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ABSTRACT 

Time s y n c h r o n i z a t i o n  be tween two sites u s i n g  d i f f e r e n t i a l  
GPS h a s  b e e n  i n v e s t i g a t e d  by a number  o f  r e s e a r c h e r s .  
When t h e  t w o  s i t e s  a re  w i d e l y  s e p a r a t e d ,  t h e  common v i e w  
p e r i o d  o f  a n y  GPS s a t e l l i t e  b e c o m e s  s h o r t e r ;  l o w  
e l e v a t i o n  o b s e r v a t i o n s  a r e  i n e v i t a b l e ,  T h i s  i n c r e a s e s  t h e  
c o r r u p t i n g  e f f e c t s  of  t h e  a t m o s p h e r i c  d e l a y  a n d ,  a t  t h e  
s a m e  t i m e ,  n a r r o w s  t h e  w i n d o w  f o r  s u c h  t i m e  
s y n c h r o n i z a t i o n ,  T h i s  d i f f i c u l t y  c a n  be a l l e v i a t e d  by 
u s i n g  a t r a n s i t  site l o c a t e d  midway becween t h e  two main 
s i t e s .  The m a i n  s i t e s  c a n  now l o o k  a t  d i f f e r e n t  GPS 
s a t e l l i t e s  w h i c h  a r e  a l s o  i n  v i e w  a t  t h e  t r a n s i t  s i t e .  
H o w e v e r ,  a g r o u n d  t r a n s i t  s i t e  may n o t  a l w a y s  be 
c o n v e n i e n t l y  a v a i l a b l e ,  e s p e c i a l l y  a c r o s s  t h e  P a c i f i c  
Ocean ;  a l s o ,  t h e  i n c l u s i o n  o f  a g r o u n d  t r a n s i t  s i t e  
i n t r o d u c e s  a d d i t i o n a l  e r r o r s  due t o  i t s  l o c a t i o n  e r r o r  and 
l o c a l  a t m o s p h e r i c  d e l a y .  An a l t e r n a t i v e  i s  t o  u s e  a l o w  
e a r t h  o r b i t e r  (LEO) a s  t h e  t r a n s i t  s i t e .  A LEO i s  s u p e r i o r  
t o a  g r o u n d  t r a n s i t  s i t e  i n  t h r e e  ways :  ( 1 )  I t  c o v e r s  a 
l a r g e  p a r t  of t h e  e a r t h  i n  a s h o r t  p e r i o d  o f  time a n d ,  
h e n c e ,  a s i n g l e  L E O  p r o v i d e s  w o r l d w i d e  t r a n s i t  s e r v i c e s ;  
(2) i t  i s  a b o v e  t h e  t r o p o s p h e r e  a n d  t h u s  i t s  i n c l u s i o n  
d o e s  n o t  i n t r o d u c e  a d d i t i o n a l  t r o p o s p h e r i c  d e l a y  e r r o r ;  
and (3) i t  p r o v i d e s  s t r o n g  dynamics  needed t o  improve GPS 
s a t e l l i t e  p o s i t i o n s  w h i c h  a r e  o f  i m p o r t a n c e  t o  u l t r a -  
p r e c i s e  time s y n c h r o n i z a t i o n .  

*The r e s e a r c h  d e s c r i b e d  i n  t h i s  p a p e r  w a s  c a r r i e d  o u t  a t  t h e  J e t  
P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y ,  u n d e r  
c o n t r a c t  w i t h  t h e  N a t i o n a l  Aeronau t i c s  and Space A d m i n i s t r * a t i o n  



T h i s  p a p e r  i n v e s t i g a t e s  t h e  u s e  of a  LEO, a t  1300-km 
a l t i t u d e ,  a s  a t r a n s i t  s i t e  f o r  i n t e r c o n t i n e n t a l  t ime 
synchroniza t ion  v i a  GPS, Reaul ts of  a n a l y s i s  i n d i c a t e  t h e  
c a p a b i l i t y  of time synchroniza t ion  over  i n t e r c o n t i n e n t a l  
b a s e l i n e s  (-1 0,000km) t o  1-2 nanoseconds, 

INTRODUCTION 

By t h e  end o f  t h i s  decade ,  t h e  o p e r a t i o n a l  phase  of t h e  G l o b a l  
Pos i t i on ing  System (GPS) w i l l  be completed. A c o n s t e l l a t i o n  of  18 
s a t e l l i t e s  i n  s i x  o r b i t  p lanes  (Ref, 1 )  w i l l  be dedica ted  t o  time 
k e e p i n g ,  p o s i t i o n i n g  and  n a v i g a t i o n .  The c o n c e p t  of  d i f f e r e n t i a l  
GPS f o r  t i m e  s y n c h r o n i z a t i o n  be tween  two r e m o t e  s i t e s  was  
i n t r o d u c e d  i n  t h e  e a r l y  s t a g e  of GPS deve lopmen t  and  h a s  been 
i n v e s t i m t e d  by s e v e r a l  groups of  r e s e a r c h e r s  (Refs. 2-4). T i m e  
s y n c h r o n i z a t i o n  a c c u r a t e  t o  a b o u t  10 nanoseconds  a c r o s s  a 3000-km 
base l ine  has  been demonstrated u s i n g  d i f f e r e n t i a l  GPS (Ref, 4). 

The c o n c e p t  o f  d i f f e r e n t i a l  GPS i s  a n a l o g o u s  t o  t h a t  of Very Long 
Base l ine  In t e r f e rome t ry  (VLBI) (Refs, 5,6). That is, t h e  same s i g n a l  
emi t t ed  from a d i s t a n t  r a d i o  source  i s  s imul taneous ly  r ece ived  a t  
two w i d e l y  s e p a r a t e d  s i t e s  and  l a t e r  brought t oge the r  and compared. 
The d i f f e r e n c e  i n  a r r i v a l  times of t h i s  s i g n a l  a t  the  two s i tes  
c o n t a i n s  i n fo rma t ion  of  time o f f s e t  between t h e  si tes a s  w e l l  a s  t h e  
geomet r ica l  group delay, p r o p a g a t i o n  d e l a y s  and i n s t r u m e n t  d e l a y s .  
P r e c i s i o n  time synchroniza t ion  can be performed provided t h e  p o s i t i o n s  
of t he  two si tes and the  d i s t a n t  r a d i o  source  a r e  a c c u r a t e l y  known 
and t h e  propagat ion and in s t rumen t  de l ays  proper ly  ca l ib ra ted .  I n  t h e  
case o f  V L B I  the  d i s t a n t  r a d i o  source  is a n  e x t r a g a l a c t i c  source  such 
a s  a  q u a s a r .  To p e r c e i v e  t h e  f a i n t  s i g n a l  of a  q u a s a r ,  l a r g e  
a n t e n n a s  and  u l  t r a - l o w - n o i s e  r e c e i v e r s  are r e q u i r e d .  Also,  t o  
e x t r a c t  t ime  delay i n fo rma t ion  from t h e  random s i g n a l  e m i t t e d  by a 
q u a s a r ,  c r o s s - c o r r e l a t i o n  be tween  t h e  s i g n a l s  r e c e i v e d  a t  t h e  two 
s i t e s  i s  e s s e n t i a l .  T h i s  c a l l s  f o r  h i g h  d a t a  r a t e  t o  m a i n t a i n  a  
c e r t a i n  u s a b l e  s i g n a l - t o - n o i s e  r a t i o .  On t h e  o t h e r  hand ,  a GPS 
s a t e l l i t e  t r a n s m i t s  a much s t ronge r ,  coded s igna l .  The s t r o n g  s i g n a l  
a l l o w s  t h e  u se  o f  compact  a n t e n n a s  and  r e c e i v e r s ;  t h e  coded s i g n a l  
s t r u c t u r e  e l i m i n a t e s  t h e  need f o r  a  c ros s - co r r e l a t i on  process,  and a 
much lower  d a t a  r a t e  can be used. Hence, d i f f e r e n t i a l  GPS provides  a  
low-cost v e h i c l e  f o r  time synchroniza t ion  be tween remote sites and is  
highly  p re fe r r ed  over  VLBI approach. 

D i f f e r e n t i a l  GPS rel ies on common view of a sa te l l i te  a t  t h e  two si tes 
s imultaneously,  Wher t he  two si tes a r e  separa ted  by a  l a r g e  d i s t a n c e  
around t h e  e a r t h ,  a  s imultaneous common view of a  GPS s a t e l l i t e  may 
not  a lways be ava i lab le .  For i n s t ance ,  w i t h  t h e  f u l l  c o n s t e l l a t i o n  o f  



18  GPS s a t e l l i t e s  i n  o r b i t ,  a  common v i e w  be t w e e n  t w o  o f  t h e  NASA 
Deep Space s i t e s  a t  Golds tone,  C a l i f o r n i a  and Canberra,  A u s t r a l i a  i s  
n o t  a v a i l a b l e  t w o  t h i r d s  o f  t h e  t i m e ,  as  shown i n  Fig.  l ( a ) ,  I n  t h e  
r e m a i n i n g  one t h i r d  t h e r e  i s  o n l y  one s a t e l l i t e  i n  common view and t h e  
v i e w i n g  e l e v a t i o n  a n g l e s  a r e  conce ivab ly  low. When t h e  two sites are 
both  a t  h i g h  l a t i t u d e s  ( n o r t h  o r  s o u t h )  t h e  s i t u a t i o n  i s  n o t  as  bad, 
a s  shown i n  F i g ,  l(b) f o r  a  b a s e l i n e  b e t w e e n  G o l d s t o n e  a n d  a n o t h e r  
NASA Deep Space s i t e  a t  Madrid, S p a i n  

The p r o b l e m  o f  l a c k i n g  a common v i e w  c a n  be a l l e v i a t e d  i f  a t r a s i t  
s i t e  l o c a t e d  midway b e t w e e n  t h e  t w o  m a i n  s i t e s  i s  used.  B e t t e r  
s t i l l ,  a l o w  e a r t h  o r b i t e r  ( L E O )  c a n  be u s e d  a s  a  t r a n s i t .  T h i s  
p a p e r  i n v e s t i g a t e s  t h e  u s e  o f  a g r o u n d  t r a n s i t  a n d  o f  a LEO t r a n s i t  
i n  i n t e r c o n t i n e n t a l  t i m e  s y n c h r o n i z a t i o n .  The r e s u l t s  o f  a 
c o v a r i a n c e  a n a l y s i s  a r e  p r e s e n t e d  c o m p a r i n g  t h e  e s t i m a t e d  t i m e  
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  u s i n g  t h e  two approaches.  

TIME SYNCHRONIZATION V I A  A GROUND. TRANSIT SITE 

Fig .  2 d e s c r i b e s  s c h e m a t i c a l l y  t h e  u s e  o f  a g r o u n d  t r a n s i t  s i t e  i n  
i n t e r c o n t i n e n t a l  t i m e  s y n c h r o n i z a t i o n  T h i s  t r a n s i t  s i t e  i s  s e l e c t e d  
t o  be somewhere midway between t h e  two main s i t e s  between which t i m e  
s y n c h r o n i z a t i o n  i s  t o  be p e r f o r m e d .  D i f f e r e n t i a l  GPS p s e u d o - r a n g e  
measurement i s  made between t h i s  t r a n s i t  s i t e  and each of t h e  main 
s i t e s .  A second d i f f e r e n c e  i s  t h e n  t aken  be tween t h e s e  d i f f e r e n t i a l  
GPS m e a s u r e m e n t s .  T h i s  s e c o n d  d i f f e r e n c e  c o m p l e t e l y  r e m o v e s  
wha tever  c l o c k  e r r o r  a t  t h e  t r a n s i t  s i t e ,  t h u s  a  p r e c i s i o n  c l o c k  i s  
n o t  n e e d e d  t h e r e .  Now t h e r e  i s  no n e e d  f o r  t h e  t w o  m a i n  s i t e s  t o  
have a  common view of a n y  GPS s a t e l l i t e .  These main sites can  l o o k  a t  
d i f f e r e n t  s a t e l l i t e s ,  a s  Long a s  t h e s e  s a t e l l i t e s  a r e  a l s o  i n  v iew 
s i m u l t a n e o u s l y  a t  t h e  t r a n s i t  s i t e .  T h e r e f o r e  more s a t e l l i t e s  can be 
i n  v iew a t  h i g h e r  e l e v a t i o n  angles .  F i b  3 shows, i n  c h r o n o l o g i c a l  
o r d e r ,  t h e  number o f  GPS s a t e l l i t e s  i n  common view between a  t r a n s i t  
s i t e  a t  J o h n s t o n  I s l a n d  i n  c e n t r a l  P a c i f i c  and e i t h e r  of t h e  two 
m a i n  s i t e s  a t  G o L d s t o n e  a n d  C a n b e r r a .  T h e r e  a r e  4 t o  5 s a t e l l i t e s  i n  
common v i e w  f o r  n e a r l y  a l l  t h e  t i m e ,  a s  o p p o s e d  t o  o n l y  o n e  
s a t e l l i t e  i n  common view be tween t h e  two main s i t e s  which happens  o n l y  
a b o u t  o n e  t h i r d  o f  t h e  t i m e  ( c f .  F i g .  l ( a ) ) .  T h e r e f o r e ,  a t r a n s i t  
s i t e  i n c r e a s e s  t h e  o p p o r t u n i t y  f o r  i n t e r c o n t i n e n t a l  t i m e  
s y n c h r o n i z a t i o n  w i t h  d i f f e r e n t i a l  GPS. 

However, a  ground t r a n s i t  s i t e  may n o t  a lways  be c o n v e n i e n t l y  
a v a i l a b l e ,  e s p e c i a l l y  a c r o s s  t h e  P a c i f i c  Ocean. A l s o ,  t h e  u s e  of a 
g r o u n d  t r a n s i t  s i t e  i n t r o d u c e s  a d d i t i o n a l  s t a t i o n  l o c a t i o n  a n d  
t r o p o s p h e r i c  d e l a y  e r r o r s .  These concerns  l e a d  t o  t h e  concept  of 
u s i n g  a LEO i n  place of a ground t r a n s i t  s i t e .  



TIME SYNCHRONIZATION V I A  A LOW EARTH ORBITER 

Fig. 4 p r o v i d e s  a c o n c e p t u a l  v i e w  of u s i n g  a LEO i n  
i n t e r c o n t i n e n t a l  t ime  synchroniza t ion  w i t h  d i f f e r e n t i a l  GPS. Here, t h e  
d i f f e r e n t i a l  GPS pseudo-range measurement between a  main s i te  and the  
LEO is d i f f e r enced  w i t h  t h a t  between another  main s i te  and t h e  same 
LEO. Hence t h e  LEO p l a y s  t h e  same r o l e  a s  a ground t r a n s i t  s i t e  a s  
before. However, a LEO i s  s u p e r i o r  t o  a ground t r a n s i t  s i t e  i n  t h r e e  
ways : 

(1 )  The ground t r a c k  of a LEO c o v e r s  a  l a r g e  p a r t  o f  t h e  e a r t h  i n  a  
s h o r t  time. Hence, a LEO i s  c a p a b l e  o f  p r o v i d i n g  t r a n s i t  f o r  t ime 
synchroniza t ion  for  a world-wide community. 

(2) A LEO i s  above t h e  ea r th ' s  t roposphere and, hence, i t s  i n c l u s i o n  
does  no t  in t roduce  a d d i t i o n a l  t r oposphe r i c  de lay  e r ror .  

(3) The r a p i d l y  changing geometry of a LEO provides  s t r o n g  dynamics 
n e e d e d  t o  i m p r o v e  t h e  GPS s a t e l l i t e  p o s i t i o n s  which w i l l  i n  t u r n  
improve time synchroniza t ion  accuracy, 

GEOMETRY AND ERROR MODELS 

To  p r e d i c t  t h e  a c c u r a c y  w i t h  w h i c h  times b e t w e e n  
i n t e r c o n t i n e n t a l  s i tes  can  be s y n c h r o n i z e d  u s i n g  d i f f e r e n t i a l  
GPS, a covariance a n a l y s i s  was performed. For t h i s  purpose, t h e  t h r e e  
NASA Deep Space  s i t e s  were s e l e c t e d  a s  t h e  main  s i t e s  be tween  which  
t i m e  s y n c h o r n i z a t i o n  was  t o  be per formed.  A 1300-km LEO a t  a n  
i n c l i n a t i o n  o f  65  d e g r e e s  was  u sed  as  a t r a n s i t .  For  compar i son ,  
t h e  c a s e  u s i n g  a ground t r a n s i t  s i t e  was  a l s o  s t u d i e d .  The ground 
t r a n s i t  s i t e  be tween  G o l d s t o n e  and C a n b e r r a  was  s e l e c t e d  t o  be a t  
J o h n s t o n  I s l a n d  i n  c e n t r a l  P a c i f i c ;  and  t h a t  be tween  G o l d s t o n e  
and Madrid was s e l e c t e d  t o  be a t  the  s i t e  of  Haystack Observatory i n  
Massachusetts. The ground t r a c k  o f  t h e  LEO o v e r  a  p e r i o d  of two 
h o u r s  i s  shown i n  Fig.  5 t o g e t h e r  w i t h  t h e  g e o g r a p h i c a l  
l o c a t i o n s  o f  t h e  ground s i tes .  The f u l l  c o n s t e l l a t i o n  of  18 GPS 
s a t e l l i t e s  w a s  assumed. The key o r b i t  p a r a m e t e r s  of  t h e s e  GPS 
satell i tes can be found i n  Reference 1. 

T a b l e  I s u m m a r i z e s  t h e  e r r o r  mode l s  u s e d  i n  t h e  a n a l y s i s .  A d a t a  
n o i s e  o f  10 cm was  assumed f o r  t h e  GPS pseudo-range measurem.ent.  
This i m p l i e s  a  14-cm d i f f e r e n t i a l  GPS ( f o r  t ime s y n c h r o n i z a t i o n  
w i t h o u t  a t r a n s i t )  and  a 20-cm d o u b l e  d i f f e r e n t i a l  GPS ( f o r  time 
synchroniza t ion  v i a  a t r a n s i t ) ,  Two sets of e r r o r s ,  o p t i m i s t i c  and 
conserva t ive ,  f o r  t h e  t r a n s i t  s t a t i o n  l o c a t i o n ,  t h e  LEO p o s i t i o n  and 
t h e  GPS s a t e l l i t e  p o s i t i o n s  a r e  shown i n  T a b l e  I. When t h e  
o p t i m i s t i c  e r r o r s  were  u s e d ,  t h e y  were m o d e l e d  i n t o  t i m e  



s y n c h r o n i z a t i o n  e r r o r ;  when t h e  c o n s e r v a t i v e  e r r o r s  were  used,  t h e s e  
p a r a m e t e r s  were  a d j u s t e d  s i m u l t a n e o u s l y  w i t h  t h e  t i m e  s y n c h r o n i z a t i o n  
s o l u t i o n .  

RESULTS OF COVARIANCE ANALYSIS 

When o p t i m i s t i c  GPS s a t e l l i t e  p o s i t i o n  e r r o r s  a r e  a s s u m e d ,  t i m e  
s y n c h r o n i z a t i o n  u s i n g  o n l y  i n s t a n t a n e o u s  m e a s u r e m e n t s  i s  p o s s i b l e .  
F ig .  6 c o m p a r e s  t h e  e s t i m a t e d  e r r o r s  o f  s u c h  i n s t a n t a n e o u s  t i m e  
s y n c h r o n i z a t i o n  u s i n g  a LEO a s  t r a n s i t  w i t h  those  u s i n g  a ground 
t r a n s i t .  The i n s t a n t a n e o u s  measurencnt-s were  t a k e n  a t  a t i m e  when t h e  
LEO was n e a r l y  midway between t h e  two main s i t e s .  For t h e  b a s e l i n e  
between Goldstone and Canberra,  i t  was  a t  t h e  beg inn ing  of  t h e  2- 
hour  a r c ;  f o r  t h e  b a s e l i n e  between Goldstone and Madrid, i t  was a t  
25 minu tes  l a t e r .  Both o p t i m i s t i c  and c o n s e r v a t i v e  e r r o r s  f o r  t h e  
LEO and t h e  ground t r a n s i t  p o s i t i o n s  were  s tud ied .  I n  all c a s e s ,  
t h e  e r r o r s  a r e  l o w e r  when a  LEO i s  u s e d  i n  p l a c e  o f  a  g r o u n d  t r a n s i t  
s i t e .  

I n  p r a c t i c e ,  t h e  o p t i m i s t i c  sub-meter GPS p o s i t i o n s  are  very  hard  t o  
m a i n t a i n .  The c o n s e r v a t i v e  e r r o r s  o f  1 0  m e t e r s  may be more  
r e a l i s t i c ,  When such c o n s e r v a t i v e  GPS s a t e l l i t e  p o s i t i o n  e r r o r s  are 
u s e d ,  t i m e  s y n c h r o n i z a t i o n  t o  a f e w  n a n o s e c o n d s  can be a c h i e v e d  
o n l y  when t h e s e  GPS s a t e l l i t e  p o s i t i o n s  a r e  a d j u s t e d  s i m u l t a n e o u s l y  
w i t h  t i m e  s y n c h r o n i z a t i o n  u s i n g  measurements  over  a pe r iod  of time. 
The results u s i n g  d i f f e r e n t i a n l  GPS o v e r  a 2 -hour  a r c  a r e  shown i n  
Fig.  7. A l so  i n c l u d e d  i s  t h e  case  when no  t r a n s i t  was  used.  W h i l e  a 
s u i t a b l y  l o c a t e d  g r o u n d  t r a n s i t  improves  t i m e  s y n c h r o n i z a t i o n  u s i n g  
d i f f e r e n t i a l  GPS by 30-40%, a LEO p r o v i d e s  a n  improvement by a  f a c t o r  
o f  5 t o  6. Such v a s t  i m p r o v e m e n t  i s  a r e s u l t  of t h e  s t r o n g  d y n a m i c s  
of  t h e  LEO which can b e t t e r  d e t e r m i n e  t h e  GPS s a t e l l i t e  pos i t ions .  
With such a LEO, t i m e  s y n c h r o n i z a t i o n  i s  a c c u r a t e  t o  abou t  1.5 n s e c  
be tween i n t e r c o n t i n e n t a l  s i t e s .  

A b r e a k d o w n  o f  t h e  1 .5-nsec  t i m e  s y n c h r o n i z a t i o n  e r r o r  i n t o  i t s  
componen t  c o n t r i b u t i o n s  f r o m  i n d i v i d u a l  e r r o r  s o u r c e s  i s  shown i n  
F i &  8. Because t h e  GPS and LEO p o s i t i o n s  were  a d j u s t e d ,  t h e  e f f e c t s  
o f  t h e i r  a p r i o r i  e r r o r s  w e r e  buried i n  t h e  d a t a  n o i s e  e f f e c t s ,  
To s e p a r a t e  them f r o m  one  a n o t h e r ,  t h e  c o v a r i a n c e  a n a l y s i s  was 
r e p e a t e d  with p e r f e c t  GPS and /o r  LEO a p r i o r i  p o s i t i o n s .  

The m a j o r  e r ro r  s o u r c e s  a r e  s e e n  t o  be t h e  10-cm t r o p o s p h e r i c  
d e l a y  e r r o r  a n d  t h e  10-m a p r i o r i  e r r o r s  o f  t h e  GPS s a t e l l i t e  
p o s i t i o n s .  Sub-nanosecond  t i m e  s y n c h r o n i z a t i o n  i s  p o s s i b l e  if 
t h e s e  e r r o r s  a r e  r e d u c e d  by a f a c t o r  o f  2 t o  3. It  s h o u l d  be p o i n t e d  
o u t  t h a t  a n  i n c r e a s e  i n  t h e  d a t a  n o i s e  w i l l  a l s o  i n c r e a s e  t h e  
e f f e c t s  o f  s a t e l l i t e  p o s i t i o n  e r r o r s  b e c a u s e  t h e s e  s a t e l l i t e  



p o s i t i o n s ,  b e i n g  a d j u s t e d  using t h e  same d a t a  se t ,  w i l l  be wor se  
determined. 

The l a r g e r  e f f e c t s  o f  t h e  e a r t h ' s  mass  and g e o p o t e n t i a l  e r r o r s  on 
time synchroniza t ion  over one of the  two base l ines  can be expla ined  as 
f o l l o w s :  The i n f o r m a t i o n  f o r  time synchroniza t ion  i s  s t r o n g e s t  
when t h e  ground t r a c k  o f  t h e  LEO f a l l s  be tween  t h e  two e n d s  of  t h e  
basel ine.  Refer r ing  t o  Fi@; 5, w e  observe t h a t  t h e  i n fo rma t ion  over  
the  base l ine  between Goldstone and Canbe r r a  c o n c e n t r a t e s  m a i n l y  a t  
two  s e p a r a t e  s e g m e n t s  n e a r  t h e  two e n d s  o f  t h e  2-hour d a t a  arc. 
However, i t  i s  w e l l  known t h a t  t h e  e f f e c t s  of  unmodeled f o r c e  
p a r a m e t e r s  on  t h e  o r b i t  d e t e r m i n a t i o n  o f  a LEO a r e  a l s o  l a r g e s t  a t  
t h e  two e n d s  o f  a d a t a  a r c .  T h i s  l a r g e r  LEO o r b i t  e r r o r  i n  t u r n  
r e s u l t s  i n  l a r g e r  t ime s y n c h r o n i z a t i o n  e r r o r .  For  t h e  b a s e l i n e  
between Goldstone and Madrid, t h e  in format ion  concen t r a t e s  mainly i n  a 
s i n g l e  s h o r t  segment w i t h i n  t h e  2-hour d a t a  a r c  and t h e  e f f e c t s  
of these  unmodeled f o r c e  parameters  a r e  expected t o  be much smal le r ,  
Therefore,  t h e  e f f e c t s  of  these  unmodeled f o r c e  paremeters  can be 
kept sma l l  by s e l e c t i n g  the  proper d a t a  arc. The l a r g e r  e r r o r s  on the  
base l ine  between Goldstone and Canberra i s  s imply an a r t i f a c t ,  

REMARKS 

A LEO a t  a n  a l t i t u d e  o f  1000-1500 km i s  c a p a b l e  o f  i m p r o v i n g  
i n t e r c o n t i n e n t a l  time synchroniza t ion  us ing  d i f f e r e n t i a l  GPS t o  1-2 
nsec.  T i m e  s y n c h r o n i z a t i o n  u s i n g  a n  e a r t h  o r b i t e r  much l o w e r  t h a n  
t h e s e  a l t i t u d e s  w i l l  s u f f e r  f r o m  l a r g e r  g e o p o t e n t i a l  a n d  
a t m o s p h e r i c  d r a g  e r r o r s .  On t h e  o t h e r  hand, t ime s y n c h r o n i z a t i o n  
using a  much h i g h e r  e a r t h  o r b i t e r  w i l l  be more s e n s i t i v e  t o  GPS 
s a t e l l i t e  p o s i t i o n  e r r o r s ,  Us ing  a  LEO as  t r a n s i t ,  sub-nanosecond 
t i m e  s y n c h r o n i z a t i o n  be tween  i n t e r c o n t i n e n t a l  s i tes i s  p o s s i b l e  
p r o v i d e d  t h a t  3-cm z e n i t h  t r o p o s p h e r i c  d e l a y  c a l i b r a t i o n  and  5-m 
GPS s a t e l l i t e  p o s i t i o n s  a r e  ava i lab le .  

Due t o  a complete c a n c e l l a t i o n  of its e f f e c t s ,  t h e  c lock  on board t h e  
LEO need n o t  be of h i g h  p r e c i s i o n ,  Also,  because  no GPS c l o c k  
i n f o r m a t i o n  i s  used  i n  d i f f e r e n t i a l  GPS, a s i m p l e  S E R I E S  r e c e i v e r  
(Ref.  7 )  can  be u sed  a t  a l l  s i tes  i n c l u d i n g  t h e  LEO. Such a 
r e c e i v e r  e x t r a c t s  GPS pseudo-range w i t h o u t  h a v i n g  t o  know t h e  GPS 
t r a n s m i t t e d  codes.  However, a n  i n d e p e n d e n t  knowledge of  time 
synchroniza t ion  b e t t e r  than half  a microsecond i s  r equ i r ed  t o  r e so lve  
the  cyc l e  ambigui ty  corresponding t o  t h e  1-MHz ch ip  r a t e  of t he  C / A  
code modulat ing t h e  GPS t r a n s m i t t e d  siwal. 

The proposed Ocean Topography Experiment (TO WX), i f  approved and 
funded  which  i s  v e r y  l i k e l y ,  w i l l  begin i t s  m i s s i o n  i n  t h e  l a t e r  
p a r t  of t h i s  decade. A LEO w i l l  be put  i n  a c i r c u l a r  o r b i t  a t  a n  
a l t i t u d e  of 1300 km. An exper imenta l  GPS r e c e i v e r  w i l l  be placed on 



b o a r d  t h i s  LEO f o r  t e s t i n g  o u t  a n e w l y  d e v e l o p e d  r a d i o  metric 
t r a c k i n g  t echno logy  (Ref. 81, T h i s  w i l l  p r o v i d e  a n  o p p o r t u n i t y  f o r  
e x p e r i m e n t i n g  t h e  t i m e  s y n c h r o n i z a t i o n  sys tem proposed i n  t h i s  paper. 
The d i f f e r e n t i a l  GPS d a t a  needed f o r  time s y n c h r o n j z a t i o n  can be 
d e r i v e d  f r o m  t h e  t r a c k i n g  d a t a  o f  TOPEX s a t e l i i t e ,  As a  m a t t e r  o f  
f a c t ,  t h e  1300-km LEO used i n  t h e  above a n a l y s i s  h a s  been adop ted  f rom 
TOPEX w i t h  i t s  possible c a p a b i l i t y  of p r o v i d i n g  precision global 
t i m e  s y n c h r o n i z a t i o n  i n  mind. 
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TABLE L Error Models 

Data Noise: 10  cm GPS pseudo-range 

Main S i t e  Locat ions:  10 cm 

Ground Trans i t  Location : 50 cm --- o p t i m i s t i c  

5 m --- conserva t ive  

GPS S a t e l l i t e  Posi t ions*:  ( 0  ,dm, O.4m, 0.8m) o p t i m i s t i c  

( 3m, 1 Om, 1 Om) conserva t ive  

LEO Pos i t ion*  : ( 1 Ocm, 15cm, 30cm) o p t i m i s t i c  

(5m, 5m, 5m) conserva t ive  

Zeni th Tropospher ic  Delay: 10 cm 

Mass of E a r t h  : 1 pa r t  i n  10 7 

Geopotent ial  ( o n  LEO o n l y ) :  10% of GEM 6 - APL 5.0 

* T h e  t h r e e  components  o f  s a t e l l i t e  p o s i t i o n  e r r o r s  a r e  i n  
a l t i t u d e ,  cross-track and i n - t r a c k  d i r e c t i o n s ,  respec t ive ly .  



















QUESTIONS AND ANSWERS 

Bob Vessot,  Smithsonian. A t  what l e v e l  do you need tracking d a t a  f a r  
t h e  l o w  e a r t h  o r b i t e r ?  

MR. WU: 

Would you make it more spec i f i c?  

DR. VESSOT: 

Well, a t  what l e v e l  of p r e c i s i o n  was t r ack ing  d a t a  needed f o r  the  low 
e a r t h  o r b i t e r .  

MR. WU: 

Oh, f o r  t r ack ing  the l o w  e a r t h  o r b i t e r  i t  can be e i t h e r  a s h o r t  a r c  which 
i s  about one cent imeter ,  f o r  t h e  pseudo range, o r  you can do a long a r c  
s o l u t i o n ,  which can be twenty cent imeters ,  o r  you can use  i n t e g r a t e d  
doppler.  

MR. ALLAN: 

When i s  t h e  l o w  e a r t h  o r b i t e r  planned t o  be  launched? 

MR. WU: 

The proposed Topex w i l l  be launched i n  February '89. 




