephemeris part. We do not plan t o  separate, however, if you s t a r t  
predicting further down, the correlation between the clock and the ephemeris 
breaks down and the clock s t a r t s  taking of f ,  which becomes the dominant e r ror  
source. 

So when we're talking about clock synchronization, i t  applies t o  only, on an 
autonomous basis, o r  navigation over a long period of time. We do not absorb 
a clock error  i n  say, for  example, two months. Then, i f  you do not have some 

349 



kind o f  clock synch ty, you certa achieve tha t  e 

You have t o  absorb on more frequ 

he ephemeris e r ro r  comes rom two sources. One i s  w we c a l l  the wide 
error, which i s  the misa ignment o f  the solar panel ooking a t  the sun, 

which introduces a torque, and tha t  contributes a rad iat ion pressure e f f e c t  on 
the s a t e l l i t e  which i s  hard t o  model a t  present. 

However, the concept which we are pursuing, wh 1 ink  
ranging measurements, and a s ing le ground s t a t  n t  , 
we can estimate a l l  those parameters and we can predict  f o r  a long period o f  
time tha t  doesn't contr ibute t o  the same leve l  as the clock s t a b i l i t y  er ror .  
That's what I was re fe r r i ng  to. 

DR. KELLOGG: I don' t  wish t o  pursue that subject even further.  I would l i k e  
t o  ask a di f ferent question, i f  I may, s i r .  

DR. ANANDA: OK. 

DR. KELLOGG: One o f  the other items, I believe, as I understand i t  i n  the GPS 
system, i s  t ha t  a search f o r  users o f  time precision fa i led  t o  unearth anybody 
who would ask f o r  a precision greater than 100 nanoseconds and, consequently, 
the system accepts the fac t  t ha t  that 's  the f loor .  W i l l  t h i s  decision be re-  
viewed' sometime between now and some sor t  o f  operational date? 

DR. ANANDA: The t iming accuracy as i t  stands i n  the program i s  100 nanoseconds 
between USNO and GPS system time. That i s ,  the maximum of f -se t  between UTC and 
GPS system time would be 100 nanoseconds. 

As f a r  as va l idat ing the GPS system i t s e l f ,  there i s  no such requirement as 100 
nanoseconds. You can actual ly  do the time transfer t o  a leve l  o f  ten nano- 
seconds o r  better. So 100 nanoseconds comes t o  the re la t ionship between USNO 
and the GPS system time. 

I do not believe there's any plan t o  improve upon that  requirement unless there 
i s  a community which forces upon the GPS program t o  improve the accuracy, o f  
the o f f s e t  between the USMO and the GPS system time. 

DR. MCCOURBEY: OK. 
but, I ' d  l i k e  t o  ask, i s  there one more question from the audience? M r .  Allan? 

MR. ALLAN: 
raised by Dr. Kellogg wi th  respect t o  the GPS, t o  the Aerospace representative. 
You referred i n  your discussion t o  the d e s i r a b i l i t y  o f  ge t t ing  much more highly 
stable clocks on board the GPS i n  order t o  al low f o r  the project ion during an 
autonomous period. 

I t ' s  ge t t ing  close t o  the time now t o  conclude the session, 

I ' d  l i k e  t o  pursue a l i t t l e  b i t  more, i f  I may, the questions 
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uggest t ha t  what was iscussed on the panel yesterday a 
iscussed a t  some of t ese meetings before. In order t o  
t ion,  you've got t o  be able t o  r the clocks w i t h  suf- 

f i c i en t  accuracy so t h a t  you have a projection base on which  t o  go. And i t  
seems t o  me, i n  a11 the discussions I 've  heard, t ha t  the Kalman f i l t e r  readouts 
that  a r e  currently used, and presumably would be incorporated i n  these cross 
links and so on, do not have sufficient precision to  accomplish the kind of 
data base tha t  the projections would need. 

DR. MCCOUBREY: OK. Just i n  winding up,  I would like t o  o e 
viewpoint of a l l  the users I'm very much impressed w i t h  t h  
ments f o r  synchronization technology. 

- 

I'm a lso  very much impressed t h a t  various system users are  depending upon 
other people's systems i n  connection w i t h  synchronization. And, i t  does r a i se  
the question as t o  whether or  not t ha t  interdependence among the systems, of 
one set of users depending on LORAN-C, and another set on Omega, GPS and so on, 
dependence which goes beyond the original intent of the system, perhaps, whether 
or  not those requirements are  g e t t i n g  into the planning a t  high enough levels. 

In other words, a r e  the planners a t  the very highest levels rea l ly  l is tening t o  
the users i n  these areas? Perhaps Dr. Winkler could comment on that .  

DR. WINKLER: I do not know what the highest levels are doing. 

DR. MCCOUBREY: You'd better do something. 

DR. WINKLER: And moreover, we have a l l  the indications tha t  they change course 
every three years. 

And, I want to  remind you tha t  the comment which  was made by one of your panel 
members about the recent report t ha t  LORAN-C be phased out comes only six years 
a f t e r  a major push f o r  more LORAN-C as being instituted by the Department of 
Transportation, i n  which i t  was declared one of the two operational and reference 
systems f o r  the coastal regions of the United States.  

So you must expect t ha t  turbulance t o  continue. I t  is simply a f a c t  of l i fe .  
And, i n  regard t o  your question, i s  tha t  good or  bad i f  d i f fe ren t  systems de- 
pend on each other. I t  is i n  f a c t  a b i g  t h i n g  which  
PTTI, a coordinated system, has t o  offer.  

I t h i n k  i t  is a strength. 

That a lso,  every single synchronized system ought to ,  as a matter of policy, be 
able t o  resynchronize i tself  from w i t h i n  the system. 
faces t o  other coordinated systems you gain a tremendous amount of redundancy, 
of insensi t ivi ty  t o  disturbances of a l l  kinds. 

So, the question t h a t  you have asked is  extremely d i f f i c u l t  t o  answer, I t h i n k  
one m u s t  real ize  we have very great  turbulance. 
system about which we a re  a l l  concerned, i t  was whacked out by one of the Congres- 
sional subcommittees. Completely. I t  was restored l a t e r  on, b u t  tha t  is  how 

By having additional inter- 

Remember l a s t  year, the GPS 
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t h a t  i s .  We are l i v i n g  i n  
for  longer than a couple o f  
That 's why we have t o  be coordi 

CMDR. MAY: A r t ,  if I could, j u s t  one minor th ing  here? 

DR. MCCOUBREY: Yes 

CMDR. MAY: When the U.S. Coast Guard pe t i t ioned Congr 
t o  phase ou t  LORAN-A i n  favor o f  LORAN-C, t h i s  was for the coastal confluence 
zone o f  the United States. 

, and Congress decided 

The U.S. Coast Guard i s  planning on running LORAN-C even a f te r  GPS, w i t h i n  the 
United States coastal confluence zone. What I was t a l k i n g  about i s  the phasing 
ou t  o f  our overseas LORAN-C chains which were i n i t i a l l y  establ ished t o  meet the 
DoD requirements. 

Once these requirements end, the U.S. Coast Guard has no s ta tu to ry  au tho r i t y  t o  
maintain rad io navigat ion systems outside of the use of the United States' f i f t y  
states. 

The other th ing  i s  t h a t  you are very correct, the FRP ( the Federal Radio Naviga- 
t i o n  Plan) i s  a long range planning document which pro jects  the needs o f  U.S. 
rad io  navigation mix and needs t o  the year 2,000. Unfortunately, funding o f  a l l  
the systems, the  operation o f  a l l  systems, i s  on a year t o  year basis. 

So what you have i s :  
make a whole heck o f  a l o t  of sense, i n  my personal opinion, t o  rev ise a twenty 
year plan document every year. Yet, t h a t ' s  the way our system i s  organized. 

DR. MCCOUBREY: John I l lgen ,  a shor t  one? 

the FRP i s  revised yearly, and i n  some cases i t  doesn't 

MR. ILLGEN: I'll t ry  and make t h i s  short. 

But, one o f  the points  t h a t  I would l i k e  t o  make, and I do, I th ink  CMDR. May 
has p a r t i a l l y  answered the question tha t  I ' m  about t o  raise,  and t h a t  i s  f o r  
the LORAN-C system has been around since the l a t e  193O's, and has taken many, 
many years t o  s o r t  ou t  and understand a l o t  of the e r ro r  sources associated 
w i t h  the system. 

. 

And, what worries me when I hear dates l i k e  GPS being opert ional  i n  1988, o r  
'89, and then we t u r n  the switch i n  1992, because we now have an operational 
s a t e l l i t e  system. That concerns me a l o t .  

And I j us t - -  one o f  the questions I was going t o  ask i s  how concrete i s  t h i s  
Federal Radio Navigation Plan? 

And I bel ieve CMDR. May p a r t i a l l y  answered t h a t  i n  saying t h a t  i t  i s  revised 
every year. But a l o t  o f  people are tak ing the GPS system very ser ious ly  i n  
the m i l i t a r y  communication area. And, i t ' s  needed i n  Europe. I t ' s  needed out- 
s ide o f  the United Staes, GPS o r  LORAN-C f o r  t iming purposes, and I sure hope 
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wi th in  our governm 
0 sys etween 

sorted out  on GPS. 

DR. WI~KLER: We may not  be able t o  depend on the  understanding^ but we can de- 
pend on the i ne r t i a .  

DR. MCCOUBREY: Well w i th  tha t  I ' d  l i k e  t o  thank each o f  the panel members f o r  
j o i n i n g  us t h i s  morning. I t ' s  been a very in terest ing session. I'll turn  it 
back over t o  the session Chairman. 
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SESSION IW 

HYDROGEN MASER TECHNOLOGY 

Or. Robert 3 .  Coates, Chairman 
NASA Goddard Space F l i g h t  Center 





While everyone is taking their seats, I ' l l  introduce myself. I'm 
Bob Coates, the session Chairman this afternoon. The topic of this 
afternoon is Hydrogen Maser Technology. As you note from your papers, 
the topics covered go a l l  the way from performance rep0 
hydrogen masers, t o  the progress on the science of new 
work on very much smaller and more economical hydrogen masers, so, I 
t h i n k  we have a very interesting afternoon. 
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UATIO Rs* 

ber t  Kirk, Paul Kuhnle and Richard Sydno 
Jet Propulsion Laboratory 

California I n s t i t u t e  of Technology 
Pasadena, California 

ABSTRACT 

During the last two years t he  Jet Propulsion Laboratory (JPL) has been 
conducting an evaluation of modern hydrogen masers in a program sponsored by 
the National Aeronautics and Space Administration(NASA). The goal w a s  t o  per- 
form a series of tests and evaluations which would be as complete, accurate 
and unbiased as possible. Aboard of witionally recognized experts i n  hydrogen 
masers and i n  frequency and time w a s  selected t o  design the  tes t ing  program, 
supervise the tests and release the  f i n a l  report .  This board consisted of: 

Hugh Fosque NASA Headquarters Chairman 
Joe l  Smith JPL Convening Authority 
Norman Ramsey Harvard University 
Robert Vessot Smithsonian Astrophysical 

Victor Reinhardt Goddard Space Flight 
Observatory ( SAO) 

Center (GSFC) 
Richard Sydnor JPL 
James Barnes National Bureau of Standards, 

Gerno t Winkler United S ta tes  Naval 

Andrew Chi GSFC 
Arthur Zygielbaum JPL Executive Secretary 

Boulder (NBS) 

Observatory (USNO) 

The maser types tested were the SA0 V L G l l B ,  the GSFC NR and, as a r e s u l t  
of the  tes t ing  process, the JPL DSN. Themasers were tested f o r  environmental 
s e n s i t i v i t i e s  (magnetic f i e ld ,  temperature, barometric pressure) and long-term 
aging. Allan variance runs of 72 days were made i n  order t o  a t ta in  averaging 
times from several  seconds to  106 seconds. Auto- and cross-correlation tech- 
niques w e r e  used t o  determine the  e f fec ts  of uncontrolled parameters such as 
humidity. 
determine the charac te r i s t ics  of the individual masers. 

Three-cornered-hat and other data reduction techniques were used t o  

* 
The research described in t h i s  paper was car r ied  out by t h e  Jet Propulsion 
Laboratory, California I n s t i t u t e  of Technology, under contract  with the  
National Aeronautics and Space Administration. 
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INTRODUCTION 

The three maser types evaluated represent the newest models manufactured 
by the Jet Propulsion Laboratory (JPL), the Goddard Space Flight Center (GSFC) 
and the Smithsonian Institution Astrophysical Observatory (SAO). The character- 
istics that distinguish these from earlier laboratory models are: transport- 
able for routine field operation anywhere in the world, highly reliable, well 
documented, ease of servicing, equipped with built in instrumentation for simpli- 
fied verification of performance and diminished dependence on the operating 
environment. 

The GSFC Hydrogen Maser is manufactured by Johns Hopkins University 
Applied Physics Laboratory (APL) as the model NR. GSFC and APL supplied 
serial number four (4), identified in this paper as NR-4. The Smithsonian 
Astrophysical Observatory supplied one model VLG 11B serial P14 which is 
identified as SA0 14. 
Standard Test Facility located at JPL in Pasadena, California. JPL designed and 
maintains two reference Hydrogen Masers in this facility. These two fre- 
quency standards are identified as DSN2 and DSN3. 

This test series was conducted in the Interim Frequency 

A considerable amount of data was collected with the goal of assessing 
the current state of the art of active hydrogen maser technology and to gather 
information that will be used to evolve a development program for the next 
generation of atomic frequency standards used by NASA. 

The data in this paper is a small but representative sample of all the 
data that was collected during the tests. 
lished in three volumes under the heading "Hydrogen Maser Comparison Test." 
Volume I is an executive summary covering all aspects of the test but lim- 
ited in detail and amount of data. 
of a l l  tests and a complete set of all but the raw data. 
sists of all raw data such as magnetic tapes, strip charts, terminal print outs 
and log books. Due to the bulk of Volume I11 data specific records should be 
requested by those interested. 

An official JPL report will be pub- 

Volume I1 contains detailed descriptions 
Volume I11 con- 

TESTS PERFORMED 

A list of this test series is shown in Table 1. 

(1) Verification of Inputs, Outputs and Proper Functioning of Controls 

After receiving the masers, all subsystems were checked to make sure they 
Some were functioning according to JPL's and the manufacturer's expectations. 

anomalies were found and corrected by JPL or the manufacturer. 
gained was that more thorough testing is essential prior to shipment. 
operation guaranteed that all subsequent tests were done with properly operat- 
ing masers and assured a fair comparison of performance with minimal 
interruptions. 

The information 
This 
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(2)  I ,F .  Meter Ca l ib ra t ion  

To allow c o r r e c t  i n t e r p r e t a t i o n  of the  d a t a  t h a t  w a s  co l l ec t ed ,  c e r t a i n  
condi t ions must be s t a t e d .  Since 
output power of a maser is  normally ind ica ted  on a f r o n t  panel  d i sp l ay ,  which 
is  der ived from an I.F. power measurement, t h e  d i sp lay  is  c a l i b r a t e d  with 
re ference  t o  the  a c t u a l  maser cav i ty  output power by s u b s t i t u t i n g  a p rec i se ly  
known s i g n a l  f o r  t h a t  of t he  cav i ty  output.  The r e s u l t i n g  c a l i b r a t i o n  c h a r t s  
are shown i n  Figures  1 and 2.  

Maser cav i ty  output power i s  one of those.  

(3) Pressure Control Se t t i ng  Dependent Parameters 

The operat ing po in t  of a maser is  a funct ion of the  hydrogen gas pressure  
s e t t i n g .  Output power, l i n e  Q, vacion cur ren t  and hydrogen source d issoc ia-  
t a r  e f f i c i ency  are determined by t h i s  s e t t i n g .  A l l  these  v a r i a b l e s  w e r e  
recorded f o r  d i f f e r e n t  pressure  c o n t r o l  s e t t i n g s  and the  d a t a  subsequently 
graphed. Of p a r t i c u l a r  i n t e r e s t  i s  t h e  r e l a t i o n s h i p  of l i n e  Q vs .  output 
power. Knowledge of t h i s  da ta  is e s s e n t i a l  f o r  d iagnos t ic  purposes. This  
"baseline" da t a  w a s  a l s o  used t o  determine the  optimal operat ing condi t ions 
of each maser f o r  a l l  subsequent tests. The measurement r e s u l t s  are shown i n  
Figures 3, 4, 5 and 6.  

(4) Environmental T e s t s  

a. Output Frequency V s .  Input  Voltage 

The DC input  vo l t age  w a s  stepped between 22 and 3 1 V  while  t h e  output  f r e -  
quency w a s  monitored. Su f f i c i en t  t i m e  w a s  allowed between each vol tage  s t e p  
f o r  t he  maser frequency t o  s h i f t  and sett le.  This  test sequence w a s  repeated 
seve ra l  t i m e s .  The NR-4 showed no measurable frequency s h i f t  above the  
recorded noise  level of 1 x 10-14. 

The SAO-14 i nd ica t ed  v a r i a t i o n s  on the  order  of 5 x This va lue  is  
a t  the  l e v e l  of the measurement uncer ta in ty .  The r e s u l t s  shown are f o r  the 
e n t i r e  22 t o  31 VDC test range. Figure 7 shows t h e  output frequency var ia -  
t i ons  of NR-4 and a re ference  maser during t h e  above test sequence. 

b. Output Frequency V s .  Ambient Magnetic F ie ld  

A 90-inch diameter kielmholtz c o i l  w a s  placed about t h e  hydrogen maser 
under test t o  produce a DC magnetic f i e l d  a l igned with the  maser's v e r t i -  
cal axis. I n i t i a l  t e s t i n g  w a s  done by varying the  magnetic f i e l d  i n  small 
s t e p s  f i r s t  i n  one d i r e c t i o n  up t o  a spec i f i ed  maximum value then back t o  
zero and then cont inuing i n  small s t e p s  i n  the  opposi te  d i r e c t i o n  up t o  
the  spec i f i ed  maximum value and aga in  back t o  zero.  Thus t h e  test went 
around the  "loop" once. Output frequency, Zeeman frequency and output 
power were measured and recorded a t  each s t ep  as shown i n  Figure 8. 
test i s  d i f f i c u l t  t o  perform s ince  any overshoot i n  f i e l d  v a r i a t i o n s  
causes h y s t e r e s i s  d i s t o r t i o n .  Repea tab i l i ty  w a s  poor. It does however 
show t h e  e f f e c t s  of h y s t e r e s i s  and t h e  f a c t  t h a t  t he  s lope i s  influenced 
by the  way the  test i s  done. 

This 

361 



A l l  subsequent t e s t i n g  w a s  done by s t epp ing  t h e  magnetic f i e l d  e q u a l l y  
above and below t h e  ambient f i e l d  f i v e  t i m e s ,  The c o r r e  nding ou tpu t  fre- 
quency s h i f t s  w e r e  averaged and t abu la t ed  i n  F igures  9 and 10. 
i n  genera l  t h e  hydrogen maser output  frequency is  more s e n s i t i v e  t o  changes 
i n  t h e  magnetic f i e l d  when t h e  maser is  ope ra t ed  a t  a h ighe r  hydrogen f l u x  
s e t t i n g  and a l s o  when t h e  ambient magnetic f i e l d  i s  v a r i e d  by smaller incre-  
ments. It should be  noted that t h e  d a t a  shown i s  f o r  homogeneous magnetic 
f i e l d  v a r i a t i o n s  app l i ed  t o  t h e  hydrogen maser's ver t ical  axis only.  

c. Output Frequency V s .  Ambient Temperature 

The m a s e r  w a s  placed i n  t h e  test chamber and two s e p a r a t e  temperature  
tests were performed. For one test t h e  maser w a s  allowed t o  s t a b i l i z e  a t  
approximately 23°C then  t h e  temperature  w a s  increased  by 3 degrees  cen t ig rade  
and h e l d  wi th in  2 . 1 " C  of t h e  s e t p o i n t  u n t i l  t h e  hydrogen maser output  f r e -  
quency w a s  s t a b l e .  Due t o  random w a l k  and ag ing  of t h e  tes t  and r e f e r e n c e  
hydrogen maser, t h e  " s t ab le  frequency" is  d i f f i c u l t  t o  determine over  a pe r iod  
of several hours .  Hence a minimum of f i ve  thermal  t i m e  cons t an t s  w a s  allowed 
be fo re  the  temperature  w a s  decreased by 3°C. The second test w a s  performed 
i n  a s i m i l a r  manner except  t h e  temperature w a s  s tepped between 21°C and 29°C. 
During t h i s  test as w e l l  as a l l  o t h e r s ,  environmental  d a t a  such as tempera- 
t u r e ,  humidity,  a tmospheric  p re s su re  and ambient magnetic f i e l d  w a s  cont in-  
u a l l y  recorded. It should b e  noted  t h a t  du r ing  t h e  temperature  test t h e  
humidity i n s i d e  t h e  test chamber va r i ed  apprec i ab ly  and i n  c o r r e l a t i o n  wi th  
temperature.  S ince  our  test  chamber is  n o t  equipped t o  c o n t r o l  humidi ty ,  i t  is 
d i f f i c u l t  t o  s e p a r a t e  the  i n f l u e n c e  t h a t  t h i s  parameter h a s  on t h e  hydrogen 
maser output  frequency. The measurement r e s u l t s  showed a c o e f f i c i e n t  
Af/f/"C of -7 x f o r  t h e  SAO-14 and -1.4 x f o r  t h e  NR-4. Tem- 
p e r a t u r e  test r e s u l t s  are shown i n  F igures  11 and 12. During t h i s  test 
t h e  l i n e  Q of SAO-14 w a s  1.7 X l o9  and t h a t  of NR-4 w a s  1.65 x l o9 .  

d. Output Frequency V s .  Barometric P res su re  

The maser w a s  placed i n  t h e  test chamber and t h e  temperature  w a s  h e l d  
cons t an t .  Seve ra l  tests w e r e  performed. The test chamber barometr ic  pres-  
s u r e  w a s  v a r i e d  212" H20 whi l e  t h e  hydrogen maser output  frequency w a s  
monitored. What d i s t ingu i shed  one test from another  w a s  t h e  rate a t  which 
t h e  (barometr ic)  p re s su re  w a s  changed and t h e  dwel l  t i m e .  It w a s  g e n e r a l l y  
found t h a t  f o r  f a s t  p re s su re  changes (A24" H20 i n  less than  30 minutes) ,  t h e  
output  frequency v a r i e d  s l i g h t l y  more than  f o r  slow p r e s s u r e  changes (A24" 
H20 i n  g r e a t e r  than  30 minutes) .  
w a s  of a t r a n s i e n t  n a t u r e ,  t h a t  i s  a f t e r  an i n i t i a l  maximum d e v i a t i o n  t h e  
frequency tended t o  r e t u r n  towards the  o r i g i n a l  value.  Since t h e  frequency 
changes w e r e  g e n e r a l l y  s m a l l  f o r  t h e  212'' H20 p re s su re  s t e p ,  measurement 
unce r t a in ty  due t o  n o i s e  and random walk of t h e  test and r e fe rence  masers i s  
q u i t e  s i g n i f i c a n t  and the  u n c e r t a i n t y  is dependent on dwell  t i m e .  
f o r  a t y p i c a l  slow s t e p  t h a t  t h e  barometr ic  p re s su re  c o e f f i c i e n t  Af/f/llHg f o r  
t h e  SAO-14 i s  +5 x 10-15 k 5  x 10-15, and f o r  t h e  NR-4 is +1 
- +5 x Figures  13 and 14 show some t y p i c a l  d a t a  recorded dur ing  t h e  
barometer p re s su re  test. 

It should be  noted t h a t  t h e  frequency change 

W e  found 

x 

362 



e. Output Frequency Vs. Time 

The output frequency of a hydrogen maser at any given 
its random behavior, its susceptibility to the environment 
mechanism. 
dicted. A statistical technique of measuring this behavior is known as the 
Allan Variance which results in a sigma/tau plot of frequency stability vs. 
measurement time. This type of measurement was performed and will be dis- 
cussed in the following section. It should be clearly understood howe 
that when the systematic effects of the environment and aging on a mas 
put frequency dominate over its random behavior, which is usually the case for 
measurement times greater than a few thousand seconds, the Allan Variance plot 
ceases to convey random behavior and must be interpreted carefully. 
are methods of removing long term drift but the degree of success depends on 
precise knowledge of this drift. The method we used to determine long term 
behavior of output frequency vs. time was to manually spin exchange tune the 
masers periodically and plot the resulting maser cavity frequency as a func- 
tion of time. This was combined with measuring the relative frequency offset 
of the various masers involved at the time they were tuned to separate out- 
put frequency changes due to cavity aging from other effects. The resulting 
data clearly shows that cavity aging can be significant. 

Random behavior as a function of measurement time can be pre- 

There 

Figure 15 is a plot of cavity frequency vs. time for NR-4 over a 
500 day period. 
setting required for the maser to be tuned. Each dot represents a tuning 
event. We assumed the cavity Q to be constant. The line Q was periodically 
measured and found to be constant for a given operating point. Between days 
200 and 500 the The output frequency 
aging rate due to cavity pulling for this maser was thus determined to be 
-1.35 x 10’14/day at a hydrogen flux pressure control setting of 450 and a 
hydrogen line Q of 1.64 x 109. 
probably due to mechanical shock since work was done on the maser during 
that period. Between 10-22-81 and 1-1-82 the masers output frequency was 
monitored continuously against 3 other masers and no sudden shifts in output 
frequency between NR-4 and the reference masers was found. Furthermore, 
Figure 15 data suggests that the cavity shifted more than expected during that 
period by about 3000 bits. Actual output frequency measurements however 
indicated that less of a frequency change took place. 
is that the atomic operating frequency increased by 3.5 x 10-13 during that 
period. 

The ordinate scale of the graph is the cavity register bit 

Afo/f/cavity bit = 1.166 x 10-16. 

The frequency offset change near day 50 was 

A possible explanation 

A Zeeman frequency measurement showed no significant change. 

Figure 16 is a plot of cavity frequency vs. time for SAO-14 covering an 
800 day period. The ordinate scale of the graph is the cavity tuning varac- 
tor diode bias voltage setting required for the maser to be tuned. D = Drift 
per day and was calculated for consecutive time segments assuming a line Q 
of 1.84 x lo9 and corrected for diode nonlinearity. 
inversely proportional to operating point line Q. The large shifts shown on 
days 100, 150, 375 are due TO experimental work that was performed with the 
cavity RF probe output coax cable. Unlike the NR-4 maser the cavity fre- 
quency of SAO-14 changed at a fairly high rate when the maser was new but 

The value of D is 
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t h i s  aging o r  s e t t l i n g  r a t e  diminished s t e a d i l y  t o  about 5 x lO-lfi/day in  
terms of output frequency near t h e  end of t h e  test. 

5. Frequency S t a b i l i t y  - Allan Variance 

Figures 1 7  and 18 are two t y p i c a l  Allan Variance p l o t s .  These cover a 
t o t a l  uninterrupted t i m e  period of approximately 72 days. A l l  other Allan 
Variance test runs w e r e  of s h o r t e r  duration. The dashed l i n e  with a f ixed  
slope s t a r t i n g  a t  t h e  bottom of t h e  graph represents  t he  computer estimated 
d r i f t  between the  maser p a i r .  [*I 
sec t ion)  f o r  t he  3 masers involved during t h e  s a m e  t i m e  period are: 

DSN-2 - 1.2 x 10 /Day @ Line Q = 6.7 x 10 , P.O. = -88.2 DBM 

The measured output dr i ' f t  ( s ee  previous 

-14 8 

-15 9 NR-4 - 8.6 x 10 /Day @ Line Q = 1 . 7  x 10 P.O. = -101.0 DBM 

9 SAO-14 + 6.5 x 10-15/Day @ Line Q = 1.65 x 10 , P.O. = -97.5 DBM 

These masers reach a minimum noise  level a t  about a 2000 second sampling 
period (T). Systematic e f f e c t s  dominate a t  a T of about 300,000 seconds. 
It appea r s  t h a t  i f  a m a s e r  is used as a clock only, continuous f lux  ga te  tuning 
could be appropriate.  
sigma. Figures 19, 20, 2 1  show t h e  Allan Variance f o r  each maser of t h e  set 
SAO-14, NR-4 and DSN-2. This d a t a  w a s  obtained from p a i r  d a t a  t h a t  r e s u l t e d  
i n  comparing a l l  of t he  above hydrogen masers with each o ther .  "Three Corner 
H a t "  ana lys i s  b a s i c a l l y  involves solving the  th ree  simultaneous equations 
given by the  p a i r  d a t a  fo r  each maser. A l l  t he  p a i r  da t a  must be measured a t  
the  s a m e  t i m e  t o  give s a t i s f a c t o r y  r e s u l t s  and t h e  number of samples should 
be l a r g e  a t  each value of tau. The spreading of the  ca lcu la ted  values a t  the  
higher taus  is t o  be expected s ince  the  number of samples i s  lower and a w e l l  
convergent value has not  been reached. 

The da ta  shown i n  Figures 1 7  and 18  is  f o r  t he  p a i r  

6. Power Spec t r a l  Density of Phase 
e 

The masers w e r e  measured i n  pairs and the  da t a  f o r  each ind iv idua l  maser 
w a s  derived from the  p a i r  da ta .  One maser i n  each p a i r  w a s  adjusted so  t h a t  
i t s  output s i g n a l  w a s  i n  quadrature with respec t  t o  the o ther .  These s i g n a l s  
were mixed and analyzed with a f a s t  fou r i e r  transform spectrum analyzer.  
Measurements w e r e  taken a t  t h e  5 and 100 MHz outputs.  The noise  as a func- 
t i o n  of o f f s e t  from t h e  carrier i s  p lo t ted  i n  Figures 22 and 23. Comparison 
of four masers with each o ther  y i e l d s  s i x  sets of da ta ,  each maser appears 
as one of t he  p a i r  i n  th ree  of those sets. The b e s t  no i se  c h a r a c t e r i s t i c  
curve w a s  s e l ec t ed  from the th ree  and a r b i t r a t i l y  assigned t o  the  maser. 
This method is j u s t i f i e d  i n  t h a t  t he  standard technique of solving simul- 
taneous equations y i e l d s  ca l cu la t ion  e r r o r s  which grow enormously w i t h  t h e  
measurement e r r o r s  and with t h e  d i s p a r i t y  i n  absolu te  no i se  l e v e l  of t h e  
var ious  sources. 
i s  considered t o  be reasonably conservative f o r  t h i s  appl ica t ion .  

Although t h i s  method has  i t s  own i n t r i n s i c  problems, it 
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7. Tuning Repeatab i l i ty  

I n  s impl i f ied  terms, a maser is considered t o  be tuned when the  cav i ty  
frequency is set equal  t o  the  atomic operating frequency. 
frequency s h i f t s  it "pulls" t h e  atomic l i n e  frequency t o  produce a maser out- 
put frequency t h a t  can be described by the  following equation: 

When the  c a v i t y  

Ql - f A =  ( f c -  f )  - 
A Qc 

f 
0 

where : 

f is  the  maser output frequency 

f A  is  the  atomic operating frequency 

Q, and Qc are t h e  l i n e  Q and cavi ty  Q of t h a t  p a r t i c u l a r  maser 

The tuning method which we employed cons is ted  of measuring the  change i n  
output frequency t h a t  occurred when the  masers l i n e  Q (Q ) w a s  changed from 
i ts  normal value t o  an a r b i t r a r i l y  higher value.  N o  chauge i n  output f r e -  
quency indica tes  t h a t  t h e  cav i ty  frequency is  properly set. 

0 

1 

It can be shown t h a t  f e  = Ik Af HLI 

where f e  i s  the  output frequency o f f s e t  due t o  cavi ty  mistuning. 
change i n  output frequency due t o  change i n  l i n e  Q, and 

AfHL is t h e  

where 

HIGH Q, 

For a given maser, k can be e a s i l y  determined and genera l ly  remains con- 
s t a n t .  It can be seen t h a t  t h e  reso lu t ion  of AfHL and t h e  value of k deter -  
mine t h e  prec is ion  t o  which a maser can be tuned. 

The following values of k were obtainable f o r  t he  masers involved i n  t h i s  
test. 

NR-4 k = 1 2  DSN 2 k = 3.0 

SAO-14 k = 5.5 DSN 3 k = 4.8 

With a measurement r e so lu t ion  of 55 x t h e  worst case frequency 
o f f s e t  e r r o r  due t o  cavi ty  mistuning of t h e  NR4 - S A 0 1 4  maser p a i r  is esti- 
mated t o  be +5 x (12 + 5.5) = 8.75 x 
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During a 48 day test period t h e  masers w e r e  manually tuned four t i m e s  
while t he  frequency w a s  cont inua l ly  monitored. Figure 24 i s  a p l o t  of t h e  
frequency d i f f e rence  between NR-4 and SAO-14. The da ta  was  derived from 
d a i l y  phase measure ts and no cor rec t ions  o r  o f f s e t  changes were made. 
Af te r  t h e  masers were i n i t i a l l y  tuned they d r i f t e d  apart a t  a rate which 
w a s  determined earlier. (Refer t o  paragraph 4e) (Output frequency 
vs. Time). The masers were tuned 3 more t i m e s  during t h e  48 day period as 
indica ted  by arrows a t  the  top of t h e  char t .  The da ta  shows t h a t  t h e  mea- 
sured tuning r e p e a t a b i l i t y  is  b e t t e r  than predic ted  f o r  t h i s  pa i r .  
see t h e  clean t i m e  r e s idua l s  and t h e  c h a r a c t e r i s t i c  parabolas f o r  t h e  p a i r  
of masers i n  Figure 25. 

One can 

8 .  Absolute Cal ibra t ion  Against NBS 

I n  order t o  cont inua l ly  t r a c k  long term s t a b i l i t y ,  we ca l ib ra t ed  each 
maser with re ference  t o  NBS, 
a r b i t r a r i l y  set by means of t h e  receiver synthes izer ,  cav i ty  frequency and 
cav i ty  magnetic f i e l d  bias.  
w a s  tuned as p r e c i s e l y  as possible.  
i s  +3  x 10-14 due t o  cavi ty  mistuning. 
spec i f i ed  and t h e  corresponding Zeeman frequency measured. 
rece iver  synthes izer  w a s  then set t o  a value t h a t  produced an output f r e -  
quency equivalent t o  t h e  na t iona l  standard. The process 'involved maintain- 
i n g  a Cesium frequency standard ensemble as t h e  l o c a l  re ference  aga ins t  which 
t h e  masers were measured. The ensemble o f f s e t  from NBS w a s  determined by 
making severa l  clock t r i p s  t o  NBS with a po r t ab le  Cesium standard. A t  t h e  
test conclusion t h e  "standard" synthes izer  s e t t i n g  w a s  thus  determined f o r  
each maser. The p a r t i c u l a r  synthes izer  s e t t i n g s  derived f o r  the  two test 
masers, given tuned cavities are: 

Each hydrogen maser's output frequency can be 

For c a l i b r a t i o n  purposes each maser cav i ty  
The t y p i c a l  output frequency uncer ta in ty  

The magnetic f i e l d  b i a s  was 
Each maser 

Maser Synthesizer Se t t i ng  Zeeman Frequency 

NR-4 5751.689467 Hz 400 Hz 

SAO-14 405751.68900 Hz 700 Hz 

It should be noted however t h a t  when a maser physics u n i t  is opened up 
and a new s torage  bulb o r  t e f l o n  coating i s  i n s t a l l e d  t h e  c a l i b r a t i o n  becomes 
void. 
ou t  a corresponding change i n  cav i ty  frequency o r  Zeeman frequency. Addi- 
t i o n a l l y  w e  have found t h a t  when a maser is  opened up f o r  vacion element 
replacement t h e  maser's output frequency may o r  may not be a f fec ted  due t o  
some unknown mechanisms. 
t e r m ,  may be of l imi t ed  value f o r  long term purposes. 
t a i n t y  of t h i s  experiment is estimated t o  be +1 x 

Furthermore, t h e r e  is evidence the  maser output frequency changes with- 

A maser c a l i b r a t i o n ,  however use fu l  over t h e  s h o r t  
The c a l i b r a t i o n  uncer- 
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9. Correlation of Measured Parameters  

I n  order t o  gain add i t iona l  i n s igh t  i n t o  t h e  dependence of maser 
performance on environmental parameters, t h e  au to  and c ross  co r re l a t ion  
matrices w e r e  computed f o r  a l l  poss ib le  combinations of d a t a  sets. This d a t a  
w a s  co l lec ted  during t h e  uninterrupted 72 day Allan Variance test. 
s i g n i f i c a n t  f ind ing  w a s  a s t rong  co r re l a t ion  between output frequency and dew 
poin t  f o r  two of t h e  four masers (NR-4 and DSN-2) as shown i n  Figure 26. 

The most 

Table 2 shows t h e  four test masers dew po in t  coeffic’ient and t h e  delay 
a f t e r  change of dew poin t .  
DSN-2 and NR-4 had a s i g n i f i c a n t  response t o  dew point.  

From t h i s  t a b l e  it can be determined t h a t  only 

The cause of t h i s  co r re l a t ion  between humidity and output frequency has  
not been resolved a t  t h i s  t i m e .  

10. R e l i a b i l i t y  and Repai rab i l i ty  

A l l  problems and malfunctions were c a r e f u l l y  logged during the  test 

It seemed appropriate t o  categorize and separa te  t h e  problems i n t o  
period. Most discrepancies w e r e  found during t h e  i n i t i a l  v e r i f i c a t i o n  
tests. 
two groups i n  order t o  gain some r e a l i s t i c  i n s i g h t  i n t o  t h e  r e l i a b i l i t y  
of these  masers. 

Table 3 summarizes the  f ind ings  regarding maser r e l i a b i l i t y .  It i s  
expected t h a t  with t h e  knowledge gained by t h i s  evaluation s u b s t a n t i a l  test- 
ing  w i l l  be performed before masers a r e  re leased  t o  the  f i e l d  and problems 
such as i n  Group I w i l l  have been corrected a t  t h e  manufacturers f a c i l i t y .  
It is  obvious t h a t  vacion pump f a i l u r e s  cons t i t u t ed  the  most s e r ious  problem 
a f f e c t i n g  t i m e  ou t  of se rv ice .  Other than t h a t ,  t h e  masers promise t o  be 
q u i t e  r e l i a b l e .  

CONCLUSIONS 

The extensive series of tests which w e r e  run as p a r t  of t h i s  program 
y ie ld  t h e  most d e f i n i t i v e  set of d a t a  t o  d a t e  on performance and ope rab i l i t y  
of t he  Hydrogen maser frequency standard. Based on t h e  da t a ,  t h e  experi- 
menters conclude t h a t  t he  t e s t ed  masers ind ica t e  t h a t  t h e  state of t he  tech- 
nology provides frequency s t a b i l i t y  of about 1 x 
2000 seconds under conditions of an extremely w e l l  cont ro l led  environment. 
A s  a frequency standard,  t he  Hydrogen masers are a f a c t o r  of 100 b e t t e r  than 
the  b e s t  C e s i u m  standards ava i l ab le  fo r  s h o r t  term s t a b i l i t y .  In  t e r m s  of 
long term s t a b i l i t y ,  t h e  tests ind ica t e  t h a t  t h e  masers age a t  t h e  rate on 
the  order of 

over 1000 t o  

p e r  day and are retunable t o  b e t t e r  than 
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Environmental f a c t o r s  can a f f e c t  a maser output frequency by as much as 
a p a r t  i n  This suggests t h a t  t o  ob ta in  t h e  u l t imate  performance avail- 
ab le ,  t h e  masers must be kept i n  an  environment 10 times more s t a b l e  than 
t h a t  of a normal o f f i c e  o r  labora tory .  
acterize and expla in  and then t o  cor rec t  t h e ,  as y e t ,  mysterious dependence 
of frequency upon humidity. 

Additional work is  needed t o  char- 

F ina l ly ,  t h e  Hydrogen masers appear t o  be l imi ted  i n  r e l i a b i l i t y  by 
t h e i r  vacuum systems. The vacion pumps proved t o  be a continuing problem. 
Nevertheless, when subjected t o  a very pro tec ted  environment, t h e  masers 
were su rp r i s ing ly  r e l i a b l e ,  showing a "down-time" of less than 2.5%. 
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Table 1 .  Tests Performed 

1. VERIF~CAT~ON INPUTS, OUTPUTS, PROPER FUNCTIONING OF CONTROLS 

2, I.F. METER CALIBRATION 

3. PRESSURE CONTROL SETTING DEPENDENT PARAMETERS 
BASELINE FOR RELATIONSHIP OF LINE-Q, POWER OUTPUT, PRESSURE 

4. ENV I RONMENTAL TESTS: 
a. OUTPUT FREQUENCY VS. ACI DC INPUT VOLTAGE 
b. OUTPUT FREQUENCY VSo AMBIENT MAGNETIC FIELD 
c. OUTPUT FREQUENCY VS. AMBIENT TEMPERATURE 
de OUTPUT FREQUENCY VS. AMBIENT BAROMETRIC PRESSURE 
e. OUTPUT FREQUENCY VS. TIME 

5, FREQUENCY STABILITY - ALLAN VARIANCE IS <?< 1 x lo6, 

6. POWER SPECTRAL DENSITY OF PHASE 

7. TUNING REPEATABILITY 

8. ABSOLUTE CALIBRATION AGAINST NBS 

9. CORRELATION OF MEASURED PARAMETERS 

10. RELIABILITY AND REPAIRABILITY ASSESSMENT 

369 



1ov 100 

9v 

8V 80 

7v Q: e 
6V E 60 Q: 

P W 

u' 5v zc" 
LL 

4V 2 40 
x 

3v 

2v 20 

1v 

ov 0 

Figure 1. NR-4 Output Power Cal ibra t ion  

37 0 



-97 

-99 

B 
n 
L 

Y 

c 
4 
W 

-100 

-101 

-102 

-103 

-104 

-105 

-106 

-1 07 

-108 

-1 09. 

-110 

-111 

-112 

-173 

-1 14 

-115 
0 1 2 3 4 5 6 

IF METER ~PJDICATION 

Figure 2. SAO-14 Output Rower Calibration 
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HYDROGEN PRESSURE CONTROL SETTINGS 

Figure 3. NR-4 Pressure Dependent Parameters 
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Figure 4 .  SAO-14 Pressure Dependent Parameters 
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Figure 7 .  NR-4 Output Frequency S h i f t  vs DC Input Voltage 
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Figure 8.  SAO-14 Plagnetic Field Test - 1st Series 
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NOTES: 1. ALL Af / f  VALUES HAVE AN UNCERTAINTY FACTOR OF *5 x 
2. AMBIENT TEMPERATURE = 23°C 
3. ZEEMAN FREQUENCY = 400 Hz 

4. THE UNCERTAINTY OF A H  IS ESTIMATED TO BE *5% 
5. ALL MEASUREMENTS AVERAGE OF 5 STEPS 
Figure 9 .  NR-4 Frequency Shift  vs. Magnetic F i e l d  
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NOTES: 1. ALL Af I f  VALUES HAVE AN UNCERTAINTY FACTOR OF *5 x 
2. AMBIENT ~MPERATURE = 24°C 
3. ZEEMAN FREQUENCY = 700 Hz 
4. THE UNCERTAINTY OF AH IS ESTIMATED TO BE *5% 
5. ALL MEASUREMENTS AVERAGE OF 5 STEPS 

Figure 10. SAO-14 Frequency Shift  vs. Magnetic F i e l d  
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Figure 11. NR-4 Temperature Test 

37 9 



380 



C 
P 
bo. 5" H201 - 12'% "0 

CHAMBER 
DEW POINT 

CHAMBER 
TEMP 
kto. 1OC) 

NR-4 OUTER 
ELECTRON IC S 
TEMP 
(*O. 1OC) 

2O0C 
10°C 

ooc 

23'C 

22OC 

46OC 

45OC 

NR4 - SA014 
( Af/ f * 5 x 

N R 4 -  DSN2 -15 
(Af/f * 5 x 1 0  1 

NR4 - DSN3 
(Af/f k 5 x  

2 x  

2 x  

2 x  

1200 18[10 m 
6-24-81 6-24-81 6-25-81 

Figure 13. NR-4 Barometric Pressure Test 
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Figure 14. SAO-14 Barometric Pressure Test 
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Figure 16. SAO-14 Cavity Tuning 
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Figure 17. Allan Variance with Computed Drift Removed Between DSN-2 and NR-4 
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Figure 18. Allan Variance with Computed Drift Removed Between DSN-2 and SAO-14 
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SAMPLING TIME, T (seconds) 
Figure 19. SAO-14 Three Corner H a t  Analysis 

SAMPLING TIME, T t seconds 1 
Figure 20. IJR-4 Three Corner H a t  Analysis 
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Figure 21. DSN-2 Three Corner Hat Analysis 
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Figure 24. Tuning Repeatabil i ty  of NR-4 and SAO-14 
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Figure 25. T i m e  Residuals  Between NR-4 and SAO-14 
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R 

LAG NUMBER (12 HOURS) 
DEW POINT US. NR-41 DSN-3 CROSS-CORRELATION 

Figure 26. Dew Point vs. NR-4/DSN-3 Cross-Correlation 

Table 2. Coefficients: Masers vs. Dew Point 

NR-4r DSN-3 

SAO-141 DSN-3 

NR-4 SAO-14 
DSN-21 DSN-3 

DSN-Z/ SAO- 14 
DSN-21 NR-4 

0.895 

-0.729 

0.911 
0.878 

0.861 

0.789 

DELAY 
(DAYS) 

1.5 

0 

1.0 

2.5 

2.0 

3.5 

COEFFICIENTS: MASERS VS. DEW POINT 
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I have a suggestion concerning tha t  hump, tha t  mysterious hump beyond 
400,000 - 500,000 seconds. We have seen i n  several of our data a weekly 
spectrum line, and i t ' s  typical f o r  human act ivi ty .  And there is even 
multiples of t h a t  because when we s t a r t  a week, on Monday o r  Tuesday, 
you pick up sometimes again on Thursday o r  Friday. There are  powerful 
equations which go w i t h  a weekly rate.  And I would suggest to  take a look 
a t  t h a t  influence. 

MR. KIRK: 

Yes. I t h i n k  t h a t ' s  a very good comment. -- That's the t h i n g  t o  look for .  
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Wolfgang Schl i l ter ,  Klemens Nottarp,  Dieter F e i l  

I n s t i t u t  f t i r  Angewandte Geodgsie (IfAG; A b t .  I1 DGFI), 
Frankfur t  am Main, 

Sonderforschungsbereich 78 S a t e l l i t e n g e o d b i e  (SFB 7 8 ) ,  
TU-Miinchen 

Federal  Republic of Germany 

Giovanni Busca 

ASULAE3, S.A., Neuchhtel 
Switzerland 

ABSTRACT 

The H - M a s e r  developed a t  ASULAB, S .  A.,  

Neuch2tel/Switzerland c a l l e d  EFOS 1 (Eta lon  - 
- Frequence Oscilloquartz)' - has been moved from 
Neuchdtel t o  t h e  S a t e l l i t e  Observation S t a t i o n  
Wettzel l ,  Federal  Republic of Germany. The 
r e s u l t s  are given on t h e  performance measure- 
ments,on t h e  dependence on external temperature 
and on external  magnetic f i e l d ,  which are der ived  
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a t  ASULAB by comparison with t h e  Hl- 
The experiences on t h e  t r a n s p o r t a t i o n  of 
t h e  H - M a s e r  i n  ope ra t ion  are presented  and 
t h e  i n s t a l l a t i o n  a t  Wet t ze l l  is descr ibed.  
The H - M a s e r - f  requency is compared wi th  t h e  
Caesium-oscillators of t h e  s t a t i o n  t o  de r ive  
t h e  long term behavior.  

INTRODUCTION 

The I n s t i t u t  f u r  Angewandte Geodasie a c t i n g  wi th in  and on behalf  
of t h e  Sonderforschungsbereich 78 (Sa te l l i t engeodas i e )  is ope- 
r a t i n g  t h e  s a t e l l i t e  observa t ion  s t a t i o n  Wet t ze l l  4 0 0  km east 
of F rankfu r t .  The s t a t i o n  Wet tze l l  i s  equipped wi th  a satel l i te  
l a s e r  ranging system, which w i l l  be extended t o  t r a c k  t h e  moon, 
and with sa te l l i t e  Doppler r ece ive r s .  A r ad io t e l e scope  f o r  geo- 
d e t i c  VLBI is  under cons t ruc t ion .  A t i m e  and frequency system 
is a v a i l a b l e  a t  t h e  s t a t i o n  t o  support  t h e  measurements w i th  t h e  
requi red  p r e c i s e  t i m e -  and frequency-informations [Sch lu te r  e t  
a l .  19811. To achieve h i g h e s t  accuracy i n  t he  VLBI-measurements 
a H - m a s e r  w i l l  be used. The S w i s s  l abo ra to ry  A S U L A B / O s c i l l o -  

qua r t z  o f f e r e d  t o  bu i ld  a H - m a s e r  f o r  t h e s e  purposes; a f t e r  
t h a t  they decided t o  s t a r t  t h e  development of a commercial 
maser. The EFOS 1 Maser (Eta lon  - - Frequence _I Osc i l loqua r t z )  has  
been-conceived i n  order  t o  ob ta in  optimum frequency s t a b i l i t y  
f o r  averaging t i m e s  between 100 s and 10 000 s for  t h e  requi re -  
ments i n  VLBI. Addi t iona l ly  t h e  design goa l s  a r e  high reliabi- 
l i t y ,  easy maintenance and cost e f f e c t i v e n e s s .  The design of t h e  
maser w a s  descr ibed  by Busca  i n  [Busca e t  a l . ,  19821, 

Af t e r  t h e  f a c t o r y  acceptance tes t  the  maser w a s  de l ive red  t o  
IfAG on Ju ly ,  23 1982. The maser w a s  t r anspor t ed  t o  Wet t ze l l  i n  
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f u l l  opera t ion ,  The t i m e  and frequency system a t  t s t a t i o n  i n  
Wet tze l l  c o n s i s t s  now of 3 Cs-clocksl 4 Rb-clocks, 1 H - m a s e r  
(EFOS 1 )  and 3 BVA-quartzcrystal osci l la tors .  The c o n s t e l l a t i o n  
of t h e  frequency genera tors  a t  Wet tze l l  does no t  allow t o  deter- 
mine t h e  maser frequency d r i f t  on t h e  basis of measurements over 
a pe r iod  of 3 month. This paper descr ibes  t h e  r e s u l t s  of 
acceptance t es t  performed a t  t h e  labora tory  of ASULAB using t h e i r  
maser H 1  and t h e  f i r s t  experiences a t  Wet t ze l l  s t a t i o n . '  

MASER PERFORMANCE DERIVED DURING THE ACCEPTANCE TEST AT ASULAB 

The acceptance test  of t h e  H - m a s e r  EFOS 1 has been performed i n  
t h e  per iod  from lgth t o  22nd J u l y  1982 a t  t h e  l abora to ry  of 
ASULAB. The test  procedure includes 

t h e  thermal s e n s i t i v i t y  
t h e  magnetic s e n s i t i v i t y  
t h e  frequency s t a b i l i t y  (Is, l O s ,  lOOs, 1000s) 

The condi t ions fo r  the  t es t  procedures w e r e  no t  t h e  best: A f e w  
hours before s t a r t i n g  t h e  acceptance test it was necessary t o  
rep lace  t h e  high vol tage  i o n  pumps power supply which r equ i r ed  
i n t e r r u p t i o n  of about 3 hours of t h e  masers normal opera t ion .  
Later during frequency s t a b i l i t y  test a main power f a i l u r e  
occurred (thunderstorm) which caused a complete i n t e r r u p t i o n  of 
t h e  re ference  maser H 1  and t h e  a i r  condi t ion ing  system. 

I t  is  clear best performance r e s u l t s  could no t  be achieved under 
such condi t ions.  I n  t h e  fol lowing t h e  tes t  r e s u l t s  are presented  
and also those r e s u l t s  are given which have been determined from 
measurements preceding t h e  acceptance test. 
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a )  thermal s e n s i t i v i t y  

The temperature w a s  changed stepwise (from 22.8 OC t o  18.8 OC) 
and t h e  corresponding frequency s h i f t  w a s  measured by comparison 
wi th  t h e  frequency of t h e  re ference  maser H I  , which w a s  kep t  a t  
a cons tan t  temperature.  The thermal S e n s i t i v i t y  w a s  ob ta ined  as 

Af/f =+1.7 x 10 - I 3  / degree Kelvin. 

A s  t h e  thermal test w e r e  performed only some hours after t h e  
high vol tage  power supp l i e s  replacement, t he  frequency of EFOS 1 
w a s  n o t  s t a b i l i z e d  enough and t h e  de t ec t ed  frequency change w a s  
no t  only caused by t h e  temperature change. These d a t a  do n o t  
correspond t o  t h e  measurements preceding t h e  acceptance test, 
made under s t a b l e  condi t ions  which g i v e  a thermal s e n s i t i v i t y  
of 

Af/f =-2 X 10 -I4 / degree Kelvin. 

b )  magnetic s e n s i t i v i t y  

Two t h i n  square coils w e r e  used t o  s imula te  v a r i a t i o n s  of t h e  
v e r t i c a l  components of t h e  ambient magnetic f i e l d .  The m a s e r  
frequency (EFOS 1 )  w a s  measured by comparison wi th  t h e  f r e -  
quency of t h e  undis turbed second maser H I  i n  t h e  fol lowing 
sequence. The ambient f i e l d  increment w a s  changed t w i c e  from 
+ 500 mGauss t o  - 500 mGauss without frequency measurement t o  
e l imina te  t h e  p o s s i b i l i t y  of t r a n s i e n t  h y s t e r e s i s  e f f e c t s .  Af t e r  
t h a t  5 c y c l e s o f  frequency measurements (100 s) have been per- 
formed by an ambient f i e l d  of + 500 inGauss resp .  - 500 mGauss 
and by a C-f ie ld  of 4 1 5  microGauss. The s e n s i t i v i t y  w a s  ob ta ined  
as 
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A f / f  = - 1. 1 0 - l ~  / Gauss 

c) S t a b i l i t y  T e s t  

Obviously under the given environmental condi t ions  t h e  fre- 
quency s t a b i l i t y  tes t  r e s u l t s  can no t  be as good as under stable 
condi t ions.  

The Allan Variances der ived under t h e  test  condi t ions  are given 
i n  table 1 compared t o  t h e  r e s u l t s  obtained under stable con- 

t 

in s 

1 
10 
100 
1000 
10000 

test  condi t ions  

-1 3 
-14 
-15 
-15 

4.1~10 
6.7~10 
7.7~10 
3.5~10 

number 
Df samples 

100 
100 
100 
63 
- 

stable condi t ions  

-13 
-14 
-15 
-15 
-15 

1.5~10 
1.9x10 
6.5~10 
1.7~10 
2.6~10 

number 
of samples 

100 
100 
100 
100 
18 

Table 1, frequency s t a b i l i t y  of EFOS 1 der ived  during the  
acceptance test  and der ived under stable condi t ions .  

d i t i o n s .  The measurement system bandwidth w a s  1 Hz for the  test 
condi t ions  and 6 Hz f o r  t h e  previous measurements. Consequently 
the  1 s and 10 s values  measured under stable condi t ions  have 
been normalised t o  1 Hz bandwidth. The frequency s t a b i l i t y  m e a -  
surement system has been described i n  [Busca e t  al., 19821. 
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TRANSPORTATION FROM ASULAB/NEUCHATEL TO WETTZELL 

The  H - m a s e r  w a s  t r anspor t ed  from Neuchatel t o  W e t t z e l l  i n  f u l l  
opera t ion  without  i n t e r r u p t i o n  ( f i g u r e  1 ) .  The t r a n s p o r t a t i o n  
took arround 2 4  hours with 10 hours d r i v i n g  on a d i s t a n c e  of  
about 650 km. 1 Stop  during n i g h t  t i m e  w a s  neccessary,  which 
w a s  used t o  charge t h e  batteries. 

INSTALLATION AT WETTZELL 

2 The maser was i n s t a l l e d  i n  a s m a l l  cellar room of  about 2.5  m , 
which is thermally i s o l a t e d  (cold the rmos ta t ) .  The maser w a s  p u t  
on a sand- f i l l ed  trough i n  which a g r a n i t  p l a t e  is "swimming" 
to  p r o t e c t  t h e  maser a g a i n s t  v i b r a t i o n s  t r a n s f e r e d  by t h e  
ground. The complete trough s tands  on a 2 c m  t h i c k  rubber p l a t e  
( f i g u r e  2 ) .  

A f t e r  t h e  t r a n s p o r t a t i o n  and t h e  i n s t a l l a t i o n  of t h e  maser, l o w  
c u r r e n t  degaussing w a s  needed. 

T h e  temperature i n  t h e  maser room climed up t o  27O C i n  J u l y  
and August mainly caused by t h e  ho t  summertime w e  had i n  Europe. 
Now t h e  temperature is  25O C. The room is isolated i n  such a 
manner t h a t  no d a i l y  temperature v a r i a t i o n s  w e r e  observed. 

MASER FREQUENCY CHANGE DUE TO TRANSPORTATION 

Before t h e  acceptance test  t h e  maser c a v i t y  w a s  tuned by sp in-  
exchange technique using t h e  maser H I  as a re ference .  The 
tuning w a s  done f o r  two d i f f e r e n t  va lues  of t h e  "C" f i e l d  
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(namely 8 3  LL Oersted and 15 1-1 Oers ted) .  The r e s u l t s  show t h a t  
t h e  c a v i t y  tun ing  s e t t i n g  w a s  independent of the "C'@ f ie ld  
wi th in  t h e  error of 1 x The nominal "CC"' f i e l d  value w a s  
set and t h e  syn thes i ze r  frequency w a s  ad jus ted  t o  t h e  value 
requi red  f o r  compensating t h e  evaluated W a l l  s h i f t  (- 2 x IO"") 

and t h e  second o r d e r  Doppler s h i f t  (- 4.3 x 10"'). The maser 
frequency was compared with a commercial Cs-standard and a rela- 
t i v e  frequency o f f - s e t  of 4.5 x 10 w a s  found. A f t e r  t h e  
i n s t a l l a t i o n  a t  Wet t ze l l  t h e  maser frequency w a s  compared wi th  

-12 t he  2 C e s i u m  s t anda rds  and a frequency o f f - s e t  of<l  x 10 
w a s  measured. This  imply t h a t  no major changes of t h e  m a s e r  
frequency occurred during t h e  t r anspor t a t ion .  

THREE MONTHS EXPERIENCES AT WETTZELL 

The m a s e r  frequency w a s  c o n t r o l l e d  a g a i n s t  t h e  f requencies  gene- 
rated by t h e  Cs-Standards over a per iod  of about 80 days. Phase 
measurements of the  5 MHz s i g n a l  of t h e  maser a g a i n s t  t h e  5 MHz 
output  of t h e  Cs-standards have been c a r r i e d  ou t  wi th  a HP-5370 
A counter .  To e l imina te  t h e  noise  of t h e  Cs-standards a mean 
value w a s  determinated by measuring of 10 x 100 000 samples of 
t he  t i m e  e lapsed between t h e  z e r o  p o i n t  c ross ings  of t h e  EFOS- 

frequency and Cs-standards-frequency. T h e  p r e c i s i o n  of t h e  mean 
phase measurement is  b e t t e r  than 0.1 ns .  The r e s u l t s  of t h e  
measurements are p l o t t e d  i n  f i g u r e  3. The measurements w e r e  per- 
formed aga ins t  t h e  two Cs-clocks (CS 7/Ser. N o .  131 and CS 8/ 
Ser. N o .  1 7 3 ) .  Curve I shows t h e  LORAN C comparisons of t h e  CS 7 
( d a i l y  phase va lue  c o r r e c t i o n  i s  taken i n t o  account) and g i v e s  
t h e  frequency r e l a t i o n  t o  UTC (USNO-MC). The second curve (11) 
shows t h e  comparison of t h e  t w o  used Cs-standards and curve I11 
and I V  g ive  t h e  maser-frequency compared t o  t h e  Cs-standards. 
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e f i r s t  change i n  the  s lope  appears i n  curve I, 11 and I 
happend a f t e r  t h e  i n s t a l l a t i o n  of a BVA-quartz o s c i l l a t o r  
t o  t h e  CS 7frequencygenera tor  (Mod. J u l ,  date = 45 1 9 9 ) .  A 

cor re l a t ion  of both events ,  t h e  BVA-installation and the  s lope  
change, can no t  be excluded. 

A s l i g h t  change occurs i n  the  curve I11 and I V  (on Modified J u l i a n  
da t e  = 45 21 4 ) .  T h e  change is  obviously caused by a change of 
t h e  maser frequency, poss ib ly  due t o  thermal e f f e c t s  ( f i g u r e  4 ) .  

The maser stopped i ts  opera t ion  on Mod. J u l .  date = 45 226 due 
to  a power in t e rup t ion  a t  the  s t a t i o n  over three hours. Poss ib ly  
t h e  vacuum became t o  low and the  maser stopped t h e  o s c i l l a t i o n .  
The co r rec t  vacuum w a s  r e s to red  a f t e r  2 days elapsed. The follow 
on frequency comparisons ind ica t e s  only a s m a l l  d i f f e rence  
aga ins t  the  frequency before  the  maser in t e r rup t ion  ( 2  x 10 e 

-1 3 )  

The last  change of frequency i n  f i g u r e  3 appears on t h e  curve I1 
and I V  on MJD = 45 255. T h e  CS 8-standard was moved from t h e  
temperature uncontrol led labora tory  room t o  a sepa ra t e ,  i s o l a t e d  
cellar (cold thermostat)  which has been f in i shed  a t  t h a t  t i m e .  

The measurements p lo t t ed  i n  f igu re  3 w e r e  f i t t e d  by a l i n e a r  
approximation. The s lope  w a s  determined f o r  t h e  curve 2 ,  3 and 
4 with in  < - +3ns/d and f o r  t h e  curve I within < - +10ns/d. The res& 
duals  are given i n  f igu re  5. The Allan Variance w a s  estimated as 

- 2.5 x EFOS-CS IO-1 (over 1 day) .  

I t  is obvious, t h a t  t h i s  value is  mainly inf luenced by t h e  
Cs-standard behavior.  The Allan Variance estimated from 'the 
CS 7 aga ins t  CS 8 measurements is 
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( 1  day) N 6 uCS 7/CS 8 

Assuming t h e  same q u a l i t y  for  both Cs-standards the  performance 
of t h e  Cs-oscillators could be estimated as 

(1 day) - 6 -r/zIx N 4 x 10 -1 3 %S < 

I t  has t o  be poin ted  ou t ,  t h a t  t h e  H - m a s e r  performance could n o t  
be estimated on the basis of the measurements over  a 3 month 
per iod by t h e  clock ensemble of Wettzel l .  From t h e  given r e s u l t s  
it could be stated, t h a t  t he  1 day behaviour of t h e  maser is 
better than f r o m  the Cs-standards. T o  have r e s u l t s  fo r  more than 
7; = 1 day, longer  undis turbed series of observa t ions  are needed. 
However no sys temat ic  frequency d r i f t  of t he  maser could be 
ascer ta ined ,  which w i l l  show up a s  a parabolic curve i n  t h e  
f i g u r e  3.  An upper l i m i t  of t h e  maser frequency d r i f t  from t h e  
p resen t  data can be roughly est imated as < 1 x 10’14/day. 

S tud ie s  on oscil lator performance have been started by e.g. 
comparing t h e  phase of the  maser frequency a g a i n s t  the Cs-clocks 
and the  BVA q u a r t z - o s c i l l a t o r s .  Current ly  no r e s u l t s  are avai- 
lable. To demonstrate t h a t  good r e s u l t s  w i l l  be expected t h e  
phases of a BVA osci l la tor  and of a Cs-oscillator a g a i n s t  EFOS 

are plot ted i n  f i g u r e  6. The smooth curve is the phase of t he  
BVA-crystal-oscillator. F u l l  scale of each record is  about 10 ns ,  
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QUESTIONS AND ANSWERS 

DR. COATES: 

Any questions? 

MR. SAM WARD, Je t  Propulsion Laboratory 

I noticed t h a t  a f t e r  the power fa i lure,  the d r i f t  term changed. I s  there 
any explanation for that? 

MR. BUSCA: 

Af ter  the power fai lure, t h i s  i s  the d r i f t  we had before. This i s  a f ter  
only a ra te  o f  twenty nanoseconds per day. I have no explanation, maybe 
i t ' s  due t o  thermal effects because the .ce l l a r  room i s  not well insulated. 

MR. LAUREN J. RUEGER, JHUIAPL 

Do you have a means t o  f l u x  tune the masers a f te r  you are on the s ta t ion  
s i t e?  

MR. BUSCA: 

No. 

DR. COATES: 

Did everybody understand that? Your answer was 'ho", r i g h t ?  

MR. BUSCA: 

Yes. 
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COMMERCI 

. Dials and L. Wert 
E f  ratom 

Div is ion o f  Ba l l  Corporation 
I rv ine,  Ca l i fo rn ia  

ABSTRACT 

Efratom Systems Corporation has been par t i c ipa t ing  i n  an 
NBS Indus t r ia l  Research Associate Program since July, 
1981. One o f  the goals o f  t h i s  program i s  t o  produce new 
and improved smal 1 passive hydrogen masers. Efratom w i  11 
then develop a commercially avai lable f u l l  production 
hydrogen maser 

This paper describes the design o f  the new small passive 
hydrogen maser prototype and some ant ic ipated design 
changes between the version reported i n  t h i s  paper and 
the commerci a1 versions 

Specif icat ions o f  the commercial hydrogen maser and 
performance data o f  the prototype are given. 

INTRODUCTION 

This paper describes a program tha t  has been i n  progress f o r  about a year 
and a ha l f  t o  design, b u i l d  and t e s t  a Compact Passive Hydrogen Maser 
atomic frequency standard, i n  a form sui tab le f o r  quant i ty production, 
with the goal o f  making t h i s  instrument widely avai lable i n  the commercial 
market place. The design i s  derived from the extensive technology i n  
passive hydrogen masers, evolved over the past f i v e  years a t  the National 
Bureau o f  Standard by Dr.  Fred Walls and h i s  co-workers. 

Efratom Systems Corporation has entered i n t o  the Indus t r ia l  Research 
Program wi th  NBS t o  e f fec t  the t rans i t i on  o f  the laboratory accompl ish- 
ments t o  the leve l  o f  a p rac t ica l  and economically producible system. It 
i s  a major object ive o f  t h i s  program t o  achieve small s i t e  and high r e l i -  
ab i  1 i ty , whi 1 e preserving the extraordi nary performance a1 ready demon- 
s t ra ted by the NBS passive maser. 

System design 

Figure 1 shows the overal l  compact hydrogen maser block diagram. The 
descr ipt ion o f  operation o f  the passive hydrogen has been presented i n  
previous NBS publ icat ions [1,2,3,4], therefore only the changes i n  the new 
design w i l l  be described. 
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The primary change i n  the physics package (see f igure  2) i s  the use o f  a 
quadrapole magnet as the s ta te  selector. (The o l d  design uses a hexapole 
magnet.) The use o f  a quadrapole has two advantages. F i rs t ,  i t  permits a 
reduction i n  the length o f  the physics package from 36 t o  19.5 inches. 
Second, i t  increases the e f f i c iency  o f  s ta te select ion thereby al lowing a 
reduction i n  the f l u x  o f  molecular hydrogen required t o  achieve an accept- 
able signal t o  noise. The use o f  a quadrapole should allow a t  l eas t  a 
fac to r  o f  two reduction i n  the present H2,consumption rate. This l a t t e r  
advantage o f  the quadrapole i s  extremely important because i t  has a very 
benef ic ia l  impact on the requirements f o r  the maser vacuum system and H 
storage, al lowing a s ign i f i can t  decrease i n  the overa l l  size and weight g f  
the  maser wi thout sac r i f i c i ng  r e l i a b i l i t y .  

Frequency synthesizer 

A new synthesizer was designed f o r  the maser t o  provide f i n e r  output 
frequency adjustment resolut ion than was avai lable w i th  the commercial 
synthesizer used i n  t-%old design. 
output 5.0 MHz i n  2x10 

The new synth-%izer can adjust  the 
steps over a range o f  22x10 

Two synthesizers have been b u i l t ,  and spectral p u r i t y  and output i so la t i on  
measurements were made w i th  the fo l lowing resul ts:  

L(f)@ 5 MHz 

Iso la t ion  (Output t o  Output) 119 dB 

-116 dB @ 1 Hz 
-140 d8 @ 10 Hz 
-160 dB @ 100 HZ 

D i  ssoci ator 

Three dissociator c e l l  sizes were t r i ed ,  and it was found tha t  a smaller 
c e l l  i s  generally more e f f i c i e n t .  Also, i f  RF power i s  scaled i n  accor- 
dance wi th  c e l l  size, there i s  some ind ica t ion  tha t  a small c e l l  may be 
more re l iab le.  

As a resu l t  o f  these studies a c e l l  s ize o f  19 mm 0. D. by 46 mm long was 
chosen. Once fabricated, the pyrex c e l l  i s  annealed f o r  approximately 
e igh t  hours w i t h  hydrogen f lowing through it. 

The dissociator electronics i s  a single t rans is to r  sel f -exci ted osc i l l a -  
t o r ,  based on the design used i n  EFRATOM's rubidium osc i l la to r .  High 
e l e c t r i c  f i e l d s  are present before the discharge i s  ignited; these f i e l d s  
are s u f f i c i e n t  t o  i g n i t e  the discharge. Once lit, the f i e l d  i n tens i t y  i s  
substantial l y  reduced and coup1 i ng t o  the plasma i s evenly d is t r ibu ted  
over the c e l l  surface. The nominal D.C. operating power o f  t h i s  c i r c u i t r y  
i s  about 2.0 watts. This low power d iss ipat ion has several advantages: 
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act ive  cool i ng  i s  required 
l y  about a t h i r d  o f  t h i s  power (.7 watts) i s  d issipated i n  the 

bulb, therby keeping the temperature r i s e  low, which should help 
increase 1 i f e  
3) The r e l a t i v e l y  low energy plasma w i l l  keep de ter io ra t ion  o f  the 
bulb 's ins ide  wal l  t o  a minimum, thereby increasing l i f e  

Dissociat ion e f f i c i ency  was measured comparing input  power t o  
f o r  various d issoc iator  configurations. Measurements o f  atom f l u x  were 
performed using a kapton-pl a t i  num recombination detector i n  a balanced 
bridge. Some t e s t  resu l ts  are shown i n  f i gu re  4. For fu r the r  information 
see [SI. 

Performance Data 

Figures 3, 5 and 6 show data taken a t  NBS on the NBS small passive hydrogen 
maser. The primary dif ferences between the NBS maser and the new commer- 
c i a l  maser (CPHM) are: 

1) CPHM has a new microwave ampl i f ie r  t h a t  improves noise f i gu re  by 
about 3.5 dB. This should improve short  term performance by a fac to r  
o f  about .67. 
2) CPHM has the new frequency synthesizer 
3) CPHM uses a quadrapole s tate selector w i th  shorter beam opt ics  
4) CHPM has a new hydrogen pressure servo loop which w i l l  d i r e c t l y  
servo hydrogen atom densi ty i n  the storage bulb 
5) CPHM has magnetic sh ie ld ing around the source end t o  reduce the 
maser s e n s i t i v i t y  t o  changes i n  ambient magnetic f i e l d  

Figure 3 shows A l lan  variance data t h a t  was obtained by comparing the NBS 
passive hydrogen maser against three other clocks. The clocks were NBS-4 
(a stable laboratory cesium standard) and the two best commercial cesium 
clocks i n  the NBS ensemble. Three-cornered hat  analysis was performed on 
three sets o f  clocks, each se t  having the maser as one member. The RMS o f  
t h i s  data i s  shown i n  f igure  3. 

It should be noted t h a t  frequency d r i f t  i s  - not  removed from the data. 
Also other measurements o f  the maser versus the NBS ensemble have not 
shown a f l i c k e r  f l o o r  f o r  the maser, w i th  data t h a t  extends out t o  t h i r t y -  
two days. 

Figure 5 i s  a p l o t  o f  the f rac t iona l  frequency deviat ion o f  the NBS pas- 
s ive  maser versus NBS-4 f o r  one day averages. Only an average frequency 
o f f s e t  i s  removed from the data.-l# l i nea r  l eas t  squares curve f i t  t o  the 
data shows a d r i f t  o f  about 1x10 /day. (Note: the reported accuracy o f  
NBS-6, the primary frequency sta_@ard, impl ies an a b i l i t y  t o  measure 
absolute frequency d r i f t  o f  3x10 Given t h i s  
l i m i t ,  we have not  been able t o  f i n d  a measureable d r i f t  i n  the maser f o r  
data runs up t o  72 days i n  length. ) 

/day f o r  long data sets. 
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igure 6 i s  a p l o t  o f  the time erence between the maser a 
gain, only an average o f f s e t  fr cy has been removed. The 

deviat ion f o r  the p a i r  i s  10 ns over 38 days. 

Figures 7 and 8 are the prel iminary speci f icat ions f o r  the 
hydrogen maser. Some o f  the speci f icat ions are derived from d 
on the NBS small passive hydrogen maser. The speci f icat ions 
updated when more data become avai lable on the CPHM, and the device i s  
more f u l l y  characterized. 
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M A R Y  SPEC I FICA 

o u t p u t  

Isolation(0utput to  O u t p u t )  

Signal -to-Noise Ratio 
L ( f )  a t  5 M H t  

Short-Term Stabi 1 i t y  

Long Tern Drift 

Max. Frequency Change 
Over Life of U n i t  

Retrace (Turn Off, T u r n  On) 

Temperature Coefficient 

Magnetic Ffeld Sensitivity 

Input Power (Steady State) 

Input Vol tages 

Warmup Time 

Opera ti ng Temperature Range 

Size 

Neight  

An t i  ci  pa ted Life 

5.0 MHz Sine wave, 1 Vrms, 50Q , 2 buffered outouts 

,110 dB 

-113 dB a t  1 Hz 
-135 d8 a t  10 Hr 
-155 d8 a t  ?lo0 Hz 

cry = 2x10'12 T + for  1s c T e ~ O , O O O S  

clxlO"J/day (Note 1) 

< , + l X l O '  l 2  

~5x10"' 

~5x10' '/OC 

1 ~ 1 0 ' ' ~  Jf / f  f o r  A ext. f ie ld  of 21 gauss (Note 2)  

(70 watts 

+28 VDC (Note 3) 
218 VDC 
+ 9 VDC 

%24 hours to lock 

+looc to  + 35'C (Note 4 )  

19" rack, % 14" h i g h  x 24" deep 

60 1bS - 80 1bS 

>5 years 

FIGURE 7 

417 



I 

Avsrrglng Tim, 1 (scc.) 

FIGURE 8 

418 



MR, SAM WARD, JPL 

Have you any idea as t o  what i s  causing the d r i f t ?  

MR. DIALS: 

Basical ly, l i k e  I said, we can ' t  f i n d  any l e f t  i n  t h u s  pa r t i cu la r  un i t .  

MR. SAM STEIN, NBS 

I j u s t  wanted t o  say t h a t  work has been going on a t  NBS passive masers 
since about 1973, and t h a t  work was supported the whole time by the 
Naval Research Laboratory. 

AUDIENCE : 

What improvement d i d  you f i n d  by replacing the hexapole magnet by the 
quadrupole magnet? Did you improve the e f f i c i ency  o f  the source? Have 
you explained how t h a t  happens. 

MR, DIALS: 

We haven't measured t h a t  ye t .  That p a r t i c u l a r  u n i t  w i t h  the quadrupole; 
we j u s t  s ta r ted  looking for  the hydrogen l i n e  a couple o f  weeks ago. 

The reason we did, we expect t o  improve the overa l l  size, the over- 
a l l  l i nk ,  and secondly, we expect t o  improve the e f f i c i ency  and we think,  
based on t a l k s  w i th  Harry Peters and some other papers, t h a t  we ' l l  buy 
something on the order of a fac to r  o f  two t o  four  improvement on the 
hydrogen l i n e  Q. But we have not measured t h a t  yet .  

DR. COATES: 

Thank you. 
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(John i n s  Universi ty/Ap Physics Laboratory); 

Victor S. Reinhardt, Peter Dachel, Richard Kunski, Robert Kruger 
(Bendix Fie ld  Engineering Corporation); 

S. Clark Wardrip (NASA/Goddard Space F l ight  Center) 

ABSTRACl' 

The NASA/Goddard Space Flight Center Hydrogen Maser Pro- 
gram has had as goals f o r  many years the developnent of 
improved f i e l d  operable hydrogen masers, the  improvement 
of e x i s t i n g  f i e l d  operable hydrogen masers and the devel- 
oplnent of novel hydrogen maser frequency standards. This 
paper presents a review of recent data, taken both i n  t h e  
laboratory and i n  the f i e l d ,  i n  these areas. Data is 
presented on the phase and frequency s t a b i l i t y ,  over time 
periods extending to  one week, of the new NR f i e l d  opera- 
b le  hydrogen masers developed by the Applied Physics Labo- 
ra tory  (APL) and the older  NX and NP f i e l d  operable hydro- 
gen masers developed by Goddard Space Fl ight  Center and 
maintained and upgraded by Bendix F i e l d  Engineering Corpo- 
ra t ion  (BFEC). Data is presented on t h e  NR masers i n  t h e  

a tory  showing frequency s t ab i l i t i e s  well i n to  the 
range and phase stabilities well i n t o  the  100 ps 

range f o r  periods of up t o  one day. Data is presented on 
upgraded NP masers i n  t h e  laboratory showing tha t  t h e  
frequency s t a b i l i t y  has been improved subs tan t ia l ly  t o  
v i r tua l ly  t he  NR l eve l .  VLBI data is presented on the 
phase difference between NX-2 a t  Owens Valley, Cal i fornia  
and NR-2 a t  For t  Davis, Texas f o r  a one week period show- 
ing, after removal of a constant frequency d r i f t ,  a 350 ps  
RMS phase s t a b i l i t y .  The role  of a temperature control 
chamber for hydrogen masers developed by BFEC i n  improving 
t h e  long term s t a b i l i t y  of hydrogen masers is discussed. 

Extensive development work is being performed by 
both APL and BFEC t o  improve the  performance of hydrogen 
masers beyond t h e i r  current levels .  A quartz cav i ty  liner 
designed to  r e t r o f i t  i n t o  ex is t ing  NR,  NP, and NX micro- 
wave cavi ty  s t ruc tures  has been developed by BFEC and APL 
i n  a cooperative e f fo r t .  This  l i n e r  has been i n s t a l l e d  i n  
an NR maser and has been shown t o  reduce the  cavi ty  temper- 
ature coeff ic ient  by a factor  of 8 .  Data is presented 
showing the s t a b i l i t y  of this m a s e r  against other  NR 
masers. A completely quartz cavi ty  and s torage bulb 
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(cont 

t ruc ture*  called the i n t  al cavi ty  which 0 
ret in to  the NR, NP masers is being developed 
by and APL i n  her cooperative effort e This  
s t ruc ture  should reduce the  cavi ty  temperature coeffi- 
c ient  by a factor  of 25 or more and should improve the  
maser's frequency s t a b i l i t y  under mechanical shock. Data 
is presented on the recent progress i n  the development of 
an external bulb var iab le  V O l U m 8  hydrogen maser primary 
frequency standard. 

INPRODUCII ON 

The NASA/Goddard Space F l igh t  Center Hydrogen Maser Program has 
had as its goals for many years the development of improved f ie ld  operable 
hydrogen masersI the  improvement of existing hydrogen masers, and the 
development of novel hydrogen maser frequency standards. This  paper repre- 
sents a review of recent data taken both i n  the laboratory and i n  the f i e l d  
i n  these areas. The paper is broken i n t o  two basic sect ions reporting on 
data taken by Bendix F i e l d  Engineering Corporation and the Applied Physios 
Laboratory of Johns Hopkins University, t h e  two main contractors to the 
NASA Hydrogen Maser Program. 

BENDIX FIELD ENGINEERING 

The Bendix F ie ld  Engineering Corporation (BFBC) has supported the 
NASA Goddard Space F l i g h t  Center hydrogen maser program for the  past t e n  
years. Reoently, BFBC has expanded its support i n  response t o  the increas- 
ing demands of the NASA Crustal  Dynamics Project and the  NASA researoh 
program. Both hydrogen maser maintenance and operations and hydrogen 
maser research and developent  are now performed a t  BFEC's new 4500 square 
foot  Hydrogen M a s e r  F a c i l i t y  located a t  BFEC Headquarters i n  Columbia, 
Maryland. 

Thermal  Chamber for Hydrogen Masers 

Figure 1 shows a thermal chamber developed by BEZC to  improve t h e  
l'mg term frequency s t a b i l i t y  of hydrogen masers by improving their  ther- 
m a l  environment. These chambers typ ica l ly  reduce room temperature f luctu-  
a t ions  by a f ac to r  of about 100 and t y p i c a l l y  keep the  temperature of t he  
hydrogen maser f r o m  f luc tua t ing  no more than 10-2OmC i n  a laboratory envi- 
roment  (1C room temperature fluctuations).  Figure 2 shows the thermal 
chamber with a side panel removed. This  shows some of the main features of 
the  thermal chamber: 

1. Completely f i e l d  dismantlable so the un i t  can be brought i n t o  a 
roo511 through a 30 inch door . 
2. Uses thermoelectric coolers f o r  high r e l i a b i l i t y .  
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3. Has 18 Rotron fans t o  
t o  reduce the  effects of 
m a l  conductivity of the m 
Um. 1 
4. Shock mounts on the 
vibration problem e 

5. A failsafe thermostat to  prevent accidental  overheat of the 
maser i n  case of chamber fa i lure .  
6. Separate fuses for the thermoelectric coolers and the f 
individual failures i n  these devices w i l l  not kee C 
f r o m  operating. 
7. Remote and local alarm outputs. 

The chamber has also been successfully used to  improve the lmg term 
s t a b i l i t y  of Hewlett Packard high performance cesium standards . 

Figure 3 shows t y p i c a l  thermal chamber performance i n  a good labo- 
ra tory  environment. The figure shows N R - 1 ' s  upper cabinet temperature and 
the corresponding air temperature outside the  box(smoothed with a 1.5hr 
time constant temperature probe). I n  s t a t ion  environments where the tem- 
perature has varied as much as lOK, the temperature i n  the chamber has 
varied less than 0.1K. 

V L B I  Data 

Figures 4 and 5 s h o w  a 7 day phase(group delay) intercomparison 
between NR-2 a t  Fort  Davis, Texas and NX-2 a t  Owens Valley, California by 
very long baseline interferometery(VLB1) (ref 1) * Figure 4 shows the phase 
difference i n  seconds with only a frequency offset term removed from the  
data(as well as nonclock V L B I  terms such as earth rotat ion) .  Notice that 
the data has the quadratic behavior associated with uniform frequency 
d r i f t .  Figure 5 shows the same data wi th  a uniform frequency d r i f t  term 
also, removed. The least squares fit used t o  generate t h i s  f igure  produced 
clock parameters as follows: 

x =5686.83( 10)ns 
y00=-236.26(04)E-14 
Do=-1 .16(0l)E-l4/Day 

The  RMS phasekroup delay) deviation from the f i t  w a s  347ps. 

Repair and Upgrade of Hydrogen Masers 

Figure 6 s h o w s  several  NASA Np and NX hydrogen masers being 
repaired and upgraded i n  BFEC's Hydrogen Maser Fac i l i ty .  The upgraded NP 
and NX masers have received new cavi ty  thermal controls,  synthesizers ,  
VXCO's , receiver components, and d is t r ibu t ion  amplifiers and have had the 
physics packages rebu i l t .  Figure 7 shows the before upgrade and the after 
upgrade frequency stabilities of  NP-2 measured aga ins t  NR-6 from 1 to 1000 
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seconds averag tice the almost one order of 
ure 8 shows t h  

upgraded NP-2 and the nongupgraded NP-3 measured agai 
seconds averaging time. n thermal chambers and 

-3 was not. Thus the  fac tor  term s t a b i l i t y  improve- 
ment shown is due both t o  the maser upgrade and the use of the hydrogen 
maser thermal chambers. 

BFEC and APL have a jo in t  e f f o r t  t o  improve the temperature coeffi-  
c i e n t  and t h e  mechanical s t a b i l i t y  of N P ,  NX, and NR hydrogen masers with 
r e t ro f i t ab le  quartz cavi t ies .  There are 2 retrofitable designs being dev- 
eloped. The Hybrid Cavity shown i n  Figure 9 uses a quartz cylinder coated 
on the outside with s i l v e r  as an in te rna l  l i n e r  i n  the microwave cavity. 
This reduces the temperature coef f ic ien t  of the  microwave cavi ty  by about a 
fac tor  of 5, but still allows the microwave cavi ty 's  frequency t o  be set 
with tunable end plates and allows one t o  use temperature tuning of the  
cavity as with the conventional aluminumcavity. The Hybrid Cavity is being 
tested i n  PlRB by APL and is reported on i n  the  APL section. The temperature 
coeff ic ient  of NRB with the  Hybrid Cavity has been measured by APL as 
6.9(9) IO-%C. 

The second r e t ro f i t ab le  design being developed is t h e  In tegra l  
Cavity whose main components(storage bulb not shown) are shown i n  Figure 
10. I n  the in t eg ra l  cavi ty  a l l  the  parts making up the microwave cavity are 
made of quartz. After trimming the cavity t o  the proper frequency, a l l  the 
pieces (including t h e  storage bulb) w i l l  be fused or  cemented together. 
This  design w i l l  have a cavity temperature coeff ic ient  a fac tor  of 25 
smaller than a conventional aluminum cavi ty  and should achieve g rea t e r  
mechanical s t a b i l i t y  because of the fus ing  of the pieces. An in t eg ra l  
cavi ty  has already been fabricated and w i l l  be tested i n  NRX. It has not 
been determined ye t  whether temperature or  varactor tuning w i l l  be used. 

External Bulb Hydrogen Maser 

The External Bulb Hydrogen Maser is a variable volume hydrogen 
maser being developed by BFEC for NASA. The purpose of the  maser is t o  
provide a primary hydrogen maser frequency standard which w i l l  el iminate 
t e f lon  wall frequency s h i f t s  and other accuracy l i m i t i n g  frequency s h i f t s  

t o  the 1 x level(ref2) .  A s  p a r t  of the development e f f o r t ,  the maser 
has been tested with a 1/2 m i l  t h i ck  t e f lon  f i l m  bulb and a long time 
constant collimator(without the external bulb). The r e s u l t s  of that  test 
demonstrating an operating l i n e  Q of 6.539 are shown i n  Figure 11, The 
maser has a l so  successfully operated a t  9OC. Currently t h e  maser is being 
r e b u i l t  t o  overcome magnetic problems. 
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SER STABILITY DATA 

i n  Fig.12, has several  advantages 

This microprocessor provides diagnostic and mo 
NX an 
processor. 
t i on  on many maser operations, and provides automated control  f o r  cavi ty  
tuning. 
maser o r  t he  c r y s t a l  o s c i l l a t o r  i n t e rna l  t o  the maser; o r  
t he  microprocessor t o  adjust  t h e  cavity f o r  a pr  

i r  biggest advantage is an in t  

Cavity tuning can be accomplished by autotuning 

era1 NR masers are presented. T 
quency f a c i l i t y  of The Johns Ho 

Laboratory. 

Maser Intercomparisons 

S tab i l i t y  measurements between two o r  more masers are accomplished by 
o f f se t t i ng  the  frequency of one of our masers, NR-6, by -5 X 10-8. 
s igna l  from NR-6 can then be mixed with the  s igna l  from a second maser at  
200 MHz t o  obtain a 10 Hz beat. An HP 5300 time in t e rva l  counter is  then 
used t o  measure the  phase difference between NR-6 and a second maser. This 
measurement technique using an o f f s e t  maser provides a 20 mill ion multipli-  
cat ion factor  f o r  t h e  t i m e  i n t e rva l  measurement; one millisecond on the 
counter corresponds t o  50 picoseconds of phase difference a t  200 MHz. 

During a l l  the  data  runs t o  be presented, NR-6 was located i n  an 

The 

environmental control  chamber; and w a s  programmed t o  compensate f o r  a pre- 
dicted cavi ty  d r i f t .  A t  regular in te rva ls ,  but not during any of t he  da ta  
runs presented here, NR-6 was tuned. 

Recently we began using an automated system f o r  recording phase d i f f e r -  
ence measurements between three maser p a i r s  (all  referencing NR-6) a t  in t e r -  
va ls  of 100 seconds, onto floppy disks. This system allows continuous phase 
difference information over long periods of time. 
room and the  maser environmental chambers are a l so  recorded a t  hourly inter- 
vals.  

Temperature data f o r  t he  

Figure13 shows the  residuals  t o  a least squares fit of t he  phase d i f fe r -  
ence between NR-3 and NR-6 over a seven day span. 
data is  consistant with tha t  of t he  VLBI users).  NR-3 w a s  located i n  an 
environmental chamber; NR-3 w a s  not autotuning during t h i s  time. Over t h e  
majority of the  da ta  span, t he  residuals  remained within 2 . 5  ns, with ex- 
tremes of & 1.0 ns. Within t h i s  da ta  are two re l a t ive ly  l a rge  phase jumps 
of approximately . 5  ns. These jumps are a r t i f a c t s  of our measurement 
tem, which we are working on eliminating. Even with these jumps, the  
deviation of t he  week long data w a s  0.316 ns. 

(This treatment of t h e  

The Allan Variance of the  (NR-3) - (NR-6) data  shown i n  Fig. 13, re- 
moving the  two discont inui t ies ,  is shown i n  Fig.14. 
both t h e  r a w  data and t h e  residuals  (i.e. d r i f t  removed data) are shown. 

The Allan Variance of 
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r bars are given fo r  the d r i f t  rate removed data but s imilar  e r ror  bars 
f o r  the r a w  data. These e r ro r  bars w e r e  estimated by 

Error = k % 

where N is the  number of adjacent t i m e  in te rva ls  of length t au  (T).  
f ac tor  of two is  required because the  r a w  data  is i n  phase ra ther  than 
frequency. 
and hence a fac tor  of 2 5 w a s  included i n  the  calculations.  

The 

Both masers-rere assumed t o  contribute equally t o  the  noise, 

Figure14 shows tha t  NR-3's s t a b i l i t y  a t  100,000 seconds is 4 X 
fo r  the  d r i f t  rate removed data. 

Figure15 again shows the  residuals t o  a least squares f i t  of t h e  phase 
difference between NR-B and NR-6. 
t h e  improved temperature coeff ic ient  , approximately 7 X 10-15/0C. 
long data span is shown. 
environmental control  chamber. However, NR-B's chamber w a s  operating near 
its upper temperature control l i m i t ,  causing la rger  var ia t ions as shown i n  
the  temperature plot  i n  Fig.15. One would not expect temperature varia- 
t i on  as large a fac tor  i n  NR-B's performance as other NR masers without a 
quartz l i n e r  and, i n  f a c t ,  t he  residuals plot ted i n  Fig.15 show a peak-to- 
peak var ia t ion of only k .5 ns. 
seven days w a s  only 0.251 ns. 
resu l t ing  from the  measurement system.) 

NR-B has the  in tegra l  cavi ty  l i n e r  with 
A week 

NR-B w a s  not autotuning, and w a s  located i n  an 

The RMS deviation of t he  data over t he  
(Again there  appeared a s ingle  discontinuity 

The Allan Variances with the  d r i f t  rates removed of NR-5, NR-B, and 
WR-2 whose residuals  were not shown, a re  plot ted i n  Fig.16. 
data w a s  measured only on NR-2. 
and the  variances and er ror  bars were calculated i n  the same manner as that 
described earlier f o r  NK-3. 
not. 

Shorter term 
A l l  masers w e r e  measured r e l a t ive  t o  NR-6 

NR-5 and NR-2 were autotuning while NR-B w a s  

Figure16 coupled with Fig.14 on NR-3's s t a b i l i t y ,  i l l u s t r a t e s  t he  range 
of performance i n  the  hydrogen masers APL has completed. 
are seen t o  be w e l l  i n t o  the lO-l5 range f o r  taus  (T's) of 500 - 100,000 
seconds when d r i f t  is removed. 

Their s t a b i l i t i e s  

WBI-1 Long Term S tab i l i t y  

NR-1 maser resides  at  APL on a long term basis  and serves as our 
laboratory standard. 
t ed  the  performance of a hydrogen maser being operated as a clock r e l a t i v e  
t o  our laboratory's cesium option 004 Hewlett-Packard frequency standards. 

Taking advantage of NR-1's ava i l ab i l i t y ,  w e  investiga- 

For ten months, from September 1981 through June 1982, w e  maintained 
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a continuous record of t h e  phase d i f f e rence  between NR-1* and our C e s i u m  
793. The phase d i f f e rence  w a s  measured a t  5 MHz using a dua l  balance 
t i m e  delay m i x e r  with a beat frequency of about .25 Hz relative t o  each 
standard. I n  our Time and Frequency Laboratory within APL we maintain 
th ree  cesium standards.  Timing information i s  reported t o  BIH (Bureau 
In t e rna t iona l  de 1’Heure) on these  th ree  cesiums r e l a t i v e  t o  our  paper 
clock, and t h e  USNO (United S t a t e s  Naval Observatory) Master Clock #I, 
with whom w e  t r a n s f e r  time using por tab le  cesium clocks. 
ca l cu la t e s  and publishes bimonthly, t h e  rates of t h e  repor t ing  clocks 
relative t o  UTC (Universal T ime  Coordinated). Figure17 shows both t h e  
bimonthly clock rates of our t h r e e  cesium standards published by BIH, 
and t h e  derived c lock  rate of NR-1. 

BIH, i n  tu rn ,  

Figure17 shows t h a t ,  as a clock, NR-1 performed as good o r  b e t t e r  t han  
the  b e s t  t en  month d a t a  span of any of t h e  t h r e e  cesiums. I n  fact ,  t h e  
a c t u a l  performance of t h e  NR-1 maser i s  most probably masked by t h e  l imi t ed  
r e so lu t ion  i n  t h e  BIH published da ta ,  given only t o  If: 10 ns; and by t h e  
performance of t h e  cesium t r a n s f e r  standard. 

Another advantage of t he  NR-1 hydrogen maser operating as a clock 
is  t h e  a b i l i t y  t o  set t h e  frequency without advers ly  a f f e c t i n g  t h e  in- 
herent s t a b i l i t y  of t h e  device. This i s  not t r u e  of present cesiums. 

A f t e r  our t e n  month da ta  run comparing NR-1 t o  Cesium 793, t h e  maser 
operating conditions were changed; NR-1 w a s  placed i n  a continuous auto- 
tune mode. This opera t ing  mode allows t h e  c a v i t y  b i t  r e g i s t e r  t o  automati- 
c a l l y  ad jus t  t o  compensate f o r  t h e  cavi ty  frequency d r i f t .  The cav i ty  
r e g i s t e r  value w a s  p r in t ed  out at  four  hour i n t e r v a l s  and later converted 
t o  t h e  frequency s h i f t  through a measured value of t h e  frequency s h i f t  
per  cav i ty  r e g i s t e r  bit**. Figure18 shows t h e s e  cav i ty  r e g i s t e r  d r i f t  cor- 
r ec t ions  p lo t t ed  over a four month in t e rva l .  

A r a t h e r  s i g n i f i c a n t  piece of da t a  on t h e  maser’s performance w a s  ob- 
During t h e  fou r  month time period, our room ta ined  q u i t e  un in ten t iona l ly .  

air conditioner su f fe red  a f a i l u r e  over a weekend when no one w a s  present t o  
immediately co r rec t  t h e  s i t u a t i o n .  
chamber, but t he  room temperature rose  above t h e  box’s con t ro l  l i m i t .  
sp ike  i n  t h e  da t a  of Fig.18 is t h e  cav i ty  r e g i s t e r  t ry ing  t o  compensate f o r  
t he  temperature c o n t r o l  f a i l u r e .  The behavior of NR-1 a f t e r  temperature 
con t ro l  w a s  r e s to red  is worthy of no te ;  t h e  c a v i t y  came back t o  t h e  same 
frequency as t h a t  j u s t  before t h e  temperature c o n t r o l  f a i l e d .  

NR-1 was i n  an environmental con t ro l  
The 

This behavior 

\ 

* During t h i s  time period, NR-1 w a s  i n  an environmental c o n t r o l  box f o r  
temperature con t ro l .  

“he frequency s h i f t  per b i t  f o r  NR-1 during this  time period was  
2.03 X 10”16/bit. 

NR-1 w a s  no t  autotuning during th i s  t i m e .  

** 
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following a f a i l u r e  is a g rea t  advantage f o r  our masers opera t ing  i n  remote 
areas where sho r t  term f a i l u r e s ,  such as t h e  one J u s t  described, are more 
l i k e l y  t o  occurJc. 

Ignoring t h e  temperature c o n t r o l  f a i l u r e ,  t h e  d r i f t  co r rec t ions  t o  t h e  
cav i ty  shown i n  Fig.18 appear t o  increase  i n  a nea r ly  l i n e a r  manner with 
t i m e .  
t h e  l i n e a r  d a i l y  d r i f t  of t h e  c a v i t y  as: 

A quadra t ic  least squares fit of t h e  d a t a  w a s  ca lcu la ted ,  which g ives  

-4.90 X 10-15/day. 

Higher order terms of cav i ty  d r i f t  as a func t ion  of t i m e  are i n s i g n i f i c a n t  
relative t o  t h e  l i n e a r  term. The da ta  i n  Fig.18 are frequency co r rec t ions  
made t o  cavi ty  t o  compensate f o r  its d r i f t ,  therefore ,  t h e  increasing f req-  
uency compensates f o r  a cav i ty  frequency t h a t  is d r i f t i n g  downward i n  freq- 
uency. 

I n  addi t ion  t o  t h e  cav i ty  r e g i s t e r  d a t a  shown i n  Fig.18, two determina- 
t i o n s  of the  NR-1 cav i ty  d r i f t  were made; one i n  e a r l y  August 1981, and t h e  
o the r  i n  l a te  February 1982. The t o t a l  change i n  NR-1's c av i ty  r e g i s t e r  
va lue  over a period of 78 days, w a s  obtained i n  each case and an  average 
d a i l y  d r i f t  rate w a s  ca lcu la ted .  
of t h e  d a i l y  cav i ty  d r i f t  ca lcu la ted  f o r  t h e  four  month d a t a  shown i n  Fig.18. 

These ca l cu la t ions  agreed t o  within 10% 

Linear Daily D r i f t  (averaged over 78 days): 

-4.4 X l0-l5/day period ending 
4 August 1981 

-5.1 X 10-15/day period ending 
24 February 1982 

The cav i ty  d r i f t  rate of NR-1 has remained e s s e n t i a l l y  constant over a time 
period of g rea t e r  than one year wi th  an uncer ta in ty  of k 5 X 10-16/day. 
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arlier this afternoon, we were t a l  k i n g  about frequency standards and clocks. 
From here on, we're t a lk ing  about networks fo r  synchronizing various clocks 
and, of course, you really have t o  have both i n  order t o  have viable pre- 
cision time and time interval systems. 

The first paper i n  this session i s  entitled, "Timl'ng Subsystems 
Devel opment/Network Synchronization Experiments" by Ken Backe. 
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E SUBSYSTEM DE 
RQ~IZATIQN EX~ERI~NTS 

K. R. Backe 
CNR, Inc. 

220 Reservoir Street 
Needham, MA 02194 

Telephone: (617) 449-4902 

A'BSTRACT 

In the prodominantly digital Defense Communication 
System (DCS), a requirement exists to coordinate 
clocks at geographically distinct nodes to handle 
switched digital traffic and provide a general 
timing capability. The characteristics of the nodal 
clocks, link equipment delay/phase relationships, 
transmission medium, and synchronization technique 
all affect system performance and must be considered 
when attempting network-wide clock alignment. This 
paper describes a program in which several experi- 
mental timing subsystem prototypes were designed, 
fabricated, and field tested using a small network of 
troposcatter and microwave digital communication links. 
This equipment was responsible for modem/radio inter- 
facing, time interval measurement, clock adjustment 
and distribution, synchronization technique, and node- 
to-node information exchange. Presented are discus- 
sions of the design approach, measurement plan, and 
performance assessment methods. Recommendations are 
made based on the findings of the test program and an 
evaluation of the design of both the hardware and soft- 
ware elements of the timing subsystem prototypes. 

INTRODUCTION 

The BCS network involves a large number of links and nodes with 
various categories of transmission media, including troposcatter 
(TRQPO) , line-of-sight microwave (LOS) , satellite, and cable. 
The variety of transmission equipment that is available now, 
or planned as part of an all-digital network, makes a complete 
and comprehensive evaluation of system performance difficult; 
therefore, an emphasis In the experimental work reported on 
here has been toward synchronfzation performance in a three 
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s ize ,  and comp exity of m i  tary commm 
eases , characterist ics of the frequency sources tha t  
i t a 1  information play a more dominant ro le  in  deter- 
e overall  effectiveness of the system. I f  the desired 

goal i s  t o  provide a synchronous non-interrupted d ig i ta l  net-  
work, then even a modest amount of clock disciplining would 
greatly ease the problem. Since each separate node would have 
a frequency/time source, it has t radi t ional ly  been considered 
paramount tha t  each be of highest quali ty t o  minimize clock-to- 
clock re la t ive  d r i f t  and maximize the time between buffer 
resets  (which interrupts d ig i t a l  t r a f f i c ) .  In practice, the 
continuous t r a f f i c  goal i s  unattainable when operating in  an 
independent clock mode; buffer resets  would s t i l l  be required. 
This places the burden on the clocks themselves and the system 
designer i s  forced t o  specify highly accurate, highly stable, 
and very costly standards. 
hundreds of nodes, the cost  i s  substantial. 

For planned networks with l i t e ra l ly  

A directed-control disciplined network res t s  the network fre-  
quency (phase) reference with one or a t  most, a few of the best  
sources while subordinate clocks are manipulated to  follow the 
characterist ics of the selected references, These manipulated 
clocks need only be lesser-quality (i.e.,  quartz) standards 
since the i r  individual frequency trends are not mapped through- 
ou t  the network. 

An  active clock control s i tuat ion must r e l y  on a timing/ 
synchronization technique t o  carry out the timing function and 
insure a stable, re l iab le  system. The focus of the Timing Sub- 
system Development program was t o  design, bui ld ,  and t e s t  
equipment to  achieve th i s  end using an existing A i r  Force net- 
work for evaluation [ 11 . Although several techniques have been 
proposed and studied [2 ]  - [6] , as yet an actual f ie ld  implemen- 
ta t ion  had not been attempted, 

This paper begins with a brief review of time transfer tech- 
niques and objectives. The microprocessor-based l ink  termina- 
t ion and processing equipment i s  described revealing the hard- 
w a r e  and software components of the system. Following an 
overview of the RADC network configuration, a summary stemming 
from laboratory experience and f ie ld  experiment findings forms 
the base on &ich relevant observations, conclusions, and 
recommendations are presented, 
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BACKGROUND 

The primary mechanism for clock comparison is the transfer of 
digital data Over links terminated by node processing equipment. 
At any node, incoming data is clocked into a buffer by signals 
derived from the receiver-demodulator bit tracki 
clock signal exhibits fluctuations and drift beh r as a re- 
sult of transmit clock variations, medium variability, and 
tracking loop dynamZcs. In a synchronous network, the received 
data is later clocked out of the buffer by the node clock and 
multiplexed or switched with other data from other terminated 
links for retransmission; the objective being to coordinate the 
collection of node cloclcs SO that buffers do not overflow or 
deplete. For normal communication, relative synchronization of 
the nodes is sufficient and the node clocks need not be phased 
identically as long as their mutual average frequency offsets 
are zero. In addition, a timekeeping function would involve 
the desire to meet the above objective with zero phase offset 
between node clocks. Combined with removal of ambiguity, 
phase-aligned clocks serve as the basis for a time-of-day 
distribution system. A scheme of this type has obvious advan- 
tages when the network is referencing universal time such as 
UTC. Time is marked at each end of the link in terms of a 
periodic Time Reference Pulse (TRP) which is synchronous with 
the high rate data clock. If ambiguity issues are ignored in 
this discussion, it can be simply stated that the time transfer 
objective is to align TRP transmissions. 

The data required in the clock control loop processor will de- 
pend on synchronization technique selected (timing algorithms 
reside in firmware) but, in general will consist of time 
measurements from two nodes, A and By of a TRP. Node B 
measures the elapsed time of the incoming TRP from node A rela- 
tive to its own clock, resulting in the quantity tA.. 
at node A the TRP from node B is measured relative to the local 
clock producing tg. Defining the clock TRP emission times on a 
reference time scale to be t ' ~  and t'B, the four parameters are: 

Similarly, 

t'A = node A transmit TRP relative to node A reference 

tg 
tIB = node B transmit TRP relative to node B reference 

tA 

= node B receive TRP relative to node A reference 

= node A receive TRP relative to node B reference 
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and TRIP a r r i v a l  time a t  node A r e l a t ive  t o  node B is: 
c”BA = t I B  - tB + J  BA 

For double-ended exchanges the clock difference is: 
= 1 / 2  (PA - tA - t I B  + 5) 

Path delay can be computed as: 
PD = 1 /2  [ (tA + tB) - (t’* + t ’ B ) ]  assuming 1ZAB ~ JBA 

A l l  parameters are t o  be interpreted as elapsed t i m e  measure- 
ments. Figure 1 i l l u s t r a t e s  these clock er ror  and path delay 
calculations f o r  single- and double-ended exchanges using 
TRP’s derived from Time Reference Information Packets (TRIP’S). 

I n  a synchronous network, incoming da ta  enters  .an elastic store 
at a rate determined by the receiver tracking loop output, 
but i s  clocked out of the s to re  a t  a rate determined by the 
loca l  node clock. Differences are aceomnodated as long as 
buffer capacity i s  not exceeded, and date i s  transmitted out of 
the  node without the need f o r  pulse s tuff ing.  
c l a s s i f i ed  as synchronous, the independent clock approach 
follows t h i s  methodology but, buffer resets are’ inevi table  
when inputloutput rates d i f f e r  without correction. 

Although not 

With the current timing subsy&tem design, implementation of the 
various timing techniques d i f f e r s  only i n  the way references 
are selected o r  combined . 
update rate, processor execution speed f o r  each technique i s  
not s ign i f icant  and, i n  each case, the  r e su l t  i s  a clock phase 
or frequency s h i f t  command t o  alter the node reference 1-pps 
signal.  Similarly, the phase control fndirect ly  a f f ec t s  
buffer  clocks causing the rate of f i l l  or deple t ion  t o  change. 
With independent clock operation, the phase s h i f t  control i s  
zeroed. 

Considering the once-per-second 
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ING SUBSYST 

The basic funct 
loc a1 ly -made timing measurements 
transmitted from connected nodes 
clock error relative to a master reference e The 
reference is dete 

information to ot 
prototypes and de 

The TS is configured of severalmodules, each with a particular 
function. Many of these modules are under the control of a 
Central Processing Unit (CFTJ) which determines the order of 
events, performs arithmetic tasks, and collects information 
for performance evaluation and general system monitoring. 
TS contains the following sections; CPU, time interval 
measurement unit, clock control and distribution, frequency 
synthesizer, multiplexers for data input and output, and other 
interface circuitry. A block diagram is shown in Figure 3 .  

Each 

NODE CONTROL COMPUTER AND SOFTWARE 

The TS is microprocessor-based equipment designed around the 
Motorola 6800 8-bit MPU and support devices. Floating point 
arithmetic functions are handled by a separate arithmetic 
processor chip. 
trol processor and I/O structure. During design, and effort 
was made to keep as much of the hardware as possible under 
computer control. This maximized the flexibility of the sys- 
tem by shifting much of the application-specific configurations 
to the software. Similar to the hardware structure, nodal 
software is divided along functional boundaries. 
tines are entered through external interrupt and relative 
asynchronism between rountine execution is controlled by a 
special interrupt dispatcher that maintains a prioritized 
queue of scheduled processes [ 7 ] .  The interrup 

nes the order of even and insures that 
gin unless certain co 

Figure 6 is a functional block diagram illustrating the 
various program modules incorporated in the TS software. 

Figures 4 and 5 depict the bus-oriented con- 

Many rou- 

itions have been sa 

The user interface to the timing subsystem consists of a 
software monitor ,and debugger that allows the operator to set 
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manipulating the set-up parameters 

tion 

Software development was made less cumbersome th 
a microcomputer development system. 
intelligent terminal to provide general communication and data- 
logging functions. Experiment set-ups can be stored on disk and 
down-loaded to the TS, 

It can also be us 

LINK TERMINATION 

Special-purpose link termination processors support the clock 
data communications through service channel multiplexers. 
These can be wired to accommodate many of the standard military 
data rates. In particular, they follow the Synchronous Data 
Link Control (SDLC) protocol. 
timing and status indicators and are of programmable length 
(typically 536 bits). 
the time interval measurement unit to mark time-of-arrival at 
the same point for each frame. 
feature indentifies the presence of bit errors. 
that critical timing information is contained in these fraaes, 
errored TRIP' s are discarded. 

Information frames contain the 

A flag detect circuit provides a pulse to 

A 16-bit cyclic redundancy check 
Due to the fact 

TIME INTERVAL MEASUREMENT 

The basic crfteria required to determine clock error is derived 
from direct measurement of once-per-second pulses from divided- 
down, buffered 5 MHz frequency standard outputs. Resolution of 
+/- 10 ns is obtained through the use of a 100 MHz counter 
with multiple output registers. 
is a transfer of timing events and control signals. 
is transferred in blocks (TRIP'S) separated by frame markers 
that emanate from each node at a rate of once-per-second. TRIP 
data format is shown in Figure 7. Time-of-arrival resolution 
is 10 ns and the date rate is 4 KHz via the service channel for 
all nodes. 
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he clock c 
control loop i s  the generation of a set of reference frequen- 
cies, derived from a S-MHz node reference, to  avoid buffer 
overflow or depletion. The unperturbed standard output i s  
called the s ta t ion  standard and the adjusted ve 
signal i s  called the node reference. A phase s ce 
implements the  correction i n  response t o  a d ig i t a l  control 
command. 
d ig i t a l  clock which supplies a 1-pps t i m e  reference t o  a l l  
equipment a t  the node, and i n  particular,  to  the  time-of- 
a r r iva l  measurement device. 

S 

The shifted output from t h i s  device then goes to  a 

TS-based performance assessment consists of storing a series 
of 10-minute averages of computed clock error,  path delay ( for  
double-ended exchanges only) , and averages of node reference 
clock vs. up t o  three external 1-pps signals. By connecting 
external pulses for  comparison, nodal d r i f t  may be compared 
t o  any other clock or, by trace-back through additional re- 
ceivers, t o  a LORAN-C signal, and ultimately, t o  U.S. National 
Time Standards. 

NETWORK CONFIGURATION 

TROPO AND LOS LINKS 

A small tandem network (three nodes, two single-ended links) 
consisting of a troposcatter and microwave l ink was  configured 
a t  W C ,  Rome, NY. The RADC test sites included modem and 
radio equipment t o  support the links. Figure 8 indicates the 
geographical layout of the sites dsed i n  the  f i e l d  test program. 
The Verona and GAFB locations were connected by a LOS l ink 
through a repeat s ta t ion at  Stockbridge (normally l e f t  unattend- 
ed). 
were used i n  conjunction w i t h  Philco-Ford LC-8D radios broad- 
casting i n  the  8 GHz region. 
138.3 ps over 25.7 m i l e s  was observed. Timing variations w e r e  
t yp ica l ly  less than 10 ns. 

. 

Philco-Ford LOS baseband modems operating a t  3.088 MHz 

A one-way medium-only delay of 

An important aspect of the l ink selection process was t o  
evaluate the performance of a fading channel when used to  
support a timing function. A t  t he  time, the Youngstown-to- 
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mation contained in the TRIP, a clock error term can be computed. 
For single-ended transfers, average path/equipment delay must 
be included t o  eliminate a phase offset  that  would otherwise be 
the result .  

A s  an example of node configuration, Figure 9 shows the connec- 
tions required at  the Verona s i t e  as middle node in  a tandem 
network. 
r e l i a b i l i t y ,  NBS-developed Frequency Measure 
(FMT's) were used to  measure the same pulses 
logging. Also, from each FMT, a decoded LORAN-C 1-pps signal 
was connected to one of the TS auxiliary inputs for direct com- 
parison to the nodal station standard,' Thus, each TS measured 
and stored the L O W - C  signal relative t o  i t s  adjusted clock; 
giving a level of redundancy. 
clock trends compared to  an unadjusted ultimate reference or,  
any other si te standard. 

MEASUREMENT AND REFERENCE FACILITIES 

In an effort  t o  improve monitorability and measurement 

This provided a means t o  evaluate 

The choice of frequency source for each TS station centered 
around availability. I f  a t  a given s i t e ,  a frequency source w a s  
not available, the TS employed i ts  own internal source to allow 
stand-alone operation, During the design phase of th i s  program, 
it w a s  anticipated that, in  certain tests, the TS's would be 
eq d with atomic standards. Therefore, space w a s  provided 
in  such units. However, two of the three TS's 
also contained VCXO's for stand-alone operation and to  compare 
the performance of these devices with higher quality standards. 

de r  this  configuration, the TS oscil lator w a s  used to  drive 
e internal synthesizer and frequency distribution system. It 

w a s  observed that  the characteristics of the quartz devices are 
quite satisfactory when operated in the slaved mode. Furthermore, 
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gle  telephone te r face  was wired us g data couplers 
furnished by the  FMT's. Nodal management, setup, and paraneter 
t ransfers  were accomplished by accessing each TS individ 
Through t h i s  technique, control and management functions w 
handled by using a remote terminal and dial ing teleph 
This i s  acceptable for  a s m a l l  network but a large ne 9,  

S. 

greater than s i x  nodes) would benefit from a node management 
protocol (for the purpose of network configuration) gaining TS 
control through TRIP data packet exchanges originating from a 
single control ler  and propagating around the network. 

EXPERIMENTS 

EQUIPMENT DELAY 

The TS equipment can be used t o  measure round-trip delay i n  
modems and radios if they can be configured i n  loop-back modi. 
Actually, for the purpose of d i r ec t ly  measuring round-trip path 
and equipment delay, a loop-back through the transmission path 
with a single TS both as source and sink yields  the cumulative 
delay of a l l  l i n k  elements. Generally, a survey of individual 
delays of each piece of l i nk  equipment i s  required t o  properly 
configure an experiment. This procedure w i l l  help t o  ident i fy  
any asymmetric s ignal  propagation properties so they can be 
accommodated a t  set-up t i m e .  For double-ended exchanges, any 
difference i n  opposite-path delays w i l l  manifest i t s e l f  as a 
phase o f f se t  superimposed on clock-correction terms. Directed- 
control schemes r e l y  on frequency averaging so equipment delay 
compensations need not be included i f  frequency tracking is  the  
desired r e su l t  . 
FIELD EXPERIMENTS 

Emphasis i n  tZle experiment s e r i e s  w a s  placed on observing basic 
network synchronization through node-to-node clock e r ro r  logging. 
Time d i d  not permit more extensive evaluation of such things as: 
phase alignment, a l te rna te  tracking loop bandwidths, multiple 
stage acquisit ion s t ra teg ies ,  and t ier- type self-organizing 
timing techniques . Furthermore, due t o  l ink  equipment avail-  
a b i l i t y ,  only a tandem, single-ended exchange network configura- 
t ion  w a s  possible. 
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The Seneca on was cons 

ce ex2eriments w ed with fre- 
quency alignment, a calibration procedure determined the re la t ive  
frequency d r i f t  between the LORAN pulse and each s i te  standard. 
GAFB and Verona employed rubidium sources. 
cesium clock. Through receivers located in  each FMT. (one 
each s i t e )  LORAN-node re la t ive  frequency trends w e r e  meas 
and plotted as shown in Figure 10. S m a l l  variations are smoothed 
so the  p l o t s  represent average trends. 
a period of about eight days. 
i s  dr i f t ing  i n  the same direction. Although not usually the 
case, it was assumed that each source w a s  d r i f t ing  at  a constant 
ra te ;  short-term s t ab i l i t y  tends t o  be better for  rubidium 
sources than for  cesium clocks. Most importantly, t h i s  fre- 
quency comparison forms the basis for evaluating node perfor- 
mance, since the T S ' s  use the s i t e  standards d i rec t ly  as a t i m -  
ing source t o  drive s ta t ion interval measurement devices and 
synthesizers, and a l l  performance assessment measurements are 
made relat ive t o  each s i t e  standard. 

Youngstown used a 

Data w a s  gathered over 
Notice tha t  each s i te  standard 

Testing consisted of a ser ies  of s ix  re la t ively short experi- 
ments. Run t i m e s  varied between 24 and 48 hours. Each used 
directed control type of synchronization, one with automatic 
master selection. Typically, an experiment session proceeds 
follows : 

the 

as 

0 Select an ultimate, unadjusted reference through 
which the performance of each node can be compared. 

0 Determine the frequency offset  of each s i t e  standard 
compared t o  the ultimate reference. 

0 Configure the network for a timing experiment, includ- 
ing node parameters and connections for  evaluation 
equipment . 

0 Permit experiment t o  run for a t  leas t  24 hours so tha t  
acquisitional e f fec ts ,  and other short-term perturba- 
t ions,  do not significantly affect  the measurement 
ser ies  ., 

0 Compare result ing time interval  measurements of the 
adjusted TS clock with those of each unadjusted s i t e  
standard e These measurements can be collected through 
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e e 

frequency off 
unadjusted s i t  dard (maintain 

i ty )  . 

i s  the net frequency error. Frequency co 
map be e i ther  node-to-node or node-to-ultimate refer- 
ence. 

Table 1 summarizes network performance for  each of the s ix  ex- 
periments. Experiment 4 ran with the original version of t i m e  
reference distribution including the path length counter [ 41 
Experiment 5 used master/slave for synchronization but super- 
imposed a much larger frequency offset  on the master node t o  
simulate a poor clock. 
that each TS w a s  able to  accommodate the added of fse t  which w a s  
set a t  2.8 x 10”. 
quartz VCXO in  the GAFB slave node t o  evaluate i t s  performance 
as a station standard. To the limits of available measure- 
ment capability, the quartz slave performed admirably with only 
s l igh t ly  higher short-term fluctuations e In each case, tes t  
resu l t s  show that  the network had i n  fac t ,  achieved frequency 
alignment and stable operation. For these experiments, inverse 
tracking loop noise bandwidths were 45 Hz and 450 Hz for LOS 
and TROPO l inks,  respectivexy. 

Reading across Table 1 i l l u s t r a t e s  

Experiment 6 incorporated the use of a 

CONCLUDING REMARKS 

Observations made during performance evaluation indicate tha t  
steady-state frequency tracking between geographically dis tant  
nodes w a s  achieved. By referencing an unadjusted clock, the 
re la t ive  d r i f t  of each of the nodal clocks w a s  compared. 
Experiments support conclusions from [ 81 that  timing informa- 
t ion can be successfully transferred over both LOS and TROPO 
channels. For t h i s  series of experiments, time 
surements were t r i  red direct ly  from received p a 
mu1 t iplexer h ie rar  exis ts ,  al ternate referen 
t ion schemes through MUX or  radio framing patterns, are within 
the capabilities of the existing TS design. 
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found t o  be qu i te  r e l i ab le  with a computed MTBF of 1400 hours 
[ l l ]  substantiated by zero failures i n  the f i e l d  er periodic 
use over a span of about s i x  months. 
based designs are par t icu lar ly  su i tab le  for  use i n  timing and 
synch applications . 

Geneyally, microprocessor- 

Considering the  somewhat r e s t r i c t ed  t e s t ing  schedule for  t h i s  
program, it is  strongly encouraged tha t  fur ther  experimenta- 
t i on  be undertaken. To investigate some of the more pressing 
issues,  additional tests should include the evaluation of :  
acquisit ion and tracking s t ra teg ies ,  single-ended vs . double- 
ended exchanges, precise time techniques, and the  level of net-  
work automation. For example, a network manag protocol 
could be eas i ly  implemented through exis t ing overhead space i n  
t h e  TRIP'S. 
monitoring purposes but would not jeopardize the  function of 
dis t r ibuted references and self-organizat ion . 

This would central ize  control for  s tar t -up and 

In mil i tary applications requiring clock control, survivabi l i ty ,  
r e l i a b i l i t y ,  maintainabili ty,  and monitorability take on much 
mre emphasis: t he  timing subsystems reported on here already 
possess these features t o  some degree. A more d i f f i c u l t  prob- 
l e m  i s  tha t  of select ing a general approach fo r  a timing 
technique, and more precisely, phase referencing o r  frequency 
alignment. A directed control  system (master/slave) i s  most 
often recommended as the best compromise, especially if one of 
t he  more urgent requirements i s  t o  eliminate d i g i t a l  t r a f f i c  
interruptions inherent i n  independent clock networks. Mutual 
synch systems are not considered good candidates fo r  DCS appli-  
cations [ 1 3 ,  [SI, [6) . Several tactical programs (JTIDS, SEEK- 
TALK) specify the  use of high quali ty frequency standards [12] 
maintaining t h a t  buffer resets w i l l  be infrequent when clocks 
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ile at the 
ive standards 

with quartz sources. 

The Timing Subsystem Development program has demonstrated that 
communication link termination, clock control and 
network synchronization and performance assessmen 
can be implemented using a single microprocessor-controlled 
device. Furthermore, there is ample evidence that the current 
design can support the interfacing and processing requirements 
for advanced testing well into the foreseeable future. 
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AEROSPACE GUIDANCE AND METROLOGY CENTER ( AGMC ) 
I n e r t i a l  Navigation/Calibration/Precise Time and Frequency C a p a b i l i t i e s  

Larry M. Galloway and James F. Barnaba 
Newark Air Force S t a t i o n ,  Ohio 

ABSTRACT 

The Aerospace Guidance and Metrology Center was co 
1959 t o  be t h e  US A i r  Force I n e r t i a l  Navigation and Metrol- 
ogy Center. 
of  t h e  I n e r t i a l  Navigation Maintenance Center and t h e  Air 
Force Measurement and Standards Laboratory. Highlighted 
w i l l  be t h e  p rec i se  time and frequency program developed by 
AGMC t o  suppor t  Air f o r c e  p rec i se  time and frequency 
requirements worldwide. 
and f u t u r e  p rec i se  time and frequency activities w i l l  be 
presented. 

i n  

Th i s  paper w i l l  show t h e  mission c a p a b i l i t i e s  

A desc r ip t ion  o f  the p a s t ,  present ,  

T h i s  paper is no t  intended as a t echn ica l  presenta t ion ,  bu t  as a d iscuss ion  
of t h e  US Air Force c a p a b i l i t i e s  a t  Newark AFS. 
Newark AFS is located i n  Newark, Ohio, not Newark, New Jersey, as is o f t e n  
thought. 

It 's important t o  note  t h a t  

A s  you can t e l l  from t h e  name Aerospace Guidance and Metrology Center 
(AGMC), t h e  mission a t  Newark AFS is twofold. One is t h e  I n e r t i a l  Guidance 
or  I n e r t i a l  Navigation mission and t h e  o the r  is t h e  Air Force Metrology 
Center. 

F i r s t ,  we w i l l  b r i e f ly  t e l l  you a l i t t l e  about what is referred t o  as t h e  
i n e r t i a l  navigat ion s ide  of t h e  house. Most of t h e  2600 or  so people who 
work a t  AGMC are involved wi th  t h e  d iagnos t ic  t e s t i n g ,  overhaul,  r e p a i r ,  and 
checkout of  i n e r t i a l  guidance systems f o r  missiles and i n e r t i a l  navigat ion 
u n i t s  for  aircraft. T h i s  is a highly spec ia l i zed  career f i e l d  and one of 
t h e  reasons t h a t  Newark Air Force S t a t i o n  is unique. 

The Missile I n e r t i a l  Guidance System workload i n  the p a s t  included t h e  Atlas 
and Ti tan ,  along wi th  t h e  c u r r e n t  Minuteman System. Aircraft I n e r t i a l  Navi- 
ga t ion  Systems serviced a t  AGMC include t h e  A-7, F-4, F-111, and t h e  C-5A. 

The other unique mission a t  Newark Air Force S t a t i o n  is t h e  Air Force 
Metrology Center. A s  you probably know, metrology is t h e  sc ience  o f  meas- 
urement and i n  genera l ,  we are t a l k i n g  about ca l ib ra t ion .  
personnel assigned t o  the Metrology Direc tora te  a t  AGMC is only about 220. 
However, a l o t  of r e s p o n s i b i l i t y  is involved. 
Standards Laboratory is loca ted  a t  AGMC wi th  direct traceability t o  NBS and 
the  USNO. The underground laboratory complex c o n s i s t s  of four  f l o o r s  

The number o f  

The Air Force Measurement and 
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descending i n  a t i e r  with the lowest 
Crete walls enclosing the labor 
feet a t  bottom level, The f loo 
large mass o f  co 
damping necessar 
ments, The standards a t  AGMC a 
dards i n  precision measurement equipment laboratories (PMELs) 1 
throughout the world. Major measurement areas a t  AGMC include 
perature , pressure, vibration, 
optics, DC, low frequency RF, m 
and frequency . 
This brings us t o  the major port ion o f  t h i s  paper, the Precise Time and Fre- 
quency Program a t  AGMC. I n  the 1960s, most PMELs had frequency cal ibrat ion 
requirements; f o r  example, osci l lators i n  frequency counters, but very few, 
i f  any, precise time requirements. Several A i r  Force a c t i v i t  
requirements, such as the Baker Nunn sites, Sa te l l i t e  Control Fac i l i t y  
sites, and one or two classi f ied precise time users. Rather than having 
precise t ime available i n  the PMELs, t ime was supplied t o  A i r  Force act iv i -  
t i e s  worldwide d i rec t l y  from AGMC u t i l i z i n g  two person clock teams. I n  the 
beginning, c i v i l i a n s  were ut i l ized,  but today trained m i l i t a ry  personnel 
perform most portable clock timing requirements. A two week precise time- 
keeping school has been established by the United States A i r  Force A i r  
Training Command, Lowry AFB, Colorado. A l l  m i l i t a ry  and c i v i l i a n  personnel 
must attend t h i s  t ra in ing p r io r  t o  assuming timekeeping duties. 

Our Precise Time and Time In terva l  (PTTI) program has been quite successful 
using the Hewlett-Packard E21-5061A Flying Clock, the Frequency Time Systems 
4010 Light Weight Clock, and the Austron 1210 Crystal Clock. As more pre- 
cise t ime requirements evolved, the expense o f  portable clock t r i p s  became 
prohibit ive. 

Alternate methods o f  providing precise time had t o  be developed. One method 
being applied i s  self-sufficiency where the user buys equipment and takes 
care o f  h i s  own timing requirements. Examples o f  t h i s  would be TV Line-10, 
Loran-C, and various s a t e l l i t e  timing receivers. Another method being u t i l -  
ized i s  t o  establish additional sources o f  precise t ime i n  certain geograph- 
i c a l  areas. Examples o f  t h i sa re the  timing centers f o r  the Eastern and 
Western Test Ranges, the Precise Time Reference Station a t  Elmendorf, 
Alaska, and the Precise Time and Frequency Consoles (PTFC) placed i n  certain 
PMELs. The PTFC provides an inexpensive timekeeping system that allows a 
trained technician t o  maintain and provide t ime service t o  selected AF 
users. Currently 26 PTFC systems are located strategical ly throughout the 
A i r  Force Is approximately 129 Precision Measurement Equipment Laboratories. 

Most A i r  Force precise t ime  users require 100 microsecond timing accuracy. 
As a result, very few f i e l d  s i t es  are supported d i rect ly  from AGMC today. 
Looking toward the future , we envision more self-sufficiency and more u t i l i -  
zation o f  s a t e l l i t e  timing methods. 
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Well, as you have probably noticed, not much has been said abou 
n the 1960s, each A i r  
t o r m  This scheme wor 
t o  (minimum s h i f t  keying) MSKm A few MSK conve 

purchased and sent t o  labs who were t o t a l l y  dependent on those VLF stations; 
however, a l o t  o f  locations s t i l l  seemed t o  have reception problems and i t  
became d i f f i c u l t  t o  determine i f  i t  was personnel problems or  equipment 
problems fo r  two reasons: 

a. The decline o f  expertise o f  PMEL technicians. 

b. The VLF receivers were gett ing very old, unreliable, and d i f f i c u l t  
t o  keep i n  repair. 

Currently we are i n  the process o f  replacing the o ld  VLF frequency compara- 
t o r  receivers with the new automatic Loran4 frequency monitors. 

We have addressed the AGMC support o f  A i r  Force precise time and frequency 
requirements and have only one f i n a l  aspect t o  cover. Just a few years 
back, i t  was determined that the cost o f  maintaining A i r  Force atomic stan- 
dards was quite high. A f e a s i b i l i t y  comparison study was conducted and the 
decision was made t o  establish a Technology Repair Center (TRC) within the 
Maintenance Directorate. The TRC i s  responsible for repair and cal ibrat ion 
o f  atomic standards. A large bench stock o f  components, cesium and rubidium 
tubes, and trained electronic technicians allow our TRC t o  provide qual i ty 
repair and cal ibrat ion service with a quick turnaround t o  a l l  customers. 
Presently we provide repair service by Memorandum o f  Agreement (MOA) t o  
Baker-Nunn, Sa te l l i t e  Control and Communication f a c i l i t i e s ,  and other DOD 
agencies. Any DOD agency wishing t o  use our services should contact the 
appropriate AGMC of f ice.  

I n  summary, AGMC has a dynamic viable Precise Time and Frequency program 
that can provide repair service and portable clock timing t o  approved cus- 
tomers. We provide 0.5 microseconds t ime transfers a t  AGMC, 1 microsecond 
f o r  t r i p s  less than 5 days, and a t  a l l  other times, 2 microseconds. We 
encourage consultation with AGMC on any time/frequency requirement that you 
may have. 
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DR. COATES: 

Questions? Yes? 

MR. MIKE GARVEY, FTS 

I ' d  l i k e  t o  comment a t  the r i s k  o f  sounding overly commercial. 
manufactures the sate1 1 i t e  receiver which you showed. The performance 
of t h i s  system i s  current ly  l im i ted  by the update maintenance capab i l i t ies  
of the Navy. And, I have had some discussions. I think very properly so, 
w i th  people here a t  t h i s  meeting who rea l i ze  the potent ia l  o f  t h i s  service 
and the importance o f  a proper maintenance o f  that. 
a t ion  o f  a few hundred microseconds i s  cer ta in ly  within the realm o f  pos- 
s i b i l i t y ,  .but I don't th ink i t ' s  customarily qu i te  tha t  large. 

FTS now 

I think your evalu- 

MR. GALLOWAY : 

Yes. I am completely w i th  agreement o f  that. We rea l i ze  that  the f i l t e r  
factor o f  t h i s  can resolve tha t  t o  a number qu i te  smaller than that. But 
typ ica l ly ,  we send t h i s  pa r t i cu la r  instrument t o  a locat ion and al low i t  
t o  remain on s i t e  approximately f i v e  days. 

So, i n  general , we're using Quartz type reference frequency and as 
you know, with the instrument, the reference frequency can be a major error,  
so that 's  the reason. And the t ru th,  i f  you'd l i k e  t o  be very specif ic 
about the number, we bel ieve tha t  we can do a b i t  less than f i f t y .  Twenty- 
f i v e  i s  about what we l i k e  t o  t a l k  about. 

DR. COATES: 

Thank you, Larry. 
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Washington, D. C. 

ABSTRACT 

The portable clock remains the most frequently used means o f  time d is-  
semination and of ca l ib ra t ion  of precise clocks t o  the U.S. Naval Observatory 
Master Clock (USNO MC). Because o f  this, portable clock t r i p s  and the factors 
tha t  influence the confidence placed i n  the measurements obtained must be under- 
stood. I n  t h i s  paper, the general philosophy o f  t r i p s  and some o f  the er ro r  
factors tha t  can occur are discussed. The s t a b i l i t y  of indiv idual  USNO por- 
table clocks i s  determined by analysis of pre- and pos t - t r ip  measurements ob- 
tained through the USNO data Acquisit ion and Control System. Using these data, 
t h i s  paper explores t h e i r  h i s to r i ca l  accuracy and determines er ro r  budgets. The 
f e a s i b i l i t y  o f  determining a s t a t i s t i c a l  " r e l i a b i l i t y  factor"  based on the pre- 
and pos t - t r ip  readings o f  an indiv idual  clock i s  also examined. From these 
studies the dependabil ity and r e l i a b i l i t y  of portable clock t r i p s  as a whole, 
may be concluded. 

(ABSTRACT ONLY) 
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QUESTIONS AND A 

MR. SAM WARD, J e t  Propulsion Laboratory 

I t ' s  n o t  necessarily a question, b u t  more a statement. 
post measurements were made i n  the same environment, one would expect that 
a stable cesium would get the same answers. 

Since the pre and 

The, how much time offset  you can expect when you return i s  a function 
of how long i t  was i n  some environment, especially magnetic that caused i t  
t o ,  change i t s  rate. And longer trips the measurements, the guesses that 
we have made i s  what the longest trip that wou'ld be practical before t h a t  
you g o t  diminishing returns ( a t  one time, I t h i n k ,  we thought  i t  was seven, 
ten days). 

B u t  there 's  really no relationship between the length of the t r i p  a- 
way and the behavior of the clock. 

MS, NEVILLE: 

And the behavior of the-- 

MR. WARD : 

And the behavior, except for  the performance of that individual clock. 

MS. NEVILLE: 

Right .  Which of course, th i s  may be another factor as well. 

DR. WINKLER: 

I would l ike t o  make a comment here which may be useful, t o  i l lus t ra te  
the direction of these efforts.  We are making a major effor t  t o  improve 
the accuracy of portable clock time transfers and the estimate of errors 
that  i s  an extremely important function. The clock that i s  very ex- 
pensive, and one of the results which you see are these searchers, which, 
I must say are excellent t o  f i n d  an objective measure. 

Now, such an objective measure as Ms. Neville has shown, can be com- 
posed, must be composed o f  several factors. 
I t  is utterly necessary, and yet i t  is  more diff icul t  than anyone would 
t h i n k  i t  is t o  extract from our portable clock carriers the necessary i n -  
formation. 

One of them i s  documentation. 

I t ' s  a constant struggle. I t 's ,  well there are many reasons why t h a t  
i s  diff icul t ,  b u t  i t  is absoultely essential. 
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I t h i n k  the lesson t o  be learned from the data sho n until now (and 
I hope t h a t  effor ts  l ike th i s  will continue) is  t h a t  a portable clock trip 
has about the same limitations as any enterprise. There has t o  be some 
judgement, how much money you want t o  spend, and how much i s  really re- 
quired. 

Well, we do make that selection i n  some of our  clock t r ips .  We send 
the very best clock which we have. 
t h i n k ,  i s  older than three years. We do not have any clock which is  young- 
e r  t h a n  that  a t  the moment because l a s t  year we had absolutely zero dollars 
available for clock purchases. 

Incidentally your clock 1452 o r  3, I 

MR. MCCULLOUGH, Oceanographic 

I t ,  would seem that since the oscillators are banging around i n  the mag- 
netic fields,  the temperature fields and so for th ,  have those functions 
been monitored t o  f i n d  o u t  what's going on on a t r i p ,  and secondly, have 
those function been simulated i n  the laboratory to  see what k ind  of para- 
metric changes t o  expect? 

MS. N E V I L L E :  

Dr. Winkler can answer that. 

DR. W I NKLER : 

Over the years we have made extensive tes ts .  In fact ,  one of the best 
t e s t s  ever made was i n  conjunction w i t h  Professor Alley's experiments on 
a P-3, portable clock ( i n  fact ,  a very good one) was mounted without 
protection i n  the same a i rc raf t ,  and measured continuously against the 
clock set. The time base, which was available on that  clock set  was 
better than one nanosecond. 

And, the greatest effect  was d u r i n g  takeoff and landing. You can 
see that this produced a shock, which produces an almost instantaneous 
phase offset. The longer lasting frequency changes, or ,  the residual 
frequency changes almost have t o  be considered as partly t o  be expected. 
If you use a clock which, for instance the regular 5061 would have an 
Allan variance for a one day interval of about one part 10 t o  the 13th, 

13 So i t ' s  t o  be expected that your rate will vary by about a pa r t  i n  10 
a f te r  a week o r  so. 

What one has t o  separate i s  the systematic effects. And coming back 
t o  a question of tes t s ,  fo r  instance a good t e s t  for a portable clock i s  
t o  t u r n  i t  upside down i n  the laboratory. 
a f te r  one day. We discussed that about 4 years ago, here i n  the same con- 
ference. A t  that  time, I t h i n k ,  somebody I forgot who, b rough t  my a t -  
t en t ion  t o  the effect  i n  this case i s  due t o  the temperature change i n  the 
clock. When you do t h a t  the temperature gradient will be inverted. There 

And measure the frequency shif ts  
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t o  the need t o  
which are carr ied out beaut i fu l l y  without any mishap whatsoever. The 
clock i s  protected, temperature changes are modest, you don't go from a . 
hot exter ior  t o  an air-conditioned i n t e r i o r  and so on. 

So, i n  t h i s  case I th ink a greater weight has t o  be ass 
i s  exactly what the cesium i s  t ry ing  t o  accomplish through assigned 
weights on the basis o f  a documented h is to ry  o f  the portable clock. 

Thank you. 
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and 

C. L. Jain, K. Kumar, M. R. Sivaraman and Sheela 
Space Appl icat ions Centre, 

Ahmeda bad, I nd i a 

ABSTRACT 

Clock synchronization and Time Dissemination Experiments i n  India by means 
of s a t e l l i t e  Symphonie were e a r l i e r  reported by t h i s  group i n  loth,  11th and 
12th PTTI Meetings. 
wi th Indian Experimental S a t e l l i t e  APPLE. The s a t e l l i t e  APPLE i s  not stable i n  
i t s  geostationary o r b i t  and i t s  pos i t ion varies over a large range as compared 
t o  Symphonie. I n  view o f  this, accuracies and precision achieved are not as 
good as those reported ear l ier .  8ut  i t  gave us an opportunity t o  t ry out new 
techniques not attempted e a r l i e r  w i th  s a t e l l i t e  Symphonie, such as act ive TV 
technique, transmission o f  s a t e l l i t e  pos i t ion data along w i th  time code, time 
signal monitoring w i th  d i rec t  reception sets and s a t e l l i t e  ranging from three 
earth stat ions. Using ranging data obtained from clock synchronization ex- 
periments, o rb i ta l  elements o f  APPLE were a1 so computed. 

I n  t h i s  paper we report some t ime  t ransfer  experiences 

These experiences wi th  APPLE w i l l  be qu i te  useful i n  terms o f  Indian e f -  
f o r t s  t o  provide t ime dissemination services v i a  Indian Domestic Sate1 1 i t e  
INSAT on an operational basis. 

(ABSTRACT ONLY) 
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W. J. Klepczynski 
U, S. Naval Observatory 

Washginton, D. C. 

ABSTRACT 

Values o f  the differences between the USNO Master Clock (MC) and GPS and 
Space Vehicle time obtained from horizon t o  horizon tracking o f  a s a t e l l i t e  are 
examined i n  order t o  discover the existence of systematic ef fects.  Differences 
between the transmitted sa te l l  i t e  ephemeris and a batch-processed ephemeris 
w i l l  be compared w i th  the time t ransfer  data t o  see if correlat ions ex is t .  
addition, simultaneous common-view time-transfer data w i l l  be inspected for  
systematic effects. 

I n  
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PROFESSOR ALLEY, Universi ty o f  Maryland 

Where w i l l  the new stat ions be? 

MR. W. J . KLEPCZY NSKI , U. S. Naval Observatory 

I don't know exactly where they are going t o  be. I saw a l i s t  of about 
10 o r  12 d is t r ibu ted  geographically throughout the world, but don ' t  ask 
me for an exact locat ion r i g h t  now. 

MR. R. J. MCCONAHY, JHU/APL 

I n  the SATRAK system we have had a considerable amount o f  experience wi th  
the GPS ephemerides, and we do use the Dahlgren batch f i t  ephemerides f o r  
our processing and we can confirm what you have observed here. However, 
the b ig  e f f e c t  i s  the upload time, tha t  is, the time from the i n jec t i on  
of the message i n t o  the s a t e l l i t e  t o  the time i n  which you read i t  out. 
They actual ly  take t h e i r  Kalman f i l t e r  and make a predict ion over about 
a 26-hour span, and t h i s  i s  then uploaded i n t o  the s a t e l l i t e  and read 
out  f rom the memory o f  the s a t e l l i t e  i n t o  the navigation message every 
hour, and t h a t  i s  what you are seeing, so what it does i s  degrade wi th  
time. I f  you would look a t  t h i s  rather close t o  an upload time, I think 
you would see qu i te  d i f f e r e n t  characterist ics. 

The other th ing i s  t h a t  Dahlgren can produce f o r  you a fit not only 
t o  the ephemeris but t o  the clock. I n  other words, they can produce 
a j o i n t  f i t  t o  both the clock coef f ic ients  and the ephemeris, and I 
th ink i f  you would use tha t  you would see even less dispersion, probably, 
then you saw i n  your own plots.  

Thank you. 

MR. W. J. KLEPCZYNSKI: 

Well, one o f  the aspects tha t  we are interested i n  i s  using GPS as a 
rea l  time d i s t r i bu t i on  system. 

MR. MCCONAHY: 

Yes, I understand that, but  i n  order t o  analyze exact ly the way the 
ephemeris enters i n t o  your errors and corrections, I thought tha t  -- 

MR. KLEPCZYNSKI : 

Okay, okay. 
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We have the contract for  the GPS control segment. One gentlemen asked 
the question where the new monitor station sites are going to  be: 
Garcia, Kwajalein, Hawaii , Colorado Springs,  and Ascension. 

Diego 

I wanted t o  make another point on your first slide, where you men- 
tioned that  by January 15th 1983 they are  going to chan 
NAV method. Actually, our plan is on December 28th t o  
term bias and d r i f t  from the clock that you saw, a l l  the charts had bias 
and d r i f t  on them, b u t  by January 15, you're r i g h t ,  tha t ' s  when we will 
go t o  the new NAV method. 

Now one other question I wanted to  ask you; I f i n d  your results 
quite interesting, d i d  you look a t  multipath as a possible problem? 

MR. KLEPCZYNSKI : 

No. 

MR. CRUTCHFIELD: 

We noticed w i t h  the receiver we had i n  Gaithersburg that  multipath would 
give you a quite repeatable pseudo-range error every day, i t  will look 
the same every day. 

MR. KLEPCZYNSKI: 

Yes. Okay, b u t  the comparison between the two ephemerides doesn't depend 
on that. 

MR. CRUTCHFIELD: 

Yes, I agree. That seems t o  rule that out. 

493 
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Interstate Electronics Corporation 

Anaheim, California 

ABSTRACT 
This paper describes the Interstate Electronics 4200 GPS Receiver 
System that has been developed for time transfer and low 
dynamic positioning applications. The receiver employs the 
NAVSTAR Global Positioning System (GPS) L1 C/A-code and has 
three optional solution modes for the clock/navigation state 
estimation: 

0 A time transfer-only mode while tracking at least one satellite, 
with a solution set containing user-clock and oscillator-bias 
states. Typically this mode can be used for about 12 hours per 
day with the current NAVSTAR GPS satellite constellation. 

0 A two-dimensional (2-D) navigation-plus-time transfer mode, 
with a solution set containing clock and oscillator bias, plus 
user latitude and longitude states. This mode is operable on 
three satellites simultaneously, which makes it usable for about 
4 hours per day with the current GPS constellation. 

0 A three-dimensional (3-D) navigation-plus-time transfer mode, 
with a solution set as for 2-D except for the addition of an 
altitude state, making it usable for about 2 hours per day at 
present. 

The system consists of a separate preamplifier/antenna and 
processing unit (5-1/4 inches high by 17-1/4 inches wide by 24 
inches deep). The processor has the following four circuitboard 
assemblies: (1) an RF converter that converts the preamplifier 
output to baseband for digitizing; (2) a digital signal processor 
containing a digital correlator, numerically controlled 
oscillators, and a code generator; (3) a tracking controller 
equipped with a user clock, digital phase-htepper that fully 
synchronizes the l-pps output signal to the nanosecond level, 
and a microprocessor that operates in conjunction with the 
signal processor to close the tracking loops; and (4) a data 
processor for executive control, input/output management, and 
clock/navigation state estimation. 
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4x4 keypad for mode control and data input, Standard 
computer interfaces are included. 

The paper also summarizes the results of system performance 
in terms of both single- and multiple-satellite operation. 

INTRODUCTION 

The Interstate 4200 GPS receiver has been designed for time transfer, 2-0 positioning, 
and 3-D positioning. The time transfer function is handled in a manner that is completely 
compatible with the time transfer community. A fully synchronized 1-pps output is 
supplied. The receiver can handle positioning applications in either an absolute- or 
relative-navigation mode. It can also be used at either fixed or mobile sites. 

The receiver operates on the GPS L1 CIA-code via a single-channel, sequential 
multiplex. A broadband RF converter converts the GPS signals to baseband, where they 
are digitized before being processed in a digital signal processor. 

The receiver design capitalizes on the latest advances in electronic technology. Two 
advanced 18-bit microprocessors with 32-bit internal arithmetic are wed: one for the 
carrier and dale tracking loop filters, and the other for the clock and navigation state 
estimation software. 

The system’s state estimation filter is a five-state U-D factorized1 Kalman-filter 
formulation with a state vector consisting of clock bias, oscillator bias, latitude, 
longitude, and altitude. For time transfer, only the first one or two clock states are 
estimated. The two clock states with latitude and longitude are estimated for 2-D 
positioning and time transfer; all five states are estimated for 3-D positioning and time 
transfer. 

The receiver thus permits maximum use of satellites now orbiting in the Navstar 
constellation. At fixed sites, time transfers with the system can be realized for about 12 
hours per day in most areas, by using only one satellite. This makes time transfer an 
immediately feasible application. On mobile sites - particularly ships - time transfer 
and 2-D positioning can be achieved with three satellites during about 4 hours per day. 
With four satellites, a redundant solution in the 2-D mode yields improved accuracy. The 
2-D GPS solution, it has been shown,2 always yields a more accurate horizontal solution, 
when altitude is known precisely, than does the 3-D solution for the same number of 
satellites. The 3-D positioning mode now can be used for about 2 hours per day in most 
areas, either for precise receiver location in time transfer or for applications where 
specifically a 3-D position solution is needd. 

496 



Figure 1 shows the 4200 receiver system. Its major characteristics are summarized in 
table 1. 

Fig. 1 - GPS receiver with antenndpreamplifier 

Mounting and Access 

The antenna/preamplifier assembly may be mounted either on a tripod or fixed mast 
with no additional ground plane structure at a distance of up to 200 feet from the 
receiver. The receiver itself either can be rack- or bench-mounted. The major processing 
modules can be reached or removed through the front panel, which hinges up and locks 
in place. The power supplies, reference oscillator, and line filter can be accessed simply 
by removing the top cover. Reference inputs and signal outputs are accessible on both 
the front and rear panels. 
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Receiver 

0 Polarization Righthand circular 
0 dB at 5-deg elevation 

0 Reference 

crystal display, RS-232 serial VO, and IEEX 488 parallel VO 

1575.42 MHz at 50 ohms; CIA-code at 1.023 Mbls 
5 MHz at 50 ohms 
1 pps at 50 ohms 

115-230 VAC, 50-60 HZ 

1 pps synchronized to GPS/UTC time 
5.115 MHz synchronized to 5-MHz reference 

Latitude (deg, min., sec, tenths of sec); longitude (deg, 
min., sec, tenths of sec); altitude (m); time of Day (hr, 
min., sec); clock error (nsec); oscillator error 
(fractional); Kalman measurement residuals: 

0 Range(m) 
0 Range rate (mlsec) 

Satellite view times 

5.25 in. H, 17.25 in. W, 24.00 in. D 
(rack-mounting option) 
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on the rear panel) applies standby power to the reference oscillator and enables the 
operate power switch (located on the front panel). This switch supplies operating 
voltages to all unit components and can be interlocked via the control keypad to preclude 
any unintentional power shutdown. 

Displa y/Ke ypad 

Since the system is all-digital except for the RF converter, no manual adjustment is 
necessary. All control and data entries are made through the 16-element keypad. These 
entries are prompted and echoed on the display unit, a four-line by @character liquid 
crystal device. 

Expansion Capability 

Although the unit is fully operational in its self-contained state, the data and control bus 
may be extended to an external unit to expand its processing capability, as shown in 
figure 2. The unit bus is based on the Motorola VERSAbus,* which makes it compatible 
with either a Motorola EXORmacs* development system or a single-board computer 
such as the VME 68/2.* Extension to either type of unit permits the user to gain access to 
raw tracking and data block information in memorj. This extended processing capacity 
may be used to expand the clock/navigatian state filter or collect, process, and record 
data for experimental purposes. 

outputs 

Two RS-232 ports are available for outputs. One port can be converted (optionally) to a 
GPIB port. These ports are usable to output data to printers or recorders, and they also 
provide for input/output of differential correction parameters when two 4200 GPS 
receivers are used for relative navigation or time transfer applications. Additionally the 
ports accommodate remote control and monitoring in unattended-mode situations. 

HARDWARE 

Figure 3 is a block diagram of the system highlighting its modular approach. 

The receiver employs digital baseband correlation3,4 rather than analog IF correlation of 
the signals with the reference code. The receiver chassis includes four main modules: (1) 
the RF converter, (2) signal processor, (3) controller, and (4) data processor. Each 
module is a plug-in unit that is removable through the receiver's hinged front panel. 

"VERSAbus, EXORmacs, and VME 68/2 are trademarks of Motorola, Inc. 
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down converter. This circuitry converts an input 
eband in-phase (I) and quadrature (a) components, 

which then are digitized to 1-bit words. All subsequent processing is performed digitally. 

RF Converter 

The RF converter module includes a frequency synthesizer that synthesizes all signal 
frequencies received from the 5-MHz internal or external reference. A digitally 
controlled synthesizer in the module generates a finely controlled, phase-shifted 
0.115-MHz signal from the 5-MHz input. In conjunction with this phase-shifted signal, a 
5.115-MHz signal is generated that can be shifted in very fine phase steps (1/1000 cycle 
or about 0.2 nanosecond) under the data processor’s control. (See figure 5.) This 
5.115-MHz signal is then used to generate all references and clocks for the system, and 
allows phase control to precisely align the output 1 pps to estimated GPS or UTC time. It 
also provides the feature, if desired, of correcting frequency offsets in the 5-MHz 
reference, which would be present in the use of the internal crystal oscillator. In this case 
the crystal reference oscillator can be corrected up to 1: 0.25 Hz to approximate the 
corrected satellite oscillator while a satellite is being tracked. The mechanism for 
supplying digital inputs to the digitally controlled synthesizer is the clock bias state from 
the Kalman filter. The phase-shifting allows the clock bias state to be driven to zero, 
which, if continued over a period of time, effectively corrects for the offset of the 5-MHz 
reference oscillator. 

The converter module is constructed with off-the-shelf components and its overall 
volume is approximately 100 cubic inches. Simplicity of the design also lends itself to 
production in hybrid form for applications where size and power consumption are 
critical factors. 

GPS Signal Processor 

The GPS signal processor (figure 6) operates on the sampled baseband data from the RF 
converter to generate the 1 and Q components of the early, on-time, and late correlation 
coefficients from which all tracking and data recovery parameters are derived. 

In its current configuration, the processor consists of 112 standard integrated circuits on a 
126-square-inch (or 9-by-14-bch) circuitboard. Straightforwardness of the baseband 
digital processing accommodates production of the signal processor in custom gate-array 
devices to achieve cost-effective, low-power systems. 
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Second 
Local 
Oscillator 

I 
- 

Clock 
(Counter) 

,200 cycle 
Phase Resolution 

Control 

Fig. 5- Operation of digital phase-shifter 

6 c 

Code Frequency 

Bus 

Fig. 6- GPS signal processor 
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synthesizer. Comm~ications with the GPS data processor module are provided through 
the transfer RAM. 

Firmware for the controller module is written in MC88000 assembly language. The 
contmller’s primary functions are the search algorithms, code-loop and carrier-loop 
filtering, and decoding of the data block. 

Transfer RAM 

Bus 
Buffer 

c I I 

1 pps 5MHz 5.115MHz 

Fig. 7- GPS controller 

GPS Data Processor 

t c 

“1 Bus 

The GPS data processor (figure 8) is a general-purpose, microprocessor-based computer 
that performs the system’s executive function and executes the clockhavigation 
software algorithms. 
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MC68000 
Microprocessor 

M I I 

(Optional) 

Bus 
Buffer 

c 

Bus 

I Interrupt 
Processor 

Fig. 8- GPS data processor 

SOFTWARE DESIGN 

Duhg initial checkout and development of the 4200 GPS Receiver System, the software 
used was developed on a single MC680-based microprocessor4 as a developmental tool 
for evaluating the receiver system; thus, because this software was initially designed for 
only one microprocessor, it operates in a serial mode to perform all system software 
functions and therefore sequences between satellites at the rather slow rate of 10 
seconds. New software is being developed at Interstate to capitalize on the use of two 
microprocessors in the design; this will yield sequencing between satellites at the rate of 
every few milliseconds. 

Phase C o k t i o n  Feature 

Figure 9 highlights the overall interaction between the software in the system’s two 
microprocessors and its hardware. Of particular interest in this block diagram is the 
interaction and control of the digitally controlled synthesizer in the GPS controller 
module. As noted previously, this synthesizer provides the option of fine phase control 
on the input 5-MHz signal and also allows optional alignment of the 1-pp  signal to 
corrected time. Under software control, this permits a continuous phase correction to be 
made which can, in effect, correct for the offset of the reference oscillator. The basis for 
these corrections is the clock-bias state from the Kalman filter, which is zeroed by this 
phase correction process. 
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e clock/navigation software 

ployed for state e factorized measurement-update 
algorithm1 to ensure numerical stability in the filter covariance computation. The filter 
state vector includes two clock-error states (i.e., clock and oscillator biases) and three 
position states (geodetic latitude, longitude, and altitude relative to the earth reference 
ellipsoid). 

Basic inputs to the clocklnavigation software processor are pseudorange and range-rate 
measurements, and satellite-navigation-message data blocks. The data block parameters 
with the GPS orbit and clock correction algorithms5 are used to compute the satellite 
orbit and corrections which are applied to pseudorange and range-rate measurements. 
The corrected measurement set and satellite orbit, computed at the corrected time of 
signal transmission, are input to the filter. 

The clock/navigation state filter operates in discrete time steps and is synchronized with 
the receiver measurement cycle. The filter states are partitioned to facilitate reduced 
satellite tracking and optional solution mode (i.e., time transfer, 2-D navigation, or 3-D 
navigation) processing. In the reduced-state operation, the filter updates only the mode 
selected states (may be reduced to a single clock-bias state) and retains the 
keyboard-entered values for the remaining states. The Kalman measurement residuals, 
which are an indication of filter convergence, are also output and displayed along with 
the estimated state vector. (The measurement corrections include compensation terms 
for satellite clock offset, relativistic effects, ionospheric and tropospheric propagation 
delays, and cable and RF hardware filter delays.) 

TIME TRANSFER OPERATIONAL MODES 

Various time transfer modes are available for use with this system. The following list 
suggests many possibilities: 

0 Using either the internal crystal oscillator or an external atomic reference, the 
internal clock may be fully synchronized to GPS or UTC time by the internal digital 
phase shifter (figure 5). The 1-pps output is then aligned to corrected time. 

0 The internal dock may be left alone and monitored by the GPS measurements. The 
clock error can be output on the digital interface, or displayed. 

0 The internal clock can be driven into synchronization by an externally supplied 
1-pps clock. In this case, the 5-MHZ reference must also be supplied externally. The 
external clock can then be monitored, and its error from GPS or UTC time 
measured and then output on the display or digital interface. 
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fer 
modes, using actual NAVSTAR GPS satellite measurements. 

2-D Navigation Capability 

A number of position fixes (with the receiver antenna's fixed location at Interstate 
Electronics/Anaheim, California) were derived to verify the system's 2-0  positioning 
capability. .Each fix was independent and based on tracking of typically four GPS 
satellites for a period of less than one hour. The satellite data was processed sequentially, 
oneLsatellite every 10 seconds. Table 2 summarizes the resulting antenna-location 
latifudinal and longitudinal state estimates for six independent position fixes, and figure 
11 plots the position fix points relative to the latitudinal and longitudinal coordinate 
axes. The six sample points (identified by ID number in table 2) lie in a rectangular area 
with dimensions less than 18 by 26 meters; except for two extreme points (ID numbers 1 
and e), the remaining four points fall in a 10-by-10 meter area. 
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Fig. 11 - 2-D position fix scatter 
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na fixed locatio ) sample results 

ID NAVSTAR 

33"49'12.63" 
33"49'12.09" 
33"49'11.83" 
33'49'11.84" 
33"49'12.10" 
33"49'12.13" 

ongitude (E) 

242"6'6.55" 
2"6'6.49" 

242"8'6.58" 
242"6'6.67" 
242O6'6.45" 
242"6'6.lY " 

Time Transfer Capability 

Time transfer mode outputs were analyzed for cesium-oscillator and 
crystal-clock-oscillator states. Figures 12 and 13 show the computer-derived time history 
plots for the filter-estimated cesium-oscillator and clock states respectively. 

The cesium oscillator's bias state (figure 12) does not appear to be fully converged, as 
evidenced by the magnitude level of the estimated oscillator error. In figure 13, the 
clipping of points (or quantization effect) in the clock bias was caused by the c 
routine plotting the clock bias with a large offset and not the result of either th 
receiver hardware or software. 

Figure 14 is a time history plot of the filter-estimated crystal-oscillator bias state. T 
magnitude level of the filter convergence appears to be consistent with expected 
crystal oscillator performance. 

Future Effort 

These preliminary results are based on initial receiver system data acquisition and filter 
processing. Extensive GPS tracking data collection and analysis of filter data processing 
are planned for further evaluation of the 4200 receiver system's performance; this future 
effort will include a variance measure of the system's time transfer stability. 
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MR. P. HOYUP, NASA/GSFC 

I s  t h i s  u n i t  avai lable. i n  the market current ly? 

MR. R. J. VAN WECHEL, In ters tate Electronics Corporation 

Well, we have b u i l t  our f i r s t  prototype and tha t  i s  what y ~ u  see there, 
and i t  w i l l  be available, yes. 

MR. HOYUP: 

Do you have a schedule f o r  del ivery? 

MR. VAN WECHEL: 

Well, I think i t  w i l l  be 6 t o  9 months. 
plant, and i f  you're r e a l l y  interested, come and see me but I think i t  
w i l l  be i n  the 6 t o  9 month range. 

It w i l l  be by quote out of the 

MR. HOYUP: 

Thank you. 

QUESTION FROM THE AUDIENCE: 

What w i l l  be a typ ica l  price? Can you estimate that? 

MR. VAN WECHEL: 

Well, I don't know whether I ought t o  do tha t  a t  t h i s  meeting. I would 
l i k e  t o  t a l k  t o  you about it afterwards. 

DR. VIG, Army Electronics Technology and Devices Laboratory 

Why not t h i s  meeting? 

MR. VAN WECHEL: 

Well, i t ' s  r e a l l y  going t o  be quoted out o f  the company. There i s n ' t  a 
catalog pr ice on i t  r i g h t  now. 

DR. V IG:  

Do you have a b a l l  park estimate? 
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es, it will be in the $7'0,000 range, as a ba 1 park figure. 

MR. D. MCCULLER, Oceanographics 

A quick comment on the country coordinates for those of you who are not 
familiar with it, we weren't. They are done in State coordinates in 
this country, and those are converted rigorously to North American 
datum o f  1927. This is not the same as WGS-72, which are the satellite 
coordinates. There are two versions of that, the broadcast the precise 
ephemeris, from the transit satellite which is your best reference sys- 
tem at the moment. If you make a first-order correction from NAD-27 to 
the satellite, WGS-72, in our area you are off about 16 meters. If you 
make no correction in our area you are off about 30 meters, so it isn't 
surprising to hear that you're off a little bit. 
ing. 

That might be encourag- 

MR. VAN WECHEL: 

That is encouraging. We were wondering about that. 

MR. MCCULCER: 

Then in the last step, if you want to get down to the meter level you 
would have to go to the precise ephermeris, and you need a correction 
from DMA on that to make that last correction. You can get, within about 
a week's time you can get a benchmark in your area that is within a meter 
or two. 

MR. VAN WECHEL: 

I see. 

MR. MCCULLER: 

Thank you. 
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IUTERCONTINENTAL TIME AND FREQUENCY TRANSFER 
USIIJG A GLOBAL POSITIONING SYSTEM TIMING RECEIVER * 

P h i l i p  A. Clements 
Cal i forn ia  I n s t i t u t e  of Technology 

Jet Propulsion Laboratory, Pasadena, Cal i forn ia  

ABSTRACT. 

The Deep Space Network (DSN) has a requirement t o  maintain 
knowledge of t h e  frequency o f f s e t  between DSN s t a t i o n s  within 
3x10-13 and time o f f s e t  wi th in  10 microseconds. It is  f u r t h e r  
an t ic ipa ted  t h a t  i n  t h e  1987-1990 era t h e  requirement f o r  
knowledge of time o f f s e t  between DSN s t a t i o n s  w i l l  be less than 
10  nanoseconds. 

The Jet Propulsion Laboratory (JPL) is using t h e  Global 
Posit ioning System (GPS) Space Vehicles, as a development pro- 
j e c t ,  t o  t r a n s f e r  t i m e  and frequency over in t e rcon t inen ta l  
d i s tances  between s t a t i o n s  of t h e  DSN and between t h e  DSN and 
o ther  agencies. JPL has i n s t a l l e d  GPS timing r ece ive r s  a t  i ts  
tracking s t a t i o n  near Barstow, Cal i forn ia  and a t  its t racking  
s t a t i o n  near Madrid, Spain. 

The d e t a i l s  of t he  experiment and t h e  d a t a  are reported.  
There is  a d iscuss ion  of t h e  u l t imate  c a p a b i l i t i e s  of t h e s e  
techniques f o r  meeting t h e  func t iona l  requirements of t h e  DSN. 

INTRODUCTION 

The Jet Propulsion Laboratory (JPL) operates t h e  Deep Space Network (DSN) f o r  
t h e  National Aeronautics and Space Administration (NASA). The DSN contains 
three  complexes loca ted  i n  Cal i forn ia ,  Spain and Aus t ra l ia  which allow a con- 
tinuous view of non-earth o rb i t i ng  spacecraft .  The DSN has a requirement t o  
maintain knowledge o f  frequency o f f s e t  between complexes of 3 x 
a knowledge of time o f f s e t  t o  within 10 microseconds. It is f u r t h e r  a n t i c i -  
pated t h a t  i n  t h e  1987-1990 era t h e  requirement f o r  knowledge of t i m e  o f f s e t  
between DSN complexes w i l l  be less than 10 nanoseconds. Clearly,  new measure- 
ment techniques w i l l  be needed t o  m e e t  these requirements. 

Af/f ,  and 

Among t h e  new measurement techniques being inves t iga ted  by JPL, t o  meet these  
requirements, is the use  of Global Posit ioning System (GPS) timing rece ivers .  
The GPS timing receivers present ly  being used by JPL were developed and b u i l t  
by the National Bureau of Standards (M3S). P a r t  of t h i s  development w a s  
funded by JPL. 

3 
The research described in t h i s  paper w a s  ca r r i ed  out  by t h e  Jet Propulsion 
Laboratory, Cal i forn ia  I n s t i t u t e  of Technology, under cont rac t  with t h e  
National Aeronautics and Space Administration. 
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Description of t he  Receivers 

The NBS receiver  is  described i n  last years proceedings ( r e f .  l ) ,  it uses only 
the  one frequency containing the  CA code which i s  transmitted by each space 
vehicle .  The receiver  locks on the  space vehicl-e's s igna l ,  therefore  i t  needs 
only a small omnidireciional antenna ra ther  than a s t ee rab le  dish.  The 
receiver  is  cont ro l led  by an i n t e r n a l  microprocessor that automatically 
handles schedules, length of recept ion t i m e  and other  tasks .  Once the  receiver  
i s  set up, normal operation only requires  occasional human intervent ion.  
instance,  the recept ion t i m e  is  decremented 4 minutes every day which of course 
i s  a l i t t l e  d i f f e r e n t  than a s i d e r e a l  day. This  i s  done t o  make i t  a b i t  more 
convenient by having t o  deal  only with whole minutes. 
ad jus t  the  schedule every few weeks t o  keep the  viewing angles correct .  

For 

It is  necessary t o  

Configuration o f  t h e  System 

A t  present JPL has  two GPS timing rece ivers ,  one is  located a t  the Goldstone 
Tracking Sta t ion  Complex (GTS) near Barstow, Cal i fornia .  This receiver  ge t s  
i t s  1 second timing pulse from a cesium clock, Goldstone clock 5,  GTS(C15) 
which i s  located about 20 Km from a hydrogen maser clock Goldstone S ta t ion  
Reference GTS(SR) which i s  a t  another s t a t i o n  i n  the same complex. 
gen maser clock i s  the  same one used i n  Very Long Baseline Interferometry 
(VLBI) which measures, among other  things,  the  t i m e  o f f s e t s  between t h e  DSN 
complexes. 
between GTS(C15) and GTS(SR). 
the  regular ly  scheduled weekly VLBI measurements. 

The hydro- 

A clock t r i p  using a portable  cesium clock i s  made once a week 
These clock t r i p s  are done i n  conjunction with 

The second GPS timing receiver  is  located a t  t h e  DSN t racking s t a t i o n  near 
Madrid, Spain. The Madrid rece iver  gets  i t s  timing pulse from a hydrogen 
maser clock which is  tha t  s t a t i o n  reference clock MAD(SR). MAD(SR) i s  
another hydrogen maser clock used i n  the VLBI measurements and i s  at  the  other 
end of the weekly VLBI measurement between Cal i fornia  and Spain. 

Two other  rece ivers  involved i n  t h i s  test were located a t  NBS i n  Boulder, 
Colorado and a t  the  United S t a t e s  Naval Observatory (USNO) i n  Washington, DC. 
The NBS receiver  is  i d e n t i c a l  t o  those used at  JPL, it ge t s  i t s  timing pulse 
from the  NBS c lock 9 which is  a clock i n  the  NBS ensemble. A da i ly  o f f s e t  of 
clock 9 t o  UTC(NBS) is ava i lab le  a t  months end and of course the  rece iver  is 
access ib le  by telephone with a modem. 
Stanford Telecommunications rece iver  of s i m i l a r  func t iona l  design t o  t h e  NBS 
receiver .  Its schedule i s  decremented approximately 28 minutes p e r  week (1). 
The receiver  g e t s  i t s  timing pulse  from UTC(USN0, MC). There are cor rec t ions  
ava i lab le  t o  UTC (USNO) . 

The USNO GPS timing receiver  i s  a 

'The USNO receiver  schedule is decremented 27 minutes one week and 28 minutes 
the  a l t e r n a t e  week. 
w i l l  be changed t o  4 min/day decrement s t a r t i n g  around the f i r s t  of 1983. 

This allows an approximation t o  a s i d e r e a l  day. This 
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Procedures fo r  gathering and processing the d a t a  

The receivers w i l l  s t o r e  i n t e r n a l l y  one t o  two weeks of da ta  depending on how 
much da ta  is acquired each day. 
telephone usually once a week. 
r ece ive r s  themselves are accessed. I n  the case of t he  USNO r ece ive r ,  t h e  da ta  
i s  acquired from a publ ic  database serv ice  provided by USNO. 
data  are transmitted a t  a 300 baud ra te  and are rec 
terminal. 

All of t h e  da ta  were taken as a mutual view of t h e  space veh ic l e  by p a i r s  of 
timing rece ivers .  This method promises the b e s t  r e s u l t s  and is  t h e  simpleat 
with respec t  t o  processing the  da t a .  
GPS cons t e l l a t ion ,  t he re  w i l l  be add i t iona l  opporunities f o r  mutual view 
around t h e  world. 

The da ta  from t h e  r ece ive r s  are acquired by 
I n  t h e  use of t h e  NBS type receiver, the  

I n  both cases t h e  

The da ta  are then input by hand i n t o  a H e w l e t t  Packard 9845 ca l cu la to r .  

A s  more space vehic les  are added t o  t h e  

The r ece ive r s  are programmed t o  t ake  data fo r  10 minutes (600 seconds). These 
da ta  are then reduced i n  t h e  rece iver  t o  a s i n g l e  da ta  poin t  which represents  
the  t i m e  o f f s e t  between the  l o c a l  clock and t h e  GTS clock. The d i f fe rence  
between the  two values of l o c a l  clock and GTS t i m e  i s  then calculated.  This 
i s  done f o r  each space vehic le  t h a t  is ava i l ab le  f o r  mutual view each day. 
These values are then averaged t o  produce a s i n g l e  value f o r  t he  day. 
da ta  p o i n t s  are missing, then a l i n e a r  i n t e rpo la t ion  i s  made on t h e  o r i g i n a l  
measurement. 

I f  

Results 

The f i r s t  and easiest measurement t h a t  was  made w a s  between clock 5 a t  GTS 
and NBS clock 9. 
operating. 
clock t r i p s  are made between GTS and NBS so t h e  measurements can be v e r i f i e d .  

Easiest because t h e  NBS rece iver  w a s  a l ready  set up and 
The d is tance  between s t a t i o n s  is  approximately 1200 Km and r egu la r  

Figure 1 shows the  r e s u l t s  of t h e  UTC (NBS) - GTS (clock 5) with the  C e s i u m  
por tab le  clock t r i p s  r e s u l t s  a l s o  shown. Because of d i f f e r e n t  antennas being 
used a t  NBS a rece iver  c a l i b r a t i o n  w a s  not ava i l ab le ,  therefore  t h e  1st clock 
t r i p  w a s  used as a ca l ib ra t ion .  
t h i r d  by 5 ns. 

T h e  second t r i p  disagreed by 36 n s  and t h e  

This receiver is  now probably a de f a c t o  permanent i n s t a l l a t i o n  a t  GTS and w i l l  
probably eliminate t h e  need f o r  most fu tu re  clock t r i p s  between NBS and GTS. 

A second GPS timing rece iver  w a s  i n s t a l l e d  a t  t h e  DSN s t a t i o n  i n  Spain. A 
schedule of mutual observation of two space veh ic l e s  (SV5 and SV8) was s t a r t e d .  
These are t h e  only two space veh ic l e s  t h a t  are mutually observable from both  
complexes. The space vehic le  observation schedule w a s  made t o  have the  same 
angle of observation from both s t a t i o n s .  Some s l i g h t  adjustments were made t o  
equalize t h e  angles from 41" t o  45" above the  horizon. The space vehic les  are 
over Greenland a t  observation t i m e  and seen within a few degrees of each o ther  
i n  the sky a t  each s t a t i o n .  
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A clock 
mean is 
a value 

offset measurement is made every day from each space vehicle and the 
used as the value of the clock offset. 
of clock offset is used between GTS(C15) and MAD(SR) and between 

The same pr edure for getting 

UTC(NBS) and GTS(C15) with the exception that only two space vehicles are 
available. 
is the same graph with a frequency offset removed. 

A plot of the clock offset values is seen in Figure 2. Figure 3 

The frequency offset between the GTS(C15) and MAD(SR) was calculated using 10 
days of data. The calculations assumed statistical independence between the 
measurements using the two space vehicles. A typical offset measurement was 
9.5 x 
2.8 x 10-14 Af/f- This is within the re uirements to have knowledge*of fre- 

Af/f with a (confidence) standard deviation of the mean of 

quency offset to within the 3 x 10-13 Af 9 f DSN specification. 
Confirmation by independent GPS measurements 

Unlike the clock offset measurements between GTS and NBS, the measurements from 
California to Spain cannot be confirmed by frequent clock trips. One attempt 
at confirmation was-a daily indirect time difference measurement made through 
the U.S. Naval Observatory (USNO). This was accomplished in two steps: First, 
there was a daily mutual view schedule maintained by NBS, USNO and Goldstone. 
Second, USNO and Madrid maintain a mutual view schedule, which results in daily 
time offset measurement between their clocks. These direct and indirect time 
offset measurements between Goldstone and Madrid are nearly statistically 
independent. 

Figure 4 shows the differences in the measurement of the time offset between 
Goldstone and Madrid by two different paths. 
140 ns. 
receiver. There is some reason to believe this is true at Goldstone and there 
-- have - been no checks made at Spain. 
NBS designed receivers in 1983 will contain a navigation program. 
be possible to verify the antenna location within a few meters. 

A good candidate for the cause of the daily variation is the different 
scheduling methods used by JPL and NBS and that used by USNO. 
should clear up in 1983 when USNO starts decrementing 4 minutes/day. 
time the test will be rerun. 
by ionospheric changes. There is no attempt to account for this in the NBS 
and JPL receiver at this time but one would expect this error to be less than 
is presently seen. 

There was a mean offset of 
An explanation of this could be an error in the coordinates of the 

The new firmware to be installed in the 
Then it will 

This problem 
At that 

Some of the daily variations are probably caused 

Confirmation using VLBI measurements 

Approximately once every week a VLBI measurement is made between GTS and MAD 
and between GTS and the DSN Australian complex. One of the results of the 
VLBI measurement is the time offset between the involved stations. By using 
the regular clock trips between GTS(C15) and GTS(SR), the GPS timing receiver 
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results can produce an approximately weekly time offset between GTS(SR) and 
the MAD(SR) - Figure 5. These time offset measurements can be compared to the 
time offset results of the VLBI measurements as seen in Figure 6 .  

A linear fit on each of the two sets of data shows an ellent agreement. 
These measurements will be continued throughout 1983. It is planned to make 
measurements internal to the stations to find the difference between the VLBI 
and the GPS measurements. 

CONCLUSIONS 

1. The present GPS timing receivers can meet the 1985 requirements specified 
for the DSN. With better data collection and the addition of software 
filters in the data processing, there is reason to believe the intercon- 
tinental time measurements, with the existing equipment, can approach an 
accuracy of 10-20 nanoseconds. Certainly, one can expect to further 
refine the measurement of frequency offset. 

2. The GPS and VLBI measurements of time offset will compliment each other 
for some time to come. 

3. It has been shown that the GPS timing receiver is an operational item 
of equipment capable of replacing regular clock trips over short dis- 
tances and shows promise of replacing clock trips over intercontinen- 
tal distances . 
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Figure 2. Goldstone - Madrid as Directly Measured by CPS Timing 
Receivers [Goldstone (Clock S ) ]  - [Madrid (Station 

Reference) ] 
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Observa toyy 

I f  you make comparisons where you use one in te~edia te  station, i t  i s  
extremely important to  select observations which are simultaneous pair- 
wise, i n  other words, t o  establish the difference between station A and 
B a t  the same time and between I3 and C,  possibly a t  another time, b u t  
again pair-wise a t  the same time. These times d o n ' t  have to  be identi- 
cal b u t  they must be identical u n t i l  we can verify the origin of these 
biases which were discussed i n  the f i r s t  paper. When one makes a bias 
observation, then you can see that  the time transfer undergoes a change, 
and unless you establish exactly theorized simultaneity, you will o f  
course have errors due t o  tha t  change. 

MR. P. A. CLEMENTS, Jet Propulsion Laboratory 

They are almost simultaneous. The USNO decrements 27 minutes one week 
and 28 minutes the other week, whereas we are decrementing 4 minutes a 
day, so there is some of t h a t  going on, and the two receivers tha t  look 
directly, they are right i n  step w i t h  each other. We decrement 4 min- 
utes a day w i t h  those, so t ha t  could be a source of error, sure. 
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TEST RESULTS OF THE STI GPS TIME TRANSFER RECEIVER" 

David L. Hall, Jim Handlan** (HRB-Singer) and 
Paul Wheeler ( U .  S. Naval Observatory) 

ABSTRACT 

Glcbal time transfer, or synchronization, between a user 
clock and USNO UTC time can be performed using the Global 
Positioning System ( G P S ) ,  and commercially available time 
transfer receivers. This paper presents the tes t  results 
of time transfer using the GPS system and a Stanford Tele- 
communications, Inc. (STI) Time Transfer System (TTS) 
Model 502. Tests a t  the GPS Master Control Site (MCS) in 
Vandenburg, California and a t  the United States Naval 
Observatory (USNO) in Washington, D.C. are described. An 
overview of GPS, and the STI TTS 502 i s  presented. A 
discussion of the time transfer process and test  concepts 
is  included. 

INTRODUCTION 

This paper describes test  results using the Stanford Telecommunications Inc. 
(STI) Time Transfer System (TTS) Model 502 t o  perform time transfer between 
a user clock and Universal Time Coordinated (UTC) available from the United 
States Naval Observatory (USNO). 
the STI TTS 502 receiver and the Global Positioning System (GPS) t o  synchro- 
nize a user's clock t o  UTC in a two step procedure:. 

The time transfer procedure makes use of 

1) time transfer between the user's clock and the GPS 
Master Clock (located a t  Vandenburg, California) 
using observations of GPS satell i tes,  
and 

2 )  transformation between the GPS Master Clock and 
UTC time based on USNO synchronization da ta .  

A brief description of the GPS system is provided along with a discussion 
of the time transfer procedure used a t  the USNO t o  synchronize UTC and GPS 
NCS time. More detail i s  available in the literature (References (1) and 
( 2 ) ,  respectively). A description of the time transfer procedure us ing  the 

* This work was sponsored by the United States Government. The views and 
conclusions contained in this document are those of the authors and 
should n o t  be interpreted as necessarily representing the official 
pol icies, either expressed or imp1 ied, of the United States Government. 

** Current Address - Susquehanna University, Pennsylvania 
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STI TTS 502 receiver, i s  a lso presented. 

Test resul ts  a re  described which indicate the absolute accuracy of time 
t ransfer  us ing  the STI TTS 502. 
a t  the GPS MCS. Further t e s t  results a t  the USNO establish the baseline 
accuracy w i t h  which time t ransfer  can be performed between a user clock 
and UTC. 

These resu l t s  a r e  based on t e s t s  performed 

BACKGROUND 

The GPS system and commercial l y  available recei ver systems , provide the 
capabili ty fo r  a user t o  determine his global position, velocity and time 
w i t h  a h i g h  degree of accuracy. As originally planned, the  GPS was t o  
consist of a space segment of twenty-four s a t e l l i t e s  and a ground segment 
of a Master Control S i t e  (MCS) and five or  more Monitor S i tes  (MS), one of 
which was to  be located a t  the USNO. The monitor s i t e s  function is t o  
receive transmissions from each GPS s a t e l l i t e ,  referred t o  a local clock, 
and to  retransmit this information t o  the  MCS over secure data communications 
links. The MCS correlates this information w i t h  other data, performs the 
necessary calculations t o  determine current sate1 1 i t e  performance parameters 
and uplinks this information t o  each GPS s a t e l l i t e  on a daily or ,  as required, 
basis. 
and navigation data. The s a t e l l i t e s  were intended t o  be equally dis t r ibuted 
i n  three orbi ta l  planes inclined to  the Earth's equatorial plane by 63 
degrees w i t h  the ascending nodes o f  the orbi ta l  planes differing by 120 
degree interval s . 

The up1 inked data provides current information on clock performance 

Funding  cutbacks have reduced the planned number of s a t e l l i t e s  to  eighteen. 
T h i s  cutback will a f fec t  position/velocity determination, b u t  have l i t t l e  
e f fec t  on time t ransfer ,  since only one s a t e l l i t e  needs t o  be visible t o  a 
user t o  perform time synchronization. 

GPS SATELLITE SIGNAL 

Reference ( 3 )  describes the GPS data transmission process and structure.  
Briefly, data a re  transmitted from the GPS s a t e l l i t e s  on two car r ie r  fre- 
quencies, a primary, L 1 ,  a t  1575.42 MHz and a secondary, L2 a t  1227.6 MHz. 
The L 1  frequency is simultaneously modulated by a precision ( P )  code and a 
coarse/acquisition (C/A)  code. 
P o r  C/A code. 
w i t h  a total  frame s i ze  of 1500 bits,  common t o  both frequency bands and 
to  both P and C/A codes. Each frame is divided i n t o  five 300 b i t  subframes 
which are further subdivided into ten 30-bit words. 
handover information i s  contained i n  the f i rs t  two words of each subframe. 
Key t o  the time t ransfer  process i s  data contained i n  the f irst  three sub- 
frames. The l a s t  eight words of Subframe 1 contain clock corrections con- 
sisting of second order polynomial coefficients which represent the variation 

The L frequency is  modulated by e i the r  a 
Every six seconds a 5 6 bps message stream is  transmitted 

Telemetry and code 
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of the GPS s a t e l l i t e  onboard clock with respect t o  the GPS master clock. 
Also included is an age of data word, and ionospheric delay model parameters. 
The  GPS satel l i tes  ephemeris and age of data words are contained in Subframes 
2 and 3. 
Subframe 5 contains an Almanac (reduced accuracy version of information in 
Subframes 2 and 3)  for each of  the other GPS satel l i tes  i n  the constellation. 
Subframe 5 contains data on a single GPS s a t e l l i t e  so t h a t  a sequence of 
frames i s  required t o  specify the Almanac f o r  the complete GPS constellation. 

Subframe 4 provides an alphanumeric message for GPS users while 

The time transfer process using GPS requires t h a t  a user be capable of 
receiving, demodulating and decoding the transmitted data  stream from a 
visible GPS sa te l l i t e .  The observed GPS s a t e l l i t e  transmits the onboard 
sa t e l l i t e  clock time (and  corrections t o  the GPS master clock), which allows 
the user t o  compare the "observed" GPS time w i t h  time from his own clock. 
Corrections for propogation delays are required including free space 
instantaneous distance from GPS sa te l l i t e  t o  user, tropospheric/ionospheric 
delays, and equipment delays. Applying these corrections allows a measure- 
ment o f  the difference between the GPS master clock and the user's clock. 
The STI TTS Model 502 performs such a measurement for  a user a t  a known 
1 ocat i on. 

STI TIME TRANSFER SYSTEM 

The STI Time Transfer System i s  shown schematically i n  Figure (1) and 
described i n  detail in Reference (4) .  The system consists of a GPS antenna, 
a preamp1 i f ie r ,  time transfer receiver/processor and alphanumeric terminal 
for control of the receiver/processor. An external user clock (e.g. , Cesium 
Beam Standard) i s  connected t o  the TTS 502 including a 5 MHz and 1 pps input. 
Firmware i n  the Motorola microprocessor provides several functions, including 
the following. 

1) Scheduling the receiver t o  observe user selected GPS 
satel l i tes .  
t o  specify an in i t ia l  observation schedule. The 
microprocessor then uses the GPS ephemeris data t o  
compute look angles accounting f o r  o r b i t  precession. 

An automatic update opt ion  allows a user 

2 )  Perform raw time transfer observations every six 
seconds as scheduled, including; 

a )  derive sa t e l l i t e  transmission time, 
b )  compute sa t e l l i t e  clock error w i t h  respect 

t o  GPS system time, 
c )  compute GPS sa te l l i t e  position a t  the GPS 

system time, 
d )  estimate propogation delays (ionospheric, 

tropospheric, receiver constant bias),  
e )  compute sa t e l l i t e  t o  station range, 
f )  determine the user clock error (difference 

between instantaneous user clock time and 
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corrected GPS time) e 

3)  Perform data smoothing for  a single pass of raw 
time transfer  measurements. 

4)  Data display and formatting. 

5) Operator interface (via the te levi  deo 92OC termi nal ) 
fo r  data base update (user location, receiver bias)  
and mode control. 

The TTS 502 t h u s  allows a user clock to  be compared w i t h  the GPS system 
time. 
(optionally) t o  external peripherals v i a  an RS-232 output channel. Cor- 
rection t o  UTC time may be performed by i n p u t t i n g  l inear  slope a n d  o f f se t  
coefficients which represent the v a r i a t i o n  between GPS system time and UTC 
time. 

The differences are o u t p u t  t o  the televideo 92OC CRT screen and 

TIME TRANSFER CONCEPT 

The concept of  time t ransfer  using GPS s a t e l l i t e s  i s  i l l u s t r a t ed  i n  Figure 2. 
The GPS s a t e l l i t e  system will ultimately consist of a space segment o f  
eighteen s a t e l l i t e s  d i s t r i b u t e d  i n  three orbi ta l  planes inclined to  the 
Earth’s equatorial plane. Each s a t e l l i t e  contains onboard an atomic clock 
(Rubidium or Cesium). A GPS ground segment includes a Master Control S i t e  
(MCS) and five o r  more Monitor Si tes  (MS). The monitor s i t e s  receive trans- 
missions from each of the GPS s a t e l l i t e s ,  referred t o  a local clock, and 
retransmit this information t o  the MCS over secure data communication links. 
The MCS correlates the data and performs calculations t o  determine current 
sate1 1 i t e  performance parameters, incl uding  clock performance , and up1 oads 
data to  each GPS s a t e l l i t e  on a daily or as required basis. 
i s  shown schematically i n  Figure 2 as an upload/download from the MCS t o  
a GPS s a t e l l i t e  on the l e f t  hand side o f  Figure 2. 

This process 

Each GPS s a t e l l i t e  continually transmits a message which repeats every six 
seconds. The message is available to  users w i t h  special GPS receivers and 
contains a time signal ,  correction parameters between the particular GPS 
s a t e l l i t e  clock and the GPS master clock, propogation correction parameters 
fo r  ionospheric delay, the s a t e l l i t e s  ephemeris and clock age da ta .  Other 
data i n  the message concerns the  ephemerides of a l l  the other GPS s a t e l l i t e s  
i n  the constellation. 

Daily, for each GPS s a t e l l i t e  the U.S. Naval Observatory’s (USNO) prototype 
TTS performs a comparison between the individual GPS -satel  1 i t e  clocks and 
the USNO master clock (hereafter referred t o  as Universal Time Coordinated 
( U T C ) ) .  I n  addition, the USNO compares UTC and the GPS time system. T h i s  
data ( v i z . ,  the correction between UTC and GPS, and the correction between 
UTC and the GPS s a t e l l i t e  clocks) i s  published by the USNO on a daily basis 
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via the USNO Time Service Ser 4. This p r  in 2 
in the center o f  the figure. 

As the GPS s a t e l l i t e  becomes visible t o  the user s i  
receives the GPS signal and compares the GPS time ( v  
sa te l l i t e  clock and GPS correction parameters) t o  t h  
TTS equipment and software perform runn ing  compa 
clock and GPS time. The data from e USNO i s  then a 
UTC time. 

TEST PROCEDURES 

During June 17 t o  19 of 1982, tes ts  o f  the STI TTS Model 502 were performed 
a t  the GPS MCS i n  Vandenburg, California and d u r i n g  August and September a t  
the USNO i n  Washington, D.C. These tests established measurements of the 
fundamental accuracy of time transfer using the STI TTS 502 and the accuracy 
of the process of  time transfer from a user clock t o  UTC time. 

GPS MCS TESTS 

In order t o  establish an accuracy baseline of  the Time Transfer U n i t ,  an 
accuracy tes t  was performed a t  the GPS MCS. The test  is shown schematically 
i n  Figure 3. Two TTS-502 receivers (serial #002 and 003) were set up in the 
GPS Master Site Integration Facility (MSIF) located a t  Vandenburg AFB. 
A USNO portable cesium clock ( P C  837) was used as an intermediate standard 
for i n p u t  t o  each TTS receiver. Time transfer observations were made via 
the time transfer TTS-502 receivers and the GPS system. These observations 
provided measurements of the offset between PC837 and GPS system time, as 
shown Schematically as the o u t p u t  of a TTS receiver a t  the bottom of  Figure 
‘3. 
GPS satel l i tes  a t  the MCS and t o  obtain a variety o f  time transfer measure- 
ments under a l l  conditions (e.g. low and h i g h  elevation angles, day and 
n i g h t  observations, e tc . ) .  The TTS-502 receivers were init ialized t o  collect 
10 minutes of data per visible GPS satel l i te .  
for ten minute data collection on each GPS sa te l l i t e  (SV numbers 4,  5, 6 ,  8 
and 9 )  in sequence, The TTS-502 smoothed the raw time transfer da ta ,  which 
were observed every six seconds t h r o u g h o u t  the ten minute data collection 
span, us ing  a r u n n i n g  20 p o i n t  linear least squares f i t .  A total of 149, 
ten minute data sets were observed during June 17 through 19. 

During the same period, di!rect measurements o f  the offset between PC837 and 
GPS system time were obtained u s i n g  the USNO 5328 counter, as shown i n  
Figure 3. 
Vandenburg Monitor Station (VMS) clock. 
5370 Time Interval Counter t o  an accuracy of about 4 nsec. 
between the VMS clock and GPS system time is  monitored by GPS MCS personnel, 
as described i n  reference (5). 
and GPS system time using the USNO counter observations and the VMS-GPS 

The observations were scheduled i n  accordance w i t h  the visibil i ty of the 

A round robin scheme provided 

The counter measured, hourly, the offset between PC 837 and the 

The difference 

A transformation was derived between PC837 

Cable delays were measured by a 
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offset. The relation is:  

= (0.041147 nsec/min)(T - TEpoCH ) - 44531.7 nsec (At)PC837-GPS 
= day 170, q h ,  15m, Os and T i s  the observation time. An where T~~~~~ 

errors associatgd w ’ i t h  measuring the cable delays, noise i n  t 
uncertainty of + 12.8 nsec i s  associated with the transformation, due t o  the 

counter, and uncertainty in the GPS MCS determination of the 
VMS time and GPS system time. The absolute error in the TTS-502 time 
transfer observations can be determined by an expression of the form, 

(TTS-502 Error) = (At)pc837-~ps - (At)TTS-502 observations 
where 

(At)TTS-502 observations 

5328 
n between 

are the observations indicated as the o u t p u t  

of the TTS-502 receivers (shown schematically a t  the bottom of Figure 3 ) .  

USNO VERIFICATION TESTS 

Ver3fication tests of the TTS-502 receiver, serial number 003, were performed 
a t  the USNO on August 19 through September 28 o f  1982. 
a measurement of the accuracy w i t h  which time transfer can be performed 
between UTC and GPS using the TTS-502 and the GPS satel l i te  system. 

The tes t  compared the prototype TTU currently a t  the USNO with the TTS-502. 
In particular, the prototype USNO TTU is  currently being used t o  perform 
time transfer between the GPS master clock to  UTC time, and the individual 
GPS on-board sa te l l i t e  clocks t o  UTC time (Reference (3 ) ) .  This i s  done 
a t  the USNO by connecting a physical UTC time signal into the prototype TTU 
and allowing the TTU t o  perform the time synchronization measurement. The 
results of these measurements are published daily by the USNO in a Time 
Series Report #4. 
a t  the USNO. A UTC time signal was i n p u t  t o  the TTS-502 as a system clock. 
Then, a comparison was made between the GPS time synchronization performed 
by the prototype TTU and t h a t  performed by the TTS-502. 
compares the operation of the prototype and new TTU units. 
observational noise which results directly from each TTU (viz. receiver 
noise, etc. ), the time transfer measurements should be nearly identical, 
considering tha t  the observational conditions are nearly identical ( i  .e.,  
same GPS satel l i te ,  same elevation angle, same ionospheric delays, etc.) 

A total of 154 passes of da t a  were obtained for four GPS satell i tes (SV# 5, 
6,  8 and 9 ) .  
t o  result i n  a single smoothed time transfer observation. 
these 154 smoothed observations i s  described in the next section. 

The tests provided 

The TTS-502 was simply set  u p  beside the prototype TTU 

This test  s’imply 
Excluding 

Each pass of da ta  was smoothed by a 1 inear least squares f i t  
The analysis o f  
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TEST RESULTS 

The results of both the GPS MCS tests and the 
TTS-502 receivers provide the capabi l i ty  t o  pe 
ments t o  an absolute accuracy which is well w i  
for the receivers. 

GPS MCS TEST RESULTS 

Figure 4 shows a histogram of the data collected a t  the GPS MCS. The 
histogram includes al l  data collected dur ing  June 17 t o  19, for receiver 
serial numbers 002 and 003, excluding GPS sate1 1 i te nuipber 4. Receiver 
#002 shows an absolute bias of -56.0 nsec w i t h  a standard deviation of 
9.8 nsec. Receiver #003 exhibits a bias of -51.0 nsec w i t h  a s tandard 
deviation of 15.0 nsec. 
o f  the zero p o i n t  calibration is  - + 13 nsec. 

As shown on Figure 4, the one sigma uncertainty 

Subsequent t o  the GPS MCS tes t ,  STI discovered a calibration error i n  the 
TTS-502 due t o  the algorithm used t o  correct for quant iza t ion  effects. 
resulting recal ib ra t ion  reduced the TTS-502 bias error by approximately 25 
nanoseconds. Note t h a t  the STI recalibration was not fortuitous b 
knowledge of the GPS MCS tests. STI personnel d i d  >'not have the re 
the GPS MCS tes t  when the recalibration was performed. Thus ,  the absolute 
bias i n  the STI TTS-502 receivers i s  in the range of -26 t o  -56 nanoseconds 
with observational noise of 9 t o  15 nanoseconds. I I t  should be noted that 
the MCS GPS tests were conducted i n  an uncontrol1:ed environment w i t h  
variations i n  temperature, atmospheric pressure and humidity. Moreover, the 
data used t o  obta in  the noise and bias figures, included observations of a l l  
GPS satellites (excluding number 4 ) ,  day and night 
and low elevation angles. 
selection of observations should decrease the observation noise. 

The 

ervations, and h i g h  
Control o f  the ambient environment and careful 

USNO TEST RESULTS 

Receiver #003 was moved t o  the USNO for further testing dur ing  August 19 
through September 28. ,A  t o t a l  of 154 passes o f  time transfer data were 
collected i n  accordance w i t h  the previously described USNO test  procedures. 
The da ta  consisted o f  time transfer measurements between UTC and GPS system 
time using b o t h  the TTS-502 receiver and the USNO prototype receiver. 
basic analysis were performed including; (1) a comparison of the TTS-502 
and USNO prototype receivers, (2 )  an analysis of the ability of a linear 
model t o  represent the TTS-502 time transfer data ,  and ( 3 )  an analysis of 
the accuracy w i t h  which the UTC-GPS offset can be predicted using a linear 
model. Each of these 3s described below. 

First, a comparison was made between the TTS-502 time transfer data and t h a t  
observed by the USNO prototype. 
i t  was expected t h a t  the comparison of the TTS-502 and USNO prototype would 
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yield an offset w i t h i n  a factor of two of the expected error of the TTS- 
502. 

A linear regression was performed between the TTS-502 data and the prototype 
data. 

Figure 5 shows a histogram of the residuals about the linear expression. 
Clearly, a constant bias of 170 nanoseconds exists between the TTS-502 and 
the prototype receivers. This is significantly larger than the measured 
(-51 nsec) bias o f  the TTS-502 receiver. The standard deviation of the 
residuals about  the regression line was 8.1 nsec. 

During the USNO testing, another time transfer receiver from the Naval 
Research Laboratory ( N R L )  was brought  t o  the USNO by Mr. Jay Oaks. 
results indicate t h a t  the TTS-502 compares well w i t h  the NRL receiver. 
Further tests are required t o  resolve the offset issue. STI plans t o  
recal ibrate the prototype receiver during December 1982. 

The resulting linear relation i s ,  
(TTS-502 Offset) = (1.000) (Prototype Offset) + 170.nsec. 

Ini t ia l  

The second analysis performed on the USNO data was t o  model the observed 
TTS-502 data by a linear model. 
several data collection spans. Expressions were obtained o f  the form, 

The data were f i t  by linear regression over 

(GPS - UTC Offset) = A(0bservation Time - Epoch) + B 
where the observation time i s  the s t a r t i ng  time of the tracking of a GPS 
sa te l l i t e  i n  Julian days (format DDDD.DD). 
Ju l ian  day number 45198.0. The quantity A is the slope o f  the variation of 
the GPS t o  UTC time scales (microseconds per day), and B i s  the offset 
(microseconds) between GPS and UTC time a t  epoch. 

The epoch was chosen as Modified 

Linear regressions were performed using a1 1 sa te l l i t e  data for  several 
data  collection spans ranging from a few days t o  the entire data collection 
span of 40 days. For each regression, the standard deviation of the 
residuals about  the regression equation was computed. The results are 
shown i n  Figure 6 which plots the standard deviation of the residuals as a 
function of the data collection span. I t  might  be expected t h a t  the 
standard deviation would be small for short data collection intervals, 
indicating a "local f i t "  phenomena, and subsequently increasing and leveling 
off  for the data collection span for which the linear model is valid. A t  
some po in t ,  the standard deviation of the residuals would increase when a 
data span i s  reached for which the linear model becomes i n v a l i d .  Such a 
phenomena is shown i n  Figure 6. The linear model provides a good f i t  for 
a data collection span o f  less than 35 days. Beyond t h a t  interval, the 
linear model seems t o  break down. Because of the abrupt  change of the 
standard deviation of the residuals, i t  might  be suspected that some change 
i n  the GPS time scale was effected a t  Modified Ju l i an  day number 45233. 
Similar changes i n  the GPS system time scale have occured i n  the past. 
However, over a collection interval of up t o  35 days, a linear relation 
provides a good model t o  represent the time transfer data. 
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The f i n a l  analysis  of the USNO data was an invest igat ion of the 
l i n e a r  model t o  pred ic t  the o f f s e t  between GPS and UTC time. 
the TTS-502 data was f i t  by a l i n e a r  regression over a 26 day subinterval 
of the 40 day span of col lected time t r a n s f e r  data. An equation of the form, 

(GPS - UTC Offset) = A (Observation Time - 45198.0) + B 

was obtained by l e a s t  squares f i t  of the TTS-502 data f o r  Modified Ju l ian  
days 45198 t o  45224. 
f o r  each GPS s a t e l l i t e  (numbers 5 ,  6, 8 and 9)  and one regression which  
included a l l  four  s a t e l l i t e s .  Figure 7 l i s t s  the regression equation co- 
efficients, the number of observations included i n  the f i t ,  and the standard 
deviation of the residuals  about the regression equation. 

Spec i f ica l ly ,  

Five separate  regression equations w 

Each of these equations,  o r  l i n e a r  models f o r  a 26 day span of time t r a n s f e r  
observations, was used t o  predict the GPS-UTC o f f s e t  f o r  times beyond the 
end of the f i t t i n g  interval  ( i . e . ,  beyond Modified Jul ian day 45224). These 
predictions were compared against  the actual TTS-502 observational data 
beyond day 45224. The comparison, 

Prediction Error = (Predicted Offset) - (TTS-502 Observed Offset) 
was made t o  determine how the l i n e a r  f i t  degrades beyond the end o f  the f i t -  
t i n g  in te rva l .  Figure 8 graphs the prediction e r r o r  versus prediction 
interval  (observation time -45224) f o r  a l l  four  GPS s a t e l l i t e s .  The e r r o r  
degrades quadrat ical ly  w i t h  prediction in te rva l .  However, a l i n e a r  model 
y i e l d s  a prediction e r r o r  of l e s s  than 100 nanoseconds f o r  a prediction 
interval  of four  t o  f ive days, using a 26 day ca l ibra t ion  span. 

GPS SV 
NUMBER 

5 

6 

8 

9 

ALL 

NUMBER OF 
OBSER VAT IONS 

17 

27 

27 

19 

90 

REGRESSION EQUATION COEFFIC IENTS 
SLOPE ( A )  uSEC OFFSET ( B )  pSEC 

0.110 -39 . 5 
0.109 -39.1 

0.111 

0.110 

-39.2 

-39.1 

0.110 -39.1 

STANDARD 
DE V I AT I ON 
RESIDUALS 
(PSEC 1 
0.013 

0.017 

0.041 

0,019 

0 . 027 

FIG. 7 REGRESSION EQUATIONS FOR A 26 DAY OBSERVATION SPAN 

543 



300 

200 

100 

SV#5 

%V#5 = 12.9 NSEC 

‘SV#6 = 17.4 NSEC 

‘SV#8 = 41.3 NSEC 

‘SVft9 = 18.8 NSEC 

FIG. 8 

5 
PREDICTION INTERVAL (DAYS) 

- 
10 

PREDICT1014 ERROR VERSUS PREDICTION INTERVAL FOR 
26 DAY CALIBRATION INTERVAL 

544 



ACKNOWLEDGEMENTS 

The authors would l i k e  t o  acknowledge the help and advice of Dr. Winkler o f  
the USNO i n  obtaining the USNO observational data. Mr. R.  Sholley o f  HRB- 
Singer provided ass i s tance  i n  the f ina l  data reductions. Final ly ,  Mr. F. 
Varnum of the GPS MCS supported the collection o f  the GPS MCS data. T h i s  
work was supported by the Naval Research Laboratory. 

RE FE REN CE S 

Global Positioning System, The Ins t i tu te  of Navigation, Washington, 
D.C. ,  1980. 

Putkovich, K . ,  " I n i t i a l  Test Results of USNO GPS Time Transfer U n i t " ,  
Proc. 34th Annual Frequency Control Symposi um, USAERADCON , F t .  
Monmouth, NJ 07703, May 1980. 

System Specification fo r  the NAVSTAR Global Positioning System, USAF 
Space and Mission Systems Organization, 31 January 1979. 

Van Dierdendonck, A. J . ,  Hau, Q. D. ,  McLean, J .  R . ,  and Denz, "Time 
Transfer Using NAVSTAR GPS", Stanford Telecommunications, Inc. , 
Technical Memorandum, STI-TM-9828, 1 September 1981, 1195 Bordeaux 
Drive, Sunnyvale, CA 94086. 

Varnum, F. and Chaffee, J . ,  "Data Processing a t  the Global Posit ioning 
System Master Control Stat ion",  paper presented a t  the International 
Doppler Positioning Symposium i n  New Mexico, 1981. 

5 45 



R. D. 1. ALLAN, National Bureau of Standards 

A question regarding the bias and the dis t r ibut ion of t ha t  bias: The 9.8 
and 15 nanosecond widths , were those calculated from the 10-minute averages 
f o r  a l l  of the data taken f o r  a receiver? I'm not sure how tha t  9.8 nano- 
second width was calculated. 

MR. D. L. HALL, HRB-Singer, Inc. 

Yes. Basically, we used each data point as a smooth data point t h a t  con- 
tained for ,  say, a 10-minute span, t ha t  9.8 

MR. ALLAN: 

So each data point was a 10-minute average? 

MR. HALL: 

That's r i gh t ,  

MR. ALLAN: 

And tha t ' s  the dis t r ibut ion of those 1 0-mi nute averages? 

MR. HALL: 

That's correct. 

MR. ALLAN: 

Okay. I t h i n k  i n  principle,  from the work we have done a t  the Bureau, we 
have seen dis t r ibut ions between receivers looking a t  the same s a t e l l i t e  
t ha t  a re  roughly on an order of magnitude better than tha t ,  and I wonder 
i f  you have any feeling f o r  the source of t ha t  dis t r ibut ion? 

MR, HALL: 

No. 
t ha t  were taken both a t  low elevations, h i g h  elevations, a l l  times of the 
night and day, and so i t  is  not the best case. When we looked a t  us ing ,  
say, a s ingle  s a t e l l i t e ,  using n i g h t  observations, h i g h  elevations, we 
could cer ta inly reduce those noise figures by cer ta inly 4 or  5 nanoseconds 
b u t  not by an order of magnitude. 

I d id  want t o  say, though, that  those numbers represented observations 

MR. ALLAN: 

That cer ta inly explains a l o t  of it. 
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ABSTRACT 

The effects of nuclear radiation on rubidium gas cell fre- 
quency standards and components are presented, including 
the results of recent tests where a continuously operating 
rubidi um frequency standard (Efratom, Model M-100) was sub- 
jected t o  simultaneous neutron/ga a radiation. A t  the 
highest neutron fluence C7.5 x 1 0 9  n/cm2] and total dose 
[ll krad(Si ) ]  tested, the unit operated satisfactorily; the 
total frequency change over the 2 t  hour test  period due t o  
all causes, including repeated retraction from and insertion 
i n t o  the reactor, was less t h a n  1 x 10'10. The effects of 
combined neutron/gamma radiation on rubidium-frequency- 
standard physics-package components were also studied, and 
the results are presented. 

INTRODUCTION 

The use of atomic frequency standards in space during the las t  decade and 
the employment of these devices i n  a growing number of mi l i ta ry  applica- 
t ions has resulted in cont inuing  efforts t o  assess and ensure their oper- 
ation i n  nuclear radiation environments. 
be on rubidium gas cell frequency standards i n  general, and the Efratom, 
Model M-100, military rubidium frequency standard (RFS) i n  particular. 

In this paper, the focus will 

T h i s  paper i s  divided i n t o  two main parts. The f i r s t  is a brief review 
of previous unclassified work in this area, including the effect of t o t a l  
dose and dose rate on an operating RFS and some of  i t s  components. The 
second presents new results t h a t  show the effects of neutrons on an oper- 
a t i n g  RFS and certain RFS subsystems and components. These new results 
are of special interest for military applications t h a t  require the use of 
an RFS in a nuclear rad ia t ion  environment. 
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PREVIOUS WORK 

Whereas the general principles tha t  govern the e f fec ts  of nuclear radiation 
on atomic frequency standards have been enumerated previously ,I not much 
has been published that  deals w i t h  the d i r e c t ,  experimental assessment of 
these effects  fo r  RFS's. Almost a l l  of the previous unclassified work was 
done by Rockwell International (RI) i n  conjunction w i t h  the NAVSTAR Global 
Positioning System (GPS). T h i s  system uses satell i te-borne atomic clocks 
to  provide mili tary navigation of unprecedented accuracy. 
clocks used i n  this system have been bu i l t  by Rockwell. 
space-qualified version of the Efratom Model FRK-H RFS and include an 
Efratom-supplied physics package. 

The f i r s t  radiation t e s t  2,3 of an RFS by Rockwell was carried out i n  March 
1974. In this t e s t ,  an  unmodified, Efratom, Model FRK commercial RFS was 
irradiated w i t h  a to ta l  dose of 10 krad(Si) from a Co6d gamma source a t  a 
constant ra te  over a one hour period while the u n i t  was operating. 
device, which was not radiation hardened i n  any way, exhibited a fractional 
frequency change of +6 x 10-11 due to  the i r radiat ion.  T h i s  frequency 
increase resulted from a change i n  the character is t ics  of the electronics 
i n  the servo loop. The fac t  t ha t  the RFS photocell current changed by less  
than 1% d u r i n g  the i r radiat ion showed tha t  the rubidium lamp, physics pack- 
age optics , and photocell were essent ia l ly  unaffected by the radiation. 

A second t e s t 2  was carried out by Rockwell on an engineering model of the 
actual space clock (RFS) t o  determine the e f fec t  of dose rate .  T h i s  u n i t  
was exposed to  the maximum dose rate  available from the RI flash x-ray fac- 
i l i t y  (4 x 108 rads(Si)/sec).  
accumulated phase e r ror  due to  this dose ra te  and i t  was also observed tha t  
the radiation had a negligible e f fec t  on the physics package. 

Samples of glasses tha t  have been used i n  RFS's were also tested by Rock- 
well. 
irradiated w i t h  up t o  1 Mrad to ta l  dose from a Co60 source. Light trans- 
mission a t  the rubidium resonance-1 ine wavelengths8 was monitored fo r  cumu- 
la t ive  doses of 30 krad, 100 krad, 300 krad, and 1 Mrad. The resul ts  for  
the three samples of each glass type and the two wavelengths9 are summa- 
rized i n  Fig. 1. 
transmission was 3.1% and 2.6% fo r  the aluminosilicate and borosil icate 
samples , respectively. 

Most of the 
They are  a 

T h i s  

An upper limit of 4 nsec was se t  on any 

In these tests435 aluminosilicate6 and borosilicate7 glasses were 

A t  the highest dose of 1 Mrad, the decrease in l i gh t  

PRESENT WORK 

The purpose of the present work was to  assess experimentally the e f f ec t  of 
neutron i r radiat ion on an operating, Efratom, Model M-100, mili tary 
rubidium frequency standard (RFS) , and also on certain RFS subsystems and 
components. 
Atomic, Mark F TRIGA reactor i n  San Diego. The f i r s t  part  tested the com- 
plete RFS, and the second part  tested RFS subsystem and components. The 
two t e s t s  were conducted one month apart. 

T h i s  worklo was carried o u t  i n  two parts u s i n g  the General 
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IRRADIATION OF OPERATING RFS 

The model M-100 RFS used for these tes t s  was an engineering model11 tha t  
differed from a standard production unit only in having a s l igh t ly  modi- 
f ied frame and thicker-than-normal PC boards. The u n i t  was operated con- 
tinuously d u r i n g  the ent i re  i r radiat ion t e s t  and the following variables 
were also monitored continuously: the output frequency,l2 the dc output 
voltage of the photocell amplifier, the servo control voltage to  the vol- 
tage-control led crystal  osci 11 a tor  (VCXO) , and the baseplate temperature 
(which varied from 42°C t o  47°C d u r i n g  the t e s t ) .  

Irradiation Sequence 

The unit was i r radiated a t  four different levels.  
for each level consisted of the following four steps. 

1. Attach two dosimeters t o  the side of the unit receiving the most 
radiation and inser t  the u n i t  i n t o  the reactor tube. 

2.  Let the u n i t  r u n  undisturbed, with the reactor o f f ,  for  5 - 10 m i n .  
3. T u r n  on the reactor a t  a low power level ,  thereby providing a con- 

s tant  i r rad ia t ion ,  and maintain this for  approximately 5 min .  
4. T u r n  off the reactor and remove the unit immediately. Remove the 

two dosimeters and allow the u n i t  t o  r u n  undisturbed fo r  a t  l ea s t  
5 m i n  ( re t ract ion period). 

The i r radiat ion sequence 

After the final i r radiat ion sequence, the power to  the u n i t  was turned off 
for  approximately 5 m i n  and the u n i t  restarted,  a f t e r  which i t  was l e f t  
running for  45 rnin. 

The purpose o f  the retraction operation was t o  minimize the to ta l  dose due 
t o  gamma radiation tha t  resul ts  from the short-lived induced radioactivity 
of the reactor coolant a f t e r  the reactor is  turned off .  In these t e s t s  a l l  
neutron fluences were expressed i n  terms o f  the 1 MeV neutron fluence tha t  
would produce the same damage t o  a si l icon sample as the actual neutron 
fluence, i .e . ,  as 1 MeV-silicon-damage-equivalent fluences.13 

Test Results 

The t e s t  data were taken over a four hour  period that  included a 90 rnin 
warmup and a 45 m i n  r e s t a r t  test  a f t e r  completion of a l l  irradiation. 
evant portions of these data have been compressed14 to  f i t  on a single 
89 x 11 figure (see Fig. 2 ) .  
vations can be made. 

Rel- 

Based on the t e s t  data, the following obser- 
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1, The net change15 i n  fractional frequency due t o  a l l  causes [includ- 
i n g  insertion and r traction] over a 24 hr perio-including irrad- 
iation t o  7.5 x lo1? n/cm2 and 11.2 krad(Si)] was less  t h a n  
1 x 10-10. 

when the u n i t  was retracted.  
l ikely due t o  changes i n  the orientation of the u n i t  relative t o  the 
ambient magnetic f ield.  They were not a resu l t  of i r radiat ing the 
unit. 

2. Frequency changes of from -2 x 10-11 t o  -5 x 10-11 were produced 
These frequency changes were most 

3. Changes i n  fractional frequency due t o  i r radiat ion by combined 
neutron/g ma radiation were only a couple of parts i n  1011 fo r  up 
to  3 x lofh n / c d  and 4.4 krad(Si) (levels 1 - 3 ) .  

[from 3 x 1012 t o  7.5 x 1012 n/cm2, and from 4.4 t o  11.2 krad(Si)] 
were less  than l x  10-10 xcept for  a slow ( ~ 2 0  s )  negative frequency 
t ransient  of $1.5 x that  occurred d u r i n g  the l a t t e r  portion of 
the level 4 i r radiat ion.  

4. Changes i n  fractional frequency dur ing  the l a s t  i r radiat ion step 

5. The dc photocurrent dropped dras t ica l ly  due t o  i r radiat ion b u t  this 
had only a small e f fec t  upon the performance o f  the u n i t  as a fre- 
quency standard. 

6. The short-term frequency s t a b i l i t y  of the u n i t  was degraded by about 
a factor  of two due t o  the i r radiat ion (levels 1 - 4) .  

7. After the r e s t a r t  of the u n i t ,  subsequent to  the level 4 i r radia-  
t ion,  the retrace was w i t h i n  2 x 10-11 of the frequency prior t o  
turn off  (normal behavior). 

8. Over the 24 hr duration of the t e s t ,  the VCXO control voltage de- 
creased from 10 V t o  9V. 
atomic resonance, this would correspond to  a fractional frequency 
change of approximately +8+ x 10-8 which amounts t o  about one 
tenth of the e lec t r ica l  trim range of the VCXO.16 

For a free-running VCXO not locked t o  the 

Decrease of dc Photocurrent 

The dc photocurrent was monitored indirectly d u r i n g  these tests by observing 
the dc output voltage of the photocell amplifier. The photocell i s  operated 
i n  the short-circui t  mode and under normal conditions the dc output voltage 
of the photocell amplifier i s  proportional t o  the dc photocurrent. Esti- 
matesl0917 of the change i n  this dc output due t o  radiation-induced changes 
i n . i n p u t  o f f se t s ,  bias voltage and current,  show that  i t  i s  a small 
t ion of a percent fo r  i r radiat ion by 1 x 1012 n / c d  and 1.5 krad(Si). This 
means that  the observed decreases i n  dc output voltage (ranging from 55% to  
78%) are due almost en t i re ly  to  corresponding decreases i n  dc photocurrent. 

frac- 

A t  f i rs t  glance, two mechanisms fo r  this decrease i n  photocurrent appear 
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possible. The f i r s t  of these i s  a decrease i n  the i n t  
incident on the photocell surface. This mechanism wou 
l i g h t  shif t  i n  the resonance c e l l .  
dicate that  the l i g h t  shift  i s  an order of magnitude larger than 
served frequency changes and has the opposite s ign .  T h i s  strong1 
that  changes i n  l i g h t  in tensi ty  are  not responsible for the observed de- 
creases i n  de photocurrent. The irradiation tests subseq u t  
on RFS subsystems and components (as will be shown) also 
cl usion. The only mechanism l e f t  is  photocell degradation. 
photocell degradation due to  nuclear radiation show tha t  fo r  the i r radia-  
tion levels used here, gamma radiation has l i t t l e  effect  b u t  neutrons can 
produce large decreases i n  photocurrent of the magnitude observed. As will 
be discussed l a t e r  i n  t h i s  paper, direct  t e s t s  on RFS photocells show 
clear ly  that  considerable degradation does, i n  fac t  , occur. 

Bench tests t o  simulate this e f fec t  i n -  

- 

The main effect  of photocell degradation is  a deterioration of the short- 
term frequency s t a b i l i t y .  
was observed and this i s  consistent w i t h  bench test  simulations of the 
effect .  

Experimentally, a decrease of a factor of two 

IRRADIATION OF SUBSYSTEMS AND COMPONENTS 

A m o n t h  a f t e r  the i r radiat ion of the complete Model M-100 RFS, a second 
nuclear i r radiat ion t e s t  on cer ta in  subsystems and components (see Table 1) 
was carried o u t  u s i n g  the same reactor under very similar conditions. 

SUBSYSTEM IRRADIATION 

The two subsystems irradiated were independent and nearly ident ica l ,  each 
being comprised of the following M-100 subassemblies (Fig.  3 ) .  

1. Photocell-cavity-shield assembly, including cavity-thermostat board. 
2. Lamp board and rubid ium lamp 
3. Power-supply board. 

Items 2 and 3 were standard, unmodified, production items. Item 1 was also 
a standard production item except tha t  the rubidium resonance cell and the 
Mylar window on the cavity had been removed t o  allow a completely unob- 
structed optical path from outside the assembly d i rec t ly  t o  the active sur- 
face of the photocell inside the microwave cavity. 
heated i n  the normal way, their temperatures being individually thermo- 
s t a t i c a l l y  controlled and continuously maintained a t  7 5 O C .  The two assem- 
blies differed only i n  tha t  the photocells were from different  manufac- 
turers (Table 1). 

Items 1 and 2 of each subsystem were mounted i n  the standard M-100 config- 
uration thereby allowing l i g h t  from each lamp board t o  be monitored by its 

Both cavi t ies  were 
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respective photocell. 
so that the entire dual-subsystem u n i t  could be easily inserted into the 
nuclear reactor for irradiation. Also included as part of this "inboard 
t e s t  fixture" was a standard M-100 servo board that was used t o  monitor the 
dc photocurrent of  photocell #2 (PCZ) .  

Both subsystem frames were rigidly bo1 

Irradiation Sequence 

Like the previous t e s t  on the complete M-100, the two subsystems were irra- 
diated at  four different levels. The irradiation sequence, which was sim- 
i l a r ,  was as follows. 

1. Attach two dosimeters on the side of the u n i t  receiving the most 
r ad ia t ion  and one dosimeter on the opposite side. 
into the reactor. 

2 .  Let the unit run undisturbed, with the reactor o f f ,  for 5 - 10 m i n .  
3. T u r n  on the reactor a t  a low power level, thereby p r o v i d i n g  a con- 

stant irradiation, and maintain this for approximately 5 min. 
4. T u r n  o f f  the reactor and remove the u n i t  immediately. 

three dosimeters and allow the u n i t  t o  r u n  undisturbed for a t  least 
5 rnin. 

Insert the u n i t  

Remove the 

Outboard Photocell Test Fixture 

Each frame was designed t o  allow i t s  respective photocell-cavity-shield as- 
sembly t o  be easily removed and then subsequently reinserted into the same 
position relative t o  the lamp board. Prior t o  reactor insertion, each 
photocell-cavity-shield assembly was removed one-at-a-time and inserted 
i n t o  another t e s t  fixture that remained permanently outside the reactor 
dur ing  the entire tes t  period. In what  follows, this t e s t  fixture will be 
referred t o  as the "outboard photocell t e s t  fixture." T h i s  fixture, which 
i s  shown schematicaily i n  Fig.  4 ,  consisted of an M-100 lamp board w i t h  
rubidium lamp, an M-100 servo board, and an M-100 power supply board. The 
main purpose of this  fixture was t o  provide a stable source of optical 
radiation for testing each of the two inboard photocells before and af ter  
each irradiation level. Since the lamp board, lamp, and power supply board 
i n  this fixture were n o t  irradiated, they could be relied upon t o  provide 
constant i 11 umination for the duration o f  the tes t .  

The outboard photocell t e s t  fixture had two important modifications that 
greatly increased i ts  versatility. The first modification allowed sinusoi- 
dal modulation of the light beam a t  the RFS modulation frequency (127 Hz) 
using the modulation signal from the servo board. The amplitude of this 
modulation was kept small compared t o  the dc l i g h t  level so that the dc 
measurements were unaffected by i t .  The purpose of the modulation was t o  
allow determination of the effect of the irradiation on the ac respon3e of 
the two photocells. The second modification allowed the photocell Thevenin 
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equivalent shunt resistance19 (Rs)  t o  be measured20921 by insertion of a 
100 R resistor in series with the photocell. The shunt resistance i s  an 
important hotocell parameter i n  our application because i t s  value largely 

i ty of the RFS modulation frequency which, i n  t u r n ,  influences the short- 
term frequency stabil i ty of the RFS. 
o r  greater for satisfactory operation o f  the M-100. 

In summary, then, the following photocell variables could be monitored 
using the outboard photocell test  fixture: dc photocurrent, ac photocurrent 
a t  127 Hz, and shunt resistance, all  under conditions of constant illumina- 
t ion .  

determines !! 0 the amount of photocell-amplifier additive noise in the vicin- 

The s h u n t  resistance must be 1 kR 

Measurement Sequence 

Prior t o  level 1 irradiation, the outboard photocell test  fixture was used 
t o  characterize both photocells by measuring the dc photocurrent, the ac 
photocurrent ,22 and the shunt resistance for each.23 Each photocell was 
subsequently characteri zed agai n between i rradi ati on levels and a t  the end 
of  level 4. 

Dur ing  the time t h a t  the photocells were inserted i n  the reactor, the dc 
photocurrent o f  each was monitored continuously. 
cell #1 (PC1) was monitored using the photocell amplifier on the outboard- 
photocell-test-fixture servo board,  and the current of  photocell #2 (PC2)  
using the photocell amplifier on the inboard servo board. 

The current of photo- 

Test Results 

Dc Photocurrent The inboard and outboard measurements of dc photocurrent 
for  the two photocells are listed i n  Table 2 and the outboard results (con- 
s t a n t  illumination) are plotted in F i g .  5 as a funct ion o f  neutron fluence 
and t o t a l  dose (as measured by the two dosimeters on the side of the unit 
receiving the most radiation). 
ed, namely 6.15 x 1012 n/cm2, the dc photocurrents of b o t h  photocells drop- 
ped t o  approximately 40% of  the pre-irradiation values. 
exhibited simi 1 a r  dc photocurrent degradation. 

Ac Photocurrent The dc and ac photocurrents are compared i n  Table 3 where 
i t  can be seen t h a t  the ac photocurrent i s  degraded t o  a greater extent than 
the dc photocurrent.22 Note t h a t  a t  the highest fluence of 6.15 x 1012n/cm2 
the normalized ac photocurrents were about 70% of the normalized dc photo- 
currents. 

For the highest cumulative irradiation test- 

Both photocells 

S h u n t  Resistance Fig. 6 shows the results for  photocell shunt resistance 
as a function of neutron fluence and toal dose. The Ferranti photocell 
(PC1)  shunt resistance increased slowly w i t h  cumulative neutron fluence and 
t o t a l  dose. The increase was from an init ial  value of about  2 kR t o  a final 
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end-of-test value of about 3 kR. The International Rectif 

a t  f i r s t ,  s t a r t i ng  a t  11 kQ, and thereaf ter  decreased, rea 
t e s t  value o f  about 6.5 kQ. In no instance d i d  the s 
e i ther  photocell drop below 2 kR as a resu l t  o f  irrad 
requirement fo r  sat isfactory RFS operation i s  1 kR or  greater ,  the e f fec t  
of the radiation on shunt resistance i s  of no practical importance fo r  the 

(PC2)  showed a different  behavior. I t s  s h u n t  resistance i 'lY 

M-100. 

Rubidium L i g h t  Source 

The t e s t  resul ts  i n  Table 2 also show tha t  the M-100 rub id ium l i g h t  source 
(lamp board and lamp) i s  v i r tua l ly  unaffected by the radiation even a t  the 
highest level o f  6.2 x 10l2 n/cm2 and 9.2 krad(Si). T h i s  follows from the 
close tracking of the inboard and outboard values for both photocells. The 
tracking is  not perfect b u t  the differences ( u p  t o  several percent) tha t  do 
ex i s t  can probably be at t r ibuted to  small misalignments i n  the re la t ive  pos- 
i t ions  of the photocell assemblies and the lamp boards from measurement t o  
measurement. (The positioning mechanisms did have some "slop1' in them and 
examination o f  the insertion/removal processes24 shows tha t  such misal ign-  
"errors" could have occurred. ) 

e 

If  small l igh t  intensi ty  changes of a few percent are occurring, there are 
several possible mechanisms tha t  might be responsible. For example, radia- 
tion-induced of fse t s  i n  the lamp-thermostat op amp can, i n  principle,  pro- 
duce changes i n  lamp temperature. A calculation of the s i ze  of this e f fec t  
for  1 x 1012 n/cm2 and 1.5 krad (S i )  predicts a temperature change of 0.02OC 
o r  less.  Since a 1 ° C  increase i n  lamp temperature i s  required to  produce a 
~ 7 %  increase i n  l igh t  intensi ty ,  t h i s  e f fec t  i s  expected to  be insignif i -  
cant. 

Changes in l igh t  intensi ty  due to  effects of nuclear radiation on the lamp 
osci 11 ator c i  rcui t r y  are a1 so expected to  be small b u t  precise calculations 
are n o t  possible i n  this case because of a lack of knowledge as to  how c r i t -  
ical  parameters (such as base-emitter impedance) are a l tered and how the 
amount and frequency of the rf power delivered t o  the lamp affect  the l i g h t  
output. 
changes in l i gh t  intensi ty  tha t  do occur, do not exceed several percent a t  
most. 

In any event, i t  i s  c lear  from the experimental resul ts  t ha t  any 

COMPONENT IRRADIATION 

The optical materials l i s t ed  as S1 through S5 i n  Table 1 were also i r rad ia t -  
ed to  determine the effects  of simultaneous neutron/gamma radiation on the i r  
l igh t  transmittance. 
of Efratom's RFS's. 

These are  materials t ha t  are used i n  the l igh t  paths 
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Transparency Test Fixture 

The transparency tes t  fixture i s  shown in Fig. 7. This fixture contains an 
RFS rubidium lamp board and lamp which produces rubid ium light. The rubid- 
ium l i g h t  i s  incident upon an interference f i l t e r  which passes rubidium D 1  
resonance light (794.8 nm). The D 1  light is  detected by a photocell mounted 
approximately 5/8" below the f i l t e r .  Sample transparency i s  de 
inserting the sample i n t o  the light beam and measuring the amou 
mi t ted 1 i g h t  . 
The glass samples used were in the form of glass tubes,25 nominally 2" long. 
To measure the light attenuation produced by a glass tube, i t  was positioned 
as shown in Fig. 7 ,  intercepting all of the 01 light incident upon the pho- 
tocell. The mica and Mylar samples were in the form of thin disks (see 
Table 1) "approximately 5/8" in diameter. These disks were glued t o  a f l a t  
aluminum plate, concentric w i t h  a 1/2" hole through the plate, as shown in 
Fig. 8. To measure light attenuation, the plate was inserted into the sam- 
ple holder slot shown in Fig .  7 (with the glass tube  removed). 
configuration, D 1  light could reach the photocell only b y  passing through 
the sample. 

In this 

The mica and Mylar samples could be positioned quite precisely i n  the tes t  
fixture and ,  in addition, they were of uniform thickness without any obvious 
optical distortion. 
which had slight irregularities t h a t  affected the light transmission due t o  
small variations in reflection and refraction as the tube was rotated about 
i t s  own axis in the tes t  fixture, 
light due t o  this extraneous effect, care was taken dur ing  the tests t o  
orient each glass tube i n  the same way each time i t  was inserted into the 
transparency tes t  fixture. T h i s  precaution reduced these effects t o  an i n -  
significant level. (They weren't very large anyhow.) 
glass sample tested, a nearly identical control was used as a reference. 
The sample was irradiated in the reactor, the control was not. 

This was n o t  the case for the glass samples, each of 

To avoid these changes in transmitted 

In addition, for each 

Measurement Procedure 

Prior t o  level 1 irradiation the light transmission of each sample and con- 
trol was measured i n  the transparency test fixture. The samples, S1 - S5, 
were then placed behind the inboard test fixture on the carriage t h a t  was 
used t o  transport the test  fixture t o  the reactor core. 
mained a t  this location on the carriage until al l  irradiation was complete 
(levels 1 - 4). They were then removed and their light transmission, along 
with t h a t  of the controls, was measured again in the transparency tes t  fix- 
ture t o  determine the effect, i f  any, of  the radiation. 

The samples re- 

D o s  i met ry 

The dosimeters on the rear o f  the inboard test  fixture (one for each level) 
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were used t o  determine the cumulative neutron fluence t o  the optical sam- 
ples. T h i s  amounted to  2.7 x 10l2 n/cmz9 compared to  the corresponding 
figure for the front  of the inboard t e s t  f ix ture  of 6.2 x 10l2 n/cm2 
( p l u s  9.2 krad(Si) total  dose, 98% of which i s  due to  gamma radiation).  
The difference in these neutron fluences can be attr ibuted mostly t o  scat- 
tering of the incident neutrons by the t e s t  f ixture .  
diation i s  attenuated very l i t t l e  by the t e s t  f ix ture ,  the cumulative gamma 
dose t o  the glass i s  expected t o  be ~9 krad(Si), 

Since the gamma ra- 

Test Results 

The transparency t e s t  f ix ture  was observed t o  be s table  to  a few tenths of 
a percent over the more than three hour duration of the optical  sample t e s t .  
I t  is  therefore expected tha t  changes in sample l ight  transmission of 81% 
could have been detected. The observed changes i n  l i gh t  transmission for  
a l l  samples and controls ( a f t e r  vs. before, and sample vs. control both 
before and a f t e r )  were of the order of a few tenths of a percent w i t h  the 
exception of the Schott 8436 glass where the a f t e r  vs. before readings for  
the transmitted l i g h t  were -1.2% and -1.0% for  the sample and control,  re- 
spectively. The  f ac t  t h a t  both sample and control showed nearly identical  
1% decreases i s  most l ikely due to  a short-term fluctuation i n  the t e s t  
apparatus rather than to  any change i n  sample or  control transparency. I t  
is  therefore reasonable to  conclude tha t ,  t o  w i t h i n  the experimental uncer- 
ta in ty  of several tenths of a percent, no radiation-induced transparency 
changes occurred for  any o f  the optical materials tested.  

SYNTHESIS OF RESULTS 

In the t e s t s  carried o u t  on the complete Model M-100 RFS, i t  was concluded 
tha t  the decrease in the dc photocurrent due to  i r radiat ion was due almost 
en t i re ly  t o  photocell degradation. 
sults of RFS subsystems and components, namely, the constancy of the l igh t  
output from the lamp board d u r i n g  i r rad ia t ion ,  the absence of any radia- 
tion-induced changes in the transparency of the optical materials,26 and, 
of course, the degradation of the two photocells tested.  

This conclusion is supported by the re- 

Photocell Degradation 

The dc photocurrent of the complete RFS tes ted i s  plotted against neutron 
fluence i n  Fig.  5 assuming tha t  the illumination of the photocell remained 
constant d u r i n g  the t e s t  (a good assumption, as pointed out above). The 
photocell used i n  this unit was ‘neither an IR nor a Ferranti photocell b u t  
ra ther  one manufactured by Silicon Sensors, Inc.. 
nificance of Fig.  5 i s  that  there are considerable variations i n  photocell 
degradation from one manufacturer to  the next. 
the max/min variation ranges from 1.5 a t  6.5 x 1011 n/cm2 t o  2.0 a t  
6.5 x 1012 n/cm2. 

Consequently, the sig- 

For the three curves shown, 
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EXTRAPOLATION TO HIGHER RADIATION LEVELS 

The results obtained i n  
neutron i r radiat ion up t 

portions of the RFS. 

Transparency of Optical Components The optical  materi a1 s tested received a 
maximum fluence of 2.7 x 1012 n/cm2 which i s  estimated from the front/rear 
dosimetry data t o  correspond t o  a fluence of 5 x 1012 n/cm2 to  a 
RFS. 
and the experimental uncertainty se t s  an upper  limit on changes i n  l i g h t  
transmission of a few tenths of a percent. 
t ha t  a fluence of 1 x 1013 n/cmz to  an RFS will produce s ignif icant  dark- 
en ing  of any of the optical materials. 
neutron fluences of 1 x 1013 n/cm2 and greater fo r  glass and mica also sup-  
port t h i s  view.28 

A t  this level of i r rad ia t ion ,  no change i n  transparency was 

I t  therefore seems unlikely 

Independent data on the e f fec ts  of 

As regards the glass alone, there is  additional direct  evidence tha t  i t  can 
withstand neutron i r radiat ion i n  excess of 1015 n/cm2. During the Rockwell 
Efratom rubid ium lamp investigation for the Global Positioning System 
(GPS),29 i n  which one of us (T.C.E.) was d i rec t ly  involved, a number of 
r u b i d i u m  lamps were neutron activated as par t  of a program t o  determine the 
quantity of rubidium i n  rub'ldium lamps. The f i r s t  step i n  the activation 
process i s  to  i r r ad ia t e  the f i l l ed  lamp ( less  base) w i t h  neutrons. This 
was done i n  the General Atomic TRIGA, Mark I reactor30 i n  San Diego. Lamps 
were typically irradiated simultaneously w i t h  a % x 1015 n/cm2 of 1 MeV- 
equivalent neutrons and ~7 Mrad gamma to ta l  dose.f0 The irradiated lamps 
were made of Corning 1720 glass and Schott 8437. Schott 8437 is  very sim- 
i l a r  t o  the Schott 8436 glass t ha t  Efratom presently uses i n  a l l  i t s  RFS 
lamps (both are  a lka l i - res i s tan t  borosilicate glasses).  

Several of the irradiated lamps were used i n  Rockwell/Efratom GPS rubidium 
clocks that  are i n  GPS s a t e l l i t e s  presently orbit ing the ear th .  The glass 
of these lamps had a s l i g h t  yellowish cast  a f t e r  i r radiat ion b u t  there were 
no indications d u r i n g  acceptance testing tha t  they performed i n  any way 
tha t  was different  from an unirradiated l a m ~ . ~ 1  

Photocell Degradation Extrapolation of the normalized dc photocurrent for  
the IR photocell t o  1 x 1013 n / c d  using Fig.  5 gives a value of %40%. 
Assuming that  the normalized ac response is  %O% of the normalized dc res- 
ponse gives a normalized ac response of %25% a t  1 x 1013 n/cm2. T h i s  1s 
low but  nevertheless adequate since the complete M-100 tested showed sa t i s -  
factory operation f o r  about a fac tor  of two lower value a t  7.5 x 1012 n/cm2 
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u s i n g  the Si 1 icon Sensors photicel 1 -27 

Electronics The hardness of the electronics a t  1 x 1013 cannot be extrap- 
olated from our resul ts  and will require an additional hardness assessment 
a t  this level.  

SUMMARY AND CONCLUSIONS 

Seperate tests were conducted on an Efratom, Yodel M-100, mili tary,  radia- 
tion-hardened, rubidium frequency standard (RFS) , and on certain RFS sub- 
systems and components by subjecting them to  combined neutron/gamma radia- 
t ion from a nuclear reactor. The resul ts  of these tests allow the follow- 
i n g  conclusions t o  be drawn. 

Complete RFS 

1. The Model M-100 RFS, which was operated continuously dur ing  the t e s t ,  
performed sa t i s fac tor i l  

duration of the t e s t ,  the overall frequency change due t o  a l l  causes 
(including insertion into and retraction from the reactor) was less  
than 1 x 10-10. 

up t o  and including the highest r ad ia t ion  
levels tested [7.5 x 10 K 2 n/cm2 and 11 krad(Si)]. Over the 26 hr 

2. As a resu l t  of i r radiat ion of the u n i t  a t  the h ighes t  level,  the 
short-term frequency s t ab i l i t y  decreased by about a factor of two. 
The tests conducted show that  this decrease was due t o  a degradation 
of the performance of the photocell i n  the u n i t .  T h i s  result i s  of 
particular significance since the photocell used i n  this u n i t  showed 
the greatest  degradation o f  the three photocells irradiated.  In the 
future,use of  e i ther  Ferranti o r  IR photocells should resul t  i n  the 
u n i t  meeting i t s  original short-term s t ab i l i t y  spec even a f t e r  ir- 
radiation t o  7.5 x 1012 n/cm2 and 11 krad(Si).32 

3. The free-running VCXO frequency (had the VCXO not been locked t o  the 
atomic resonance) was shifted by only about one tenth of i t s  e l ec t r i -  
cal trim range due to  the irradiation. 
danger of the control voltage being shifted beyond the control limits 
due t o  i r radiat ion,  o r  the u n i t  f a i l i ng  t o  reacquire lock when turned 
off and then turned on again. 

minutes and then turned on again. 
the frequency pr ior  t o  turn off (normal performance). 

For this reason there i s  no 

4. After the f inal  i r radiat ion of the u n i t ,  i t  was turned  off for five 
Retrace was w i t h i n  2 x 10-11 of 

Subsystems and Components 
5. Samples o f  a l l  materials used i n  the optical paths of Efratom rubid-  

ium frequency standard (RFS'S) were tested for  radiation-induced 
changes i n  the optical transmission of rub id ium D 1  resonance l i g h t  
(a t  794.8 nm). For simultaneous neutron fluences and total  doses up 
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t o  2.7 x 10l2 n/cm2 and ~9 
~5 x 1012 n/cd and ~9 krad 
the optical transmission of 
w i t h i n  the experimental uncertainty of a few 
Transmission measurements for rubidium D2 1 i 

, b u t  because of the cl 
s ( ~ 1 5  nm separation) i 

behaves i n  a different  ma 
conclusion is  also suppor 
s i t y  from rub id ium lamps op 
ment (see below). 

6. The experimental resul ts  fo r  two rubidium lamps, lamp boards, and 
power supply boards, a l l  continuously operating i n  a nuclear radia- 
t ion environment, can be used t o  s e t  an upper limit on radiation- 
induced changes i n  the to ta l  l i g h t  output of an Efratom RFS rubidium 
l i g h t  source. For the highest i r radiat ion level tested (6.2 x 1012 
n/cm2 and 9.2 krad(Si) t o t a l  dose), this limit amounts t o  several 
percent and corresponds t o  the experimental uncertainties i n  the 
measurements. In addition, calculations based on the known behavior 
of electronic components under i r radiat ion make i t  v i r tua l ly  cer ta in  
tha t  changes i n  l i g h t  in tensi ty  due t o  radiation-induced changes i n  
lamp-oven temperature a re  s ignif icant ly  less  than one percent. 

7. Rubidium lamps made by Efratom were neutron activated t o  determine 
their rubidium f i l l s  fo r  the GPS program. During neutron activation 
these lamps received a neutron fluence i n  excess of 1015 n / c d  and 
a gamma dose of $7 Mrad. (These radiation levels a re  ~ 3 0 0 ~  and ~ 6 0 0 ~  
greater , respectively , than those used i n  our t e s t s .  ) Subsequent 
t o  neutron activ.ation these lamps passed GPS acceptance tes t ing and 
there were no indications tha t  they operated i n  any way tha t  was dif-  
ferent from tha t  of an unirradiated rubidium lamp. 
lamps are now i n  GPS s a t e l l i t e s  orbit ing the earth. 
the one tha t  has been turned  on is s t i l l  operating sa t i s fac tor i ly  
after two years. 

S ix  of these 
O f  these six,  

8. Two different RFS photocells were tes ted for  degradation a f t e r  sim- 
ultaneous exposure to  neutrons and gamma radi t ion see Fig. 5). 

( S i ) ,  the dc photocurrents dropped t o  approximately 40% o f  their 
i n i t i a l ,  pre-irradiation values (under conditions of constant i l l u m -  
ination w i t h  unfiltered rubidium l igh t ) .  

a t  127 Hz (the RFS modulation frequency) were a l so  measured under the 
same conditions and were found to  degrade somewhat more rapidly than 
the corresponding dc photocurrents (see Table 3).  A t  the h ighes t  
i r radiat ion level, the ac photocurrents, normalized to  the pre- 
i r radiat ion val ues , amounted to  ~ 7 0 %  o f  the corresponding normal i zed 
dc photocurrents. 

For the highest radiation levels of 6.2 x 1013 n/cm h and 9.2 krad 

9. The ac photocurrents of the two photocells due t o  l i g h t  modulation 

10. The photocell s h u n t  resistances were also measured and found t o  be 
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affected by simultaneous neutron and gamma i r r ad ia t '  n (se Fig.  6), 

krad(Si) to ta l  dose) the s h u n t  resistances. of both photocells were 
i n  excess of 3 kfi. Since the s h u n t  resistance must be 1 kS2 o r  
greater for satisfactory oul-100 operation, s h u n t  resistance changes 
due to  i r radiat ion a t  up t o  6.2 x 1012 n/cm2 and 9.2 krad(Si) a re  
of no importance for the M-100. 

11. Straightforward extrapolation of the resul ts  of this paper indicates 
that  the physics package optical components and hotocell are most 

the electronics a t  this level of i r radiat ion is  presently unknown 
and requires a seperate assessment 

b u t  even a t  the highest irradiation level (6.2 x 10 18 n/cm 8 and 9.2 

l ikely hard a t  neutron fluences of 1 x 1013 n/cm B . The hardness o f  
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29. T h i s  investigation began i n  February 1979 and continued through 1981. 
30. T h i s  reactor is  different than the TRIGA, Mark F reactor used i n  the 

RFS i r radiat ion experiments. 
31. No "before-and-after" tests of 1 i g h t  transmission were performed on 

these lamps. 
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-100 has a short-term stability (ay) that i s  a facto 
Using either a Ferranti or IR photocell shou spec. 

duce the deterioration o f  short-term stabili ty due to irradiation from 
a factor o f  two to about a factor of 13. 
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FIGURE 1. Nominal change in transmittance as a function of 
total dose for two glasses. 
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FIGURE 2. Effect of combined neutron/gamma radiation from a nuclear 
reactor on an operating Efratom M-100 rubidium frequency 
standard. 
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FIGURE 3. Block diagram of inboard photocell t e s t  f ixture  
and associated t e s t  equipment. 
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FIGURE 4. Block diagram o f  outboard photocell test fixture. 
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FIGURE 5 
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FIGURE 6 
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compartment - 

O Photocell- 
' Photocell support 
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! I  1 '  

I I  

- I O Sample compartment 
(painted flat black) I I 

FRONT VIEW 

FIGURE 7. Transparency tes t  fixture. 
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INSERTION DIRECTION 

r 2 " 

1 
Side  View 

A1 uminum P1 a te  

1/2 D .  T h r u  hole 

Specimen materi a1 
(glued t o  p la te )  

Bottom View 
(facing photocell ) 

FIGURE 8. Sample' holder used for  samples S1 and 52. 
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K-cut Crystal Resonators 

f r e d  Kahan and Ferdinand K. Euler 
So l i d  State Sciences D i  
Rome A i  r k v e l  o 

Hanscom AFB, MA 01731 

ABSTRACT 

Calculat ions have predicted the existence of crys 
c a l l y  doubly ro ta ted  quartz o r i en ta t i ons  w i t h  turnover temper- 
atures which are considerably less sens i t i ve  t o  angular mis- 
o r i e n t a t i o n  than comparable AT- o r  BT-cuts. We have a r b i t r a r i -  
l y  designated these c r y s t a l s  as the AK-cut. We r e p o r t  exper- 
imental data f o r  seven or ientat ions,  + -ang le  va r ia t i ons  between 
30-46' and e-angle va r ia t i ons  between 21 -28O, measured on 
3.3-3.4 MHz fundamentai mode resonators v i b r a t i n g  i n  the th i ck -  
ness shear c-mode. The experimental turnover temperatures o f  
these resonators are between 8OoC and 15OoC, i n  general agreement 
w i t h  ca lcu lated values. The normalized frequency change as a func- 
t i o n  o f  temperature has been f i t t e d  w i t h  a cubic equation. 

raphi-  

INTRODUCTION 

c rys ta l l og raph ica l l y  doubly ro ta ted  quartz p la tes v i b r a t i n g  i n  the thtckness 
shear mode were calculated. It was shown t h a t  i n  addi t ion t o  the  usual 
r o t a t i o n  angles associated w i t h  t h e  AT-, FC-, IT-, SC-, RT-, and BTzuts,  
t h e r e  i s  another crysta l lographic  region which y i e l d s  Tto values i n  t h e  
temperature range o f  p rac t i ca l  i n t e r e s t  t o  temperature c o n t r o l l e d  resonators. 
These c rys ta l  or ientat ions,  v i b r a t i n g  i n  t h e  thickness shear c-mode, were 
a r b i t r a r i l y  designated as AK-cuts. 
cha rac te r i s t i cs  o f  t h e  AK-cuts are located between the AT- and BT-cuts, 
but t h e  T t o  values are considerably less sens i t i ve  t o  angular o r i e n t a t i o n  
than any o f  the other  cuts. I n  t h i s  paper, we g ive addi t ional  t heo re t i ca l  
r e s u l t s  re la ted t o  t h e  AK-cut, and a t  the same t ime repor t  experimental 
conf i rmat ion o f  turnover temperatures on 10 MHz, 3rd overtone, resonators 
fabr icated from seven d i f f e r e n t  crysta l lographic  or ientat ions.  

lhe computations performed i n  t h i s  i nves t i ga t i on  are based on 
e l a s t i c  constant values, cpq, o f  quartz publ ished by Bechmann, Bal lato, and 
L u k a ~ z e k , ~  hereaf ter  re fer red t o  as BBL(1962), and on a set  o f  temperature 
c o e f f i c i e n t s  o f  t h e  e l a s t i c  constants, Tn(C 
a f t e r  re fer red t o  as BBL(1963) LSF. 
on the  l eas t  squares f i t  (LSF) o f  exterimental data publ ished by Bechmann, 
Bal lato,  and Lukaszek (BBL) i n  1963. 
BBL(1962) and another set has been publishea b! Mams, Enslow, Kusters, and 
Ward,li and we r e f e r  t o  t h i s  se t  as Mams e t  al. I n  Ref. 3 we compared and 
discussed the l i m i t a t i o n s  associated w i th  the  d i f f e r e n t  sets, and t h e i r  ap- 

In  a previous publication,' t h e  turnover temperatures, T o ,  o f  

lhe frequency as a func t i on  o f  temperature 

), der ived i n  Ref, 3, and here- 
lhese k p e r a t u r e  c o e f f i c i e n t s  are based 

A T ( c  q) set has been derived i n  
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r e s u l t s  and p r e d i c t  t h e  ex is tence o f  t h i s  cu t ,  bu t  ac tua l  T t o  values f o r  a 

we l i m i t  co 
temperature coe 

CALCULATED TURNOVER TEMPERATURES 

i f i c  p a i r  o f  r o t a t i o n  angles de 
utat ions.  I n  t h i s  

n t s  o f  e l a s t i c  constants. 

F igure 1 d e p i c t s  t h e  p l a t e  geometry and c rys ta l l og raph ic  coordi- 
nate systems used i n  t h i s  i nves t i ga t i on .  The o r i e n t a t i o n  o f  t h e  p l a t e  i s  
described by angles (4, e) where 4 and 9 a r e  r o t a t i o n s  around t h e  z- and 
x-axis, respect ive ly .  I n  t h i s  nomenclature, +-angle l i m i t s  a re  0" 4 (p 4 60" 
and b a n g l e  r o t a t i o n s  are  0" G 9 4 90'. The angular r o t a t i o n s  associated 
w i t h  t h e  AK-cuts a re  approximately between + = 30" and 4 = 47", and between 
8 = 17" and 9 = 30". For example, one s p e c i f i c  (4, e) combination i s  
(40.9, 21.0)". 
"negative theta' ' s i de  and i s  designated as (19.1, -21.0)". 

temperatures between 75°C and 160°C o f  AK-cut c-mode v ib ra t ions ,  
t u r e  c o e f f i c i e n t s  o f  t h e  e l a s t i c  constants a re  v a l i d  between -200°C and 
+2OO0C. For AT-cut c rys ta l s ,  $ = O", t h e  tu rnover  temperatures throughout 
t h i s  temperature range are s i n g l e  value func t ions  o f  t h e  9-angle, and a re  
obta ined a t  b a n g l e s  s l i g h t l y  l a r g e r  than 35-25". 
range, t h e  AT-cut Tto s h i f t s  by 2.6"C per  minute o f  arc. The AT-cut angle 
equ iva len t  t o  T t o  = 200°C i s  8 = 36.70°. For AK-cut c r y s t a l s ,  t h e  lowest  
poss ib le  Tto, based on BBL(1963) LSF parameters, i s  approximately 75"C, and 
f o r  a spec i f i ed  +-angle t h e r e  a re  two b a n g l e s  which g i ve  i d e n t i c a l  Tto. 
For a se lected Tto, t h e  (4, e) l o c i  e x h i b i t  concent r i c  q u a s i - e l l i p t i c a l  
cha rac te r i s t i cs ,  w i t h  t h e  angular boundaries inc reas ing  w i t h  Tto. lhe d i  s-  
t o r t i o n s  i n  t h e  T t o  = 140°C and T to  = 160°C curves a t  t h e  h igher  +angles 
and upper b a n g l e  segments a re  due t o  t h e  i n te r fe rence  o f  t h e  Tto branch 
conta in ing  t h e  AT-type tu rnover  temperatures. 
Ref. 1, Fig. 9. The (4, 0) l o c a t i o n s  o f  t h e  experimental resonators a r e  
shown i n  Fig. 2 by dots, w i t h  t h e  experimental Tto values indicated. 
w i  11 be discussed f u r t h e r  on,) 

I n  another commonly used notat ion,  t h i s  r o t a t i o n  i s  on t h e  

F igure 2 shows t h e  ca lcu la ted  (@, 9) l o c i  f o r  se lected tu rnover  
The tempera- 

I n  t h e  50°C t o  100°C 

This can be deduced f rom 

(These 

The pr imary advantage o f  A K c u t  c rys ta l s ,  t h a t  i s ,  t h e  r e l a t i v e  
i i v i t y  o f  Tto t o  inaccurac ies i n  ($, e), i s  i m p l i c i t  i n  t h e  c u r  
S 7n Fig. 2. For example, a t  4 = 37" t h e  to le rance on t h e  e-angle 
t h e  Tto t o  be between 75°C and 85°C i s  A9 = 21.9". 
same Tto  range, t h e  to le rance f o r  t h e  AT-cut i s  A e  = e', approximately 60 
t imes more sens i t i ve .  
l e s s  sens i t i ve  t o  8-angle changes than t h e  AT-cut, and t h e  comparable angu- 
l a r  to le rance i s  A e  = 514'. 

I n  cont ras t ,  f o r  t h e  

The T to  p o s i t i o n  o f  t h e  b-mode BT-cut ( 4  = 60") i s  
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Figure 3 shows a compari t h e  (4, 6)  l o c i  f o r  Tto = 90'C 
ca l cu la ted  w i t h  Tn(Cpq) values based s e t  a l ,  BBL(1962), and BBL(1963) 
L SF. th ree  se ts  show the  q u a s i - e l l i p t i c a l  na ture  o f  t h e  curves, b u t  vary 
i n  d e t a i l e d  numerical resu l ts .  For a given (4, e), Mams e t  a1 parameters 
y i e l d  t h e  lowest Tto values, t h e  BBL(1963) LSF s e t  p r e d i c t s  h igher  Tto, and 
BBL(1962) gives t h e  h ighes t  T to  values, A s i m i l a r  order  i s  fo l lowed i n  ca l -  
c u l a t i n g  t h e  lowest poss ib le  T to  f o r  t h e  AK-cuts, approximately 55'C f o r  Adam 
e t  al, 75'C f o r  BBL(1963) LSF, and 85°C f o r  BBL(1962). Th 
p o i n t  ou t  t h e  d i f f i c u l t y  i n  comparing t h e o r e t i c a l  p red ic t1  
t a l  data. 
o rde r  temperature c o % f f i c i e n t s  o f  frequencies measured on a se t  o f  ($, 6) 
o r ien ta t ions .  
may depend on t h e  ($,e) d i s t r i b u t i o n  o f  t he  o r i g i n a l  data set. 
o f  our knowledge, da ta  po in ts  from t h e  (+, 6) reg ion  d e f i n i n g  t h e  AK-cut 
were no t  inc luded i n  any o f  t h e  t h r e e  data sets. 
t he re  i s  then n e i t h e r  an a p r i o r i  preference f o r  s e l e c t i n g  a p a r t i c u l a r  

q )  set ,  nor  i s  t h e r e  any confidence t h a t  t h e  pred ic ted  T t o  values w i l l  
be o served. For r e l i a b l e  computations, i t  i s  essen t ia l  t o  c o l l e c t  experi- 
mental data weighed heav i l y  w i t h  ( 4 ,  0) o r i e n t a t i o n s  app l i cab le  t o  t h e  
c rys ta l l og raph ic  reg ion  o f  i n t e r e s t ,  and then based on t h i s  data d e r i v e  a 
" l o c a l "  se t  o f  cpq and Tn(Cpq)o 

EXPERIMENTAL PROCEDURES AND RESULTS 

The Tn(Cp ) values a r e  der ived from t h e  f i r s t ,  second, and t h i r d  

To t h e  b e s t  
The i r  a p p l i c a b i l i t y  t o  a p a r t i c u l a r  c rys ta l l og raph ic  reg ion  

For A K c u t  c a l c u l a t i o n s  

n( 

The pr imary o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  conf i rm t h e  
ex is tence o f  th ickness shear c-mode v i  b ra t i ons  y i e l d i n g  tu rnover  tetitperatures 
i n  t h e  80'C t o  200'C temperature range f o r  c r y s t a l l o g r a p h i c  o r i e n t a t i o n s  which 
are unre la ted  t o  angular  values u s u a l l y  associated w i t h  t h e  general c lass  o f  
doubly ro ta ted  AT-cuts. 

($, e) o r ien ta t ions ,  F igure 4 shows t h e  (4, e) p o s i t i o n s  o f  t h e  se lec ted  
cuts, and t h e  M i l l e r  i nd i ces  o f  t h e  l a t t i c e  planes associated w i t h  t h i s  
c rys ta l l og raph ic  region. The pr imary  (4, 6) s e l e c t i o n  c r i t e r i o n  was ease 
o f  o r i e n t a t i o n  and fabr ica t ion .  Three ro ta t i ons ,  (30, 24.44)', (36.58, 
28.45)', and (46.10, 23-59)' a re  low index l a t t i c e  planes, 11111, 13231, and 
[312], respect ive ly .  Another t h r e e  ro ta t ions ,  (40.9, 21.0)', (40.9, 23-59)', 
and (40.9, 27.0)' a re  s i t ua ted  a long t h e  12111 and 12121 planes, and t h e  
seventh (36.0, 24.44)', i s  obta ined by a 6' r o t a t i o n  from [ill]. 
were machined i n t o  plano-plano p la tes ,  beveled a t  t h e  edges, and t h e  d i s k s  
were fab r i ca ted  i n t o  1 0  MHz, 3 r d  overtone, resonators a t  Frequency-Electron- 
i cs ,  
quency value was no t  a f a b r i c a t i o n  requirement. 

The i n i t i a l  eva lua t ion  o f  t h e  AK-cut c r y s t a l s  comphses seven 

The c r y s t a l s  

h C . 3  us ing  es tab l i shed manufacturing processes. R e  exac t  10 MHz f r e -  

The resonators were placed i n  a heater  and connected through a 
IT -network t o  a network analyzer. A programmable synthes izer  provided a 
stepwise va r iab le  frequency. Temperature was measured w i t h  a thermocouple 
attached t o  t h e  resonator  enclosure and connected t o  a d i g i t a l  thermometer. 
A d a t a  bus connected these components t o  a desktop computer and p r i n t e r  f o r  
automatic data recording. A programmable temperature c o n t r o l l e r  prov ided 
l i n e a r  ramps w i t h  ad jus tab le  ra tes ,  e.g. 0.1 o r  O.Z°C/minute. The cont ro l -  
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temperature. 

tone modes. 
and 3 r d  over t  
t h e  b-mode B 
t o  maximum as Tto s h i f t s  from below t o  above t h e  i n f l e c t i o n  temperature, t h e  
cu rva tu re  found w i t h  AK-cut c r y s t a l s  i s  unre la ted  t o  t h e  i n f l e c t i o n  tempera- 
ture,  For t h i s  p a r t i c u l a r  AK-cut o r i en ta t i on ,  t h e  i n f l e c t i o n  temperature i s  
ca l cu la ted  t o  be a t  -793OC, a meaningless number. 
resonators a l so  have turnover  temperatures i n  t h e  fundamental mode, and t h e i r  
Tto values were i nd i ca ted  i n  Fig, 2. 
some below, and some almost co inc ide  w i t h  p red ic ted  values. 
s i m p l i f i e d  mathematical formalism u t i l i z e d  f o r  these computations, and t h e  
inaccurac ies o f  t h e  Tn(Cp4) values, t h e  general agreement between theory  
and experiment i s  s u r p r i s i n g  and g ra t i f y i ng .  
o f  t h i s  data w i t h  ca lcu la ted  r e s u l t s  based on t h e  Tn(Cpq) se ts  are no t  t o o  
meaningful. 

The o the r  fab r i ca ted  

Some experimental p o i n t s  l i e  above, 
Considering t h e  

However, d e t a i l e d  comparisons 

The frequency as a func t i on  o f  temperature curves are  f i t t e d  by 
a normalized cub ic  equation i n  t h e  form 

3 
A f / f o  = ( f  - fo)/fo = an(T - To)n 

n= 1 

where To = 25OC and fg i s  t h e  frequency a t  To = 25OC. lhe r e s u l t i n g  c o e f f i -  
c i e n t s  an are l i s t e d  i n  Table 1 together  w i t h  t h e  standard dev ia t ions  o f  t h e  
f i t s  which are  reasonable and consistent. 
ences between measured and ca l cu la ted  values based on t h e  cub ic  equat ion are  
a l s o  p l o t t e d  i n  Fig. 5, Throughout t h e  e n t i r e  measured temperature range, 
25OC t o  145OC, t h e  data i s  equa l l y  we l l  described by t h e  cubic  e uat ion,  and 

The 
frequency-temperature c h a r a c t e r i s t i c s  o f  t h e  corresponding 3rd overtone 
curves were a l s o  f i t t e d  by t h e  cubic  equation. For t h i s  p a r t i c u l a r  (4, 9) 
combination, t h e  fundamental and t h e  3 r d  overtone Tto agree w i t h i n  2OC. 
shown i n  Table 1, t h i s  i s  no t  t h e  case f o r  o the r  ($, 9) o r i en ta t i ons .  
For (30.0, 24,44)O, t h e  3 r d  overtone Tto i s  27OC higher, and f o r  (36.58, 
28.45)O and (46.1, 23.50)" t h e  fundamental mode T t o  i s  h igher  by 23°C and 
4loC, respect ive ly .  lhese discrepancies do no t  necessar i l y  imply  incons is ten-  
c i e s  i n  data o r  ca lcu la t ions .  
frequency-temperature c h a r a c t e r i s t i c s  o f  fundamental and overtone modes a r e  
a l s o  re la ted,  i n  a complicated fashion, by t h e  temperature c o e f f i c i e n t s  o f  
t h e  electromechanical coupl ing fac to rs .  
inc luded t h i s  e f f e c t  i n  our mathematical formalism. Our i n i t i a l  measurements 

The normalized frequency d i f f e r -  

t h e  dev ia t ions  f rom t h e  cubic  a re  s u b s t a n t i a l l y  l ess  than *lxlO" 8 . 
As 

I n  t h e  f i r s t  o rder  approximation, t h e  

A t  t h e  present time, we have n o t  
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Table 1, Temperature Coe f f i c i en ts  o f  Frequency 
f o r Experi menta 1 K-cut Crysta l  s e 

1 i e n t a t i o n  standard AF 
a3 dev ia t i ons  (see t e x t )  

/:E2 /'C3 
4 e T t  0 a1 

/ 'C 

Fundamental mode 

30.00' 24-44' 145'C 4 . 3 5 ~ 1 0 ' ~  -22.3x1W9 2 2 . 6 ~ 1 0 - ~ ~  l .0xlW7 
36.00' 24.44' 84 3.58 -29.2 -11.9 0.8 
36.58' 28-45' 101 4.50 -27.8 -14.8 0.8 

40.90' 23.59' 113 6.48 -30.8 -47.7 4.5 
40.90' 27.00' 107 6.18 -32.0 -42.5 2.3 
46.10' 23.59' 154 11.90 -3 1.8 -72.3 3.7 

40.90' 21eOO' 129 7.31 -30.6 -33.9 3.7 

3rd overtone mode 

.30.00° 24.44' 172 5.04 -22.8 25.1 1.6 
36.00' 24.44' 82 3.90 -31.2 -28.6 1.5 
36.58' 28.45' 78 3.43 -28.1 -70.5 4.0 
46.10' 23.59' 113 7.77 -36.3 -55.9 4.0 

14.2~10- 
31.3 
31.2 
41.0 
43.4 
42.6 
60.0 

11.9 
3 6.2 
39.0 
51.2 

per ta ined t o  t h e  3rd overtone modes, and t h e  corresponding T t o  values were 
the  ones i nd i ca ted  i n  Ref. 1, Fig. 14. 

Table 1 a l s o  l i s t s  values f o r  

t he  d i f f e rence  between t h e  ca l cu la ted  normalized frequency a t  T t o  and Tto 11°C. 
Jhis q u a n t i t y  i s  a measure o f  t h e  " f la tness"  o f  t h e  fr quency-temperature 
curve a t  T . The values range from 14x10-' t o  6 0 ~ 1 0 - ~ ,  and t h e r e  seems t o  be 

f o r  AT-cut range f rom AF = 21.5~10" f o r  Tto = 85'C t o  AF = 4 0 . 0 ~ 1 0 ' ~  f o r  
T t o  = 160'C. 

some c o r r e  to a t i o n  between these v a l u  s and t h e  +angles. Comparative values 

F igure 6 shows t h e  mode spectrum f o r  t h e  fab r i ca ted  resonators 
v i b r a t i n g  i n  the  fundamental b- and c-modes measured a t  room temperature. 
A l l  (4, e) p a i r s  show s i m i l a r  pat terns.  The ampli tude o f  t h e  lowest c-mode 
resonance i s  very la rge ,  and we designate t h i s  frequency, f o r  each respec t ive  
(4,  e), as fo. Jhe fo modes have been a l igned i n  Fig. 6, bu t  t h e  fo values 
a c t u a l l y  vary between 3.36 and 3.41 M H z .  %e fo mode i s  fo l l owed  by a s e r i e s  
o f  anharmonic modes o f  various strengths. 
s t rong as fo. The abundance o f  anharmonic modes i s  a c h a r a c t e r i s t i c  f e a t u r e  
o f  doubly ro ta ted  cuts, and no e f f o r t s  were made t o  suppress unwanted vibra- 
t ions .  lhe v i b r a t i o n  pa t te rns  associated w i t h  t h e  anharmonic modes have n o t  

Some anharmonic modes are  as 
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Table 2, Comparison o f  Fundamental and c-mode Frequency Separation, 

30.0' 24e44O 
36.0 24.44 
36e58 28.45 
40.9 21.0 
40.9 23.59 
40.9 27.0 

14.6% 13.4% 
11.6 11.1 
5.7 5.5 

14.3 14.7 
10.4 10.1 
5.1 5.2 

F igure 7 shows t h e  corresponding 3 rd  overtone c-mode spectra, 
w i t h  t h e  except ion o f  (40.9, 23.59)'. 
s i s t e n t  w i t h  t h e  increased number o f  a l lowab le  v ib ra t ions .  The arrow indica- 
t e s  t h e  r e l a t i v e  3 f 0  pos i t ions ,  and t h e  spect ra are a l i gned  a t  3fo.  
several o r i en ta t i ons ,  there  a re  a l a rge  number o f  s t rong resonances below 
3f0, and the re  i s  no one dominant resonance t h a t  can be designated as t h e  
equ iva len t  t o  fo. 
t e r i s t i c s  f ( T )  o f  t h e  resonators. Do we choose t h e  lowest frequency, t h e  
s t rongest  amplitude, o r  t h e  mode c loses t  t o  3f0? 
measured f ( T )  f o r  several modes, and i n  some cases we do f i n d  considerable 
d i f f e rences  i n  t h e i r  Tto. The data l i s t e d  f o r  t h e  3 r d  overtone i n  Table 1 
correspond t o  t h e  lowest observed frequencies. 

The increased number o f  modes i s  con- 

For 

This poses a problem i n  eva lua t ing  t h e  temperature charac- 

For some resondtors we have 

46.1 23.59 I 7.2 

The r e a l  d i f f i c u l t y  encountered i n  eva lua t ing  t h e  3rd over tone 
modes i s  t h a t  f o r  t h e  th ree  + = 40.9' o r i e n t a t i o n s  we a re  unable t o  observe 
tu rnover  temperatures. The resonances a r e  c lose  together, vary  considerably 
i n  s t rength  w i t h  temperature, become coupled, and they are  very hard t o  
f o l l o w  and i d e n t i f y  w i t h  changes i n  temperature. 
ca te  t h a t  cons iderable work i s  needed t o  op t im ize  d i sk  geometry and suppress 
anharmonic v i b r a t i o n  patterns. 
f o r  (36.0, 24.44)'. 
same order o f  magnitude as h igh  p r e c i s i o n  10  MHz, 3rd overtone, AT-cut 
resonators. 

The mode spectra data i nd i -  

F igure 8 shows t h e  3 r d  overtone resonance 
The Q-value i s  approximately 1.5 x lo6, t h a t  i s  o f  t h e  

6.9 

OPTIMIZED ORIENTATIONS 

The most important resonator performance c h a r a c t e r i s t i c  i s  t h e  
frequency-temperature behavior, The c l a i m  f o r  t h e  AK-cut c r y s t a l s  r e l a t e s  t o  
tu rnover  temperature i n s e n s i t i v i $ y  t o  angular o r ien ta t ions .  The l a r g e  (4, e) 
cho ice  a v a i l a b l e  f o r  s p e c i f i c  T t o  values o f  AK-cuts may a l s o  a l low one t o  
op t im ize  t h e  resonator  design t o  some a d d i t i o n a l  performance parameter. The 
primary concern i s  t h e  temperature coef f i c ien t  of frequency near  Tto. 
small value i s  desired, bu t  cons t ra in t s  a re  imposed by t h e  electromechanical 
coup l ing  fac to rs ,  and t h e  b- t o  c-mode frequency separations. 

A 
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s a p l o t  o f  the normalized 
AF between T t o  and T t o * l o  as a funct ion o f  
T t o  = 90°C curve shown i n  Fig, 3, The AF v 
around t h e  90°C turnover temperatures and we have ca l  
89°C and a t  91OC and selected t h e  l a rge r  value. 
corresponds t o  the lower and the dashed l i n e  t o  the upper @-a 
values range from approximately 22 x 10-9 a t  t he  lower +angl 
a t  t he  up e r  $-angles, w i t h  AF f o r  t he  lower 8 
2-3 x 10-8, than f o r  the upper one. This i s  a 
mental AF increase w i t h  the +angles, shown i n  Table 1. 

e-angle. 
22.8 x l o m 9  and f o r  t h e  BT-cut 62.2 x lom9. 
quency-temperature curvature o f  t h e  AK-cut i s  between t h a t  o f  t h e  AT- and 
BT-cuts. 
increase w i t h  T t  
with increasing ?io. 

The s o l i d  l i n e  o f  t h i s  curve 

For low AF values, one would se lect  low +angles and the lower 
The corresponding AF value, a t  T t o  = 90°C, f o r  t he  A F c u t  i s  

For higher T t o  values, the AF values f o r  both the  AT- and BT-cuts 
whereas f o r  some AK-cut (0, e) combinations AF decreases 

Hence, the magnitude o f  the f r e -  

Figure 10 shows the b- and c-mode electromechanical coupling 
factors,  kb and kc, as a funct ion o f  $ f o r  T t o  = 90°C. Data f o r  the lower 
bangle i s  drawn w i t h  a s o l i d  l i n e  and f o r  the upper e-angle w i t h  a dashed 
l ine.  The AK-cut operates i n  the  c-mode, and, i dea l l y ,  a strong kc and 
weak kb i s  desired. 
than k,. For the lower 8-angle kc becomes equal t o  kb a t  + = 38". A t  t h e  
higher +angles kc continues t o  increase whi le  kb decreases. 
e-angles, kb i s  stronger than kc up t o  approximately 0 = 40". 

bwever, f o r  most angles, kb i s  subs tan t i a l l y  stronger 

For the upper 

Figure 11 shows the  r e l a t i v e  frequency separations, i n  percent, 
The between the  b- and c-modes as a funct ion o f  $-angle f o r  Tto = 90°C. 

curve corresponding o f  the upper e-angle s t a r t s  approximately a t  11%, dips t o  
6% and increases t o  8% a t  the h igh +angle. 
ponding t o  the lower b a n g l e  peaks a t  14%. There i s  no establ ished c r i t e -  
r i o n  f o r  a minimum b- t o  c-mode frequency separation o r  r e l a t i v e  strengths o f  
electromechanical coup1 i n g  factors.  The recent ly  developed doubly ro ta ted  
SC-cut, (21.93, 34-24)", may be appl ied as a gu ide l ine f o r  t he  AK-cut. For 
SC-cut crystals,  t h e  frequency separation i s  9.1%, kb = 5.0%, and kc = 4.6%. 
l h i s  coupling f a c t o r  c r i t e r i o n  w i l l  l i m i t  t h e  AK-cut mostly t o  the  lower 
bang le  and t o  +angles from $ = 37" t o  $ = 40.8". The AF value i n  t h i s  
b a n g l e  range increases from 30.7 x t o  41.7 x I n  addit ion, t h e  
frequency separation c r i t e r i o n  w i l l  completely e l  iminate the  upper Qngl e 
f o r  p r a c t i c a l  resonators. 
w i l l  then be a compromise between fab r i ca t i on  tolerances on t h e  4- and 
%angles, and the const ra in ts  imposed by kb, kc, and the b- t o  c-mode 
frequency separation. 

I n  contrast, t h e  curve corres- 

For a given Tto: t h e  optimum resonator design 

Acknowledgments. We wish t o  thank Robert 3. Andrews and C h e r r i l l e  D. Stewart 
f o r  t h e i r  technical  assistance w i t h  measurements and curve f i t t i n g  computa- 
t ions. 
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Figure 1. 

Figure 2, 

Figure 3. 

Figure 4, 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

Figure 9. 

Figure 10. 

Figure 11. 

Singly and doubly ro ta ted  crysta plates. Coordinate system. 

Calculated (+, 8) l o c i  o f  selected turnover temperatures, Tto, 
f o r  AK-cut crysta ls .  
resonators and t h e i r  measured T t o  values, 

Calculated (+, 9) l o c i  f o r  T t o  = 90%, based on three sets o f  
o f  temperature c o e f f i c i e n t s  o f  t h e  e l a s t i c  constants. 

Rotat ion angles o f  seven experimental AK-cut resonators, ind icated 
by s o l i d  c i r c les .  
planes used f o r  or ientat ion.  

Measured frequency-temperature cha rac te r i s t i cs  f o r  fundamental 
and 3 rd  overtone modes. Also shown are the di f ferences between 
measured and f i t t e d  normalized frequencies. 

Fundamental c- and b-mode spectra measured f o r  seven AK-cuts. 

3rd overtone c-mode spectra measured f o r  s i x  AK-cuts. 

Example o f  3 rd  overtone AK-cut resonance curve. 

Calculated frequency o f f s e t s  between T t o  = 90°C and 91% f o r  
AK-cut s . 
Calculated electromechanical coupl ing factors  kb and kc f o r  
AK-cuts w i t h  turnover a t  90°C. 

Calculated b-mode t o  c-mode frequency separation f o r  AK-cuts w i t h  
turnover a t  90°C. 

Dots i n d i c a t e  the  p o s l t i o n  o f  experimental 

Also shown are t h e  M i l l e r  ind ices o f  l a t t i c e  
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J 
X 

Singly and doubly rotated crysta l  plates. Coordinate Figure 1. System 

ROTATION ANQLE PHI - +(DEQ) 

Figure 2. Calculated ($,e) l o c i  o f  selected turnover tem- 
peratures Tto f o r  AK-cut crystals.  Dots indicate the  posit ions of 
experimental resonators and t h e i r  measured Tto values. 
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A -  AblMrtd 
B - BBLQWI 1 
C - BBLQW) LSF 

I 1 1 I I 1 l 
t 31 33 3s 37 39 41 0 

ROTATION A W E  PHI - *cas) 
Figure 3. 
temperature coef f ic ients  o f  e l a s t i c  ccnstants. 

Calculated (+,e) l o c i  for Tto = 90°C, based on three sets of 

2 8 3 0 3 2 3 b 3 6 3 6 4 0  4 2 4 4 4 6 4  
ROTATION ANGLEPHI - rldeg) 

Figure 4. Rotat ion angles o f  seven experimental AK-cut resonators (sol  i d  
c i rc les ) .  Also shown are the  M i l l e r  indices o f  l a t t i c e  planes used for  
orientation. 
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Figure 5. 
fundamental and 3rd overtone modes. 
tween measured and f i t t e d  normal i zed frequencies. 

Example o f  measured frequency-temperature character is t ics  f o r  
Also shown are the di f ferences be- 
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~ 1 0  H r d  

froquenoy 
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- 

Figure 8. Example o f  3rd overtone AK-cut resonance curve. 

e-angie lobe 
e-angle labe 

211 I 
I I I I 1 

30 32.5 33 37.5 40 42.5 45 
ROTATION ANGLE PHI - 

Figure 9. Calculated frequency of fsets  between Tto = 9OOC and 9 1 O C  
f o r  AK-cut s. 
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Figure 10. 
AK-cuts with turnover a t  90°C. 

Calculated electromechanical coupling factors kb and kc f o r  

15 

13 

c c aa 
2 11 x 
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ROTATION ANGLE PHI - +(deg) 

Figure 11. 
with turnover a t  90°C. 

Calculated b-mode t o  c-mode frequency separation for  AK-cuts 
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SOME NEW RESULTS ON IRRADIATION CHARACTERISTICS OF 
SYNTHETIC QUARTZ CRYSTALS AND THEIR APPLICATION 

TO RADIATION HARDENING 

HARISH BAHADUR and R. PARSHAD, 
National Physical Laboratory, 
Hillside Road, New Delhi - 110 012, 
India. 

ABSTRACT 

The paper reports some new results on irradiation 
characteristics of synthetic quartz crystals and 
their application to radiation hardening, The 
present results show how &e frequency shift in 
quartz crystals can be influenced by heat processing 
prior to irradiation and how this procedure can 
lead to radiation hardenhg for obtaining precise 
frequencies and time intervals from quartz oscil- 
l a tors  in space. 

In line with the thinking already proposed (H.Bahadur 
and R. Parshad, Proc, 12th PTTI Conference, pp.829- 
849, 1980) for explaining some of the irradiation 
characteristics of natural crystals, for the present 
work, it was assumed that the positive frequency 
shift in irradiated synthetic crystals is due to 
crystal imperfections. The crystal imperfections 
in synthetic crystals were sought to be removed by 
appropriate annealing (slow heating to 24OoC followed 
by slow cooling). Different annealed crystals on 
irradiation gave either a negative frequency shift, 
thus simulating the behavior of natural crystals 
or almost a zero frequency shift. This result woula 
be due to the positive frequency contribution of 
remanant crystal defecte matching the negative 
frequency contribution of the A-centers of the 
crystal lattice, 

The experimental results indicate a new way of 
radiation hardening. 

This work was supported in part by a Homi Bhabha 
Fellowship awarded to H, Bahadur. 
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INTRODUCTION 

By now, intense work 1-3370n irradiation characteristics of natural 
and synthetic quartz crysta 
results are the following. 
crystals, Y-and X-irradiation produce a n 
culminating in most cases t 
radiation doses. For syn 
complex and varying. For 
premium Q16, the frequency in 
crystals of the lower grade, the frequency re constant with 
irradiation dose while for the premium Q crystals, the results 
are varying (frequency increase or constant) depending upon the 
nature and technique of sweeping16 or a constancy of frequency 
followed by decrease18. 

For natural crystals, investigations in this laboratory 
showed that on irradiation, while the optically clear quartz 
gave the frequency characteristics following the literature 
results (negative frequency shift), but for the non-optically 
clear quartz the initial decrease of frequency was followed by 
an increase. This increase can be so much as to have the new 
resonance frequency greater than the starting frequency before 
irradiation. 

28,36,37 

We were led to believe that the ensuing positive frequency shift 
(after the initial negative shift) was due to the role of crystal 
defects present in the non-optically clear natural quartz, these 
defects also producing the relative opacity of the crystals. That 
crystal defects were present in such crystals was also adduced by 
results of investigations of EPR and thermoluminescence of these 
crystals38However, these studies will not be discussed in the 
present paper. 

Parallel with the role of defects in causing positive frequency 
shifts in natural crystals, it was thought that the overall 
positive frequency shift in synthetic crystals8 right from the 
time of irradiation was due to the greater density of defects 
present in such crystals (particularly in those produced at the 
time of Capone et.al.'s publication: Ref.8). The above thinking 
led us to the attempt of removing or decreasing the crystal 
defects by appropriate annealing before subjecting the crystal 
to 7-irradiation. The results have been rewarding and are det- 
ailed below. As would be seen, the results have not only funda- 
mental interest but also indicate a new way of radiation hardening 
so desirable for use of crystals in satellite-borne frequency 
standards and other associated applications. 
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EXPERIMENTAL RESULTS 

The various synthetic crystal AT-cut resonators st ied were drawn 
from both unswept and swept materials and oscillat in different 
frequency regions such as 1, 3.5 and 5 Mwz. Swept crystals were 
Sawyer material and their sweeping was done at Sandia Laboratories, 
Albuquerque, NM. The unswept synthetic crystal resonators were 
assembled by Andhra Electronics, India. The resonators were used 
as the frequency determining elements in a 
modified Colpitts oscillator circuit. The adi- 
ated in steps from a 6oCo source to different cumulative doses. 

At the outset, before giving results for individual crystals, it 
should be stated that all the crystals, swept and unswept, gave 
on irradiation an initial frequency instability before the frequen- 
cies took up steady values. In this paper, the experimental 
results about only the steady frequency drifts will be described 
and discussed. 

In the following are given the experimental results for the swept 
and unswept crystals separately. The studies on the swept crystals 
were done with the aim to effective1.y judge the results on the 
unswept synthetic crystals, all subjected to the same irradiation 
environment. 

Swept Synthetic Crystals 

Two swept resonators (designated as Resonators I and 11) were oper- 
ated in their third overtone in the frequency region of 3 MHz. 
Figures 1 and 2 represent the irradiation results. It can be ob- 
served that the steady frequency following the initial instability 
is unchanged as a result of irradiation. 

Unswept Synthetic Crystals 

The experimental results for unswept crystal resonators designated 
as Resonators 111, IV and V are given in tables I to 111. As can be 
seen from the tables, for all the resonators the post-irradiation 
frequencies, following the literature results, were greater than 
those of the virgin crystals, the frequencies showing a saturation 
for extended doses. At this stage, the synthetic crystals already 
irradiated were annealed. In th.e annealing procedure, the resona- 
tors 111, IV and V were gradually heated to a maximum temperature 
of 24OOC in a thermostat. They were kept at this temperature for a 
few hours (- 5 hrs) and were subsequently cooled slowly at the rate 
of about 5OC/hr to room temperature. The annealing process would, 
of course, also fully or partially bleach the crystals. It was 
interesting to observe that the resonance frequencies of the ann- 
ealed crystals were lower than those of the original virgin crys- 
tals. 
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TABLE - I 

Frequency behavior of a 5-MHz (unawept) synthetic quartz 
crystal (Resonator 111) on 7-irradiation. 

Virgin crystal frequency = 5000217 Hz. 

Dose Steady frequency Steady frequency offset 

2 5 kRads 5000253 Hz +36 Hz 

50 kRads 5000208 Hz +51. Hz 

100, kRads 5000270 Hz +53 Hz 

200 kRads 5000273 Hz +56 Hz 

At this stage the crystal was annealed. Frequency of 
annealed crystal was 4999792 Hz (-480 Hz lower than 
the frequency of the virgin crystal). Further irradiation 
showed the following results. 

Dose Steady frequency 
Steady frequency offset 
with respect to the 
frequency of the an- 
nealed c rys t a l .  

100 kRads 4999775 Hz 

200 kRads 4999765 Hz 

- 17 HZ 
- 27 HZ 
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TABLE - I1 

Frequency behavior of a 3.5 MHz(unswept) synthetic quartz 
crystal (Resonator IV) on ?-irradiation. 

Virgin crystal frequency = 3500125 Hz. 

Dose Steady frequency Steady frequency offset 

25 kRads 3500153 Hz +14 Hz 

50 kRads 3500158 Hz +33 Hz 

100 kRads 3500158 Hz +33 Hz 

200 kRads 3500160 Hz +35Hz 

At this stage the crystal was annealed. Frequency of 
annealed crystal was 3500079 Hz (-45 Hz lower thari 
the frequency of the virgin crystal). Further irradia- 
tion showed the following results. 

Dose Steady frequency Steady frequency offset 
with respect to the 
frequency of the an- 
nealed crystal.  

10 0 kRads 3500086 Hz +7 Hz 

200 kRads 3500084 Hz +5 Hz 
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TABLE - I11 
Frequency behavior of another 3.5 MHz (unswept) synthetic 
quartz crystal (Resonator V) on ^(-irradiation. 

Virgin crystal frequency = 3500087 Hz. 

Dose Steady frequency Steady frequency offset 

25 kRads 3500107 Hz 

50 kRads 3500120 Hz 

100 kRads 3500123 Hz 

2000 kRads 3500123 Hz 

~ ~ ~- - 

+20 Hz 

+33 Hz 

+36 Hz 

+36 Hz 

At this stage the crystal was annealed. Frequency of the 
annealed crystal was 3500056 Hz (-30 Hz lower than the 
frequency of the virgin crystal). Further irradiation 
showed the following results. 

Dose Steady frequency 
Steady frequency offset 
with respect to the 
frequency of the annealed 
crystal. 

100 kRads 3500062 Hz +6 Hz 

200 kRads 3500065 Hz +9 Hz 

600 



Regarding the irradiation cheract 

e present se 
visualized by us, simulated the behav 
Resonators IV and V gave post-irr 
same as they were before the second irradiation. 

DISCUSSION OF RESULTS 

The prominent results that stand out from our investigation 
that on annealing the synthetic crystals the irradiation-frequency 
behavior changed characteristics rather drastically. In one reso- 
nator the characteristic became the same as of natural crystals 
(frequency decreasing with irradiation dose). The other two reson- 
ators studied showed almost a constant frequency characteristics 
(a residual positive frequency shift). The resonator with the 
negative frequency shift validates the assumption that the positive 
frequency shift due to irradiation of unannealed crystals is a 
result of crystal defects and therefore on removing or decreasing 
the defects on annealing, the frequency behavior would simulate 
that of the natural crystals. For these crystals, the negative 
frequency shift is of-course due to the contribution of the A- 
centers formed from their precursors, the so-called [Al/M+)o - 
centers 4. 

In the context of the above, the irradiation characteristics of 
the other resonators giving almost zero or residual positive fre- 
quency shift must be due to the positive frequency contribution 
of the remanant crystal defects (remaining after non-ideal anneal- 
ing) almost matching the negative frequency shift. 

Here, it may be of interest to observe that the frequencies of the 
annealed crystals (before second irradiation) were even less than 
those of the.origina1 virgin crystals. It has been shown earlier38 
that neutron-irradiated crystals and those subjected to high enough 
temperatures ( N1OOO°C) and rapid enough cooling gave increased 
hardness and modulus of rigidity, all this leading to increase of 
resonance frequency. In the light of these results, the decrease of 
the observed resonance frequency by annealing indicates reduction 
or elimination of crystal imperfections, the premise on which the 
work of the present paper is based. 

Apart from the fundamental interest of the investigations, the 
results have the immediate application in that more controlled 
annealing procedure would yield exact radiation hardening compar- 
able to those of swept crystals (Figures 1 and 2) for satellite- 
borne frequency standards and other associated uses. 
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ONE D T I  CHR 
SERIES AND GPS 

B 

L. A. Buennagel 
D. J. Spitzmesser 

L, E. Young 

Abstract 

Subnanosecond time s y n c h r o n i z a t i o n  be tween two remote  
rub id ium f requency  s t a n d a r d s  i s  v e r i f i e d  by a t r a v e l i n g  
c l o c k  comparison. Using a novel ,  code i g n o r a n t  G loba l  
P o s i t i o n i n g  System (GPS) r e c e i v e r  deve loped  a t  JPL, t h e  
SERIES g e o d e t i c  b a s e l i n e  measurement system is applied t o  
e s t a b l i s h  the  o f f s e t  between the  1 Hz, outputs  of the remote 
standards. Results of the  two intercomparison experiments 
t o  date are presented as w e l l  as experimental details. 

INTRODUCTION 

T r a v e l i n g  c l o c k  i n t e r c o m p a r i s o n s  w i t h  be t te r  t h a n  a nanosecond 
agreement demonstrate t h a t  time synchronization i s  now possible us ing  
a new technique. The technique is  known as Satel l i te  Emission Range 
I n f e r r e d  E a r t h  Survey ing  (SERIES) and  was developed  a t  t h e  Je t  
P r o p u l s i o n  Labora to ry  by a group w i t h  a background i n  Very Long 
Baseline In te r fe rometry  (VLBI.) The t r a d i t i o n a l  sources for V L B I  are 
q u a s a r s ,  d i s t a n t  and d i m  a s t r o n o m i c a l  o b j e c t s .  The q u a s a r  s i g n a l  
s t r e n g t h s  are f i v e  o r  s i x  o r d e r s  of magni tude  less t h a n  t h e  GPS 
satell i te signals.  Using brighter sources permits r e l ax ing  t h e  severe 
d i s c i p l i n e  imposed on V L B I  researchers, such as long observation times 
as well as high ins t rumenta l  and frequency standard stabilities. The 
major  d e p a r t u r e  from t h e  V L B I  approach  is t he  absence  of any b i t  
stream a l i g n m e n t  o r  c o r r e l a t i o n  i n  t h e  data r e d u c t i o n  s t age .  The 
major i nhe r i t ance  f o r  SERIES from the  V L B I  t r a d i t i o n  is a n  i r reverence  
f o r  "codes"; indeed, it has been said that no one knows t h e  code being 
b r o a d c a s t  by t h e  q u a s a r s ,  b u t  t h a t  h a s  n o t  k e p t  them from b e i n g  
s ucce  ssf u l l y  used. 

The SERIES technique, then, is b u i l t  around a novel GPS receiver,  one 
t h a t  does  n o t  have  a p r e s e t  b i t  stream g e n e r a t o r  i n s i d e ;  there is 
n o t h i n g  c o r r e l a t i n g  w i t h  t he  r e c e i v e d  s i g n a l .  I n s t e a d ,  t h e  SERIES 
rece iver  co l l apses  t h e  received spread spectrum s igna l ,  e x t r a c t i n g  the 
t r a n s i t i o n s  o f  t h e  spaceborne  pseudorandom code gene ra to r .  These 
t r a n s i t i o n s  provide the  event common t o  both s t a t i o n s  f o r  the base l ine  
parameter es t imat ion ,  the primary SERIES application. 
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Note the second s ta t ion ' s  r ece ive r  output. A non-in 
wave leng ths  f i t  i n  t h e  p a t h  between t h e  sa te l l i t e  
With t h e  assumed zero d e l a y  i n  t h e  r e c e i v e r ,  t h e  s q u a r e  wave o u t p u t  
has a phase s h i f t  r e l a t i v e  t o  i t s  own s t a t i o n  clock. Each s t a t i o n ' s  
measured r e c e i v e r  phase is recorded.  During data r e d u c t i o n ,  t h e  
r e c e i v e r  phases  measured a t  t h e  same time a t  t h e  two s t a t i o n s  a r e  
differenced. This  phase d i f f e rence  is modeled as propagation delay due 
t o  t h e  p r o j e c t i o n  o f  t h e  b a s e l i n e  o n t o  t he  l i n e  of s i g h t  t o  t he  
satellite. I n  addi t ion ,  s i n c e  the two s tandards  are never synchronized 
i n  phase o r  frequency, effects of these two offsets are present  i n  the  
d i f f e r e n c e  data and must be s o l v e d  fo r  i n  t he  parameter e s t i m a t i o n .  

' It is t h e  e s t i m a t i o n  of these effects tha t  permi ts  t he  SERIES techni- 
que to  provide time synchronization. 

Each s q u a r e  ming f r o  r e c e i v e r  l o o k s  li so 
there is a n  t y  a s  t o  which e v e n t  i n  t he  are 
waves e i ther  s t a t i o n  saw. T h i s  a m b i g u i t y  can  be removed e i the r  by 
adequate prior knowledge of the  base l ine  or by a f u l l e r  t rea tment  of 
t h e  data a s  a Doppler  d i f f e r e n t i a l  p o s i t i o n i n g  problem. For t h e  
demonstration goals of the cu r ren t  SERIES taak, the  a p r io r i  base l ine  
data was provided a t  about the 100 meter level.  The Doppler approach 
is being implemented and is expected t o  remove t h i s  requirement for 
t h e  SERIES system. 

PORTABLE STATION 

Figure 2 shows the  s t a t i o n  used in t h e  SERIES system. One such s i n g l e  
man s t a t i o n  is p l a c e d  a t  each end o f  t h e  l i n e  t o  be measured. The 
camper she l l  is required fo r  shelter but  is not  very fu l l .  The whole 
system o c c u p i e s  three h a l f - e l e c t r o n i c  equipment  racks, a t o t a l  of 
a b o u t  e ighty  i n c h e s  o f  f r o n t  pane l  space. The r e c e i v e r  takes e ight  
i n c h e s ,  t h e  rest is t a k e n  up by o f f - t h e - s h e l f  items f o r  t h e  data 
system such as a n i n e  track tape deck, a computer ,  t h e  HP5370A T i m e  
I n t e r v a l  Counter  which is t h e  main measurement d e v i c e  and the  
stat  ion's r ub i  d i  um standard. 
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of bent aluminum and h a l f  inch wire mesh. 
on  a 1602. p las t i c  d r i n k i n g  cup and  t h e  
pan. 

BASELINE ESTIMATION 

Whatever d o u b t s  t h a t  may have  been raised abou t  t h e  s e r i o u s  
t h i s  e f f o r t  should be allayed by Figure 3, which d e p i c t s  how 
parameter e s t i m a t i o n  process treated the  observations. This f i g u r e  
shows t h e  p l o t  of t h e  r e s i d u a l s  t o  t h e  data t a k e n  o n  the  2 4 t h  of 
August, 1982; the o ther  experiment t o  date, on t h e  23rd of  August, had 
s imilar  r e s u l t s .  The b a s e l i n e  be ing  measured a t  t h e  time of  these 
experiments was approximately 21 k i lometers  long, a t  JPL's Goldstone 
tracking complex i n  S o u t h e r n  C a l i f o r n i a .  The computed  p h a s e  
d i f f e r e n c e  was d e r i v e d  from t h e  f i v e  parameter s o l u t i o n :  t h e  three 
dimensional vec tor  between the s t a t ions ,  the epoch o f f s e t  between the  
s t a t i o n  clocks and t h e  frequency o f f s e t  between those clocks. Plotted 
on a f u l l  scale of 4 nanoseconds are 101 res idua ls ,  which have a n  R M S  
scatter of .6 nanoseconds, typical  f o r  experiments run for t h i s  base- 
l i n e .  While t h e y  are n o t  i d e n t i f i e d  i n  t h e  f i g u r e ,  o b s e r v a t i o n s  o n  
a l l  f i v e  GPS satellites are present, normally one after the other for 
good sampling of the baseline components. This es t ima t ion  was l i m i t e d  
t o  the  two and a qua r t e r  hours t ha t  a l l  f i v e  satell i tes were i n  common 
view. 

The time a t  which the epoch o f f s e t  estimate is co r rec t  is the  start of 
t h e  o b s e r v a t i o n  run ;  t h i s  was chosen as  t h e  time t o  e x p r e s s  t h e  
intercomparison r e s u l t s  and is indicated on the r e s i d u a l  p l o t  by the 
v e r t i c a l  arrow. Also on the r e s idua l  p l o t  are two gaps, the first for 
a t r a v e l i n g  clock v i s i t  t o  s t a t i o n  A, and a g a i n ,  h a l f  a n  hour la ter ,  
fo r  a v i s i t  t o  s t a t i o n  B. 

CALIBRATIONS 

The t r a n s i t i o n s  e x t r a c t e d  by t h e  SERIES r e c e i v e r  are found i n  three 
g u i s e s  as broadcast by each GPS sa te l l i t e ,  one a t  1,023 MHz. o n  t h e  
upper  b r o a d c a s t  f r equency ,  d e s i g n a t e d  L1, and two a t  23 MHz., one  
on L I J  and a second on the lower frequency, designated 

permits a direct c a l i b r a t i o n  of the  ionospheric delay along the l i n e  
o f  s i g h t  t o  t h e  sa te l l i t e ,  much as i n  t he  s t a n d a r d  GPS ( two channe l )  
r e c e i v e r .  The SERIES system o b t a i n s  t h i s  c a l i b r a t i o n  f o r  each 
observation, removing ionospheric delay as a n  error source. 

ment of t h e  delay from the  L1 10.23 MHz. t r a n s i t i o n  t o  t 2 
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ors  a t  each s t a t i  
s t a t i o n  clock using the  same Time In te rva l  Counter as was used f o r  the 
other phase measurements. 

I n  addition, i t  was necessary t o  measure the d i f f e r e n t i a l  t o t a l  delay 
through t h e  two s t a t i o n s .  T h i s  c a l i b r a t i o n  was made on t h e  25th of  
August. Both s t a t i o n s  were l o c a t e d  a t  S t a t i o n  A and opera ted  as on 
other occasions, except that the geometry was known and the clock bias 
was e l i m i n a t e d  by o p e r a t i n g  both s t a t i o n s  from the  same frequency 
standard. The parameter estimation r e s u l t s  were used t o  derive the 
d i f f e r e n t i a l  t o t a l  sys tem delay. Again, " d i f f e r e n t i a l "  is used 
because t h e  a b s o l u t e  sys tem delay is  not  ob ta ined  but  on ly  t h e  
difference between the  two stations.  The system d i f f e r e n t i a l  as well 
as the  second day's single cycle ambiguity were appl ied  t o  obtain the  
f i n a l  SERIES value fo r  the s t a t i o n  clock offsets.  

TRAVELING CLOCK 

The independent v e r i f i c a t i o n  of t he  s t a t i o n  c l o c k  o f f s e t s  was a 
traveling clock measurement. The measurement setup is indicated i n  
F igure  4, w i t h  t h e  t r a v e l i n g  c lock  v i s i t i n g  s t a t i o n  A. The HP5370A 
Time In te rva l  Counter (TIC) measures the of fse t  between the host clock 
and the t ravel ing clock. (By way of comparison, the f igure  notes the 
use  of the  T I C  fo r  the  b a s e l i n e  e s t i m a t i o n  s e t u p ;  i n  t h i s  case, t h e  
T I C  is started on the  host clock t i ck  and stopped a t  a predetermined 
point on the receiver output waveform.) 

F igure  5 p r e s e n t s  t h e  t r a v e l i n g  c lock  data f o r  t h e  24th  of August. 
Each dot  p l o t s  t h e  average of  100 measurements of t h e  time d e l a y  
between t h e  1 Hz. ou tpu t s  of  t h e  s t a t i o n  clock and t r a v e l i n g  clock.  
Typica l  RMS d e v i a t i o n s  of each of t h e  100 measurements were a half '  
nanosecond. The l i n e s ,  here hand drawn, d e p i c t  t h e  f i t  t o  t h e  data 
taken a t  each station. A t h i r d  order polynomial was used i n  order t o  
in te rpola te  the  two s t a t i o n  clock o f f s e t s  t o  a common epoch. The RMS 
e r ro r s  t o  the fits were about a ha l f  nanosecond. The common epoch f o r  
t h i s  day's i n t e rcompar i son  w i t h  t h e  parameter est imat ion r e s u l t s  is 
indicated by the  ve r t i ca l  arrow. Note tha t  the 1300 nanosecond o f f s e t  
exceeds t h e  SERIES ambigui ty  i n t e r v a l  of 997 nanoseconds. One 
ambiguity in t e rva l  was added t o  the parameter estimate for t h i s  date. 

The sequence of data po in t s ,  a l t e r n a t i n g  between t h e  two s t a t i o n s ,  
shows there were two and a half  round t r i p s  f o r  the t ravel ing clock; 
the  same was done on the  23rd. The effort spent on the  repeated t r i p s  
gave us  confidence t h a t  there were no c lock  breaks i n  t he  t r a v e l i n g  
clook. P a i n s  were taken  i n  t h e  measurement technique  t o  i n s u r e  

608 



each s t a t i o n .  The 
t r a v e l i n g  clock measurement can be seen  t o  be a c c u r a t e  t o  about  0.5 
nanosecond. This is reasonable performance f o r  the HP 506 A Rubidium 
s tandard  w i t h  (del ta  f ) / f  a t  one hundred seconds of S X ~ O ’ ~ ~ ,  g iven  a 
mean of about 10 minutes between measurements: 

( 5 ~ 1 0 ’ ~ ~ )  x 10min x 60sec/min x square root(2 clocks) o 0.4~10’~seo, - 

RESULTS 

The r e s u l t s  are t ab led  i n  F igure  6. The second column c o n t a i n s  t h e  
SERIES determined o f f se t  between the  two s t a t ion  clocks a t  the  date 
and time l i s t e d  i n  t h e  first column. The  t h i r d  column c o n t a i n s  t h e  
t ravel ing clock estimate of the clock offsets, interpolated by means 
of t h e  polynomial t o  t h e  time shown i n  t h e  first column. The 
difference between the methods was .6 nanoseconds for the  first day 
and 0.6 nanoseconds fo r  the second. 

I n  summary, t h e  subnanosecond in te rcompar ison  of t h e  c lock  o f f s e t s  
shows the  SERIES technique t o  have more than j u s t  promise as an 
economical and f l e x i b l e  method for  time synchron iza t ion  w i t h  
performance that  w i l l  not degrade should the satell i te codes involved 
pass  from public access. 

The au tho r s  would l i k e  t o  acknowledge t h e  able a s s i s t a n c e  g iven  t o  
t h i s  experiment  by Earl Lobdel l ,  Sharon Schmi t t ,  Ben Johnson, Bob 
Newsted, Mark Smith,  and Jess Myers. 
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W. ALLAN, National Bureau o f  Standards 

One comment and two questions: 
not? 

I believe tha t  i s  the 5370 counter, i s  i t  

MR. L. A. BUENNAGEL, Jet  Propulsion Laboratroy 

53 or  5070, I don't know. The d i g i t  i s  a t  the wrong place. 

MR. ALLAN: 

Okay, f ine. How do you determine the ephemeris f o r  the sa te l l i t e?  What 
do you use for  the ephemeris estimation? 

MR. BUENNAGEL : 

Okay. We have two problems. F i r s t  o f  a l l  i t i s  a steered antenna, as you 
see, so we need t o  know where t o  point. For that, the Vandenberg Master 
Control Stat ion provides, on a week o r  two basis depending on when we are 
ca l l i ng  up, e t  cetera, o r b i t a l  parameters which are an almanac class mes- 
sage i n  the upload. Post facto, some two weeks o r  so a f t e r  the observa- 
t ion, we get  a tape from Anderle's group a t  the Naval Surface Weapons 
Center. I do not  know what tha t  tape is ,  and I have questions about it. 
I am afraid tha t  i t  i s  the predict ion tape sent t o  Vandenberg. The hope, 
i n  contrast, i s  t ha t  r e a l l y  is,  as advertized, the 5-minute center posi- 
t ions o f  the sa te l l i tes ,  so we use the post facto f o r  the ephemeris posi- 
t ions o f  the sa te l l i tes .  

MR. ALLAN: 

The second question is ,  how large a baseline do you th ink you can go up to? 

MR. BUENNAGEL : 

This experiment was terminated a t  the l i n e  shown here by bringing one end 
o f  the baseline back t o  JPL. That's 171 kilometers, a factor  o f  eight. 
We expect t o  be able t o  do that. Our experience has been tha t  we do bet ter  
the fur ther  out  we get. I do not want t o  advance an estimate tha t  we are 
going t o  move baselines fu r ther  out. We'll see what happens. 

DR. KELLOGG, Loc kheed 

When you t a l k  about some nanosecond precision, o r  whatever you choose t o  
c a l l  it, the dif ference between the two, you described an antenna b u i l t  
i n  not only an imprecise manner but one which gave one pause. The d is-  
tances you are measuring are from the phase center o f  an antenna t o  some 
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other source, using VLBI techniques. 
n o n - r ~ g i d  antenna reproducabl e w i t h i n  the s level con- 
verting t o  the speed of l i g h t ,  that's a pretty few centimeters? 

Is t h  r of this t r a c k i n g ~  

MR. BUENNAGEL: 

You are striking on an article of fa i th  of the VLBI community t h a t  I per- 
sonally have called in to  question. The argument goes, suppose there is 
a phase center not a t  the assumed geometric intersection of 
the solution po in t .  
the basis of symmetry, you would not be sampling t h a t  component because i t  
is  normal t o  the incident ray wavefront. 
tenna, i t  i s  indistinguishable from a clock term, which then i n  turn is 
lumped in to  the final step, namely the differential total  station delay 
cal i bration required. 

If i t  is off-axis, which would be argue 

If i t  i s  along axis of the an- 

So you have ferreted out  a nice matter. I have given the doctrine, 
the dogma, on how t o  deal w i t h  t ha t ,  b u t  I have my doubts, and given some 
time I want t o  investigate that.  

DR. KELLOGG: 

I'm glad you do. Thank you. 

MR. BUENNAGEL : 

A question i n  the back? 

MR. 3. M. PRZYJEMSKI , Draper Laboratories 

Have you a t  any time measured any of these baselines using,  perhaps, a 
surveying technique? 

MR. BUENNAGEL: 

Yes. We have measured baselines of zero meters out to two meters, 150 
meters, and now this one, which are i n  fact known t o  three more places than 
I p u t  on the graph. 

MR. PRZYJEMSKI: 

So t ha t  would be a t h i r d  means of supporting these time transfer results 
t h a t  you have. 

MR. BUENNAGEL: 

The result of the comparison on this longest baseline i s  i n  agreement w i t h  
the hybrid of the National Geodetic Survey answer and a VLBI measurement 
along the baseline of 2.2 centimeters length a t  the current time, bu t  
t h a t  really is a result t h a t  has t o  be described elsewhere, under other 
circumstances . 
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MR, PRZYJEMSKI: 

I see. Another comment i s ,  you mentioned that the f u r t h  
the better you feel the results m i g h t  be. 

MR. BUENNAGEL: 

NO, just  the better they appear t o  be. 

MR. PRZYJEMSKI : 

They appear to be. Would you feel that  your abil i ty to  measure or compen- 
sate for  differential ionospheric delays might cause you to have a greater 
error w i t h  increasing baseline length. 

MR. BUENNAGEL: 

In fact, none of the solutions t o  date have used the ionosphere calibration 
delay information. This six-tenths of a nanosecond agreement that we have 
here doesn't use that information. Moreover, i t  doesn't use any kind  of 
atmosphere correction. A t  Goldstone that may not be so terrible,  because 
i t  is  very dry,  i t s  level, the winds are s t i l l .  
more we push this, the more we are going to have t o  use other forms of 
data. 

I t  is obvious that  the 

MR. PRZYJEMSKI : 

Did you use LlN02? 

MR. BUENNAGEL : 

We do routinely record that. 
fact  we don't use i t  i n  any of that. 

I t  was touted as our first product b u t  i n  

MR. PRZYJEMSKI : 

Certainly that  would give you a good result  if  the baseline was short, 
where the differential on the ionosphere may have a small or negligible 
effect on the result. 

MR. BUENNAGEL: 

We are a l i t t l e  b i t  pessimistic r i g h t  now because the noise on the iono- 
sphere delay i s  worse than the gain you get back p u t t i n g  i n  the correc- 
tions. 

MR. PRZYJEMSKI: 

I see. Thank you very much. 
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What technique d you use t o  ex h o u t  knowing 
code? 

MR. BUENNAGEL: 

I t  i s  described as a power divide, shift, and multiply technique. I t  is  
documented i n  a patent application on f i l e  under the name of P 
the person who developed this technique. 
not  go in to  the details of that. 
cation t h a t  has been documented. 

I am not a radio person. I can- 
I believe t h a t  you can f i n d  this appli- 

I would enjoy a question from Dr. Alley, my former employer. 

PROFESSOR ALLEY, University of Mary1 and 

Thank you. 
traveling clock, A l .  
transit? 

I am a l i t t l e  surprised you have such good agreement on this 
Did you take precautions to  protect i t  during this 

MR. BUENNAGEL: 

I have been alerted t o  expect challenge on that side. I am hid ing  behind 
the word "agreement" here. 
here, namely, more t h a n  one round trip and more t h a n  one day, as I have 
noted. I doubt  that there was any protection a t  a l l .  I t  was placed gently 
i n  a car and driven b u t  beyond tha t ,  I d i d  not make the trip myself so I do 
not know what the protection was. 

You will tiotice t h a t  there was some r igor  used 

PROFESSOR ALLEY: 

I see. Thank  you. 

MR. BUENNAGEL: 

Dr . Wi n k l  er? 

DR. W I N KL E R : 

Two th ings :  The principle of collapsing a pseudo random noise code con- 
sists i n  compensating for the phase modulation. In case of simple + 180 
degree phase modulation, a t  whatever rate and i n  whatever pseudo raKdom 
sequence, i f  you multiply your I.F. frequency by two, the result will a l -  
ways be zero phase angle, whether i t  is 180 o r  zero, and exactly the same 
t h i n g  can be done w i t h  whatever phase modulation you have, just that i t  
has t o  be more complicated. 
t o  track the pseudo random noise w i t h  VLF receivers. 

T h i s  i n  fact is the technique which is used 
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B u t  I have another question: 
the code b u t  you do need the ephermeris, and of course i n  the moment the 
code is  withdrawn I doubt  that you will have the ephermeris without being 
authorized. 

You have emphasized that you d o n ' t  need 

MR. BUENNAGEL: 

T h a t ,  I t h i n k ,  will be a politcal question, and the answer thus far  has 
been t h a t  because we are a nontactical user, t h a t  we may have the solution 
af ter  the fact ,  two weeks, e t  cetera. Again, i n  a tactical or a real time 
p o i n t  o f  view, t h a t  i s  terrible,  b u t  relative to  the VLBI experiment t h a t  
runs for days i tself  before the data is  gathered, l e t  alone the solution, 
2 weeks i s  wonderful. 

MR. L. J.  RUEGER, JHU/APL 

I was wondering i f  you could support  the independent phase stabil i t y  of 
these rubidium standards t o  t h a t  qual i ty  actually as independent time 
pieces, because half a nanosecond over t h a t  length of time is really quite 
remarkable. B 

MR. BUENNAGEL: 

Again, I am h id ing  behind the word "agreement". 
mented properties, e t  cetera, b u t  I t h i n k  we have something. 

I am familiar w i t h  docu- 

DR. VIG: 

Thank you for a most interesting paper, as evidenced by the number o f  
questions. 

620 



I N G  T E C ~ ~ I Q ~ ~  FOR THE HUDROG 

R. L. Sydnor and L,  
Jet Propulsion Laboratory 

California I n s t i t u t e  of Technology 
Pasadena, California 

ABSTRACT 

Auto-tuning of t h e  maser c a v i t y  compensates f o r  c a v i t y  
pulling e f f ec t ,  and other  sources of contribution t o  the 
long t e r m  frequency d r i f t .  Schemes p rev ious ly  proposed 
for  the maser cavity auto-tuning can have adverse a f f ec t s  
on the performance of t he  maser. I n  t h i s  paper w e  propose 
a new scheme based on the  phase re la t ionship  between the  
e l e c t r i c  and the magnetic f i e lds  inside the cavity. This 
technique  has  t h e  d e s i r e d  f e a t u r e  of auto- tuning t h e  
cavity with a very high sens i t i v i ty  and without dis turbing 
t h e  m a s e r  p e r f o r m a n c e ,  Some a p p r o a c h e s  f o r  t h e  
implementa t ion  of t h i s  scheme and p o s s i b l e  a r e a s  of 
d i f f i c u l t y  are examined. 

Introduction 

The dominant cause of the long t e r m  frequency d r i f t  i n  t h e  hydrogen maser is 
the slow change i n  the  dimensions of the high Q cavity. Since the dimensions 
of t he  cavity must be held s t ab le  t o  approxiflttely one angstrom t o  maintain 
t h e  frequency of t h e  maser t o  one p a r t  i n  10 , it i s  d i f f i c u l t  t o  d i r e c t l y  
measure and con t ro l .  This  d imens iona l  change must be  overcome i n  some 
indi rec t  manner which senses the  cavity frequency o f f se t  and tunes the  cavi ty  
back t o  resonance. Aside from overcoming t h e  cavity pul l ing e f f ec t ,  auto- 
t un ing  can a l s o  enhance t h e  performance of t h e  maser by reducing  t h e  
sens i t i v i ty  t o  pressure var ia t ions,  and compensating f o r  anomalous frequency 
s h i f t s  of ten encountered i n  the  hydrogen maser. 

A numb r of t echn iques  have been p rev ious ly  proposed f o r  c a v i t y  auto- 
tuning , f-4 These techniques are essent ia l ly  based on e i t h e r  t he  modulation 
of t h e  a tomic  l i n e  width,  o r  t h e  sens ing  of t h e  c a v i t y  resonance. The 
technique proposed i n  t h i s  paper is  based on the  latter e f f ec t ,  and u t i l i z e s  
t h e  phase r e l a t i o n s h i p  between t h e  e l e c t r i c  and t h e  magnet ic  f i e l d s  in a 
f i n i t e  Q cavity. 

I n  t h e  remainder  of  t h i s  paper  b r i e f  d i s c u s s i o n s  of c a v i t y  auto- tuning 
methods based on atomic l i ne  width modulation and on resonance sensing w i l l  
f i r s t  be presented. The descr ipt ion of the auto-tuning scheme based on phase 
d e t e c t i o n  w i l l  t h e n  be given. F i n a l l y ,  a d i s c u s s i o n  of t h e  p o t e n t i a l  
advantages and disadvantages, and possible means of the  implementation, of 
the  method w i l l  be made. 
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. 
According t o  equation (11, t h e  mistuning of t he  cavity may be determined by 
changing the atomic l i n e  width. There a re  several  ways i n  which t h i s  may be 
accomplished. I n  the  f i r s t ,  and most common way, it i s  accomplished through 
the controlled modulation of the  atomic beam flux, which i n  t rn  influences 
the  contribution s f  the spin exchange e f f ec t  t o  the  line width, Y 

The modulation of the  atomic f l u x  may be accomplished i n  a number of ways, 
including the modulation of t he  input power of the hydrogen gas dissociator.  
The most popular method fo r  atomic beam f l u x  modulation however involves the 
chopping of the beam and thus controll ing the  number of atoms which en ter  the  
maser s t o r a g e  bulb  i n  t h e  cavi ty .  The r e s u l t i n g  change i n  t h e  maser ou tpu t  
frequency is  detected and used t o  determine the cavity mistuning and thus t o  
control the e f f ec t  of the cavi ty  dr i f t .  While t h i s  method has the advantage 
of s i m p l i c i t y  and e f f e c t i v e n e s s ,  i t  n e v e r t h e l e s s  s u f f e r s  from a number of 
problems inc lud ing  r ep roduc ib le  c o n t r o l  of t h e  beam chopper and adverse  
influence on the  performance of the maser due t o  periodic a l t e r a t ion  of the 
signal-to-noise r a t i o  i n  the maser and the e f f ec t  of the varying output power 
on the phase t r ans fe r  function of the electronics.  

Another tecn ique  f o r  vary ing  t h e  width of t h e  a tomic  l i n e  t h a t  has  been 
attempted i s  the  introduction of inhomogeneities i n  the magnetic f i e l d  i n  the  
maser cavity. The resu l t ing  frequency change i n  the maser output frequency 
would be detected and used as above. This technique has not been used because 
of the  d i f f i cu l ty  i n  achieving the proper kind of controlled inhomogeneity. 

Cavity Resonance Sensing Techniaue 

A number of techniques have been devised, i n  connection with the development 
of the passive hydrogen maser, t o  auto-tune the cavity by sensing the  cavity 
resonance. One such technique2 involves the  in jec t ion  of a s ignal  which has 
been square-wave frequency modulated by an amount approximately equal t o  the 
band-width of t h e  c a v i t y ,  and i s  centered  on t h e  a tomic  l i n e .  I f  t h e  c a v i t y  
i s  not  tuned c o r r e c t l y ,  t h e  two s i g n a l s  w i l l  be a t t e n u a t e d  by d i f f e r e n t  
amounts as they t raverse  the  cavity. This modulation of the’amplitude of t he  
injected s ignals  i s  then used t o  generate an e r ro r  s ignal  which corresponds 
t o  the  difference between the  cavity resonance frequency, and the frequency 
of the injected reference signal. 

A somewhat s imi la r  technique employs a s i g n a l  cen tered  on t h e  a tomic  l i n e  
which has  been modulated by a s i n e  wave t o  produce two side-bands 
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approximate ly  one c a v i t y  band- i d t h  apa t ,  w i t h  a 
enough t o  not perturb the maser peration? The mod 
i s  again used to generate an e r r o r  s ignal  whic 
resonance, Final ly ,  i n  y e t  another technique , the  cavity center f 
i s  square wave modulated about t he  hydrogen l i n e  frequency. The mo 
of the  amplitude is  again used to,measure the  frequency offset .  

While a l l  t h r e e  techniques  mentioned above a re  e f f e c t i v  
tuning, they nevertheless involve e i the r  t he  introdu 
c a v i t y ,  o r  modula t ion  of t h e  c a v i t y  frequency. 
d i f f i c u l t  t o  prevent the introduction of noise  i n  the  cavi  
of t h e  maser performance. Furthermore,  t h e s e  t echn iqu  
implement, and require  the use of low noise and high performance e lec t ronic  
components which are d i f f i c u l t  t o  develop. 

i s  t 

Cavity Resonance Sensinq by Phase Comoarison 

I n  a resonant  c a v i t y  t h e  energy i s  s t o r e d  i n  both t h e  e l e c t r i c  and t h e  
magnet ic  f i e l d s .  For a c a v i t y  of i n f i n i t e  Q,  t h e  E and H f i e l d s  are  i n  
tempora l  and s p a t i a l  quadra ture .  For a l o s s y  c a v i t y  t h e  tempora l  phase 
becomes an arccotangent function of the f r ac t iona l  frequency o f f se t  of t he  
s igna l  frequency from the  cavi ty  center frequency, normalized t o  the  cavi ty  
bandwidth. This  f a c t  i s  i l l u s t r a t e d  by t h e  i n p u t  impedance of t h e  c a v i t y  
shown i n  the Smith chart  of Figure (1). The cavity input impedance is s m a l l  
f a r  from resonance,  and complex n e a r  resonance. A t  resonance,  t h e  i n p u t  
impedance i s  real. This, too, implies tha t  t he  phase of t he  electric and the  
magnetic f i e l d s  may be used t o  determine the  cavi ty  resonance. 

The development of a cavity auto-tuning system based on the  ideas sketched 
above can be i l l u s t r a t e d  by t h e  fo l lowing ,  no t  n e c e s s a r i l y  optimum, 
technique. Two co-located,  weakly coupled probes,  one loop  and one d i p o l e ,  
can be used t o  d e t e c t  t h e  magnet ic  and t h e  e l e c t r i c  f i e l d s  i n  t h e  cav i ty .  
Signals from each probe may be compared i n  phase i n  a manner similar t o  t h a t  
i l l u s t r a t e d  i n  f i g u r e  (2). A d e v i a t i o n  of phase from 90 degrees  as d e t e c t e d  
by t h e  phase d e t e c t o r  i n  f i g u r e  (2) w i l l  t h e n  s i g n a l  t h e  d e p a r t u r e  of t h e  
cavity from resonance condition. The s ignal  from the phase detector  may be 
used i n  con junc t ion  w i t h  t h e  v a r a c t o r  t o  auto- tune t h e  c a v i t y  back t o  
resonance. 

The sens i t i v i ty  of t h i s  technique i n  tuning t h e  cavity may be i l l u s t r a t e d  by 
a simple calculat ion L e t  us assume typical  values of 35000 f o r  the  Q of the  
maser cavity,  and 10 f o r  the hydrogen l i n e  Q. Designating BW f o r  the cavi ty  
bandwidth w e  have BWs40571 Hz with these parameters. The cavity bandwidth 
co r  esponds t o  a phase s h i f t  of 90 degrees.  Assuming a s e n s i t i v i t y  of  1 x 
lo-' r a d i a n  f o r  t h e  phase d e t e c t o r ,  t h e  t chnique w i l l  be s e n s i t i v e  t o  a 

9 

f rac t iona l  frequency deviation of 4.6 x 10- 1% . 
The implementation of the  phase sensing of t he  cavity resonance w i l l  require  
c a r e f u l  des ign  of t h e  probes and t h e i r  l o c a t i o n ,  a s  w e l l  as low n o i s e  
a m p l i f i e r s  f o r  t h e  d e t e c t i o n  of t h e  s igna l .  Never the less ,  t h i s  method, 
unlike the  other  cavi ty  sensing techniques mentioned above, dispenses with 
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the  need of in jec t ing  s igna ls  i n  the cavi ty  and herefore  does not a d ~ e r s e l y  
af f e e t  maser performance, 

Summary 

We have examined a sens i t ive  technique f o r  auto-tuning of t h e  hydrogen maser 
cavity. The technique i s  based on detect ing the phase re la t ionship  between 
the  magnetic and the  e l e c t r i c  f i e l d s  i n  the  cavi ty  with appropriate probes t o  
maintain the resonance condition. 

Because of d i s p e n s i n g  w i t h  t h e  need of s i g n a l  i n j e c t i o n  i n  t h e  c a v i t y ,  o r  
modulation of the  cavity frequency, the proposed scheme has the apparently 
a t t r a c t i v e  f e a t u r e  of au to- tuning  t h e  cavi ty  without adversely inf luensing 
the  maser performance. It is  c lear ,  however, t h a t  the implementation of t h i s  
t e c h n i q u e  i n  t h e  hydrogen maser r e q u i r e s  care t o  i n s u r e  e f f e c t i v e  t u n i n g  
without disturbance of the maser performance. I n  par t icu lar ,  l i g h t  coupling 
of t h e  E and H probes requires  low noise amplif iers  wi th  l i t t l e  s e n s i t i v i t y  
t o  t e m p e r a t u r e  v a r i a t i o n s .  The p o s i t i o n  of t h e  probe8 i n  t h e  c a v i t y ,  and 
with respect t o  each other,  should a l so  be carefu l ly  chosen t o  ensure maximum 
s igna l  with minimum disturbance t o  the maser power. 

Preliminary invest igat ions i n  our laboratory, however, has yielded promising 
r e s u l t s  f o r  t h i s  technique, We a r e  a l so  invest igat ing probe configurations 
and s e n s i n g  schemes t h a t  w i l l  e n a b l e  khe implementa t ion  of t h i s  t e c h n i q u e  
e f fec t ive ly ,  i n  newly designed and ex is t ing  masers. 
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Fig. 1 Normalized cavity input impedance versus frequency 
presented on a Smith chart. 
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DR. R .  F. C. VESSOT, Center f o r  Astrophysics, Smithsonian Observatory 

I guess i t  was expected. I look upon t h i s  process as a sor t  o f  a horse 
race between the s t a b i l i t y  o f  e lectronics and the s t a b i l i t y  o f  the cavity, 
and it appears t o  me tha t  no one knows r e a l l y  which way i . We 
arP! t r y ing  it, too, but we have found tha t  we can i n j e c t  a1 sig- 
nals i n  the cav i t y  without sensibly changing the output frequency. I t ' s  
the o ld  Bloch-Segert ef fect ,  and Bloch and Segert are correct. If one i s  
very modest i n  h i s  i n jec t i on  power and spaces i t  f a r  enough away, there 
i s  another way t h a t  you can operate without suffering too badly. 

i s  more than one approach t o  t h i s  tha t  has about the same promise, i n -  
cluding looking again f o r  cav i t ies  tha t  don't move. 

It i s  c lear  tha t  something ought t o  be done. I j u s t  feel t ha t  there 

OR.  R .  L. SYDNOR, Je t  Propulsion Laboratory 

I agree with you. We have not been able t o  dupl icate the i n jec t i on  o f  
signals i n t o  the maser cav i ty  without a l t e r i ng  the frequency, and A1 Ki rk  
has made a number o f  measurements o f  t h i s  t r y ing  out d i f f e r e n t  amplitudes 
and posit ions away from the center frequency. It depends pa r t l y  on how 
f i n e l y  you measure how much o f f s e t  you have, so we're not too happy w i th  
t h a t  since we have not been able t o  do it successfully. I f  yo3 can do it 
successfully i t  sounds l i k e  a great idea. 
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SESSION V I  

DISTINGUISHED SCIENTIST PANEL DISCUSSION 

Dr. Richard L. Sydnor, Chairman 
Jet Propulsion Laboratory 





~ISTINGUIS~~D SCIENTIST PANEL 

DR. R. L. SYDNOR: I am very pleased t o  introduce our panel here. I t h i n k  
they actual ly  probably don't need any introduction. Professor e 
besides his innumerable prizes and awards, posit ions i n  and out 
ment and academia, i s  well-known a s  the man that  probably s ta r ted  the whole 
development of the atomic standards we have today. 

We have collected these people a t  great  expense t o  come and discuss some o f  
their views w i t h  you. I will l e t  Professor Rabi introduce the panel and lead 
the discussion. Professor Rabi? 
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: Professor I. I .  b i  a ers 

This was during the war, and as you might guess, we were very busy. The 
question was what t o  t a l k  about, and s f what we were doing, 
not i n  the war but  what had happened f-the-art.  Now as an 
admirer o f  Einstein through high scho uate school, I was 
very fami l ia r  w i th  h i s  not ion-of  an atomic clock. When he spoke o f  a clock i n  
r e l a t i v i t y  and so on, he meant t h a t  somehow i n  nature there was such a th ing 
as a clock, which i s  working according t o  the laws o f  nature, such as they are. 

So tha t  seemed t o  be the ideal  thing. We always thought i t  was, and then 
I rea l ized that, t o  give t h i s  ta lk ,  there was an atomic clock, and there was 
the atom, there were those f req ncies. And I suggested th is ,  not  i n  any deta i l ,  
but enough: This would open a ther  basic f i e l d  o f  using the basic clock 
o f  Einstein f o r  other s c i e n t i f i  o r  pract ical  purposes, I d i d n ' t  wr i te  t h i s  
out but I gave t h i s  a t  a lecture. 

Wil l iam Lawrence, and he published i t  i n  the New York Times, i n  a column, about 
the atomic clock. That i s  the way t h i s  th ing was born, came t o  publ ic attention, 
as f a r  as I know. I have never investigated it h i s t o r i c a l l y  but there i s  a 
f i n e  paper here, which I have not  y e t  read, by Norman Ramsey which goes much 
deeper i n t o  the subject. My points are personal reminiscences, not h i s to r i ca l  
i n  the sense o f  a h is tor ian 's  footnotes. 

Present a t  the lecture wa the science w r i t e r  f o r  the New York Times, 

This i s  about as f a r  as I went. O f  course, t h i s  received qui te  a b i t  of 
publ i c i t y  from the New York Times, absolutely free, unintended publ i c i t y ,  and 
I was approached, I th ink  i t  was by the 
give me $100,000 t o  make t h i s  clock. My 
had never worked f o r  a pr ivate concern, 
Zacharias took i t  up, and other people i 
and so on. 

And cesium, I th ink  I mentioned cesium, I ' m  not sure, cesium seemed t o  be 
an ideal  substance f o r  t h i s  thing. I don't th ink it can be patented because 
i t  was announced. My name wasn't on the publ icat ion but a famous reporter was 
on it, so that 's  about the h i s to r i ca l  basis, the only rea l  connection I have 
had w i th  the atomic clock. 

Watch Company, who wanted t o  
ests were otherwise and I r e a l l y  
turned i t  down. But Gerald 
and , the Bureau of Standards , 

I d i d  feel  then, and cer ta in ly  now, tha t  when you have a new device, you 
open up a new avenue i n  physics, great things are bound t o  happen i n  time, be- 
cause I don't think, much as i t  may look r i g h t  now when we have a un i f ied  f i e l d  
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g, t h a t  physics by i ts  very natur 
1 hold surprises for us a l l  the t 

A story which I have told often is my visit to  Max Born i n  1928 w i t h  Pro- 
fessor Otto Stern. When we came i n ,  I stood i n  great awe of Born for a l l  his 
works, i n  a certain sense the founder of the use of matrices i n  quantum mechan- 
ics, Max Born announced as we came i n  that "Physics will be over i n  6 months." 

I t  was quite a blow. I was a fresh-caught Ph.D., I 
there i t  was, over i n  6 months. He said, "Of  course, the 
do bu t  physics as we know i t  w i l l  be over because the shock of the DIRAC equa- 
tion and what i t  d i d  for the electron was really traumatic." I t  came r i g h t  
out of the relat ivis t ic  equation, r i g h t  o u t  of re la t ivis t ic  wave mechanics. 

And he said, "Of  course, i n  6 months we will have the proton. O f  course, 
there w i l l  be a l o t  to  do." And I t h o u g h t  to myself, "This  is  a great man b u t  
he has limitations." 

To use Einstein's models, "der lieb gott" dear God is  not so limited i n  
physics w i t h  the DIRAC equation. And this has happened: As the advances i n  
instrumentation have been made, more and more new phenomena have been d is -  
covered, unexpected phenomena. 

polarization of electrons, beta decay the same as  mu mesons. 
simpleminded experimental physicist and t h i n k  of an electron or a mu meson, i t  
i s  a marvelous th ing .  
a l l  sorts of charge. I don't t h i n k  t h a t  we will know a l l  about i t  or do know 
a l l  about i t ,  despite the fact  that we have excellent equations which will 
describe a l o t  o f  the phenomena we know. 

So my feeling was and is that if we drive our experimental techniques t o  
the limit t o  which we can, i t  has always turned out  i n  the past that a new 
phenomenon will be discovered, a new aspect of nature. One of them now that 
i s  just being talked about, that  people a l l  over the world are working on i t ,  
is the possible decay of the proton. We're not accustomed t o  the proton de- 
caying but  we have not  lived 1031 years and we can't say too much about it .  

B u t  almost everything -- and go to  the history of physics -- almost every- 
t h i n g  which was deeply believed as an ar t ic le  of faith has usually been, turned 
out  t o  be wrong, possible irrelevant. So I am delighted that this measurement 
of time, particularly time intervals, i s  moving ahead as rapidly as i t  has 
been. I am sure i n  some respects, either i n  atomic physics or nuclear physics 
or astronomy, and maybe even geology -- although one doesn't t h i n k  o f  precision 
measurements of time w i t h  respect t o  geology, I t h i n k  i t  will come i n  -- that 
you are opening a new field for greater and greater understanding of time. 

To me the most remarkable t h i n g ,  apart from the electron s p i n ,  was the 
If you are a 

I t  has a sp in ,  i t  has a magnetic moment, i t  has mass, 
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1 just  wanted to add t h a t  we 
derstandin~ of space b u t  o f  time. Time i s  really an 

depend en^ very much on invention of a clock, We ha 
t o  my mind, decided what a good clock i s ,  a sensitive clock to measure divisions. 
What a real good clock is, I don't knowI b u t  what time means i n  quantum mechan- 
ics, basically when you get down t o  i t  I know how you p u t  i t  i n  an equation b u t  
I d o n ' t  know how to  talk about i t ,  l e t ' s  say, t o  my grandson who i s  not a sci- 
entist .  

ested i n  pressing on w i t h  this problem of time and this measurement, particularly 
the interval measurements. 

So I am just  quite inspired t o  be w i t h  a group of people who are so inter- 

Now we are supposed to  have a discussion amongst the people here. We have 
got ten together beforehand and have come t o  no conclusion on what t o  present t o  
you!, 'both for  your entertainment and possibly edification, and perhaps a deeper 
look in to  how these things were and these eminent scientists we have assembled 
here. 

I have no way of starting, except I t h i n k  I will s t a r t  w i t h  my r i g h t ,  w i t h  
Norman, especially since Norman has a paper here on the whole business. 
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ember: Professor Norman F. Ramsey, M t ,  Holyoke College 

Af te r  Dr.  Rabi's remarks, I sha l l  add an addit ional reference t o  the paper 
on the History o f  Atomic Clocks which many o f  you 
t h i s  meeting. This reference w i l l  be t o  Rabi's R i  
New York Times. 

precision measurement o f  time. This whole subject, i n  my opinion, r e a l l y  goes 
back t o  h i s  ea r l i es t  work on the molecular beam magnetic resonance method; the 
invention o f  magnetic resonance method for molecular beams i s  where the pre- 
c is ion  clock s tar ted even though the work a t  t h a t  time was i n i t i a l l y  d i rected 
towards the measuring o f  magnetic moments. The magnetic resonance method was 
a great invention, enabling magnetic moments t o  be measured t o  parts i n  10 
o r  be t te r  instead of 5% o r  worse. 

I th ink  Dr. Rabi was unduly modest i n  l i s t i n g  h is  contr ibutions t o  the 

5 

For my remarks I have chosen t o  review the h is tory  o f  three important 
atomic clock developments subsequent t o  Rabi's i n i t i a l  invention o f  the 
molecular beam magnetic reasonance method. These developments are ones w i th  
which I was pa r t i cu la r l y  concerned. One development was the t rans i t i on  from 
'the period of the resonance method as pr imar i ly  a method o f  measuring magnetic 
moments t o  essential l y  molecular beam spectroscopy o r  radio frequency spectro- 
scopy, as we eventual ly cal led i t  i n  an e a r l i e r  paper. My second topic w i l l  
be the ear ly  h is to ry  o f  the separated osc i l l a to ry  f i e l d  methods and the f i n a l  
topic w i l l  be the ea r l y  h is to ry  o f  the hydrogen maser. 

When Dr.  Rabi f i r s t  proposed the molecular beam magnetic resonance method, 
he had the courage t o  s t a r t  two d i f f e ren t  pro jects  on i t  a t  the same time. 
Kusch, Rabi and Zacharias developed a technique for measuring magnetic moments 
o f  a l k a l i s  while Kellogg, Rabi, Ramsey and Zacharias d id  the same th ing f o r  
the proton and the deuteron. We knew the l a t t e r  would be more d i f f i c u l t .  On 
the other hand the proton and deuteron were pa r t i cu la r l y  important nuclei t o  
measure. 

Star t ing from the point  o f  view o f  t r y ing  t o  measure the magnetic moment, 
the f i r s t  resul ts  f o r  the proton were dn some respects pleasing and some re-  
spects t e r r i b l y  disappointing. What we expected t o  get was a nice, sharp 
resonance from which we could determine the peak o f  the curve. Instead we got 
something much even worse than the top figure o f  my transparencies [Fig. 7 o f  
Phys. Rev. 56, 737 (1939)l. Unfortunately, it was so bad I don' t  know any- 
where tha t  m a t  i s  preserved. There was a somewhat bigger peak i n  the middle 
but j u s t  a bunch o f  fuzz i n  the background which we couldn't  in terpret .  Never- 
theless we found t h a t  t ha t  central  peak sh i f ted  wi th  the magnetic f i e l d  the 
r i g h t  way for 
we got a good 
clear t h a t  we 

a magnetic moment, and then we discovered tha t  wi th  deuterium 
peak. I n  t h i s  way we could get the magnetic moments, but  i t  was 
ought t o  get bet ter  resolut ion t o  see how much o f  the pecul iar  
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nance shape was ap 
intrinsic,  There was also , since I was a 
Ph.D. student, what does the Ph.D. 

I t  was decided that  I should study this fuzzy background for my Ph.D. 
thesis while Kellogg and Zacharias were constructing the next round of equip- 
ment which was going to  hav i g her resol u t i  
the summer -- this was dur i  the summer of 
amp1 itude of the oscil latin agnetic field 
better. Unfortunately I dropped the amplitude i n  too-small steps. I would 
drop i t  a factor of two and when I found i t  was much better, another factor 
of two. 
l i t t l e  faster. 
p o i n t  was taken very slowly. A t  low enough oscillating f ie ld  amplitude i t  
became apparent that  there were several resonances, as i n  a spectrum. 

I should have done i t  i n  factors of 10 and i t  would have gone a 
I t  took about 2 days t o  get one of those curves, because each 

A t  th is  p o i n t  i t  began to become clear that we were studying spectroscopy, 
not just measuring magnetic moments. There really d id  seem t o  be a t  least  five 
resonances and perhaps six, i f  you wanted to consider one as a double resonance 
(Fig.  8 i b i d . ) .  
paratus m g  made by Zacharias and Kellogg were completed, and then we obtained 
the bottom curve (Fig .  6 i b i d . ) .  

I t  was essentially this work that marked the transition of the magnetic 
resonance method from just the measuring of magnetic moments t o  spectroscopy. 
Also, a key t h i n g  was that  the distance i n  frequency between the l e f t  most 
peak and the r i g h t  most peak was independent of the strength of the magnetic 
field and therefore d i d  provide something that was field-independent as i s  re- 
quired for a clock. Other than that, the device was really more of a magne- 
tometer. 

A t  the end of that  summer, the newer modifications of the ap- 

In the summer of 1938, I also d id  similar studies w i t h  deuterium. Ini-  
t i a l l y  there appeared to be a single, nice isolated peak, b u t  when I studied i t  
w i t h  a l i t t l e  more care over that  summer i t  became apparent that there were 
really subsidiary resonances i n  the background therei 'too. 
Rev. - 57, 681 (1940)l 

[Fig.  1 of Phys. 

Again w i t h  the improved apparatus that was being made dur ing  the same 
summer, we la ter  obtained a resonance curve similar t o  the bottom curve where 
there was clearly one very marked resonance and several subsidiary ones. A t  
this p o i n t  i t  was quite clear that  we were studying radio-frequency spectro- 
scopy, the first step to  something that would be a good basis for an atomic 
clock. Again, the separations of the subsidiary curves from each other were 
approximately magnetic field independent. 

A year o r  so la te r  Kusch, Millman, and Rabi found a resonance w i t h  l i t h -  
i u m  7 i n  zero magnetic field, by looking a t  a transition for  which there was a 
relative reorientation of the electron and nuclear spins. 
quency resonance provided the bases for an atomic clock. 

Such a fixed fre- 
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hese c o ~ e n t s  es 
magnetic moment m ent t o  
quently many deve s l e d  

Now the second th ing I would li 
ment o f  the separated osc i l l a to ry  f i  
the cesium clocks. 

I n  the o f  
j 

ex per i me 
measuring the i n t e r  
sense the obvious way t o  do so was t o  make the apparatus longer because by the 
Heisenberg uncertainty pr inciple,  the longer the atoms are i n  the apparatus, 
the longer the time A t  and hence the smaller the AE, the uncertainty i n  the 
width o f  the resonance. 

But I also knew from our Columbia experiences that  t h i s  d idn ' t  work. 
d idn ' t  work for the fo l lowing reason: 
longer than we had a t  Columbia, the inhomogenieties i n  the magnetic f i e l d  were 
so qreat tha t  the l i n e  became broader rather than narrower because the f i e l d  
was lower a t  say the f i n a l  end o f  the osc i l l a to ry  f i e l d  region than i t  was a t  
the beginning. The question was, how do you overcome th is .  While I was s t i l l  
bu i ld ing the new apparatus and not  qui te sure how t o  overcome t h i s  d i f f i c u l t y ,  
I was g iv ing a course on physical opt ics a t  Harvard. The time came t o  t a l k  
about the Michelson s t e l l a r  interferometer. One of my fr iends i n  Cambridge, 
England, describes the M i  chel son s t e l  1 ar interferometer as f o l l  ows : I f  you 
have two s t a r s  t ha t  you want t o  distinguish, if you have a b i g  telescope tha t  
doesn't qu i te  separate the two, and i f  you borrow a can o f  black paint  and 
paint  over a l l  the middle o f  the telescope except for leaving two l i t t l e  s l i t s  
a t  the edge, you double the resolut ion o f  the apparatus and can thereby resolve 
the stars. This procedure has the added advantage that i t  doesn't make any 
dif ference how bad the glass i s  i n  between because, c lear ly,  what i s  under the 
black paint  won't make any dif ference. 

Well, I was i n  the midst o f  describing t h i s  i n  these terms t o  my class, 
when I thought, "Wouldn't i t  be n ice i f  we could do the same th ing wi th  our 

' 

magnetic f i e ld ,  some how wipe out  the middle of it." Eventually I real ized 
that  the analog i n  t h a t  case would be t o  put an osc i l l a to ry  f i e l d  a t  the be- 
ginning and an osc i l l a to ry  f i e l d  a t  the end, whence ind d one obtains a 
resonance tha t  i s  twice as sharp as i t  was before, and 
make any dif ference if one has moderate f luctuat ions o f  the 

cause they aver ou t  correctly. That i s  
eparated osc i l l a to ry  f ie1  

Subsequently many modif icat ions and further extensions were added. 

The t h i r d  thing, I would say j u s t  a word on i s  the invention o f  the hydro- 
gen maser. I have an analogous h i s to ry  i n  t h a t  case. For t h i s  h is to ry  I am 
especial ly sorry t h a t  Professor Zacharias i s  not  here. I was hoping tha t  he 
would be. One of the things tha t  stimulated t h i s  invention was the disappoint- 
ment I f e l t  when Zacharias proposed the so-called fountain experiment. This 

It 
i f  one increased the apparatus much 

addi t ion it doesn't 

f rom which, t h  
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back down again, and t h  get an immensely fine res 

also, i n  my spl i t  personality, helping w i t h  the design of a big accelerator 
being b u i l t  a t  Cambridge w i t h  a 236-foot diameter r ing ,  and we were proposing 
this t o  be constructed. T h i s  machine was eventually constructed b u t  the time 
of concern was i n  the early phases of it. 

There i s  always the worry when you are proposing a multimillion dol lar  
machine: "What do you do when i t  fails?" Well, one t h i n g  would be t o  con- 
vert the tunnel t o  a great molecular beam. You would have the molecular 
beam go around i n  a circle and keep i t  there a long time, and hence get a 
very h i g h  precision. I realized you could do this w i t h  an inhomogeneous 
magnetic field t o  confine the beam t o  a ring. Then I also realized, alas, 
t ha t  this is just the wrong t h i n g  t o  do because i f  you have an inhomogeneous 
magnetic field and are trying t o  look a t  the spectrum w i t h  h igh  precision, 
you of course broaden a l l  the lines. If you have an inhomogeneous field and 
some of the atoms are i n  one field and some i n  another, i t  would be fine for 
trapping the atoms b u t  i t  would be no good from the p o i n t  of view of spectro- 
scopy. Incidentally, something like tha t  is currently done now by Wofgang 
Paul w i t h  neutrons, b u t  for measuring the neutron half-life. 

Well, having realized tha t  problem, then I also realized wha t  was really 
needed. I t  was much better t o  have an intense interaction for a very short 
period of time rather t h a n  an inhomogeneous field essentially present a l l  the 
time. The l i m i t i n g  case t o  tha t  was t o  p u t  a box around the r ing ,  essentially 
a long tube and have the confined atoms there. Well, then I realized tha t  you 
could do even better t h a n  t h a t  i f  you closed up the ends of the tube. If the 
atoms are going t o  h i t  the walls of the tube, you might  as well l e t  them h i t  
the ends as well. Eventually this led t o  an experiment which was done by Dan 
Kleppner working w i t h  me for his Ph.D. thesis, the so-called broken atomic 
beam experiment where we made a box and a beam of atoms came i n ,  as i n  a 
molecular beam resonance experiment. We l e t  them undergo four or five col- 
lisions and come out i n  a different direction, and measured their transition 
and d i d  indeed get a resonance, bu t  i t  then became apparent t o  both Dan and 
myself tha t  we would do very much better w i t h  atomic hydrogen t h a n  w i t h  cesium, 
which was being used for the f i r s t  run. Cesium tended t o  stick on the surfaces, 
b u t  then hydrogen has the disadvantage of being very hard t o  detect. So we 
thought  maybe we could detect the radiation, and then eventually realized we 
could i n  fact detect the radiation very well. Then we also recognized t h a t  
the system could be a self-oscillator or an atomic hydrogen maser, analogous 
t o  the molecular ammonia maser tha t  had been developed earlier by Charles 
Townes. 
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I t  i s  from this ha t  the idea fo the atomic hydrogen maser came, We 
real ired t h a  atoms could be used i n  such a confined box. This also differed 
from wha t  had been done, say i n  optical pumping, where a t  t h a t  time extensive 
amounts of buffer gases were used t o  narrow the lines and retain the atoms. 

In this case we realized we could do i t  w i t h  aligned beams from using 
the molecular beam technique, and then have a box initially w 
coated walls. Then we discovered experimentally t h a t  i t  was better to  do i t  
w i t h  Teflon, which has been essentially the standard t h i n g  i n  hydrogen masers 
since. 

Well, so much for past history. I ' l l  conclude w i t h  a brief remark about 
the future, I fully echo Or. Rabi's views tha t  there is much t o  be said for 
precision measurements. O u t  of them come unexpected things. A t  one time we 
thought  t h a t  there would be no interest i n  clocks if  they were more accurate 
than a par t  i n  lo', and now i t  i s  qui te  clear t h a t  each time we make a step 
forward, there i s  a small revolution. Now most h igh ly  accurate measurements 
are reduced t o  the measurement of a frequency because frequencies can be 
measured so well. Precision measurements of almost all quantities now remind 
me of my mother's story of a doctor who could cure only one disease -- stomach 
ache -- b u t  he became a great doctor because he also knew how t o  reduce a l l  
other diseases t o  a stomach ache. 

Well, this i s  basically the procedure for almost a l l  precision measure- 
ments a t  the present time. We know how t o  measure one t h i n g  very accurately -- time and frequency -- and therefore the b ig  advances i n  a l l  other measure- 
ments have come from f i g u r i n g  out  how to  reduce those measurements to  measure- 
ments of time o r  frequency. As a result, precision time and time interval 
measurements are a t  the heart of nearly a l l  precision measurements a t  the pre- 
sent time, and I believe t h a t  i n  the future this will be more true rather than 
less true. 

Thank you. 
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GUISHED SCIE 

Panel Chairman: Professor I .  I .  Rabi , Columbia Universi ty 

Thank you very much. We now, I suppose, have done the pre-War ef for t  which 
resul ted i n  the measurement of time with atomic clocks, we w i l l  go on t o  
Professor Townes. I don't know whether he got i n t o  t h i s  ac t  before the War 
but he cer ta in ly  d i d  a f te r  the War. That w i l l  perhaps conclude the Columbia 
contr ibution. 
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Thank you very much. I t  i s  a great pleasure t o  be w i t h  this group of 
people again, whom I used t o  see frequently and from whom I have r 
great deal of instruction and inspiration, b u t  I have been out  of 
now for some time. 

Looking back, one can see i n  this field, as I t h i n k  i n  so many fields, a 
burst of ac t iv i ty  i n  a field which was considered classical and more or less 
finished. I t h i n k  that is very typical of how science has developed. I was 
w i t h  Bell Telephone Laboratories dur ing  the early forties, and I was doing 
microwave spectroscopy, one very precise measurement of the frequency of micro- 
wave lines. Bell Laboratories was one of the most expert places i n  time mea- 
surement. Quartz crystal osci l l ators were the t h i  ng, and they were fantasti - 
cally good, a t  least as good as a part  i n  lo8, and if  one had a collection of 
them then perhaps you could approach a part i n  lo9, and that seemed just awfully 
good. O f  course, we do a million times better now b u t  there were people who had 
been working on i t  a good fraction of a lifetime. They knew a l l  the answers. 
They had worked on i t  very hard. Quartz crystals were supreme, and they had just 
reached the limit of the technique. 

What was needed, of course, was a completely different approach which by 
now has changed the situation, and furthermore, i n  changing the situation has 
made the quartz crystal people look again and f ind  i n  fact they could do a l o t  
better w i t h  quartz crystals than they ever thought they could before. As I 
say, I t h i n k  tha t  is fairly typical of how scientific fields develop. Current- 
ly the quartz crystal people are doing remarkably well and considerably better 
than what was f e l t  t o  be the limit. 

sensitive amp1 if  iers for many years , derived theories showing what the 1 imi t s  
were, and the limits were good b u t  not as good as we have today. When maser 
amplifiers came along, which improved the sensitivity by a couple o f  orders of 
magnitude, then people began to t h i n k  again about some of the classical te,chni- 
ques and new techniques. Now many of the classical techniques do almost as 
well as masers, and the whole field has proliferated in to  a wide variety of 
techniques for very fine amplifiers, simply because people were forced t o  chal- 
lenge, t o  look rather more thoroughly than they had before. 

the field t o  get going again. 

very remarkable work tha t  Bob Pound had done, stabilizing microwave oscil- 
lators on cavities, and t h a t  was spectacular i n  i ts day, g iv ing  fantastic sta- 
b i l i t y .  You've got  the stability of a cavity rather the s t ab i l i t y  of an elec- 
tron tube as an oscillator, and we used some of those to  stabilize oscillators 

And I might  quote the field o f  amplifiers, where people have worked on 

In each case you see new ideas have come i n  from elsewhere to  stimulate 

Now when I was t ry ing  t o  measure the frequency of 1 ines, there was some 
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b u t  i t  became apparent t o  me tha t  while 
spectroscopy 
crys ta l s  and probably bet 

As everybody is  pretty we1 
g e t t i n g  h i g h  precision. One i s  
could easi ly  be done i n  microwa 

' 

the theory of how well one coul 

Now I have never real ly  b u i l t  an atomic clock myself, a t  least not  pur- 
posely. I was interested i n  the theory, I was interested i n  us ing  them, and 
I b u i l t  them somewhat more accidentally. Harold Lyons b u i l t  a clock based on 
s tabi l iz ing a microwave osc i l l a to r  on the ammonia line, i n  much the kind of 
general technique t h a t  Bob Pound had introduced, and I remember very well his 
wanting to  ca l l  i t  an atomic clock, and I kept  saying, "Well, i t  rea l ly  is a 
molecular clock." B u t  this was 1948 and he said, "Well, you know, everybody 
pays much more at tent ion t o  the atom these days. 
clock and there a re  atoms i n  i t  a f t e r  a l l  . ' I  

I t ' s  go t  t o  be an atomic 

Now the trouble w i t h  molecular l ines  for a random gas was t h a t  the Q was 
st i l l  n o t  t e r r ib ly  high, so a frequency could be pul led by a variety of ex- 
ternal influences, and o f  course this is where Dr. Rabi's suggestion of using 
molecular beams and a variety of other techniques for  longer-lived t ransi t ions 
obviously i n  the long run  would be more stable.  

Nevertheless, when the maser came along the maser added one t h i n g ,  i n  
giving a spectacularly pure frequency. 
was no t  t e r r ib ly  good. 
molecular beam. I t  had a longer t r ans i t  time so i t  had an improved Q by, 
again, another order of magnitude o r  so, and i t  was a pret ty  good clock b u t  
i t s  real contribution, I t h i n k ,  was the purity of the spectrum over short 
lengths of time. 

rea l ly  very h i g h  Q system and made us a beautiful clock. 

there are  breaktrhoughs and new ideas introduced, i s  their proliferation in to  
other f ie lds .  Norman has mentioned some of tha t ,  the use of these new ideas 
i n  a wide variety of ways, and of course time has been very important i n  a 
variety of aspects. B u t  when I had to  face g iv ing  this t a l k  and r 
were supposed t o  do, t o  t a lk  about the historical context of development, I 
decided that  maybe I had be t te r  go back and look a t  some of my papers and see 
what I was saying a t  tha t  time, i n  order not to  kid myself as to ,  i n  retro- 
spect, how things looked. 

I ts  long-term s t a b i l i t y  a t  t h a t  time 
I t  was better than gas lines because we were us ing  a 

And then Norman Ramsey's invention of the hydrogen maser added tha t  t o  a 

Now I t h i n k  another interesting aspect of the developments of fields when 
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th ings ,  one of about five experiments I talked about: 

from a radio frequency of microwave range into the visible and ultraviolet 
regions." Now I sa id  "maser" which I was us ing  a t  tha t  time i n  a general sense; 
the maser, of course, the principle is operated a t  any frequency. 

"Maser techniques will probably make possible frequency multiplication 

" I t  should be remembered that physicists have never directly measured the 
,frequencies of infrared and optical radiation bu t  rather they measure wave- 
lengths i n  this region and then compute frequency from a knowledge of the ve- 
locity of l i g h t ,  accurate t o  about a part i n  a million which was the accuracy 
of the velocity of l i g h t  a t  that time. Frequency multiplication up t o  visible 
regions should allow these frequencies t o  be directly counted, and hence mea- 
sured i n  terms of our standard of time. Our standard of length i s  now defined 
i n  terms of the wavelength of visible l i g h t ;  hence, a measurement o f  i t s  fre- 
quency should allow immediately a determination of the velocity of l i g h t  t o  a 
precision as  great a s  t ha t  t o  which length is defined. The measurement of 
frequencies i n  the optical region t o  precisions greater than  about 1 part i n  
10 , t o  which length i s  now defined, will i n  fact connect length and time to- 
gether through the velocity of l i g h t  so firmly that perhaps separate standards 
of length and time would no longer be appropriate. Time, which can be mea- 
sured and defined more precisely than  can length, might  be taken as a funda- 
mental defined u n i t  and length then derived from i t  by t ak ing  the velocity of 
1 ight , "  and so on, 

I had t o  go 
and describe how one could hope t o  get frequency multiplication and beats and 
so on i n  the optical region i n  order t o  get that ,  and I don't t h i n k  i t  was taken 
awfully seriously a t  the time bu t  of course people have done very beautiful work 
i n  this range now, and we i n  fact, now use time as a standard of length. 

8 

Well, as I say, a l l  t h a t  seems fa i r ly  obvious a t  this time. 

A couple more th ings  I want t o  mention as a way i n  wh 
back on themselves, spread out  into other fields, and inte 

s come 
t 

worked i n  this field for a long time. As I say, I never really b u i l t  any good 
clocks because I was mainly interested i n  using them and i n  the theory, b u t  much 
of my work depends on that and quite recently I have been interested i n  inter- 
ferometry, spatial interferometry, Michael son type spatial interferometry, and 
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of the rate of the rotation of . We no longer use that as a st 
d accurately enough, and anyhow it's not all that constant. 

s, the rate of rotation of the earth is still of some impor- 
things, such as navigation 

and interferometers built primarily from ast S 
ferometers which measure the position of stars, are now go 
stantial improvement, I think, in the measurements of the rates of rotation of 
the earth, 

There are a number of kinds: radio interferometers, and you know the con- 
nection between radio interferometers and timekeeping, radio interferometers 
which will measure positions of quasi-stellar objects, for example. There are 
infrared and optical interferometers, I happen to be working on infrared but 
optical interferometers are bing built of good quality, and all of these will 
measure stellar positions considerably more accurately than we have been able 
to do in the past. It seems really quite likely we will be able to approach 
a precision of about a part in lo9 in the rate o f  rotation of the earth in one 
day, and of course in longer times the precision can build up. 

Now the measurement of the rotation of the earth is a kind of a dirty 
problem, though. It's nut exactly fundamental physics. The real limitations 
in the long run are the behavior of the atmosphere, because we have to prop- 
agate waves through the atmosphere in order to measure the position of stars, 
and the motion of bedrock. Those are going to be the primary limitations. As 
we improve techniques, we will find out a good deal more about just what those 
limitations are, and of course already the motions of bedrock, continental 
drift, and tidal motions and so on are being determined, and presumably all of 
this will contribute to some extent to atmospheric and earth physics. 

' I think that is all the comments I will try to make at this point. 
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Panel Chairman: Professor I ,  I ,  Rabi, Columbia University 

Thank you. 

We d i d  not get together and tell one another stories of what we were going to 
t e l l  you, and this has been fascinating to me and p as 
the story comes o u t  from Norman Ramsey and Charlie 

I d i d  say somewhat humorously that  these frequency measurements that you are 
doing, time measurements, will ultimately be related to geology. There you 
are. Townes has just closed this, so there is no field i n  which this time 
measurement, especially intervals and perhaps i n  very short intervals , will 
not  yield a great deal of basic knowledge. 
more i n  fundamental knowledge, the use of the whole concept of time and its 
relation t o  the structure of physics. 

One of the most fascinating series of experiments, which fascinated me through 
the years, were the experiments which  were done i n  Heidel berg and the use of 
this technique developed by Kastler of optical pumping, which la ter  on found 
use i n  Kastler's laboratory i n  Paris. These methods and these techniques were 
used to  demonstrate mostly quantum mechanical properties of l i g h t  and the ana- 
logies and very br i l l i an t  theory, and beautiful experiments, b u t  I was very 
much impressed tha t  i n  Heidelberg these methods were applied t o  molecular beams 
yielded new results of a fundamental nature. 

Of course, I spoke a l i t t l e  ear l ier  

I hope t o  hear and learn more of the t h i n k i n g  of our next speaker, of those ex- 
periments and the fascinating t h i n g s  he is doing now on a man-made ar t i f ic ia l  
atom, namely having a single electron or positron floating around under h i s  
control a t  his time. Won't you please -- 
PROFESSOR DEHMELT: Mr. Chairman, as the youngest member of this  group, may I 

pass fo r  the moment? 

PROFESSOR RABI: Very good. To whom do you wish to pass the torch? 

PROFESSOR DEHMELT: Well, the next man i n  line. 

PROFESSOR RABI: We have two, Which one? 

PROFESSOR DEHMELT: Dicke. 

PROFESSOR RABI: A l r igh t ,  you are nominated. 

PROFESSOR DICKE: I don ' t  know whether I should pass or  not. 

PROFESSOR POUND: We'll have to  get out the b i r t h  certif icates.  

PROFESSOR RABI: Well the rules are such you don ' t  have t o  give a reason for  
passing. 
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D 

ssor Robert H. Dicke, P r i n  1 t Y  

t h i n k  before star 
t o  look a t  the m 
t ion of Hans, two roots only -0 the Columbia roet and the Radiation Laboratory, 
w i t h  overlapplng membership. 

thought  i t  would be nice t o  use these for doing some physics, and I thought ,  
"What kind of physics?" Well , I t h o u g h t ,  what are really the most fundamental 
things you could hope t o  do? One of these tha t  occurred t o  me was, look a t  
the structure of hydrogen i n  an excited state. 

Well, I started work on this b u t  discovered tha t  Willis Lab a t  Columbia 
had already a head start ,  so I stopped that ,  and then went a t  a harder experi- 
ment which was the G factor of the electron. When I talked t o  a famous theo- 
r i s t  a t  Princeton about this he said, "Dicke, why do you waste your time? Every- 
body knows you can calculate tha t  number." 

ultimately turned out  t o  be too hard. Had I waited some 20 years, I t h i n k  i t  
might have been successful and I may just have carried i t  off, t o  t rap  a sinGle 
electron or three electrons and t o  measure this . 

I was one of those who after the War, w i t h  microwave techniques i n  hand, 

B u t  t ha t  experiment, really, I tried a number o f  approaches and i t  really 

Well, from this we turned t o  -- 
PROFESSOR RABI: If I may interject a t  this po in t  i n  this story, on your very 
good advice, when Otto Stern decided to  measure the magnetic moment of the pro- 
ton i t  looked rather absurd t o  the theorists because they knew what i t  would 
be i t  has a spin 1/2 and an electronic charge, so again this question came, 
"Why are you wasting your time?" 

Well this was a t  a meeting w i t h  a number of theorists, and Otto Stern 
passed around pieces of paper for each one to put  down the value which he would 
f ind .  I t  seemed to be a rather absurd proceeding because they knew what i t  
would be from the DIRAC theory on the electron and the proton. 

PROFESSOR DICKE: The same scheme. I t  happens twice, the same mistake. 

PROFESSOR RABI: He passed this around and got  al l  these th ings  together, and 
later on when he d id  measure i t ,  of course they were all. wrong and i t  was about 
three times as great, a circumstance which is not yet understood. So d o n ' t  
1 isten too hard to theorists. 
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en very carefu 
sten very care 

PROFESSOR DICKE: I knew the story. I t ' s  really surprising to  have the same 
t h i n g  happen twice. 

tha t  were successful, was an e 
dents, on the hyperfine struct 
who measured the G factor i n  h 
were doing, we never used the atomic 
cell approach of various kinds,  and i 
do something about the doppler width problem there if you wanted to  get the 
highest precision. 

broadening a spectral line, the concept of collision narrowing came along, 
tha t  you could reduce the effect of doppler under the r i g h t  conditions if you 
introduced a buffer gas tha t  would actually narrow the line. Jim Whitke f i r s t  
used this technique i n  his measurements of hydrogen. 

Well , the next two experiments o 

And so the concept tha t  one was familiar w i t h ,  the concept of collision 

A t  about the same time, Pete Bender d id  an optical pumping experiment on -- i t  must have been sodium t h a t  he used w i t h  a buffer gas, and about t h a t  time 
Torn Curver, who unfortunately died last year a t  a very early age, thought  he 
would like t o  p u t  his hand t o  the question of using these various techniques -- 
optical pumping, the collision narrowing o f  spectral lines -- on ar. alkaline 
metal t o  see what the possibilities of producing an atomic clock that  way 
might  be. 

His area was pretty much his own. He was then later on joined by Carrol 
Alley, who i s  here i n  the audience, as a graduate student to  work on this pro- 
ject, and then later on he collaborated w i t h  Ardi ti. 

He t h o u g h t  carefully about the problem of us ing  alkali  metal t o  get this 
collision narrowing of spectral lines, t o  use optical pumping t o  get signal 
strength, and then the kind of circuitry tha t  would go w i t h  this, and decided 
on rubidium. I guess tha t  was a choice that continues t o  be the best one t o  
this day. He had some good reasons for doing this. 

veloped a t  Princeton. T h a t  was the same time as Kastler's work. We weren't 
familiar w i t h  Kastler's work b u t  Kastler was clearly well ahead of us. 

He sort of accidentally noticed t h a t  -- I t h i n k  this was before .Hans 
Dehmelt's discovery o f  intensity pumping, bu t  when that  came along that pro- 
duced a greatly enhanced signal -- so I guess tha t  i s  about a l l  t o  be said on 
that.  The f i r s t  work on this was about 1953 or 1954, somewhere i n  there, and 
he continued to be interested i n  t h i s  for quite a long time, and later on i t  
was taken up by others, and this is basically the origin of the rubidium clocl<. 

The optical pumping was the kind tha t  my student, Bruce Hawkins, had de- 

I t h i n k  that is a l l  I have t o  say. 
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D I ST I MGU I SHED SC I 

Panel Chairman: Professor I .  I e Rabi , Columbia University 

I t h i n k  rubidium had another role, wasn't there, Charlie? Wasn't rubidium 
what you used for the maser? 

PROFESSOR TOWNES: No, we used ammonia. 

PROFESSOR RABI: Ammonia, yes. 
ammonia, who previosuly had worked w i t h  me on rubidium. 

PROFESSOR TOWNES: Oh, yes. We1 1 , we needed Zieger ' s he1 p,  certainly . We 
also needed the b i g  nitrous elements which ammonia had. 

I confused Zieger, who worked w i t h  you on 

PROFESSOR RABI: Those are interesting questions. Since we are reminiscing 
about old times and how thingr came t o  be, as you know, Charlie Townes was a t  
Columbia while we were doing the molecular beam work. O f  course, t o  under- 
stand what was happening i n  these experiments w i t h  molecular beams and selec- 
t ion  of states, w i t h  a l l  due respect to  Professor Ramsey, we knew about atomic 
spectroscopy and the spectroscopy of the waves which we used. They were not 
exactly microwaves then, b u t  the important t h i n g  was the Einstein -- I come 
back t o  Einstein a l l  the time -- induced transitions i n  an excited state i n  
the molecular beams a t  those levels, a t  those frequencies which were being 
used, would 1 ive a very 1 ong time and we wanted, then , the atoms t o  move from 
one state t o  another, from a lower state t o  a higher state and also from a 
higher energy state t o  a lower energy state, and there you used Einstein's 
induced transitions, the idea which he introduced back i n  1916 for the famous 
paper. He had arrived a t  the Planck formula b u t  really was the basis for w h a t  
happened la te r  i n  the whole quantum theory, and leading t o  the Heisenberg dis- 
persion principle. 

I t  seemed t h a t  we m i g h t  use something o f  this sort b u t  when we calculated, the 
intensity was low. The question was, how could this radiat ion be detected? 
In preparing this famous lecture -- "famous" i n  the sense t h a t  I talked about 
i t  f i r s t  -- the Rickmeyer lecture i n  1924, I t h o u g h t  about this matter, and 
this was i n  1924. Great, great improvements had been made i n  electronics. I 
said earlier about the detection of these transitions which led t o  the mea- 
surement of moments, t h a t  they could not be detected by electromagnetic means -- i t  was too weak -- b u t  that you had to see the effect on the atom, and 
that 's what the atomic method was about, b u t  then i n  w r i t i n g  this Z said, "Is 
this really true now?" 

I went and spoke t o  buddy, Ed Purcell , and spoke t o  Henry Tari about this. 
They f e l t  yes, the method was sensitive enough t h a t  they could detect those 
transitions, and induced radiation from those atoms. I a l so  had my doubts 
about this and talked t o  Felix Wacht. T h i s  was during the War, and East and 
West were rather concentrated i n  Cambridge. Purcell was a t  the Radiation Lab 
and Wacht was a t  the Harvard Electronic Lab. T h i s  all occurred a t  the same 
time, as a result of my being asked t o  do the Rickmeyer lecture. 
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th ing which was Impossible, seemed t o  be impossible I n  1940 -- as I was ta l k -  
i ng  l a s t  n ight -- as the r e s u l t  o f  a war, a l o t  o f  people working i n  t h e i r  
f i e ld ,  i t  became possible four years la te r . .  

And now we have Professor Pound. We have two Harvard people now. 

PROFESSOR POUND: Two what? 

PROFESSOR RABI : Two Harvard people. 

PROFESSOR POUND: Two Harvard people? Well, why not? 

PROFESSOR RAMSEY: I am now a t  M t .  Holyoke, Professor Rabi . 
i 
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Member: Professor Robert V. Pound, Harvard University 

I thank Charlie Townes fo r  perhaps, a t  l ea s t  i n  part ,  g iv ing  some expla- 
nation of what I am doing here because I was asking myself tha t  and I thought 
probably you were a l l  asking tha t  even more, not many of you probably 
have coupled my ro l e  w i t h  atomic clock develo 

I t  does happen tha t  this project which i n  f a c t  I got into by strict  ac- 
cident i n  the Radiation Lab -- i t  wasn't on the route of Radiation Lab's com- 
mitments, i n  f ac t  -- the business of s tabi l iz ing microwave osc i l la tors  grew 
out of some customer of mine. I was i n  the business of making mixers and 
t h i n g s  like tha t  for  microwaves a t  the time, and Bob Dicke and I used t o  ta lk  
a good deal and Bob had introduced the concept of the '?nagic T" and a customer 
of mine asked me, had I any good ideas as t o  how to make a microwave discrim- 
inator,  
scribblings on paper, I came up w i t h  a t h i n g  tha t  would play the role a t  micro- 
waves, the t h i n g  t h a t  was used a s  a frequency discriminator i n  ordinary, low- 
frequency radio, 

I said surely tha t  has t o  be based on a "magic T" and a f t e r  a few 

. Then I said,  "Gee, I t h i n k  t ha t  could be used for purposes of s tab i l iz ing  
microwave osc i l la tors ,  and so on the side I gave that  a t ry  and I was rather  
surprised a t  how much i t  did.  
wave osc i l la tors  l ike Klystrons and you tuned them, say, w i t h i n  30 PIHZ of one 
another so that  you used a 30 MHz receiver, communications receiver t o  l i s t en  
t o  the beat note between them, you d idn ' t  hear anything much a t  a l l  b u t  a l o t  
of hash and trash and so forth. 
t h i n g s  you could get a pair  of 10 GHz osc i l la tors  so tha t  they beat together 
and produced an audio tone. You used t o  be able to  go up and down the cor- 
r idors  where you could hear my audio tone going, so r t  of wiggl i n g  around, b u t  
you know, it was wandering on the order of 100 cycles or so w i t h  a 10 GHz base, 
and I was so r t  of impressed tha t  you could do this. 

Previous to  tha t ,  i f  you took a couple of micro- 

I discovered tha t  by making two of these 

Actually, i t  has been mentioned that  obviously -- Charlie said tha t  the 
obvious next direction was t o  use, instead of a cavity -- which a f t e r  a l l  
isn't a fundamental phenomenon and isn't the h ighes t  Q i n  the world, b u t  t o  
use instead an atomic o r  a molecular spectral line as the reference. 
you will f i n d  i n  my paper of 1946 tha t  I so suggested, f irst  of a l l  using the 
cavi ty  tha t  was used t o  s t ab i l i ze  the osc i l la tor  as an absorption cel l  for  
studying microwave absorption, and then mentioned the use of what now would 
be called the Q-dip method, I believe, to  lock the osc i l la tor  ultimately t o  
the absorption l ine tha t  might  be so contained. 

In fac t ,  i n  the spr ing  of 1945 some of my colleagues had the kindness, 
inc luding  Professor Rabi, of recommending me to  the Society of Fellows a t  
Harvard. Rabi claims he never would do tha t  again. 

In fact ,  
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E. A. Milne which suggested t h a t  there were 

b i t a l ,  and t h a t  his theory suggested tha t  these two scales drifted w i t h  re- 
spect t o  one another by the fraction which represents the time of observation 
over the age of the universe, 

t h a t  was a r a t i o  of about lo-', and I knew tha t  I could probably make an atom- 
ic  clock t h a t  was good enough b u t  I couldn't see how t o  measure gravitational 
time t o  that  precision because I knew that  the earth's rotation fluctuated by 
the order of a second per year if  you measured i t  by looking a t  the star tran- 
s i t s  and so for th .  

Well , I looked a t  three years and the Hubble constant of tha t  era, and 

B u t  I happily, o r  perhaps unhappily -- well, I guess i t  i s  happily -- a 
b ig  diversion or deviation from tha t  route occurred because of my collabora- 
t i o n  w i t h  Purcell and Tari i n  the project tha t  Rabi mentioned, i n  the f i r s t  
experiment which successfutly detected magnetic resonance of nuclei i i n  
solids, which i n  fact weren't solid as we t h o u g h t  they were. That  diversion 
took me away from t h a t  direction, although I must say tha t  the concept o f  
f i n d i n g  a reference system that would be useful for ultimate atomic clocks 
was always somewhere i n  the back of my mind. One of the reasons I embarked 
i n  the trade of pure electric quadrupole resonance, a field which Professor 
Dehmelt here scooped me on i n  a certain sense, I thought  t ha t  there would be 
a case where there would be a h i g h  Q available, If one went to  a pure elec- 
t r i c  resonance a t  a few thousand MHt and had dipole-to-dipole linewidths only, 
there should have been a Q of 10 million or so and those were big numbers i n  
those days. 

ultimate high-precision d ices u n t i l  suddenly the Mos d 
on the scene, and we moved rather rapidly, and some of you may know about our 
employment of t h a t  method t o  measure the effect of the gravity on effective 
frequency of photons. There we measured shifts o f  2 times fractionally 
t o  1 percent accuracy. We have been upstaged i n  the conclusions from those 

Well, I d i d n ' t  get b k i n to  an active ro le  w i t h  r 
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t ional precisi 
st i l l  belongs 

Here i s  an absorption line -- I could show you 
such an absorption 1 
effect one has an em 
the two ar.e stationary w i t h  respect 
d i t i ons  are satisfied, there is  an absorption o f  the gamma rays by a resonance 
process i n  the absorber, b u t  if you move the one slowly w i t h  respect t o  the 
other, the doppler effect of t h a t  motion is sufficient to  reduce the amount 
of absorption by p u t t i n g  t h i n g s  out of resonance. 

The speed t h a t  i s  required t o  reduce the absorption for the case of zinc 
67 i s  .15 microns per second,, which i s  a rather slow motion. I t  is the kind 
of motion t h a t  results from about a meter per year, I guess, and you have t o  
compare t h a t  w i t h  the velocity of l i g h t  -- i n  other words, i t  is  a meter over 
a l i g h t  year 0-  for the fractional effect. 

the optical domain should be available by successful multiplication or a de- 
rivative of some device t h a t  is a coherent source i n  the optical domain, 
which can then be controlled or  locked t o  some reference device, and I say 
tha t  w i t h  this new Mossbauer effect we are able -- if someone will kindly 
develop a coherent oscillating source -- one can use the Mossbauer absorption 
as an absolute reference w i t h  a s t a b i l i t y  -- well , the resonance full width 
is so I t h i n k  following the enhancement over the natural resonance 
widths of most other atomic clock references, this should get us i n t o  the 
domain of 

Mow Professor Townes also mentioned tha t  ultimately the use of time i n  

which i s  sort of another domain of interest. 

Uhhappily, the attack time or the feedback rate t h a t  you could use for  
these th ings  is rather slow because the signal-to-noise r a t i o  i s  relatively 
poor, and i t  takes maybe an hour to develop a decent picture of tha t  line 
shape a t  the present time. 

One last  remark, I t h i n k  -- oh, I might have mentioned tha t  i n  addi t ion 

I collaborated on an experiment which became published 
t o  the role o f  the original the ideas of stabilizing microwave oscillators, i n  
1949-50 Ed Purcell a 
under the t i t l e ,  " A  i n  System a t  a Negative Temperature." We introduced the 
concept of negative temperatures, which particularly pointed to  the phenomenon 
of induced emission as a contributor t o  radiospectroscopy under the conditions 
of having inverted population states. I t h i n k  tha t  also played a role i n  the 
development and under 
so the Smithsonian pe 
tha t  as a par t  of their laser exhibit a few years ago. 

nding of the techniques tha t  led t o  the maser, a t  least 
e to ld  me when they asked for the crystal we used i n  
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was going to  
chanics is re 

w i t h  the Mossbauer effect, i n  a 
is going t o  end u p  being a maser i n  i ts  own r i g h t .  
fo r  example, is a wavelength of .13 angstroms or  a 
10 Hz, which is  sor t  of high, 

that there is also the 

19 I t  has a line width,  therefore, of 25 kHz. 

Now i n  some very narrow resonances, like i n  NMR, you f ind  there are 
transient effects. For example, i f  you do 
periment, instead of seeing a nice absorpt 
Purcell and I called the "wiggles" back i n  
annoying effect. When you sweep through a an 
absorption b u t  then there is a beat that a 
the same picture by a combination of single-tuned circuits,  t u n i n g  one and 
shock-exciting the other, and the after-ring of the shock excitation beats 
w i t h  the one that  the frequency is moving away and you see the t h i n g  as a 
wiggle. 

I t  turns out that  i n  the Mossbauer effect you have precisely the same 
effect: 
which has a d i p  i n  the ordinary way i f  you sweep through i t  quite slowly, you 
s t a r t  sweeping through a l i t t l e  faster,  the lines s t a r t  to become a l i t t l e  
unsymmetric i n  shape, and if you sweep through i t  i n  a time which is short 
compared w i t h  the coherence time, which is 10 microseconds, of this resonance, 
what do you get? You get the wiggles, exactly the same as i n  this quasi- 
classical case of the NMR line. 

Namely, if  you look a t  this ultra-narrow resonance line of zinc 67, 

One of the curious t h i n g s  that  i s  a pedagogical problem is that the wig- 
gle, if you go w i t h  an absorber, then i n  the f irst  wiggle the intensity trans- 
mitted through the absorber f s  greater than this intensity would have been a t  
those times without an absorber, and maybe I will just  leave you w i t h  the 
challenge of f igu r ing  out how that can possibly be. Who made the energy that 
appears i n  this overshoot, as i t  might  be called? B u t  i t  does te l l  one that 
the correspondence principle, and the fact  that  i t  i s  no problem t o  answer 
this problem i f  you t h i n k  of the whole system as classical. 
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anel Chairman: Professor I .  I .  Rabi , Columbia University 

Well 
confession o f  which I am very proud and which has had an important part i n  the 
h i  story of microwave spectroscopy. 

During the war, I happened to be more or less i n  charge of magnetrons, and 
f ind ing  radar for higher and higher frequencies and better definition. One of 
the problems which'we set ourselves was 1-centimeter radar. For t h a t  we had 
t o  make a 1-centimeter magnetron which would give power, and of course the 
Klystron t h a t  would go w i t h  i t .  

before we turn t o  the next speaker, Professor Dehrnel t, I want t o  make a 

We worked a t  this, and i t ' s  a hit-and-miss a f f a i r  b u t  we f ina l ly  got a magnetron 
that worked w i t h  h i g h  efficiency and a l o t  o f  power and got a Klystron made i n  
t ha t  region and set  u p  a wonderful radar. The radar was tried and we go t  some 
wonderful pictures of New York harbor w i t h  fine definition of a l l  the streets 
and the piers and so on. Of course, when the rains came i t  turned out t ha t  we 
were precisely on the water absorption line. I knew we were i n  great danger 
of being there b u t  once you've made a magnetron, scaling is easy for the cir- 
cuits once you have it.  So this is fine. We'll get this made, see how i t  
works and then scale to  the appropriate frequency. 

Fortunately, the war ended before we could get this scaling done, and as  a re- 
sult we had those Klystrons, surplus, cheap -- and the Government sold them -- 
easily avail ab1 e for experimenters, and therefore microwave spectroscopy a t  
t ha t  time. I'm not sorry the war ended and we were not able to  f ix  the radar. 
I t  was a 1 centimeter radar bu t  not an all-weather radar. 

B u t  i t  shows that if  you are i n  a new field, even mistakes can be of positive 
Val ue. 

PROFESSOR TOWNES: A great contribution to  science. I t  has t o  be opportunistic. 

PROFESSOR RABI: 
Chicago did. You use the squeal i n  the hog. 

I t  has t o  be opportunistic, yes, and use everything just as 

Now I will turn t o  Professor Dehmelt. 
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est ing pa r t i c l e  than the closing nucleus for which I had j u s t  found the search 
f o r  resonance i n  1950. 

Also, my teacher, Richard Becker, one day i n  h is  e l e c t r i c i t y  and magnetism 
lecture, had drawn a dot  on the blackboard, declaring, "Here we have an elec- 
tron." Minding Heisenberg's admission tha t  physics should concern i t s e l f  w i th  
absorbers, I have wondered ever since how one might go about i n  the laboratory 
t o  loca l i ze  an electron i n  f ree  space. 

For the time being, then, however, I made do wi th  my nuclear quadrupole 
resonance spectrometer i n  a search f o r  the 400 MHz hyperfine l i n e  i n  potassium 
vapor, but I couldn' t  f i n d  it. Having been inv i ted  t o  work i n  Walter Gordy's 
laboratory i n  thOs country, I had more luck wi th  the atomic resonance spectrum 
o f  atomic phosphorus i n  a high-pressure bu f fe r  gas. That was about i n  1953-54. 
Now a t  l a s t  I had measured something on the f ree atom, namely i t s  hyperf ine 
structure. However, signal-to-noise was poor so I turned t o  the t r i gge r  tech- 
niques pioneered by our Chairman, Rabi, and by Block, Lamb, and my fel low 
colleagues Dicke and others. Adding a new wrinkle, I hoped -- as it turned 
out  i t  was previously proposed by Kastler -- namely, alignment by electron 
impact -- I b u i l t  a planar plasma diode f i l l e d  w i th  mercury vapor, and searched 
for  a permanent resonant signal i n  the DC diode current but I couldn't  f i n d  it. 

resonance i n  the transmitted l i g h t ,  a@ t h i s  was the o r i g i n  o f  the transmission 
monitoring technique now used i n  the rubidium clock. 

However, shining f i l t e r e d  l i g h t  f rom a mercury r e c t i f i e r  on it, I found the 

I n  the mercury experiment I also learned about spin exchange between elec- 
t rons and atoms. The easy ava i l ab i l  i t y  o f  polarized a1 kal  i atoms gave me the 

electron spin resonance experiment, based on the back and 
nge between electrons and o p t i c a l l y  pumped sodium 
i nteract ion and re1 axation times necessary here 

o f  a spin-exchange polar izat ion experiment, I f e l l  back on my high-pressure 
- bu f fe r  gas work on the atomic phosphorus. 
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t rans i t ion  i n  sodium i n  the transmitted l i g h t .  No isotropic  f i l ter  
then.  T h i s  simple approach has recently been revived fo r  the l e a s t  
rubidium clocks. 

In my paper on the mercury work, I a lso had proposed radio frequency spec- 
troscopy on trapped ions. T h i s  line o f  work i n  my lab a t  the University of 
Washington now has culminated i n  the magnesium monoion osc i l l a to r ,  an i n d i v i -  
dual laser-cooled magnesium ion i n  a small ion t rap.  Well, I should mention 
t h a t  a f t e r  our chairman, George Menley, got around to  have a look 4n my labora- 
tory, he d id  inv i t e  me t o  s tay on a s  an t a n t  Professor i n  1956, so I am 
s t i l l  w i t h  the University of Washington. 

My col l  aborators , Rol n n i  ngs , j me d the 
w i d t h  of this trapped magn a1 resona W is 
just like a sodium-[) line. The result: namely, w i t h i n  our limits the natural 
line establishes an ion temperature of about 5 milli-Kelvin. 

The ultimate accuracy of a monoion osc i l l a to r  laser  frequency standard 
18 might  approach -- I mean accuracy -- 1 part i n  10 

i n  order not t o  get i n  any b i g  claims about how much one can sp l i t  the line. 

Again, the sideband cooling technique was first searched for  by David 
Vineland and myself, not on an atomic ion f o r  frequency standard purposes, b u t  
i n  our monoelectron osc i l l a to r  work a t  the University o f  Washington. The goal 
of this work is the study of the finer s t ructure  of this most important elemen- 
ta ry  par t ic le ,  namely, the elctron and the positron. 

accuracy will be good for. However, for example, nobody a l so  seems t o  know 
very well if two atoms of the same element will actually prove t o  be identical  
t o  t h a t  accuracy. And harking back on points raised before, maybe sequels of 
the Hubble expansion of the universe will become detectable i n  the laboratory. 
The important#thing, again, seems t o  be to  build one, and of course this is 
what you have a l so  dedicated your e f for t s  to.  

. I should say "resolution" 

18 I do not presume t o  know what frequency standards w i t h  1 par t  i n  10 

I thank you f o r  your a t tent ion.  
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 pane^ C h a i ~ a n ~  Prof 

Well, I should perhaps mention t h a t  Professor Dicke r e a l l y  also t r i e d  t o  
construct an atom. 

PROFESSOR DICKE: That was an experiment tha t  fa i led.  

PROFESSOR RABI: Well, an experiment that  fa i led.  
t h a t  because i t  was a b r i l l i a n t  experiment, and I know t h a t  i n  my case, and I 
collaborated w i th  people l i k e  Norman Ramsey and Jerald Zacharias and Kusch -- 
tha t  i f  the experiment was such tha t  I could do it, it always succeeded, be- 
cause I am not an experimenter and i t  had t o  be very simple, and others who 
are b r i l l i a n t  w i l l  always add wonderful things t o  it, which one deeply ap- 
preci  ates . 
Well, I think it has been a goad afternoon i n  the sense tha t  it i s  almost 2 
hours and we have l o s t  very few customers, and the doors were open. 

I have always thought about 

So I th ink  i t  has been and I hope it has been entertaining, but I hope s o r t  of 
insp i ra t ional  of various attempts which have been made along t h i s  direct ion.  
Some have succeeded. Some d i d  not succeed so well  and haven't been pursued, 
but there i s  a very wide f i e l d  and I thir.k the richness o f  the f i e l d  has been 
demonstrated by the l a s t  few speakers. Some o f  the new f ie lds  suggested are 
very intr iguing, l i k e  geophysics and astrophysics. 
great and wonderful f i e l d .  
t h i s  has been a useful meeting. We thank you f o r  your at tent ion.  

I n  the name o f  my colleagues, I thank you, there w i l l  be no encore and we w i l l  
go on. 

I n  other words, i t ' s  a 
I congratulate you f o r  being i n  it, and I hope 
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