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ABSTRACT 

NASA i s  p lanning a Space S h u t t l e  experiment t o  
demonstrate h i  gh-accuracy g loba l  t i m e  and frequency 
t r a n s f e r .  A hydrogen maser c lock  on hoard the  Space 
S h u t t l e  w i l l  be compared w i t h  c locks on the ground using 
two-way microwave and shor t -pu l  se l a s e r  s igna l  s. The 
accuracy goal f o r  t he  experimen i s  1 nsec or  b e t t e r  f o r  
t h e  t ime t r a n s f e r  and 10' 54 f o r  the  frequency 
cornpari son. A d i r e c t  frequency comparison o f  pr imary 
s tandards a t  the  accuracy l e v e l  i s  a unique 
fea tu re  o f  the  proposed system. Roth t ime and frequency 
t r a n s f e r  w i l l  be accompl ished by microwave transmission, 
w h i l e  the  l a s e r  s igna ls  p rov ide  c a l i b r a t i o n  o f  the  system 
as w e l l  as sub-nanosecond t ime t rans fer .  Fo l lowing the 
demonstrat ion w i t h  t h e  Space Shut t le ,  an operat ional  
system could be implemented i n  a f r e e - f l y i n g  s a t e l l i t e  t o  
p rov ide  permanent g loba l  t ime and frequency t rans fe r .  

I n t r o d u c t i o n  

Plans f o r  a spaceborne system t o  meet the needs f o r  g lobal ,  
h igh-accuracy t ime and frequency t r a n s f e r  are being s tud ied hy 
NASA's O f f i c e  of  Space and T e r r e s t r i a l  App l ica t ions ,  Geodynamics 
Branch. The system uses a hydrogen maser c lock on board a space 
v e h i c l e  which w i l l  be compared w i t h  c locks on the  ground by 
one-way and two-way t ransmiss ion  of  CW and time-code modulated 
microwave s ignals .  I n  add i t i on ,  shor t -pu l  se l a s e r  s igna ls  w i l l  
be t r a n s m i t t e d  s imul taneously  w i t h  the  microwave s igna ls  f o r  
c a l i b r a t i o n  o f  t h e  system and f o r  t i m e  t ransfer .  The unique 
f e a t u r e  o f  t he  proposed system i s  i t s  c a p a b i l i t y  t o  make d i r e  
f requency comparison o f  pr imary standards a t  t h e  10' 
accuracy l eve l .  No o the r  technique o r  experiment i n  existence o r  
planned has t h i s  c a p a b i l i t y  w i t h  coverage over most of the  
i n h a b i t e d  globe. I n  add i t i on ,  t he  proposed system i s  expected t o  
p rov ide  t ime t r a n s f e r  wi th an accuracy o f  1 nsec o r  be t te r .  

(if 

The techniques t o  be employed have been used successfu l ly  i n  
e a r l i e r  experiments. The microwave p o r t i o n  of the system i s  sim- 
i l a r  t o  a system used w i t h  the  G r a v i t a t i o n a l  Redsh i f t  Probe (GP- 
A )  f l own  i n  1976 [l]. The short-pulse l a s e r  technique was 
success fu l l y  used i n  a i rbo rne  c lock  experiments i n  1975 which 
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measured general re la t iv i s t ic  effects on time [Z]. Because o f  
t h i s  experience w i t h  previous experiments, basic new technology 
development i s  not required f o r  the Shuttle experiment .  

The f i r s t  step of the proposed program will be a 
demonstration experiment using the Space Shuttle. Following a 
successful demonstration, the system could be implemented w i t h  a 
free-flying s a t e l l i t e  or on a space p la t form to  provide 
permanent, g! obal h i  gh-accuracy time and frequency transfer.  The 
following discussion deals primarily w i t h  the concept of the 
Shuttle demonstration experiment which is  the subject o f  a 
definit ion study i n  progress a t  Marshall Space Flight Center. 
The f i r s t  f l i g h t  is planned for 1985, pending approval  of the 
project. Ideas similar t o  the concept discussed i n  t h i s  paper 
have been proposed ear l ie r  [3]. 

Overall Objectives 

The purpose of the Shuttle experiment i s  t o  demonstrate and 
evaluate the techniques for a l a t e r  operational global  system. A 
variety of users would benefit from an operational system 
providing time transfer w i t h  accuracies of 1 nse or better and 
frequency comparison w i t h  an  accuracy of 10' . Potential 
user groups include primary standard laboratories, h i  gh-accuracy 
t i m i n g  operations such as the computation of TAI and coordination 
o f  major BIli contributors, NASA's Deep Space Network (DSF!),  and 
various other users of precision time, e.g., r a d i o  astronomy and 
geodynamics research. 

f 4  

The s t a b i l i t y  and accuracy of precision clocks and primary 
frequency standards have improved f a r  beyond present capabil i t i e s  
t o  transfer time and frequency information between widely sepa- 
rated standards. Further improvements i n  the s t a b i l i t y  and 
accuracy of primary standards can be expected i n  coming years 
which wil l  result  i n  increased requirements f o r  high-accuracy 
time and frequency transfer. The most accurate time t ransfer  
method now i n  use is the transportable clock. T h i s  method has 
many logis t ic  problems and i s  very expensive i f  h i g h  accuracies 
are  required. The l a t t e r  problem i s  i l lus t ra ted  by Figure 1 ,  
which shows estimated yearly cost for  synchronization o f  one 
remote station as a function of accuracy. The operational cost 
becomes prohibitive i f  h i g h  accuracy i s  required. The proposed 
space system using an o r b i t i n g  hydrogen maser clock can be viewed 
as an extension of the transportable clock method, p r o v i d i n g  
accurate time and frequency transfer a t  frequent interval s w i t h  
worldwide coverage and a t  a much lower cost for the i n d i v i d u a l  
user. 
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The c u r r e n t  opera t iona l  mode t o  compare pr imary standards i n  
t h e  U.S. (NBS),  Canada ( N R C ) ,  and West Germany (PTB) u t i l i z e s  
Loran C, which suffers from l i m i t e d  g loba l  coverage and 
f l u c t u a t i o n s  of t h e  ground wave propagat ion  delay, making t h e  
system practically incompatible wi th  requirements o f  high- 
p r e c i s i o n  standard l a b o r a t o r i e s  and t i m e  services.  Other 
l a b o r a t o r i e s  a re  i n t e r e s t e d  i n  t h e  accuracy c a p a b i l i t i e s  o f  
p r imary  frequency standards, e i t h e r  d i r e c t l y  o r  i n d i r e c t l y ,  bu t  
adequate means fo r  i n t e r n a t i o n a l  frequency comparison do not 
e x i s t  a t  the  s ta te -o f - the -a r t  accuracy. Other techniques o f  
accura te  t ime t r a n s f e r  have been t e s t e d  exper imenta l l y  o r  a re  
planned f o r  implelnentation i n  t h e  fu tu re .  A performance 
comparison of a v a i l a b l e  and planned methods, i n c l u d i n g  the  
proposed S h u t t l e  experiment ( S h u t t l e  Time and Frequency Trans fer  
Experiment, STIFT) i s  shown i n  Table 1. The f o l  1 owing 
d e f i n i t i o n s  apply t o  the  tab le .  Inaccuracy i s  expressed r e l a t i v e  
t o  a p e r f e c t  po r tab le  c lock.  S t a b i l i t y  i s  t h e  measure of t ime  
v a r i a t i o n s  over the  course of t h e  measurement (i.e., r e l a t e d  t o  
t h e  phase s t a b i l i t y  of t h e  measurement system w i t h  sampling 
i n t e r v a l s  and leng th  of data determined by t h e  method). 
Cos t -e f fec t i veness  i s  t h e  product o f  inaccuracy and user cos t  
d o l l a r s  ( i n  mega d o l l a r s ) ,  t h e  smal le r  t h e  number the  be t te r .  
The 24-hour frequency accuracy i s  de r i ved  from t ime  s t a b i l i t y  
over 24 hours which determines t h e  accuracy o f  absolute remote 
frequency comparison. Though many o f  t h e  numbers represent 
a n t i c i p a t e d  performance, i t  i s  be l i eved  they  are  w i t h i n  a f a c t o r  
o f  two o f  what w i l l  be accomplished. (Where app l i cab le  the  
f i g u r e s  i n  the  t a b l e  are rms values.) As can be seen, the  STIFT 
experiment looks extremely a t t r a c t i v e  when compared w i t h  o the r  
t e c  hn i ques. 

Concept o f  t h e  S h u t t l e  Experiment 

The idea o f  t he  S h u t t l e  demonstrat ion experiment i s  
i l l u s t r a t e d  i n  F igure  2. The experiment package which i s  mounted 
on a p a l l e t  i n  the  S h u t t l e  bay con ta ins  t h e  hydrogen maser c lock,  
a microwave transponder w i t h  antenna, a corner  r e f l e c t o r  array, a 
photodetector,  an event t imer ,  and some associated e lec t ron i cs .  
Three microwave l i n k s  are  t r a n s m i t t e d  between a space veh ic le  and 
a ground te rmina l  which permits cancel l a t i o n  o f  the  f i r s t - o r d e r  
Doppler e f f e c t  and c o r r e c t i o n  f o r  ionospher ic  delay. Frequency 
comparison i s  accomplished by us ing  t h e  CW c a r r i e r  frequencies. 
A t i m e  code modulat ion i s  app l i ed  f o r  the  t ime  t r a n s f e r  function. 
An impor tan t  f e a t u r e  o f  t h e  proposed experiment i s  t h a t  the  
microwave system provides t ime and frequency t r a n s f e r  independent 
o f  weather cond i t i ons  and t h a t  a l a s e r  system i s  used f o r  
c a l i b r a t i o n ,  p r o v i d i n g  i n f o r m a t i o n  about t ime  delays i n  the  
propagat ion  path and ins t rumenta t ion .  I n  add i t i on ,  t he  l a s e r  
p o r t i o n  of t he  experiment i s  a v a i l a p l e  fo r  t ime  t r a n s f e r  w i t h  



sub-nanosecond accuracy. Shor t  laser pul ses are t r ansmi t t ed  from 
the ground s ta t ion t o  the Shuttle and returned by the  corner 
reflector.  The a r r iva l  time of the laser pulse a t  the Shuttle is 
measured by the photodetector and event timer and i s  recorded i n  
the time frame defined by the on-board hydrogen maser clock. 
The simultaneous transmission of laser and microwave signal s 
shoul rl yield Val uahl e and interesting hi gh-accuracy d a t a  about 
wave propagation and related effects. 

Planned Shuttle orbits have a rather low a l t i tude  (-200 n 
mi) which l imits  the time available for clock comparison d u r i n g  a 
pass over a ground station to several minutes. Otherwise, the 
Shuttle i s  rather ideal for a demonstration experiment because i t  
provides very generous volume, weight, and power l imits for the 
experiment package as well as return of the f l ight  hardware with 
the option of ref1 ight a t  minimum cost. High-incl ination orb i t s  
up to 57O are  planned f o r  several Shuttle missions which give 
suff ic ient  global coverage for the demonstration experiment, 
including a l l  of the primary s t a n d a r d  laboratories and many other 
important stations.  While the Shuttle orbi ts  are adequate to 
demonstrate the performance o f  the system, a higher orbit  would 
be adopted for an operational time and frequency t ransfer  
sate1 1 i te.  

Microwave Svstem 

The key t o  the direct  frequency comparison technique i s  
elimination of the first-order Doppler sh i f t .  This method was 
successfully used with the Gravitational Probe A (GP-A)  in 1976, 
a jo in t  project of Smithsonian Astrophysical Observatory and 
Marshall Space Flight Center [l]. During th i s  mission the 
frequencies of two hydrogen masers, one on the ground and one in 
the space probe, were compared t o  measure the gravitational 
redshift effect .  For 100 sec averaging idterval s ,  the frequency 
comparison was accurate t o  1 x 10- , which was a t  the 
s t a b i l i t y  l imit  of the space probe maser. This mission 
demonstrated the capability t o  el iminate first-order Doppler 
sh i f t s  and ionospheric propagation fluctuations t o  ac 1 ve direct  
frequency comparison with an accuracy of 1 x 10' . Since 
1976, further improvements of t e hydrogen maser stabil i t y  have 
been achieved which make IO-'' a safe accuracy goal for  the 
Shuttle experiment C41. 

Y f  

A s t a b i l i t y  comparison of various techniques and standards 
including the 1976 system and the new hydrogen maser (1979) i s  
given i n  Figure 3. To achieve the desired accuracy requires 
corrections for re1 a t iv i s t i c  e f fec ts ,  including the second-order 
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Doppler s h i f t  and the  g r a v i t a t i o n a l  r e d s h i f t  e f f e c t .  These 
c o r r e c t i o n s  w i l l  be ca l cu la ted  from o r b i t a l  data o f  the  space 
vehic le .  F igure 3 a l so  i l l u s t r a t e s  t h e  r e l a t i o n s h i p  o f  t i m e  
t r a n s f e r  accuracy and frequency s t a b i l  i ty f o r  measurements spaced 
by T seconds. The two do t ted  l i n e s  represent  a microwave pulse 
system (0.6 nsec p rec i s ion )  and a l a s e r  pu lse system (0.1 nsec 
p re  i s i o n ) .  If t ime comparisons are  made a t  24-hour i n t e r v a l s  

needed t o  compare frequencies a t  the 
(10 5 sec), a t ime t r a n s f e r  accuracy o f  0.6 nsec o r  b e t t e r  i s  

l e v e l .  

A f unc t i ona l  diagram of the  microwave system i s  shown i n  
F igu re  4. Three S-band microwave f requencies are  t ransmi t ted ,  
p r o v i d i n g  one-way and two-way Doppler i n f o r m a t i o n  i n  the  ground 
s t a t i o n .  The f i r s t - o r d e r  Doppler e f f e c t  i s  cance l led  by 
s u b t r a c t i n g  one-hal f  o f  t h e  two-way s h i f t  from the  c lock  
down-1 i n k  s ignal .  Th is  process a1 so e l  im ina tes  propagat ion 
e f f e c t s  i n  the  ionosphere f o r  temporal v a r i a t i o n s  longer  than the  
propagat ion time. The th ree  f requencies have t o  be se lected 
c a r e f u l l y  t o  compensate f o r  ionospher ic  d ispers ion .  (Frequencies 
shown i n  the  diagram are those used w i t h  GP-A.) A s i n g l e  antenna 
i s  used on the spacecraf t  and i n  the ground s t a t i o n  t o  handle the  
t h r e e  frequencies. The frequency comparison in fo rma t ion  
generated i n  the  ground te rmina l  i s  conta ined i n  the  beat s ignal  
o f  the  two c lock  f requencies h i c h  i s  obta ined a f t e r  removal of 
t h e  Doppler shi ft . 

The frequency comparison method u t  il i zes the  phase 
in fo rma t ion  of t he  CW phase coherent c a r r i e r  s igna ls .  To 
accomplish t ime t r a n s f e r  a PRN phase modulat ion i s  appl ied.  The 
r o u n d - t r i p  propagat ion delay (2R/c) i s  determined by a 
c o r r e l a t i o n  technique app l ied  t o  the two-way s i g n a l s  (F igure  5 ) .  
The t ime s h i f t  between space c lock  and ground c lock  i s  determined 
from the displacement o f  the  two corresponding t ime  codes. The 
space c lock  t i m e  code i s  modulated on the  c lock  down-l ink 
c a r r i e r .  The c o r r e c t i o n  f o r  the one-way propagat ion delay i s  
obta ined from the two-way s igna l  c o r r e l a t i o n  process. One 
impor tant  o b j e c t i v e  o f  t he  proposed program i s  the  development o f  
a low-cost microwave ground terminal  which can be af forded by a 
l a r g e  number o f  users o f  a l a t e r  opera t iona l  system. The S h u t t l e  
experiment w i l l  use S-band frequencies. (The optimum frequency 
f o r  an opera t iona l  system i s  the  sub jec t  o f  f u r t h e r  studies.)  
P a r t i c i p a t i o n  in the STIFT experiment requ i res  a microwave ground 
te rmina l .  It i s  a n t i c i p a t e d  t h a t  several  ground te rmina ls  w i l l  
be i n  opera t ion  f o r  the  demonstrat ion f l i g h t ( s ) .  Most o f  these 
te rm ina ls  should be loca ted  a t  the s i t e  o f  pr imary standard 
l a b o r a t o r i e s  and t ime se rv i ce  operat ions.  
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Laser System 

The shor t -pu l  se technique i s  p resen t l y  t he  most accurate 
method o f  t ime  t r a n s f e r .  Th is  technique has been used by the  
U n i v e r s i t y  o f  Maryland w i t h  support from the  U. S. Navy i n  com- 
p a r i n g  a i rbo rne  c locks  w i t h  c locks  on the ground t o  measure gen- 
e r a l  re1 a t i v i t y  e f f e c t s  w i t h  sub-nanosecond accuracy [2]. The 
u n c e r t a i n t y  i n  t h e  c l o c k  comparison was o n l y  a few ten ths  o f  
nanoseconds. A disadvantage o f  t he  l a s e r  technique f o r  an opera- 
t i o n a l  system i s  i t s  dependence on weather. I n  the  proposed t ime  
and frequency t r a n s f e r  system the  shor t -pu lse  l a s e r  method i s  
used p r i m a r i l y  f o r  ca l  i b r a t i o n  and performance comparison. How- 
ever, t h e  l a s e r  p o r t i o n  o f  t he  experiment can he used independ- 
e n t l y  f o r  t ime t r a n s f e r  experiments. Any l a s e r  ground s t a t i o n  
equipped w i t h  a s t a b l e  c lock  and means t o  record  epochs (event 
t i m e r )  can perform t i m e  t r a n s f e r  experiments. The S h u t t l e  exper- 
iment w i l l  u t i l i z e  e x i s t i n g  l a s e r  ground s ta t i ons .  

A b lock  diagram o f  t he  l a s e r  system, i n c l u d i n g  on-board and 
ground s t a t i o n  systems, i s  shown i n  F igure  6. A corner  r e f l e c t o r  
a r r a y  i s  used t o  r e t u r n  t h e  l a s e r  s igna l  t o  the  ground s ta t i on .  
Simultaneously t h e  l a s e r  pulse i s  rece ived by a f a s t  photo- 
d e t e c t o r  i n  the  Space Shut t le .  The event t i m e r  measures the  
a r r i v a l  t ime  t 2  o f  t he  l a s e r  pulse i n  the  t ime sca le  estah- 
l i s h e d  by t h e  on-board hydrogen maser c lock.  Th is  i n fo rma t ion  
i s  sent by te lemet ry  t o  the  ground s t a t i o n  f o r  comparison o f  t he  
space and ground c lock  epochs. The epochs o f  t ransmiss ion  and 

and t3 ,  respec t i ve l y ,  a re  r e t u r n  o f  t h e  l a s e r  pulse, 
recorded a t  t h e  ground s t a t i o n .  l o c k  synchron iza t ion  i s  accom- 
p l i s h e d  by comparing t 2  (measured a t  t he  space veh ic le )  w i t h  
t h e  midpo in t  between t l  and t3 ,  i n c l u d i n g  a small c o r r e c t i o n  
f o r  e a r t h  r o t a t i o n .  F igure  7 shows the  r e s u l t  o f  the  1976 shor t  
pu l se  l a s e r  experiments. The u n c e r t a i n t i e s  o f  i n d i v i d u a l  c lock  
comparisons a re  o n l y  a few ten ths  o f  nsec. Ne i ther  the  r e l a t i v e  
v e l o c i t y  between space v e h i c l e  and ground s t a t i o n  nor  the d i s -  
tance separa t ing  them en te rs  i n t o  the  comparison. 

“E 

Concl us ion  

The proposed concept us ing  a hydrogen maser i n  a space ve- 
h i c l e  i s  expected t o  meet t h e  f u t u r e  need f o r  g loba l  h igh- 
accuracy t ime  and frequency t rans fe r .  It has a number o f  advan- 
tages  compared t o  o the r  techniques, i n c l u d i n g  h igh  accuracy, 
d i r e c t  frequency comparison, weather independence, g loba l  cover- 
age ( f o r  opera t iona l  system), and comparat ively low cos t  f o r  the 
user. Only a s i n g l e  s t a t i o n  is needed t o  accomplish t ime  and 
frequency t r a n s f e r ,  namely the‘ s t a t i o n  which wants t o  synchronize 
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i t s  c l o c k  o r  compare i t s  frequency standard. The microwave 
ground te rmina l  can be loca ted  i n  c lose  p r o x i m i t y  t o  t h e  stan- 
dard. I n  a d d i t i o n ,  t h e  l a s e r  p o r t i o n  o f  t h e  experiment makes 
t i m e  t r a n s f e r  a v a i l  ab le  w i t h  accuracies i n  t h e  sub-nanosecond 
reg ion.  
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3. 
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Figure 1 .  Cost of portab’le clock method. 
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Figure 2 .  S h u t t l e  time and frequency t r a n s f e r  experiment. 

107 

a 



r - SAMPLE TIME (SECONDS) 

F igu re  3. S t a b i l i t y  comparison. 

r - - - - - -  
I 
I 
I 
I 
I 
I 
L 

r)rv.row - 
4 

-1 
I 
I 
I 
I 
I 
I 
I 

Figure  4. Microwave system b lock  diagram. 
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Figure 5. Microwave time transfer scheme. 
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Figure 7 .  Resul ts  o f  a i r b o r n e  c l o c k  comparison experiments. 


