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ABSTRACT 

NASA i s  p lann ing  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  f requency 
t r a n s f e r .  A hydrogen maser c l ock  on hoard t he  Space 
S h u t t l e  w i l l  be compared w i t h  c locks  on t he  ground us ing  
two-way microwave and sho r t - pu l  se l a s e r  s igna l  s. The 
accuracy goal f o r  the  experimen i s  1 nsec o r  b e t t e r  f o r  
t h e  t ime  t r a n s f e r  and 10- 14 f o r  t he  frequency 
colnpari son. A d i r e c t  f requency compari son o f  p r imary  
s tandards a t  t h e  1 0 - l ~  accuracy l e v e l  i s  a unique 
f ea tu re  of t he  proposed system. Both t ime  and f req~rency  
t r a n s f e r  wi 11 he accompl i shed  by microwave t ransmiss ion ,  
w h i l e  t he  l a s e r  s i g n a l s  p rov ide  ca l  i b r a t i o n  o f  t he  system 
as we l l  as sub-nanosecond t ime  t r a n s f e r .  Fo l low ing  t h e  
demons t ra t ion  w i t h  t h e  Space S h u t t l e ,  an ope ra t i ona l  
system cou ld  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 r o v i d e  permanent g loha l  t ime  and frequency t r a n s f e r .  

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

Plans f o r  a spaceborne system t o  meet t he  needs f o r  g l oha l ,  
h igh-accuracy t ime  and frequency t r a n s f e r  a re  be ing s tud ied  by 
NASA's O f f i c e  o f  Space and T e r r e s t r i a l  Appl i c a t i o n s ,  Geodynarnics 
Branch. The systern uses a hydrogen maser c lock  on hoard a space 
v e h i c l e  which w i l l  be compared w i t h  c locks  on t he  ground by 
one-way and two-way t r ansm iss i on  of CW and t ime-code modulated 
microwave s i gna l  s. I n  a d d i t i o n ,  sho r t - pu l  se l a s e r  s i g n a l s  w i l l  
be t r a n s m i t t e d  s imu l taneous ly  w i t h  the  microwave s i gna l  s 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 ime  t r a n s f e r .  The unique 
f e a t u r e  o f  t h e  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  p r imary  standards a t  t h e  10- ! i 
accuracy l e v e l .  No o the r  technique o r  exper iment i n  ex is tence  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 t h e  
i n h a b i t e d  globe. I n  a d d i t i o n ,  t he  proposed system i s  expected t o  
p rov i de  t ime  t r a n s f e r  w i t h  an accur'acy o f  1 nsec o r  b e t t e r .  

The techniques t o  be employed have been used s u c c e s s f u l l y  i n  
e a r l i e r  experiments. The microwave p o r t i o n  of t he  systern 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  R e d s h i f t  Probe (GP- 
A )  f l own  i n  1976 [I]. The shor t -pu lse  l a s e r  technique was 
successfully used i n  a i r bo rne  c l ock  exper iments i n  1975 which 



measured general re1 a t i  v i s t  i c  e f fec ts  on t ime [ Z ] .  Because o f  
t h i s  experience w i t h  previous experiments, basic  new technology 
development i s  not requ i red  f o r  the S h u t t l e  experiment. 

The f i r s t  step of the  proposed prograrn w i l l  be a 
demonstrat ion experiment using the Space Shut t le .  Fol 1 owing a 
successful  demonstration, the system could be imp1 emented w i t h  a 
f r e e - f l y i n g  s a t e l l i t e  o r  on a space p lat form t o  prov ide 
permanent, 31 obal h i  gh-accuracy t ime and frequency t rans fer .  The 
f o l l o w i n g  d iscussion deals p r i m a r i l y  w i t h  the  concept o f  the 
S h u t t l e  demonstration experiment which i s  the subject  o f  a 
d e f i n i t i o n  study i n  progress a t  Marshal l  Space F l i g h t  Center. 
The f i r s t  f l  i g h t  i s  planned f o r  1985, pendirig approval o f  the 
p ro jec t .  Ideas s i m i l a r  t o  the concept discussed i n  t h i s  paper 
have been proposed ear? i e r  [3]. 

Overa l l  0b. iect ives 

The purpose of the  S h u t t l e  experiment i s  t o  demonstrate and 
evaluate the  techniques fo r  a l a t e r  operat ional  g lobal  systern. A 
v a r i e t y  of users would benef i t  from an operat ional  system 
p rov id ing  t ime t r a n s f e r  w i th  accuracies o f  1 nse or  b e t t e r  and f 4  frequency comparison w i t h  an accuracy of 10- . Poten t i a l  
user groups inc lude pr imary standard labora tor ies ,  high-accuracy 
t i m i n g  operat ions such as the co~nputat ion o f  T A I  and coord ina t ion  
o f  major BIIi con t r i bu to rs ,  NASA's  Deep Space Network (DSN),  and 
var ious o ther  users o f  p rec i s ion  time, e.g., r a d i o  astronomy and 
geodynamics research. 

The s t a b i l i t y  and accuracy o f  p rec i s ion  c locks and pr imary 
frequency standards have improved far beyond present c a p a b i l i t i e s  
t o  t r a n s f e r  tirne and frequency i n fo rma t ion  between widely  sepa- 
r a t e d  standards. Fur ther  improvements i n  the s t a b i l  i t y  and 
accuracy o f  pr imary standards can be expected i n  coming years 
which w i  11 r e s u l t  i n  increased requirements f o r  h i  gh-accuracy 
t i m e  and frequency t rans fe r .  The most accurate t ime t r a n s f e r  
method now i n  use i s  the t ranspor tab le  clock. This method has 
many l o g i s t i c  problems and i s  very expensive i f  h igh  accuracies 
a r e  required. The l a t t e r  problem i s  i l l u s t r a t e d  by Figure 1, 
which shows est imated y e a r l y  cost  f o r  synchronizat ion of one 
remote s t a t i o n  as a f u n c t i o n  o f  accuracy. The operat ional  cost 
becomes p r o h i b i t i v e  if high accuracy i s  required. The proposed 
space system using an o r b i t i n g  hydrogen maser c l o c k  can he viewed 
as an extension o f  the  t ranspor tab le  c lock method, p rov id ing  
accurate t ime and frequency t rans fe r  a t  frequent i n t e r v a l s  w i th  
worldwide coverage and a t  a much lower cost f o r  the i nd i v idua l  
user. 



The c u r r e n t  ope ra t i ona l  mode t o  compare p r 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 s u f f e r s  f rom l i m i t e d  g l oba l  coverage and 
f l u c t u a t i o n s  o f  t h e  ground wave p ropaga t ion  de lay,  making t h e  
system p r a c t i c a l  1y i ncompa t i b l e  w i t h  requi rements  o f  h igh -  
p r e c i s i o n  s tandard 1 abo ra to r i es  and t i m e  serv ices .  Other 
1 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 capab i l  i t i e s  o f  
p r ima ry  f requency 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 f o r  i n t e r n a t i o n a l  f requency comparison do not 
e x i s t  a t  t he  s t a t e - o f - t h e - a r t  accuracy. Other techniques of 
accu ra te  t ime  t r a n s f e r  have been t e s t e d  expe r imen ta l l y  o r  are 
planned f o r  imp1 elnentat ion i n  t h e  f u tu re .  A performa~nce 
comparison o f  a v a i l  ah1 e and planned methods, i n c l  ud ing the 
proposed S h u t t l e  exper iment ( S h u t t l e  Time and Frequency Trans fe r  
Exper iment,  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  t ah le .  Inaccuracy i s  expressed r e l a t i v e  
t o  a p e r f e c t  p o r t a b l e  c lock .  S t a b i l i t y  i s  t he  measure o f  t i m e  
v a r i a t i o n s  over  the course of t he  rneasurernent ( 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  sampl i n g  
i n t e r v a l s  and l e n g t h  o f  data determined by t h e  method). 
Cos t -e f f ec t i veness  i s  t h e  product  o f  i naccuracy  and user cos t  
d o l l a r s  ( i n  mega d o l l a r s ) ,  t h e  sma l l e r  t h e  number t he  b e t t e r .  
The 24-hour f requency accuracy i s  de r i ved  from t ime  s t a b i l i t y  
ove r  24 hours  which determines t h e  accuracy o f  abso lu te  remote 
f requency comparison. Though many o f  t h e  numbers represen t  
a n t i c i p a t e d  performance, i t  i s  be l i eved  they  a re  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 appl i c a h l e  t he  
f i g u r e s  i n  t h e  t a b l e  a re  ms values.) As can he seen, t h e  STIFT 
exper iment  looks  ext remely  a t t r a c t i v e  when compared w i t h  o t h e r  
techniques. 

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

The idea of t h e  S h u t t l e  demonst ra t ion exper iment i s  
i l l u s t r a t e d  i n  F i gu re  2. The experiment package which i s  mounted 
on a p a l l e t  i n  t he  S h u t t l e  bay con ta i ns  t he  hydrogen maser c lock ,  
a microwave transponder w i t h  antenna, a co rner  r e f l e c t o r  a r ray ,  a 
pho tode tec to r ,  an event t ime r ,  and some assoc ia ted  e l e c t r o n i c s .  
Three microwave 1 i n k s  a re  t r a n s m i t t e d  between a space v e h i c l e  and 
a ground te rmina l  which permi ts  cancel  1 a t i n n  of t he  fi 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 i c  delay.  Frequency 
comparison i s  accomplished by us ing  t h e  CCII c a r r i e r  f requenc ies.  
A t i m e  code modulat ion i s  app l i ed  f o r  the  t irne t r a n s f e r  funct ion.  
An impor tan t  f e a t u r e  o f  t h e  proposed experiment i s  t h a t  t he  
microwave system prov ides  t ime  and frequency t r a n s f e r  independent 
o f  weather c o n d i t i o n s  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 rma t i on  about t ime  de lays i n  the 
propaga t ion  pa th  and ins t rumenta t ion .  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  of t h e  experiment i s  a v a i l a b l e  f o r  t ime  t r a n s f e r  w i t h  



sub-nanosecond accuracy. Short  l a s e r  pu lses a re  t r a n s m i t t e d  from 
t h e  ground s t a t i o n  t o  t he  S h u t t l e  and re tu rned  by the corner  
r e f l e c t o r .  The a r r i v a l  t ime  of t he  l a s e r  pu lse a t  the  S h u t t l e  i s  
measured hy t h e  pho tode tec to r  and event t i m e r  and i s  recorded i n  
t h e  t i m e  frame def ined by t he  on-board hydrogen maser c lock,  
The simultaneous t r ansm iss ion  o f  l a s e r  and microwave s i gna l  s 
should y i e l d  va luab le  and i n t e r e s t i n g  h i  gh-accuracy data about 
wave propagat ion and re1 a ted  e f fec ts .  

Planned S h u t t l e  o r b i t s  have a r a t h e r  low a l t i t u d e  ( -200 n 
m i )  which l i m i t s  the t ime  a v a i l a b l e  f o r  c l ock  comparison du r i ng  a 
pass over  a ground s t a t i o n  t o  severa l  minutes. Otherwise, t he  
S h u t t l e  i s  r a t h e r  i d e a l  f o r  a demonstrat ion experiment because i t  
p rov ides  very  generous volume, weight,  and power l i m i t s  f o r  t he  
exper iment package as we1 1 as r e t u r n  of the  f l i g h t  hardware w i t h  
t h e  o p t i o n  o f  r e f l i g h t  a t  minimum cost.  H i g h - i n c l i n a t i o n  o r b i t s  
up t e  57O a r e  planned f o r  severa l  S h u t t l e  miss ions which g i v e  
s u f f i c i e n t  g l  ohal  coverage f o r  t he  demonstrat ion experiment, 
i n c l u d i n g  a l l  o f  t h e  p r imary  s tandard l a b o r a t o r i e s  and many o the r  
impo r tan t  s t a t i ons .  Whi 1 e the  S h u t t l e  o r b i t s  a re  adequate t o  
demonstrate t he  performance of the  system, a h igher  o r b i t  would 
be adopted f o r  an ope ra t i ona l  t i m e  and frequency t r a n s f e r  
s a t e l l i t e .  

Microwave System 

The key t o  t h e  d i r e c t  f requency comparison technique i s  
e l i m i n a t i o n  of t h e  f i r s t - o r d e r  Doppler s h i f t .  Th is  method was 
s u c c e s s f u l l y  used w i t h  t he  G r a v i t a t i o n a l  Probe A (GP-A) i n  1976, 
a j o i n t  p r o j e c t  o f  Smithsonian As t rophys ica l  Observatory and 
Marsha l l  Space F l i g h t  Center [I]. Dur ing t h i s  m iss ion  t he  
f requenc ies  o f  two hydrogen masers, one on the  ground and one i n  
t h e  space probe, were compared t o  measure t he  g r a v i t a t i o n a l  
r edsh i  ft e f f e c t .  For 100 sec averaging i t t e r v a l  s, t he  frequency 
cornparison was accura te  t o  1 x 10- , which was a t  t he  
s t a b i l i t y  l i m i t  of  t h e  space probe maser. Th is  m iss ion  
demonstrated t he  c a p a b i l i t y  t o  e l i m i n a t e  f i r s t - o r d e r  Doppler 
s h i f t s  and ionospher ic  propagat ion f l u c t u a t i o n s  t o  ac i ve d i r e c t  -9- f f requency comparison w i t h  an accuracy o f  1 x 10 . Since 
1976, f u r t h e r  improvements o f  t e hydrogen maser s t a b i l  i t y  have 
been achieved which make 10- 16 a safe accuracy goal f o r  t he  
S h u t t l e  experiment [4]. 

A s t a b i l  i t y  comparison of va r ious  techniques and standards 
i n c l u d i n g  t h e  1976 system and t h e  new hydrogen maser (1979) i s  
g i ven  i n  F igu re  3. To achieve t h e  des i r ed  accuracy r e q u i r e s  
c o r r e c t i o n s  f o r  re1 a t i  v i s t  i c  e f f ec t s ,  i n c l  ud ing t he  second-order 



Doppler s h i f t  and t h e  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 c a l c u l a t e d  from o r b i t a l  data of t h e  space 
veh ic le .  F i gu re  3 a l s o  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 t y  f o r  measurements spaced 
by T seconds. The two d o t t e d  l i n e s  represen t  a microwave pu lse 
system (0.6 nsec p r e c i s i o n )  and a l a s e r  pu lse  system (0.1 nsec 
p r e  i s i o n ) .  If t i m e  comparisons a re  made a t  24-hour i n t e r v a l s  S (10  sec ) ,  a t i m e  t r a n s f e r  accuracy o f  0.6 nsec o r  b e t t e r  i s  
needed t o  compare frequencies a t  the 1fl-14 l e v e l .  

A f u n c t i o n a l  diagram of t h e  microwave system i s  shown i n  
F i g u r e  4. Three S-band microwave f requenc ies  a re  t r ansm i t t ed ,  
p r o v i d i n g  one-way and two-way Doppl e r  i n f o 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 l ed  by 
s u b t r a c t i n g  one-ha l f  o f  t h e  two-way s h i f t  f rom the  c l o c k  
down-1 i n k  s i gna l .  Th is  process a1 so e l  im ina tes  p ropaga t ion  
e f f e c t s  i n  t h e  ionosphere f o r  temporal v a r i a t i o n s  l onge r  than the 
propaga t ion  t ime. The t h r e e  f requenc ies  have t o  be se7ect.ed 
c a r e f u l l y  t o  compensate f o r  ionospher i c  d i spe rs i on .  (Frequencies 
shown i n  t h e  diagram are  those used w i t h  GP-A. ) A s i n g l e  antenna 
i s  used on the  spacecra f t  and i n  the  ground s t a t i o n  t o  handle the 
t h r e e  f requenc ies.  The frequency cornpari son i n  f o rma t i  on 
generated i n  the  ground te rmina l  i s  conta ined i n  the beat s igna l  
o f  t h e  two c l ock  f requenc ies  which i s  ob ta ined  a f t e r  removal of 
t he  Ooppl e r  shi  f t . 

The frequency cornpari son inetliod u t i  1 i zes the phase 
i n f o r m a t i o n  o f  t h e  CW phase coherent c a r r i e r  s i gna l s .  'T o 
accomplish t i rne t r a n s f e r  a PRN phase modulat ion i s  appl ied,  Phe 
r o u n d - t r i p  p ropaga t ion  de lay  (2R/c)  i s  determined by a 
c o r r e l  a t i  on t echn i  qire appl i e d  t o  the two-way s i gna l  s ( F i g u r e  5 ) .  
The t i m e  s h i f t  between space c lock  and ground c lock  i s  determined 
f rom the d i s p l  acerrlent of t he  two corresponding t ime codes. The 
space c l ock  t i m e  code i s  modulated on t h e  c l ock  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 p ropaga t ion  de lay  i s  
ob ta i ned  frorn the two-way s i gna l  c o r r e l  a t i o n  process. One 
impo r tan t  o b j e c t i v e  o f  t he  proposed prograln i s  the devel oprnent o f  
a low-cost  microwave ground t e r n ~ i n a l  which can be af forded by a 
l a r g e  nurnher o f  users  o f  a l a t e r  ope ra t i ona l  system. The S h u t t l e  
experirnent w i l l  use S-band frequencies.  (The opt irnum frequency 
f o r  an ope ra t i ona l  system i s  t he  sub jec t  o f  f u r t h e r  studier;.) 
P a r t i c i p a t i o n  i n  t he  STIFr experirnent r e q u i r e s  a microwave gro~rnd 
t e r m i n a l .  I t  i s  a n t i c i p a t e d  t h a t  several  ground te rmina l  s w i l l  
be i n  ope ra t i on  f o r  the  clernonstration f l  i g h t ( s ) .  " ls t  o f  tht lse 
t e r m i n a l s  should be l oca ted  a t  t he  s i t e  o f  p r i ~ n a r y  standard 
l a b o r a t o r i e s  and t ime s e r v i c e  opera t ions .  



Laser System 

The shor t -pu l  se technique i s  p r e s e n t l y  t h e  most accurate 
method o f  t i m e  t rans fe r .  Th is  technique has been used by t he  
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 r bo rne  c l ocks  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 fec ts  w i t h  sub-nanosecond accuracy [Z?. The 
u n c e r t a i n t y  i n  t he  c l ock  comparison was o n l y  a few t e n t h s  o f  
nanoseconds. A disadvantage o f  t h e  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  t h e  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 he  l a s e r  p o r t i o n  o f  t h e  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 per form t ime  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 of 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  sho\m i n  F igu re  6. A co rne r  r e f 1  e c t o r  
a r r a y  i s  used t o  r e t u r n  t he  l a s e r  s i gna l  t o  t he  ground s t a t i o n .  
S imul taneously  t h e  l a s e r  pu lse  i s  rece ived  by a  f a s t  photo- 
d e t e c t o r  i n  t h e  Space Shut t le .  The event t i m e r  measures t he  
a r r i v a l  t ime  t 2  of t h e  l a s e r  pu lse i n  t he  t ime  sca le  estah- 
1  i shed  by t h e  on-hoard hydrogen maser c lock.  Th is  i n f o r m a t i o n  
i s  sent by t e l eme t r y  t o  t he  ground s t a t i o n  f o r  cornparison o f  t he  
space and ground c l ock  epochs. The epochs o f  t ransmiss ion  and 
r e t u r n  of t h e  l a s e r  pulse, t i  and t3 ,  r e s p e c t i v e l y ,  a re  
recorded a t  t he  ground s ta t i on ,  1  ock synchron iza t ion  i s  accom- 
p l i s h e d  by cornparing t 2  (measured a t  t he  space veh i c l e )  w i t h  
t h e  midpo in t  between t l  and t 3 ,  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 i gu re  7 shows t h e  r e s u l t  o f  t he  1976 sho r 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 t he r  t h e  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  t he  d i s -  
tance  separa t ing  them en te rs  i n t o  t he  comparison. 

Conclus ion 

The proposed concept us ing  a  hydrogen rnaser 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  high- 
accuracy t ime  and frequency t r a n s f e r .  I t  has a number o f  advan- 
tages  compared t o  o t h e r  techniques, i n c l  ud ing  h i gh  accuracy, 
d i r e c t  f requency comparison, weather independence, g l oba l  cover- 
age ( f o r  ope ra t i ona l  system), and comparat ive ly  low cos t  f o r  the 
user. Only a s i n g l e  s t a t i o n  i s  needed t o  accomplish t i m e  and 
frequency t r ans fe r ,  namely the '  s t a t i o n  which wants t o  synchronize 



i t s  c l o c k  o r  compare i t s  f requency standard. The microwave 
ground t e rm ina l  can be l o c a t e d  i n  c l ose  p r o x i m i t y  t o  t he  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 he  experiment makes 
t i m e  t r a n s f e r  avai  l ab le  w i t h  accurac ies i n  t h e  sub-nanosecond 
reg ion.  
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TABLE I. INTERNATIONAL TIME TRANSFER COMPARISON ( < <  1 9s) 

24 -Hour 
Cost-Effec- Frequency When 

Method Inaccuracy Stability tiveness (MS'ns) Accuracy Coverage Available 
1 :  

GPS (Common-view) 10 ns 1 n s  0.25 ,: 10- Global 1981 
1 4  

Shuttle (STIFT) 1 ns 0.001 ns* 0.25 : 10-  To 57' Latitude 1985 

TDRSS 
1 3  

10 ns 1 ns 1.0 c LO- All but India Long- 1982 
tudes 

-; 4 
LASSO 1 ns 0.1 ns 1.0 t LO All but near the p le s  1981 

1 3  
GPS 40 ns** 10 ns 2.0 1. 3x10- Global 1980 

1 3  
2-Way (Communica- 50 ns : 1 ns 5 .0**+  ... 10- All but near the poles 1980 
tion Satellite) 

Portable Clock 100 ns N/A 
1 2  

6.0 ,: 10- Global (Best accuracy 1980 
within reasonable driv- 
ing vicinity of Air 
Ports) 

i 2 
500 ns 2 40 ns 3.0 2 10- Excludes Most of Asia 1980 

and Southern Wsphere 

*This figure represents the time stability of the microwave Doppler cancellation system (1) 
**This inaccuracy may incrase if the GPS C/A code is deteriorated for strategic reasons. 

***Cost includes estimate of annual rental. 
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Figure 1 .  Cost o f  por tab le  c l o c k  method. 

SHUTTLE 

TELEMETRY _ - 

CORNEPREFLECTOA 

STATIOII STAT IW 

Figure 2 .  S h u t t l e  t i m e  and frequency t r a n s f e r  experiment.  
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r - SAMPLE TIME (SECOIUDS) 

F i g u r e  3 .  S t a b i l  i t y  compar ison.  

F i g u r e  4. Microwave system b l o c k  d iagram. 
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Figure 5. Microwave t i m e  transfer scheme. 
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F i g u r e  7 .  Results o f  a i r b o r n e  c l o c k  comparison exper iments .  



QUESTIONS AND ANSWERS 

CAPTAIN VOHDEN: 

I would l ike  to  know what the time l ine  would be for  th i s  system be- 
coming operational. You say the f i r s t  f l i gh t  would be 1985. How 
long a f t e r  that  would you envision the system being available for  
general usage? 

DR. DECHER: 

That i s  very d i f f i c u l t  t o  answer a t  the present time, I think we 
will have several shut t le  f l i gh t s  and then a normal lead time of 
such a program probably i s  a t  leas t  two t o  three years. 

MR. BANERJEE: 

Does th i s  experiment you have mentioned that  you are expecting to  
do a t  the Maryland University provide the f i r s t  calibration of the 
instrument that  will be the elimination o f  the delay of that  order? 

DR. DECHER: 

You question the accuracy of  the system? I s  t h i s  what you are  saying? 

MR. BANERJEE: 

Yes. 

DR. DECHER: 

Well, both techniques, the laser  and the niicrowave systems, have been 
demonstrated in those early experiments, and so I think we are  also 
safe to  propose t h i s  type of accuracy. 

DR. ALLEY : 

I would jus t  add the comnent that the limiting uncertainty o f  the 
early proposed low-altitude f l igh t  may be in the a b i l i t y  to measure 
the velocity of the spacecraft suff ic ient ly  well to include the 
r e l a t iv i s t i c  corrections adequately. 

DR. DECHER: 

Yes, that  i s  true i f  you want to  achieve the accuracy o f  you 
have t o  include r e l a t i v i s t i c  a f fec ts ,  the second-order Doppler E f -  
fec t  and the gravitational affect  which you have to  get o u t  of the 
trajectory o f  the space vehicle. This will be no problem for a 
s a t e l l i t e  system, b u t  for  the shut t le  will need some doing. 




