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I .  INTRODUCTION 

A ,  Background 

The N A S A  Office of Spnco and Terrestrial  Applications 
(OSTA) is considering a Space Shuttle experiment to demon- 
s t r a t e  techniques for  global high-precision comparieon of 
clocks and primary frequency standards. The experiment w i l l  
involve a hydrogon maser clock on board the Shuttle. Trans- 
tnission of mtcrowave and pulsed laser signals w i l l  be used 
to  compare tho space clock i n  the Shuttle w i t h  a clock i n  a 
ground station. The goal of the proposed experiment is to 
demonstrate time transfer w i t h  accuracies of 1 nsec or 
better,  and frequency comparison of clocks a t  t h e  10'14 
accuracy level. The capability to compare frequencies w i t h  
an accuracy of 10'14 is a unique feature of the proposed 
experiment. No other technique or experiment i n  existence 
or planned has t h i s  capability. 

T h i s  report outlines the concept of the experiment. 
The basic ideas of ttie experiment were developed by a small 
s t u d y  team consisting of tho authors of t h i s  report. 
Studies are i n  progress to define deta i l s  of the experiment 
systems and operation. A more detailed technical report 
w i l l  be prepared i n  the future. 

The s tab i l i ty  and accuracy of precision clocks and p r i -  
mary frequency standards have improved far beyond present 
capabili t ies to transfer time and f reyuency information 
between widely separated standards. Primary standard labo- 
ratories  exist  i n  many nations around the world, and coordi- 
nation of an international time scale w i t h  time transfer 
accuracy a t  levels commensurate with the s tab i l i ty  of clocks 
is now a very serlous problem. The most accurate time 
transfer method now i n  use is the transportable clock which 
nan provide time transfer over intercontinental distances 
w i t h  an uncertainty of approxilnately 10 nsoc. The trans- 
portable clock metllod 11n.s lnuny logist ic  problems and is very 
expensive i f  h i g h  accuracies are required. 

H *  Experiment Concept 

The proposed orbiting clock experiment can be viewed as 
an extension oi the transportable clock nethods to make time 
and freque~lcy transfer avrrilnble a t  frequent intervals 



w i t h  worldwide c o v e r a g e .  A h y d ~ o g e n  maser clock w i l l  be 
c a r r i e d  on board t h e  Space  S h u t t l e ,  and  s i m u l t a n e o u s  t r a n s -  
m i s s i o n  of  microwave and  laser p u l s e  s i g n a l s  w i l l  be u s e d  to 
compare t h e s e  two t e c h s i q u e e  as  well as t h e  clocks them- 
s e l v e s  (P ig .  1). 

The micrownve s y s t e m  t h a t  p r o v i d e s  time and  f r e q u e n c y  
t r a n s f e r  w i l l  be similar t o  a s y s t e m  used  w i t h  t h e  G r a v i t a -  
t i o n a l  P r o b e  A (GP-A) f l own  i n  1970. Frequency  compar i son  
o f  a s p a c e  c l o c k  a n d  a ground s t a t i o n  c l o c k  a t  t h e  10-14 
l e v e l  was d e m o n s t r a t e d  d u r i n g  t h e  GP-A mhss lon .  The same 
t e c h n i q u e  c a n  be u s e d  f o r  g l o b a l  f r e q u e n c y  compar i son  of 
p r i m a r y  s t a n d a r d s .  The microwave s y s t e m  u s e s  t h r e e  c o n t i n u -  
o u s  wave (CW), p h a s e - c o h e r e n t ,  8-band carrier f r e q u e n c i e s  
t h a t  p r o v i d e  one-way and two-way Doppler  measurements .  The 
f i r s t - o r d e r  Doppler  e f f e c t  and  p r o p a g a t i o n  d i s t u r b a n c e s  are 
c a n c e l l e d  au ta l l r . a t ica l ly  ( i n  real time) by p r o p e r  p r o c e s s i n g  
of t h e  s i g n a l s .  A time code m o d u l a t i o n  w i l l  be appl ied t o  
t h e  CW carriers to  a c c o m p l i s h  time t r a n s f e r .  

A p u l s e d  laser t i m i n g  s y s t e m  w i l l  be used  i n  parallel 
w i t h  t h e  microwave sys tem.  T r a n s m i s s i o n  of  p u l s e d  laser 
s i g n a l s  is t h e  most a c c u r a t e  t e c h n i q u e  i n  e x i m t e n c e  f o r  time 
compar i son  of c l o c k s .  A c c u r a c i e s  a round 0.05 n s e c  have  been 
d e m o n s t r a t e d .  The main d i s a d v ~ n t a g e  of  t h e  laser t e c h n i q u e  
is its s e n s i t i v i t y  to weather c o n d i t i o n s ,  which is a s e r i o u s  
drawback for  a n  o p e r a t i o n a l  sys t em,  w h i l e  t h e  microwave 
t r a n s m i s s i o n  is p r a c t i c a l l y  i ndependen t  o f  w e a t h e r  cond i -  
t i o n s .  Also, a direct  f r e q u e n c y  compar i son  o f  p r i m a r y  
s t a n d a r d s  is n o t  p o s s i b l e  w i t h  laser t e c h n i q u e s  i n  t h e  f o r e -  
seeable f u t u r e .  The s h o r t - p u l s e  laser t i m i n g  s y s t e m  w i l l  
p r o v i d e  a c a l i b r a t i o n  of t h e  microwave method. S i m u l t a n e o u s  
t r a n s m i s s i o n  of  laser acd ~nicrowtkve p u l s e  s i g n a l s  w i l l  y i e l d  
i n t e r e s t i n g  data a b o u t  wave p r o p a g a t i o n  and o t h e r  p o s s i b l e  
e f f e c t s  a t  v e r y  h i g h  p r e c i s i o n .  The on-board equipment  o f  
t h e  laser t i rning s y s t e ~ n  i n c l u d e s  s c o r n e r  ref  lector a r r a y  
combined w i t h  p h o t o d e t e c t o r s  and a s s o c i a t e d  e l e c t r o n i c s  t o  
measure  t h e  a r r i v a l  time of  t h e  laser p u l s e s  i n  t h e  time 
frame g i v e n  by t h e  on-board c l o c k .  The laser ground termi- 
n a l  w i l l  measure  the r o u n d - t r i p  time of  t h e  laser p u l s e .  
T h i s  s h o r t - p u l s e  laser t e c h n i q u e  h a s  been used  p r e v i o u s l y  
w i t h  o t h e r  e x p e r i m e n t s .  

Excep t  far  its r e l a t i v e l y  low o rb i t a l  a l t i t u d e ,  t h e  
Space  S h u t t l e  is i d e a l  for t h i s  t y p e  o f  demonstration e x p e r -  
i m e n t .  The  expe r i t nen t  package  w i l l  be mounted on a p a r l e t  
i n  t h e  S h u t t l e  bay.  The best l o c a t i o n s  f o r  t h e  microwave 
a n t e n n a  and  c o r n e r  r e f l e c t o r  a r r a y  have y e t  to be 





determined.  While a s i n g l e  S h u t t l e  miss ion  w i l l  be s u f f i -  
c i e n t  to demons t ra te  t h o  technAques and sys tems performance ,  
r e t u r n  of t h e  experiment  hardware p r o v i d e s  t h e  p o s s i b i l i t y  
of r e i l i g h t  (and exper iment  m o d i f i c a t i o n ) ,  if desired, a t  
minimum cost. Although t h e  a l t i t u d e  of S h u t t l e  orbits is 
Xower t h a n  t h e  optimum o rb i t  d e s i r a b l e  for  a possible later 
o p e r a t i o n a l  system, reduc ing  t h e  tfme a v a i l a b l e  ftrr coffipari- 
s o n  of c l o c k s  d u r i n g  t h e  p a s s  o v e r  a ground s t a t i o n ,  t h e  
S h u t t l e  o rb i t s  a r e  adequa te  to demons t ra te  t h e  c a p a b i l i t y  of 
t h e  proposed t e c h n i q u e s  and to p r e d i c t  t h e  performance of an  
o p e r a t i o n a l  sy s t em.  High inc!,J r ia t ion  (67 O )  o r b i t s  planlied 
f o r  a v a r i e t y  02 S h u t t l e  m i ~ 6 i o n s  w i l l  g i v e  a d e q u a t e  global 
coverage ,  i n c l u d i n g  a l l  of t h e  prioiizry s t a n d a r d  laboratories 
and most of t h e  o t h e r  i m p o r t a n t  s t a t i o n s ,  shou ld  any of 
t h e s e  d e s i r e  to  p a r t i c i p a t e  i n  t h e  demons t ra t ion  exper iment .  

The proposed S h u t t l e  demons t ra t ion  exper iment  w i l l  use 
e x i s t i n g  technology and o f f - t h e - s h e l f  hardware to  t h e  great- 
est e x t e n t  p o s s i b l e  t o  minimize the cost. A f t e r  a s u c c e s s -  
f u l  demons t ra t ion ,  t h e  exper iment  c o u l d  e v o l v e  I n t o  an  oper-  
a t i o n a l  sys tem f o r  global time and f requency  t r a n s f e r  u s i n g  
a f r e e - f l y e r  or a space  p l a t f o r m ,  There  are i n d i c a t i o n s  of 
i n t e r n a t i o n a l  i n t e r e s t  i n  p a r t i c i p a t i n g  i n  t h e  demons t ra t ion  
and a f u t u r e  o p e r a t i o n a l  s y s t e m .  



I NEED FOR GLQBAL HIGH-PRECISION CLOCK COMPARISON 

The f o l l o w i n g  discussion is f o c u s e d  on an  o p e r a t i o n a l  
time and  f r e q u e n c y  t r a n s f e r  s y s t e m  and  describes t h e  need  
and  wor ldwide  u s e  of  s u c h  a sys t em.  The proposed demons t ra -  
t i o n  e x p e r i m e n t  on t h e  S h u t t l e  may u s e  o n l y  one  ground sta- 
t i o n ,  which is a d e q u a t e  t o  d e m o n s t r a t e  t h e  t e c h n i q u e s .  

A. P s e s o n t  H i g h - P r e c i s i o n  Timing O p e r a t l o n s  

I n  t h e  Western  world a l o n e  t h e r e  are a t  p r e s e n t  more 
t h a n  2000 c e s i u m  beam c l o c k s  i n  use .  T h e r e  are many more 
( i n  t h e  order o f  10 000) rub id ium vapor  cell  c l o c k s  and  
a p p r o x i ~ n a t e l y  50 hydrogen masers i n  use. A l l  t h e s e  h igh-  
p r e c i s i o n  c l o c k s  operate i n  r e f e r e n c e  to  s t a n d a r d s  t h a t  make 
t h e  c l o c k s  traceable to  t h e  v a r i o u s  N a t i o n a l  Time S e r v i c e s  
which are, i n  t u r n ,  c o o r d i n a t e d  w i t h  t h e  Bureau I n t a r n a -  
t i o n a l  de L 'Heure  ( B I H )  a t  t h e  Paris O b s e r v a t o r y .  T h i s  co- 
o r d i n a t i o n  e f f o r t  is s u p p o r t e d  t h r o u g h  t h e  s y n c h r o n i z a t i o n  
o f  t h e  v a r i o u s  LORAN C c h a i n s  to t h e  U.S. Naval O b s e r v a t o r y  
(USNO) m u s t e r  c l o c k  t h a t  s e r v e s  as t h e i r  time r e f e r e n c e .  
The p r e c i s i o n  so f a r  o b t a i n a b l e  is a p p r o x i m a t e l y  200 n s o c ,  
b u t  l a r g e r  v a r i a t i o n s  o c c u r  s e a s o n a l l y  and  n e c e s s i t a t e  regu- 
lar c a l i b r a t i o n s  w i t h  a portable clock. The portable c l o c k  
t e c h n i q u e  r e p r e s e n t s  c u r r e n t l y  t h e  o n l y  h i g h - p r e c i s i o n  o p e r -  
a t i o n a l  l i n k  between t h e  major n a t i o n a l  s t a n d a r d s  l a b o r a -  
tories, t h r e e  of which--the NBS ( B o u l d e r ,  Colorado), t h e  NRC 
(O t t aws ,  Canada) ,  and t h e  PTU (Braunschweig ,  W. Germany)-- 
p r o v i d e  t h e  o n l y  i n p u t  to  t h e  B I H  r e g a r d i n g  a b s o l u t e  rate 
a c c u r a c y  of t h e  i n t e r n a t i o n a l  r e f e r e n c e  TAI ( t emps  i n t a r n a -  
t i o n a l  a tomiyue ) .  U n f g r t u n a t e l y ,  t h e  c o v e r a g e  of LORAN C is 
l i m i t e d  to  t h e  N~~rtliern Hemisphere  and ,  t h e r e f  ore, t h e r e  are 
no  S o u t h e r n  l a t i t u d e  N a t i o n a l  Time S e r v i c e s  or s t a n d a r d  
l a b o r a t o r i e s  i n  t h i s  BIH sys tem.  

I n  summary, t h e r e  are two c o o r d i n a t i o n  l i n k s  of  impor- 
t a n c e  t o  t imekeep ing :  t h e  i n t e r c o m p a r i s o n  of  a p p r o x i m a t e l y  
90 c l o c k s  for t h e  day-to-day c o m p u t a t i o n  of  TAI a n d  t h e  
l i n k s  o f  t h e  t h r e e  s t a n d a r d  labs  t h a t  o p e r a t e  a b s o l u t e  f r o -  
quency s t a n d a r d s  for t h e  p r o v i s i o n  of h i g h - p r e c i s i o n  f r e -  
quency  measurements  of TAI f o r  long- te rm c a l i b r a t i o n  of  t h i s  
r e f e r e n c e  time scale. 

R. Pr imary  F r e q u e t ~ c y  S t a n d a r d s  

C u r r e n t l y ,  there are t h r e e  o p e r a t i n g  p r i m a r y  f r e q u e n c y  
s t a n d a r d s  t h r o u g h o u t  t h e  world: one  (NBS-6) located a t  NBS 
i n  Bou lde r ,  Colorado, a n o t h e r  a t  NRC i n  Ottawa, Canada, and  



a t h i r d  a t  PTB i n  Draunschweig, W.  Garmany. Tho f e s p o c L i v e  
l i ccurac ios  of t i leso w t ~ n d n r d s  are 8.5 x 10''~, 4 x 10'l'~, 
and 6 x 10-I % The f r a c t i o n a l  f r equency  s t a b i l i t y  of each  
of t h o s e  d e v i c o s  i s  a t  t h e  l o v e 1  of one p a r t  i n  10l4 f o r  
approximately 1 day averag ing  tirne. The c u r r e n t  o p e r a t i o n a l  
mode of comparing these s t u n d a r d s  is v i a  t h e  LORAN C naviga- 
t i o n  s i g n a l  i n  a ground-wave p ropaga t ion  mode. F l u c t u & t i o n s  
i n  t h e  p r o p a g ~ t i o n  d e l a y  of t h o s e  s i g n a l s  c a u s e  time v a r i n -  
t i o n s  on t h e  o r d e r  of 1 ~ l a e c  o v e r  1 y e a r  of o p e r a t i o n  and 
f requency  f l u c t u a t i o n s  t h a t  a r o  ubout  one o r d e r  of magnitude 
worse t h a n  t h o s e  ach ieved  i n  t h e  pr imary  s t a n d s r d s ;  t h a t  is, 
approximate ly  one p a r t  in 1 0 ~ 3 .  Tllere are n a v i g a t i o n ,  com- 
munica t ion ,  and s c i e n t i f i c  u s e r s  who need t h e  s t a b i l i t y  and 
accurncy  of t h e  pr imary  s t a n d a r d s  b u t  c u r r e n t l y  cannot  real- 
ize t h o s e  v i a  t h e  c u r r e n t  o p e r a t i n g  mode. I t  is p r o j e c t e d  
t h a t  t h e  a t ~ b i l i t y  und accurac )  of pr imary  s t a n d a r d s  will 
improvo ubauk one o r d o r  of magnitude over  rough ly  t h e  nex t  7 
y e a r s ,  which will c l e a r l y  make t h e  LORAN C mode of time and 
f requency  t r a n s f e r  t o t a l l y  i n c o m p a t ~ b l e  w i t h  t h e  needs and 
c a p a b i l i t i e s  w i t h i n  t h e  community. I n  a d d i t i o n ,  s i g n i f i c a n t  
r e s e a r c h  e f f o r t s  i n  p r o g r e s s  are e x p l o r i n g  a tomic  f requency  
s t a n d a r d s  and have a s  a  g o a l  s t a b i l i t i e s  of t h e  o r d e r  of a 
p a s t  In 10 1 6 .  

C, C a p a b i l i t i e s  of t h e  Proposed Experiment 

The proposed exper iment  w i l l  demons t ra te  t h e  c a p a b i l -  
i t y  t o  make time comparisons between any two p r o p e r l y  
equipped s t a t i o n s  as o f t e n  u s  t w i c e  a day w i t h  an a c c u r a c y  
of better t h a n  1 nsec. I t  will also demons t ra te  t h e  capa- 
b i l i t y  t o  make f requency measurements between two such sta- 
t i o n s  wi th  a p r e c i s i o n  of one p a r t  i n  1014.  No o t h e r  exper- 
iment  proposed can o b t a i n  s u c h  results; t h e y  a r e  unique  t o  
t h i s  exper iment .  The r e a s o n s  f o r  this are: the use  of a 
l~ydrogen  maser a s  a t r a n s f e r  c l o c k  i n  t h e  o r b i t i n g  s p a c e  
v e h i c l e ,  t h e  use  of t h e  t h r e e - l i n k  f requency  comparison s y s -  
t e m  w i t h  Doppler cancel.lati ,on, &nd t h e  u s e  of a l a s e r  l i n k  
t o  calibrate t h e  p ropaga t ion  time d e l a y s  i n  t h e  ins t rumenta -  
t i o n  and t h o  p ropaga t ion  p a t h .  

D. Comparison w i t h  Other  Experiments  or E x i s t i n g  
O p e r a t i o n a l  C a p a b i l i t i e s  

A s  h a s  been mentioned p r e v i o u s l y ,  t h e  p r e s e n t  opera-  
t i o n a l  Loran C l i n k s  have a p r e c i s i o n  of  200 nsec w i t h  much 
larger (1 p scc)  s e a s o n a l  v a r i a t i o n s .  P o r t a b l e  c l o c k s  w i t h  
t h e  c a p a b i l i t y  t o  make time t r a n s f e r s  approaching 1 nsec  
have been used b u t  a t  a cost which malres t h e  o p e r a t i o n a l  u s e  



of such precisions prohibitive. F igure  2 gives an estimated 
dependence of cost versus precision f u r  a s ing l e  station. 
I t  is clear that cost is a major factor for the present 
operational limitation t o  209 nsec i n  our timing operations, 
even if h i g h e r  precieion can and has been obtained i n  iso- 
lated cases. 

A better measurement accuracy, at  leas t  i n  the major 
l i n k s  ( a~~ong  NBS - USNO - NRC - Paris Observatory - PTB, 
e tc . ) ,  would be extremely desirable bscausa the uniformity 
and accuracy of TAI are limited by the insufficient preci- 
sion obtainable nt pr s son t .  Very long baseline interferons- 
t r y  (VLBI) has nXso boon used i n  isolated casos, and an 
internal precision of 1 nsec has been reached i n  some oxper- 
iments. However, any use of such experiments for the pur- 
poses mentioned mus t  of necessity be an isolated case de- 
pending upon the l i n k s  from the observatories t o  the t i m i n g  
centers, schedules, delays of data processing, etc. 

The Laser Synchronization from Synchronous Orb i t  
(LASSO) experiment is the only experirnent that is a t  thia  
time competitive i n  rogard to  accuracy. However, the design 
of the LASSO experiment limits its u t i l i t y  to o n l y  a few 
selected laser stations that have sufficient power to  reach 
the satellite and are w i t h i n  its coverage. I n  addition, it 
uses the laser not as a calibration tool b u t  for  a l l  time 
transfers,  which imposes very c r i t i c a l  additional limita- 
tions on operations (weather, a i r  t r a f f i c ,  etc.) .  

The Global Positioning System (GPS), even though it 
w i l l  become a most useful synchronization source, w i l l  
nevertheless not, be competitive i n  accuracy since it is only 
a one-way concept that requires the separate determination 
of propagation delay and involves orbi tal  determination, 
propagation correction, ctc.--factox$ $hat do not concern 
the proposed Shuttle experiment since the two-way, nearly 
simultaneous transmission of signals avoids their  influence 
except, a t  most, i n  the form of fimall corrections. 

Communications s a t e l l i t e s  such u s  IiERMES and SYMPHONIE 
have been used for t i m i n g  experiments of highest precision 
(approximately 1 nsec). However, the absolute delays and 
delay variations i n  the transmitters and receivers involved 

, 

currently limit the absolute time transfer accuracy to  
several tens of nanoseconds. I n  addition, a practical d i f -  
f icul ty  h a s  arisen i n  these experiments that limits thei r  
actual use. The l i n k s  to the end-users have contributed 
several nanoseconds of inaccuracy and have prevented a f u l l  
evaluation of to ta l  overall performance. 





E. Potential Usors and Future Requirements 

A s  meationed previously, the maJor benefits from an 
operationai system employing the proposed techniques can W 
expected i n  the computation of TAI and i n  t h e  Improved oo- 
ordination of the major UZH contributors. Both the very 
h igh  accuracy time measur~ment and the frequency comparison 
between the three laboratoriss (NBS, NRC, and PTB) are 
important. In addition, such a aystem would also allow fo r  
the first time the intercomparison of time and frequency 
w i t h  stations and laboratories i n  tho Southern Hemisphere, 
such as i n  Australia (Dayartment of National Mapping and the 
CSIW), Brazil, Argentina, Now Zealand and also South 
Africa. None of these nations is presently included i n  the 
B I H  system of TAX and UTC as contributors because a5 the 
coverage limitation of LORAN C. Xn addition to these bene- 
fits for the National Time Services, there w i l l  also be con- 
siderable direct benefits for a number of very demanding 
users of precision time. 

One of the more stringent user requirements is that of 
the Deep Space Network (DSN) w i t h  stations located a t  
Canberra, Australia; Madrid, Spain; and Goldstone, Cali- 
fornia. Bocause of the h igh  accuracy needed for deep space 
probes, range and range rate measurements currently require 
that absolute frequency differences between the hydrogen 
masers a t  each of these s i t e s  be known to  a few parts i n  
101 3 . There is no reasonable t e r r e s t r i a l  means of reaching 
t h i s  accuracy. One solution, though very expensive, that is 
currently being planned is to  use a deep space source t o  
synchronize and syntonize the stations,  Over the next 
decade, it would be h i g h l y  desirable i f  an alternative route 
could be found to  provide synchroniz8,tion a t  the few nano- 
seconds level and syntonization a t  a part i n  1013 or better.  
Furthermore, a l l  presently used methods and systems i n  pre- 
cision timekeeping w i l l  benefit because the experiment w i l l  
provide an extraordinary opportunity to evaluate and to cal- 
ibrate  the performance of existing routine t iming  systems 
such as LORAN C, the GPS, etc. 

Figure 3 shows the locations of users of an operational 
system for time and frequency transfer,  including primary 
standard laboratories, time service stations,  and the NASA 
DSN. Once an operational system has been established, VLBI 
stat ions around the world can be counted among the users. 





111. EXPERIMENT DESCRIPTION 

A. O b j e c t i v e  

The o b d e c t i v e  o f  t h e  S h u t t l e - b o r n e  e x p e r i m e n t  is to  
d e m o n s t r a t o  t h a t  time and f r e q u e n c y  i n f o r m a t i o n  c a n  be 
t r a n s f e r r e d  to a ground s t a t i o n  w i t h  a p r e c i s i o n  of  1 n s e c  
i n  time 8nd 1 part i n  1014 i n  Af/f for  f r e q u e n c y .  T h i s  
d e m o n s t r a t i o n  w i l l  u s e  s i m u l t a n e o u s  microwave and laser 
t e c h n i q u e s  t o  e v a l u a t e  t h e  c a p a b i l i t y  and  u s e f u l n e s s  of t h i s  
method o f  time t r a n s f e r .  The ~n ic rowave  s y s t e m  w i l l  make 
f r e q u e n c y  compar i sons  w i t h  t h e  space c l o c k  d u r i n g  e a c h  p a s s .  
Data from t h e  t h r e e  s y s t e m s  (laser t i m i n g ,  microwave t i m i n g ,  

' a n d  microwave f r e q u e n c y  compar i son )  w i l l  be a v a i l a b l e  t o  
test t h e  i n t e r n a l  c o n s i s t e n c y  of t h e  t e c h n i q u e s .  It is s u f -  
f i c i e n t  for  t h i s  d e m o n s t r a t i o n  to  have o n l y  o n e  ground sta- 
t i o n  equ ipped  w i t h  a hydrogen maser s y s t e m  s e r v i n g  b o t h  as 
c l o c k  and  h i g h - s t a b i l i t y  osci l lator .  For  t h e  t11:& and f r e -  
quency compar i sons  an e x i s t i n g  S-band s t a t i o n  from e i t h e r  
t h e  J o t  P r o p u l s i o n  L a b o r a t o r y  (JPL) DSN or o n e  of  t h e  un i -  
f i e d  S-band (USB) s t a t i o n s  would be a p p r o p r i a t e .  The adap- 
t a t i o n  of t h e  stat ion f o r  t h e  e x p e r i m e n t  would f o l l o w  v e r y  
c l o s e l y  t h e  work done i n  t h e  1976 GY-A r e d s h i f t  e x p e r i m e n t  
f o r  which two a d d i t i o n a l  racks o f  equipment  b u i l t  by t h e  
S m i t h s o n i a n  A s t r o p h y s i c a l  O b s e r v a t o r y  (SAO) were t i e d  i n t o  
t h e  e x i s t i n g  equipment .  

T h e  laser time compar i son  w i l l  i n v o l v e  t h e  u s e  of  a 
mobile laser t r a c k i n g  s t a t i o n  b r o u g h t  t o  t h e  USB or DSN sta- 
t i o n  site.  

B .  Space  C l o c k s  

The e x p e r i m e n t a l  test of  t h e  G r a v i t a t i o n a l  R e d s h i f t  
s u c c e s s f u X l y  made i n  J u n e  1976 by NASA and  SAO d e m o n s t r a t e d  
t h e  f e a s i b i l i t y  of p l a c i n g  an  e x t r e m e l y  h i g h - s t a b i l i t y  
osc i l la tor  i n t o  E a r t h  o r b i t  and  of making f r e q u e n c y  compari-  
s o n s  between i t  and an  oscillator a t  t h e  E a r t h ' s  s u r f a c e .  
T h i s  expe r imen t  r e q u i r e d  a hydrogen  maser w i t h  h i g h l y  spe-  
c i a l i z e d  d e s i g n  t o  cope with t h e  v e r y  t r a u m a t i c  changes  f r o m  
E a r t h ' s  thermal ,  m a g n e t i c  and g r a v i t a t i o n a l  env i ronmen t  t o  
t h e  env i ronmen t  o f  space. The s h o r t - d u r a t i o n  m i s s l o n  d i d  
n o t  p r o v i d e  s u f f i c i e n t  t i m e  f o r  t h e r m a l  s t a b i l i z a t i o n  or 
m a g n e t i c  r e a d j u s t m e n t .  Al though t h e  space m i s s i o n  was 
l i m i t e d  to a p p r o x i m a t e l y  2 h r ,  tht? maser was d e s i g n e d  for 
c o n t i n u o u s  o p e r a t i o n  t h r o u g h  many months of t e s t i n g .  

The development  o f  h i g h - s t a b i l i t y  oscil lator s y s t e m s ,  
or c l o c k s ,  f o r  u s e  i n  s p a c e  r e c e n t l y  has  had c o n s i d e r a b l e  
i m p e t u s  from t h e  GPS, f o r  which ces ium beam and rub id ium 



vapor resonator devices have b u n  developed and undergono 
t e s t s  i n  space. Thasa dsvicas &re rolativoly small and 
lightweight cornparod to  the 41 Icg space maser used i n  the 
1976 GP-A rodshift oxyeriment; however, they have aubstan- 
t i a l l y  lower sbort-term s tab i l i ty  than tho maser. Figure 4 
shows the Pr~c t iono l  frequency s tab i l i ty  o (.r ) ( g i v i n l  tho 
expected value of A f / f  botween adjacent samples, each of 
duration T) for cosium, rubidium and maser osci l la tors  pres- 
ently suitable for space. X t  is clear that for tlre time 
intervals of 1 C  to 10h sec irrvclived i n  the proposed orbi ta l  
clock t i l n l n g  systems, the hydrogen maser w i l l  be sequired on 
the spacecra9t. In the case of the comparison or measure- 
ment of frequency du r ing  n single pass of ,  say, 8 m i n  v i s i -  
b i l i t y ,  hydrogen masers w i l l  also be required a t  the ground 
s t a t  ions. 

A s  previously mentioned, there is increasing need for 
frequency calibration (syntoniaation) among the stations i n  
the worldwide VLBI network, and these stations are normally 
equipped w i t 1 1  hydrogun masers. 

C. The Lasep Time Transfer System Concept 

The  slmrt-pulse laser time transfer system u t i l i zes  
techniques originltlly prescribed i n  1.905 by A. Einstein for 
the comparison of separated clocks. I t  can now be performed 
i n  a practical way drawing on the properties of lnsors and 
precision timekeeping electronics. The space-time diagram 
shown i n  F i g u r e  5 i l lus t ru tes  the technique for one spat ial  
dimension. 

Assuming that the speed of l i g h t ,  c ,  is tile same i n  a l l  
directions, the laser pulse d~nission time, ti, and the 
laser pulse reception time, t3, a t  J3arth are given by 

Ttle time t 2  a t  the midpoint of t l  and t;g is obtained 
from equation (1) as 

T h i s  is the time tllnbt can be c~saigned by the Earth station 
observes to the reflection 09 the pulse at the spacecraft. 
From equation (1) we obtain 







which is the dtstr~ace Prorn t h o  Earth stntion to the spaco- 
crttft. T l l l s  i s  the basic ~quntiotr usad i n  nreasuring ttro 
distalrce to the corner reflactors on the Moon und on nurnerous 
a r t i i i c i n l  6#rth sntel l ios .  1.t tlloro is a fas t  ptrotodetec tor 
located next to tlla corner  lector and fin olcctronic event 
titnar to registor tliu epocll t2 of tile reflection ovont i n  
the timo scikle established by tho spacecruft clock, then aqua- 
tion (3) can be used to colnpase the epoch ti w i t h  the epoch 
t2 for  the same reflection event by sotila form of radio corn- 
m\rnication such u s  tole~netry . 

Noto that the relative volocj-ty betweon the ground st&- 
tion and the spccecrltft does not enter t h o  comparison, nor 
does the value of the dist:i~lce sopnrating them. T h u s ,  ttrsre 
rrro no Doppler cf b e t s  irssoci.nted w i t h  tho short-pulse laser 
technique f u r  comparison of separated clocks. 

Ttle affect of  tho U a r t h ' ~  atrnosptlrsre is to  cause an addi- 
tional d e l a y  in the Lrtttlsit: tLale of the lrrsor l i g h t  pulse 
betweerr ground &nd tho Spacc S\riittle of npproxlrnt~tely 

where t3 is the iinglu from tho i(;eitith. Iiowdver, kctluse t h i s  
delay i s  n'l~l~ost the stinlo for outgoing and incoming pulses, 
only the ditferenca ~ n o d i t i e s  cyiiatsion (2) , 

1 
t2 = 2 (tl + t 3 )  + - (Win  (5) 

T h i s  correction is expected t o  be much less than 1 percent of 
1IC, or << (60 psoc)/eos 0. '.\'tie dif.terence i n  delay i s  due 
to thc; r ~ l ~ t i v o  rnotiotl ut  thu  s:i tcll i tc nrld 'the Earth's sur- 
face prociiiaing d i f  tereu t; yllysicul gn ths through the atmos- 
ptlere . 

Another snlall correckioa term is produced by the accele- 
ration 09 the grolind s t n t i o n  as n resul t  of the E t r r t h ' s  rota- 
tion. I t  ccrn bo ruckdlly caleulnted to ttro needed accuracy. 

D. Pvevioiis Demonstration 

In cr series  of aiscvhft; f l i g h t s  t;'ronl ttre Patuxent Naval 
A i r  T e s t  Center d u r i n g  the period May 1975 through January 
1976, The Universit;~ of Mnrylund w i t h  tho support of the U . S .  
Navy measured tllo etfects  of getrert~l re la t iv i ty  on clock 
rates. D u r i n g  the t l 3 i g h l s ,  the trlrborne clocks were colnpased 
w i t h  tlre gsoiind cloolcs itsitlg the? short-pulse laser technique 
described previously. Tlse rcsrul'ts of one of the five 15-hour 
f l i g h t s  conducted arc; shown i n  Figure 6 ,  where the time 
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Figure 6. Laser comparison of atomic clocks. 
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difference betwosn tlro airborne and ground clock aeta is 
plotted as a tunctiark of titne before, d u r i n g ,  and t ~ i t o r  tlm 
f l i g h t .  The points w i t h  orror bars are the laser pulse timo 
compari~ons, typical uncertni~rties bcsing _f: (200 to  300) 
psoc. 

E. Helution to Laser Range Measurement 

Any lnser ranging stat ion cnn periorm ti time comparison 
w i t h  the suitably equipped Space Shuttle i f  it records the 
epochs of the transmitted and received pulsoe and combines 
them according to  equation (2 ) .  A t  present, a number of 
stations record epochs; ~ n d  others w i l l ,  i n  the future, a s  
more high repetition rate  and single photo-electron detec- 
tion systems are imglumantad. The conversion to epoch inoas- 
urement of u laser ranging syste~n u s i n g  timo interval meas- 
urement is not d i f f icul t .  

Tlrero uro now approxirnrttely 20 Juser stations worldwido 
t h n t  potentitilly could participute i n  the proposed experi- 
metit. f n  the U .S .  thoso include eight I n  the NASA nstwork 
wnd three i n  the $~nithsoni~~n netwot8k. Additional stations 
are expected to  come into existence i n  tlre next few years i n  
various parts o f  the world. 

The IJASSO Pxperi~nent w i l l  use the laser t;ocllnique 
described previously w i t 1 1  Llle SIHIO-2 synchronous s a t e l l i t e  
to  be plticed i n  orbit by the f i r s t  operational launch of tile 
European Spuco Agency A H T A N E  rocket i n  June 1981. Several 
European lnscs ranging strttions w i l l  participate together 
w i t h  n statiorr opsriitsd ,jointly by t h e  U.S. Naval Obsesva- 
tory, The Universiky of Maryland, and the NASA Goddnrd Space 
F l i g h t  Center. 

F. Systern Doscription 

A block di&grnm aE the Spuce Shuttle and ground sys- 
tems is sllown i t 1  Figure 7.  The corner reflector array would 
be of hemispherical gootae'try to elilninate the need for 
pointing. Euch reflector would be uccolnpctnied by a Past 
photodetector, probably of the avalanche diode type. T h e  
constant-traction discri~ninntar, evetrt timep, microproces- 
sor ,  storage registers,  rtnd cotnrnunicntion l i n k  w i l l  be simi- 
la r  to equipment developed ear l ier  and adapted to the re- 
quirements of the Spuce Shuttle. Wi th  10 t o  30 lnser pulses 
registered d u r i n g  a time tsu~rsfer ( to  average the j i t t e r  i n  
the detector-discrirni11~t1o11-cvent timer c l l~ in )  , a precision 
u s  h i g h  as 30 pscc may be attainable u s i n g  t h i s  laser tech- 
nique. 
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Simultaneous t e s t i n g  of the laser and microwave pulse 
s y s t e m ,  i n  conjunction wi*b;h the microwave frequency compari- 
son mothod, w i l l  allow oxbremely h i g h  precision t e s t s  of 
these various methods of time tranefer and an evaluation of 
thelxb usefulness for worldwide coverage. 

G, The Microwave Technique for  Simultaneous Frequency 
and Time Comparison 

The proposed technique for time and frequency comparison 
very closely parallels tlie methods used i n  the redshift test 
i n  which continuous wave signals a t  three separate frequen- 
c ies  wore used i n  a combined two-way and one-way Doppler 
measurement system. 

The experiment hardware used i n  1976 was based on the 
USB system, which produces continuous wave and Doppler 
(range-rate) data and, by the use of pseudo-random noise 
(PHN) phase modulation and correlation techniques, also pro- 
vides range distance. T h i s  information is obtained from the 
time delay between the transmitted PRN-coded phase modulation 
and its counterpart received Srom the spacecraft transponder, 
Since the frequencies of the u p l i n k s  and downlinks are sepa- 
rated, there is no restr ict ion on the duration of the phase- 
coded signals other than the obvious one associated wi th  the 
period of v i s i b i l i t y  of the s a t e l l i t e .  Simultaneously w i t h  
the phase data providing the two-way propagation delay, a 
t h i r d  microwave carr ier  w i l l  be modulated to provide time-de- 
lay information between the s a t e l l i t e  and ground clocks. The 
propagation delay i n  t h i s  measurement is accounted for u s i n g  
the transponded two-way data. To i l l u s t r a t e  these techniques 
for time and frequency comparison, the light-time diagram 
shown i n  Figure 8 w i l l  be used to describe the ray paths. 
The X axis describes coordinate time w i t h  the range coordi- 
nate on the Y axis. T h i s  implies that re la t iv i s t i c  effects  
of the relative motion and gravity potential between the 
Earth and ground stations have been included i n  the time and 
frequency comparisons from a lcnowledge of the spacecraft 
position and velocity obtained Srom tracking information. 

I n  Figure 8 the time scales ts and te representing 
the space vehicle 8nd Earth stations,  respectively, are 
coordinated for r e l a t i v i s t i c  effects ,  and the objective i n  
synchronizing them is to  maintain a constant relationship i n  
the epoch defined by each scale. T h i s  is done by determining 
the propagation titne, A TpHOp, by direct measurement of 
time pulses applied t o  t l e  carrier signals u s i n g  pseudo-ran- 
dom noise modulation i n  the form of a coded sequence of phase 
advances and retardations. T h i s  is the conventionally used 
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c o d i n g  method for r a n g e  measurement i n  t h e  USB system and  
i n v o l v e s  t h e  use of a t r a n s p o n d e r  t h a t  r o t a i n ~  phaso  cohor -  
e n c e  i n  t h e  r e t r a n s m i t t e d  carrier s i g n a l  (a t  an o f f s e t  ire- 
quency g iven  by t h e  r a t io  240/221 times t h e  u p l i n k  frsqj~on- 
c y )  a n d  also r e a p p l i e s  t h e  ptaase-coded m o d u l a t i o n  to  t h i s  
s i g n a l ,  

Time data between t h e  s p a c e  v e h i c l e  and  E a r t h  s t a t i o n  
are t r a n s m i t t e d  by a separate carrier a t  a t h i r d  f r e q u e n c y ,  
shown i n  F i g u r e  8 A@ t h e  "Clock S i g n a l . "  S in i l a r  p h a s e  
c o d i n g  o f  t h i s  carrier is used  i n  c o n j u n c t i o n  with t h e  E a r t h  
s t a t i o n  time scale to o b t a i n  

The time scales are s y n c h r o n i z e d  by d e t e r m i n i n g  

F i g u r e  9 shows a s c h e m a t i c  f u n c t i o n a l  d i ag ram o f  t h e  
sys t em,  I t  is based on t h e  s u c c e s s f u l l y  operated f r e q u e n c y  
compar i son  systein used  i n  t h e  1976 GP-A r e d s h i f t  e x p e r i m e n t .  
The f r e q u e n c i e s  i n  t h i s  s y s t e m  are chosen  to  c a n c e l  t h e  
f i r s t - o r d e r  i a n o s p h o r i c  d i s p e r s i o n ;  t h e  first-order Doppler 
e f f e c t s ,  i n c l u d i n g  t r o p o s p h e r i c  e f f e c t s ,  are c a n c e l l e d  by 
t h e  s u b t r a c t i o n  o f  one-half  t h e  two-way Doppler  f r e q u e n c y  
s h i f t  f rom t h e  ono-way Doppler  f r e q u e n c y  s h i f t  of t h e  clock 
downl ink .  

I n  t h i s  way i t  is p o s s i b l e  to  compare t h e  f r e q u e n c y  of  
two hydrogen  masers despi te  v a r i a t i o n s  i n  t h e  p a t h  and i n  
t h e  t r a n s m i t t i n g  medium, i n c l u d i n g  t h e  d i s p e r s i o n  e f f e c t s  
r e s u l t i n g  from t h o  n e c e s s a r y  f r e q u e n c y  s e p a r a t i o n  i n  t h e  
t h r e e  microwave l i n k s ,  

H e  Performance  of  the Sys tems  

The be l r r~v io r  of  the ~ ~ l , c r o w a v e  f r e q u e n c y  compar i son  sys- 
tem used  i n  Ll~e 1976 OP-A r e d s l r i f t  e x p e r i m e n t  is shown i n  
F i g u r e .  10. The p l o t  g i v e s  t h e  two-sample Al l an  v a r i a n c e ,  
o ( T ) ,  as a f u n c t i o n  uf a v e r a g i n g  tirne i n t e r v a l  T .  T h i s  is 
tge p r e s e n t l y  accepted method o f  d e s c r i b i n g  t h e  s t a b i l i t y  of  
a s i n g l e  oscil lator or of  a compar i son  between oscillators. 
E s s e n t i a l l y ,  t h e  v a l u e  o f  u y  a t  a g i v e n  time i n t e r v a l ,  T ,  

is t h e  one  s igma p r o b a b i l i t y  of  the d i f f e r e n c e  i n  f r a c t i o n a l  
f r e q u e n c y ,  A f l f ,  be tween two a d j a c e n t  samples of  f r e q u e n c y  







data, e a c h  averaged over the tin,& interval,  r . I n  measuring 
t h c  value of u, a suff icient  number of adjacent pairs of  
second meaeurements are u ~ e d  to obtain a s t a t i s t i o r l l y  
significant averago value. 

I n  the case of the redshift comparison 02  the frequency 
difference between the Earth and space clocks, the value $or 
100 ssc averages was I x 1 0 ~ ~ ~ .  Thi8 is a t  t h e  l i m i t  of the 
s tab i l i ty  t f  t h e  masers used in the experiment i n  1976. Shown 
on the same plot is the s tab i l i ty  of the preeontly fabricated 
hydrogen masers (1979), the presont primary cesium standard 
(1978), and the projected behavior of primary cesium standards 
i n  1984. 

Figure 10 can aZso be used t o  i l l u s t r a t e  the effect;ve- 
ness of t i m i n g  accurany i n  relation to frequency s tabi l i ty .  
The dotted l ines show the oiiectiveness of t i m i n g  accuracy a t  
0 .6  nsec (microwave pulse system) and a t  0.1 nsec ( laser  pulse 
system) for making frequency comparisons when the t iming  ineas- 
urements are made a t  time intervnls, r. This v i v i d l y  ohowe 
t h e  value of the frequency cotnparison technique as a means for 
comparing h i g h  s t b b i l i t y  standards and t h e  need for sub-nano- 
second t iming  for clock comparisons a t  repeated T 104 and 
lo5  8ec (hours to day) intervals if the precision of  time com- 
parison is to be comparable to  the s tab i l i ty  of present-day 
C ~ U C ~ S .  The current MHNI C capability is shown (shaded por- 
t ion) and is seen to be g ros s ly  inadequate, 



IV. OPERATIONAL CONSIDERATIONS 

The f i r s t  step toward a g l o b a l  time and f requency  t r a n s -  
fer sys tem i n  space  is t h e  pxBoposed S h u t t l e  exper iment .  The 
purpose  of t h i s  exporimek~t is to  demons t ra te  and e v a l u a t e  t h o  
t e c h n i q u e s  f o r  a later o p e r a t i o n a l  sys tem t h a t  would use  a 
s p a c e  p l a t f o r m  or a f r e e  S l y e r .  

The microwave sys tem of t h e  S h u t t l e  demons t ra t ion  e x p e r i -  
ment w i l l  u s e  S-band f r e q u e a c i o s  t o  u t i l i z e  e x i s t i n g  ground 
s t a t i o n s  and t r ansponder  des lgn .  While S-band is a good f r e -  
quency band for a g l o b a l  time t r a n s f e r  sys tem,  a d i f f e r e n t  
f requency band r a y  have t o  be s e l e c t e d  for an  o p e r a t i o n a l  
sys tem because  of fssquency a l l o c a t i o n s  i n  later y e a r s .  

The in tended  approach f o r  t h e  demons t ra t ion  exper iment  is 
to  b u i l d  one or more p o r t a b l e  microwave ground t e r m i n a l s .  A 
low-complexity, low-cost microwave ground s t a t i o n  system u s i n g  
a s i m p l e  o m n i d i r e c t i u n a l  antenna, would be needed by every  u s e r  
of  t h e  later o p e r a t i o n a l  system. The key t o  an  o p e r a t i o n a l  
syotem is a low-cost microwave ground s t a t i o ~ l  t h a t  a v a r i e t y  
of u s e r s  can  a f f o r d .  For t h e  demons t ra t ion  exper iment  t h e  
ground t e r m i n a l  can be moved t o  t h e  l o c a t i o n  of a p o t e n t i a l  
u s e r  or an  e x i s t i n g  laser t r a c k i n g  s t a t i o n ,  and r e f l i g h t s  of 
t h e  S h u t t l e  exper iment  would p r o v i d e  o p p o r t u n i t i e s  f o r  s e v e r a l  
u s e r s  to  p a r t i c i p a t e  i n  t h e  demons t ra t ion  exper iment  wi th  t h e  
t r a n s p o r t a b l e  microwave ground s t a t i o n .  Such a demons t ra t ion  
program would g e n e r a t e  i n t e r e s t  i n  an o p e r a t i o n a l  sys tem,  
i n c l u d i n g  pe rhaps  f i n a n c i a l  p a r t i c i p a t i o n  by o t h e r  o r g a n i z a -  
t i o n s  and c o u n t r i e s .  

I t  is worth n o t i n g  t h a t  a laser ground s t a t i o n  equipped 
w i t h  an  a tomic  c l o c k  and s u i t a b l e  i n t e r f a c e  equipment can  %se 
t h e  laser t iming p o r t i o n  of t h e  exper iment  d u r i n g  t h e  S h u t t l e  
miss ion  t o  c o o r d i n a t e  t h e  clock's  t i m e  s c a l e  to  t h e  i n t e r n a -  
t i o n a l  time s c a l e .  

The experiment  package mounted on a p a l l e t  i n s i d e  t h e  
S h u t t l e  bay w i l l  be e s s e n t i a l l y  s e l f - c o n t a i n e d  b u t  w i l l  ro-  
q u i r e  electrical power Pron t h e  S h u t t l e  sy s t em.  The c o r n e r  
reflector a r r a y  and t h e  microwave an tenna  w i l l  have to  be 
p o i n t e d  toward t h e  ground for exper iment  o p e r a t i o n  whi le  pass-  
i n g  o v e r  a ground s t a t i o n .  An ideal S h u t t l e  m i s s i o n  f o r  t h i s  
exper iment  would be one performing E a r t h  o b s e r v a t i o n s  w i t h  t he  
open S h u t t l e  bay p o i n t i n g  toward E a r t h  d u r i n g  most of t h e  m i s -  
s i o n .  The orbit  of t h e  S h u t t l e  must be known to  a c e r t a i n  
d e g r e e  of accuracy  t o  de te rmine  a l t i t u d e  and r e l a t i v e  



velocity betwoon a ground sttblltion and the St~utt la .  T h i s  
information i b  noedad Zor re la t iv i s t i c  corrections (gravita- 
tional redshift and refativistd,c Doppler effect)  to  realize 
the maximum accuracy i n  t i m s  and frequency cornpasison pos- 
s ib le  wi th  the experiment. 

A t  mentioned ourl ier ,  Shuttle orbi ts  have a relatively 
low al t i tude,  which l i m i t s  the time svailablo for the exper- 
iment d u r i n g  a ground station pass. For an operational sys- 
tem R high-inclination (perhaps polar), medium-altitude 
orbi t  would be more ideal to  obtain worldwide coverage and 
sufficient observation time from a ground station. 



V . CONCLUDING REMARKS 
Tho need for an operational global time and frequency 

transfer system with accuracies comparable to the perform- 
ance of modern stand~rds has boen outlined in Section 11. 
The proposed microwave frequency and time transfer method 
can satisfy this need, providing the weather-independent 
operation required for an operational system. Quite a num- 
ber of potential users, national and international, would 
benefit from such a system. Therefore, it can be expected 
that there would be a strong interest outside of NASA in the 
U.S. and in other countries in the implementation of such a 
system. The interest of the USNO and the NBS ha& been 
expressed clearly and is demonstrated by the participation 
of these organizations In the definition of the Shuttle 
demonstration experiment. There have been indications of 
interests Prom other countries. A successful demonstration 
of the proposed techniques should generate sufficient 
worldwide interest to lead to cost sharing for an 
operational system by several countries. With increasing 
accuracy and precision of primary standards in future years, 
the need for a high-precision time and frequency transfer 
system will become even more urgent. 
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