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ABSTRACT 

A s u b m i c r o s e c o n d  Time D i s s e m i n a t i o n  
S y s t e m  has beon d e v e l o p e d  by t h e  J o h n s  
H o p k i n s  U n i v e r s i t y  App l i e d  P h y s i c s  
L a b o r a t o r y .  T h e  S y s t e m  is composed o f  
a n  e x p e r i m e n t a l  t r a n s i t  improvement  
s a t e l l i t e  ( T R I A D ) ,  TRANET S a t e l l i t e  
T r a c k i n g  S y s t e m ,  and s p e c i a l  s a t e l l i t e  
s i g n a l  r e c e i v e r s  each t i e d  t o  s e p a r a t e  
c e s i u m  c l o c k s .  The 400 MHz s i g n a l  
f r o m  t h e  s a t e l l i t e  is phase  m o d u l a t e d  
&45O by a pseudo- random n o i s e  (PRN) 
digital c o d e  w i t h  a b i t  r a t e  of 5/13 MHz. 

E v a l u a t  io 
t h a t  s a t e  
i n s t a b i l i  

n  o f  t h i s  s y s t e m  has shown 
l l i t e  o s c i l l a t o r  f r e q u e n c y  
t i e s  a r e  the major'  s o u r c e  of 

e r r o r .  D u r i n g  a  t h r e e  d a y  o b s e r v a t i o n  
of t h e  s a t e l l i t e ,  t h e  maximum e x c u r s i o n  
of t h e  s a t e l l i t e  o s c i l l a t o r  f r e q u e n c y  
from a s t r a i g h t  l i n e  f i t  t o  t h e  o b s e r v e d  ..- 
f r e q u e n c y  w a s  7 x 1 0  

-12 ( h f  d i f f ) .  
f 

E x p e r i m e n t s  i n d i c a t e  t h a t  G loba l  t i m e  
t r a n s f e r s  c a n  be made w i t h  e r rors  less 
t h a n  100 n a n o s e c o n d s .  

INTRODUCTION 

Improvement  of t h e  Navy N a v i g a t i o n  ( T r a n s i t )  S a t e l l i t e  
System h a s  led t o  t h e  d e v e l o p m e n t  o f  a n e w  ser ies  o f  
s a t e l l i t e s  w h i c h  i n c o r p o r a t e  t h e  f o l l o w i n g  i -mprovements :  

1 .  Wide Band Pseudo-Random Noise (PRN) P h a s e  M o d u l a t i o n  
of t h e  car r ie r  f o r  range n a v i g a t i o n  a n d  p r e c i s e  d i s s e m i n a -  
t i o n  of t i m e .  



2 .  D i s t u r b a n c e  C o m p e n s a t i o n  S y s t e m  (DISCOS) w h i c h  com- 
p e n s a t e s  f o r  t h e  a e r o d y n a m i c  drag f o r c e s  a n d  s o l a r  
r a d i a t i o n  p r e s s u r e .  

3 .  Programmable  f r e q u e n c y  s y n t h e s i z e r  w h i c h  c o m p e n s a t e s  
f o r  f r e q u e n c y  d r i f t  of  t h e  s a t e l l i t e  q u a r t z  c r y s t a l  ref- 
e r e n c e  o s c i l l a t o r .  

T h i s  p a p e r  s h a  11 d i s c u s s  n a n o s e c o n d  c l o c k  e x p e r i m e n t s  
u t i l i z i n g  t h e  improvement  m e n t i o n e d  u n d e r  number I. With 
t h e  i m p l e m e n t a t i o n  o f  b r o a d  b a n d w i d t h  d i g i t a l  p s e u d o -  
random n o i s e  (PRN) h i g h  f r e q u e n c y  p h a s e  m o d u l a t i o n  o n  t h e  
c a r r i e r  f r e q u e n c i e s  o f  t h e  new T r a n s i t  Improvement  S a t e l -  
l i t e ,  TRIAD, came t h e  a b i l i t y  t o  r e s o l v e  t i m i n g  m a r k s  
w i t h  g r e a t l y  i n c r e a s e d  p r e c i s i o n  u s i n g  p r a c t i c a l  e lec- 
t r o n i c  c i r c u i t r y .  One k e y  a d v a n t a g e  o f  the T r a n s i t  
S a t e l l i t e s  f o r  d i s s e m i n a t i n g  t i m e  is t h a t  t h e s e  s a t e l l i t e s  
t r a n s f e r  t ime i n  a  p a s s i v e  mode ( o n e  way s i g n a l s  f r o m  
s a t e l l i t e  t o  u s e r ) .  The a d v a n t a g e s  of  t h i s  p a s s i v e  t i m e  
d i s s e m i n a t i o n  s y s t e m  o v e r  a n  a c t i v e  o r  two way t i m i n g  
system are  t h e  f o l l o w i n g :  

1. N o  l i m i t  t o  number of s i m u l t a n e o u s  t e r r e s t r i a l  u s e r s .  

2 .  U s e r  n e e d  n o t  compromise  h i s  p o s i t i o n  by t r a n s m i s s i o n  
o f  r a d i o  s i g n a l s .  

3 .  U s e  o f  p o r t a b l e  o m n i - d i r e c t i o n a l  a n t e n n a s ,  

DISCUSSION 

The p u r p o s e  o f  t h e  n a n o s e c o n d  c l o c k  e x p e r i m e n t  was t o  
d e t e r m i n e  wha t  l e v e l  o f  a c c u r a c y  t i m e  c a n  b e  d i s s e m i n a t e d  
u s i n g  PRN s i g n a l s  w h i c h  a re  b r o a d c a s t  from t h e  TRIAD 
S a t e l l i t e .  The t a s k  w a s  t o  i n v e s t i g a t e  how a c c u r a t e l y  
t h e  C l o c k  Epoch D i f f e r e n c e  b e t w e e n  two  c e s i u m  beam c l o c k s  
c o u l d  b e  d e t e r m i n e d  u s i n g  t h e  PRN m o d u l a t i o n  t r a n s m i t t e d  
f r o m  t h e  TRIAD S a t e l l i t e .  The v a r i o u s  s o u r c e s  of  e r r o r s  
were e x a m i n e d  and t h e i r  o r d e r - o f - m a g n i t u d e  c o n t r i b u t i o n s  
t o  t h e  t o t a l  were d e t e r m i n e d .  

The e x p e r i m e n t a l  s y s t e m  is shown i n  F i g u r e  1. The 
expe r imen t  w a s  t o  d e t e r m i n e  t h e  c l o c k  e p o c h  d i f f e r e n c e  
o r  c r r o r  b e t w e e n  two c e s i u m  c l o c k s  when t h e y  are  uscd 
a s  r e c o v e r y  s y s t e m  c l o c k s  f o r  r e c e i v e r s  m o n i t o r i n g  
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t h e  TRAID S a t e l l i t e  PRN d i g i t a l  c o d e  m o d u l a t i o n s  o n  t h e  400 
MHz s i g n a l .  T h e  t w o  modes for d e t e r m i n i n g  t h e  c l o c k  e p o c h  
e r r o r  w e r e  the R e g i o n a l  C l o c k  T r a n s f e r  Mode and the G l o b a l  
C l o c k  T r a n s f e r  Mode. For t h e  R e g i o n a l  C l o c k  T r a n s f e r ,  
b o t h  r e c e i v e r s  m o n i t o r  t h e  same s a t e l l i t e  s i g n a l  s i m u l -  
t a n e o u s l y .  F o r  t h e  G l o b a l  C l o c k  T r a n s f e r ,  m e a s u r e d  PRN 
e p o c h  t i m e s  o f  a r r i v a l  u s i n g  o n e  r e c e i v e r  a r e  c o m p a r e d  
w i t h  p r e d i c t e d  PRN e p o c h  t i m e s  o f  a r r i v a l  u s i n g  d a t a  f r o m  
p r e v i o u s  s a t e l l i t e  p a s s e s  m e a s u r e d  w i t h  t h e  o t h e r  r e c e i v e r .  
S a t e l l i t e  o s c i l l a t o r  d r i f t  p r e d i c t i o n s  a r e  e s s e n t i a l  f o r  
p r e d i c t i o n s  o f  PRN e p o c h  t i m e s  of a r r i v a l .  S l a n t  r a n g e  
p r o p a g a t i o n  d e l a y s ,  i o n o s p h e r i c  a n d  t r o p o s p h e r i c  r e f r a c -  
t i o n  d e l a y s ,  a n d  e q u i p m e n t  d e l a y s  mus t  be d e t e r m i n e d  i n  
order t o  d e t e r m i n e  t h e  c l o c k  e p o c h s  e r r o r  b e t w e e n  t h e  two 
c e s i u m  c l o c k s  o n  t h e  g r o u n d .  T h e s e  t i m e  delays a n d  t h e i r  
v a r i a t i o n  d u r i n g  a  s a t e l l i t e  p a s s  a r e  s c h e m a t i c a l l y  shown 
i n  F i g u r e  2 .  By s u b t r a c t i n g  t h e s e  d e l a y s  f r o m  t h e  P R N  
t i m e s  o f  a r r i v a l ,  o n e  c a n  d e t e r m i n e  t h e  P R N  t i m e s  o f  t r a n s -  
m i s s i o n  f r o m  t h e  s a t e l l i t e .  T h e  PRN times o f  t r a n s m i s s i o n  
a r e  d e t e r m i n e d  u s i n g  two  d i f f e r e n t  c l o c k s .  The d i f f e r e n c e  
i n  t i m e  is the c l o c k  e p o c h  d i f f e r e n c e  b e t w e e n  t h e  two 
c e s i u m  c l o c k s .  

T h e  c l o c k  e p o c h  d i f f e r e n c e s  a s  d e t e r m i n e d  by g r o u n d  s imu-  
l a t i o n  of  s a t e l l i t e  s i g n a l s  a n d  when t h e  two r e c e i v e r s  a r e  
s i m u l t a n e o u s l y  v i e w i n g  t h e  o r b i t i n g  s a t e l l i t e  ( R e g i o n a l  
C l o c k  S y n c h r o n i z a t i o n )  a r e  shown i n  F i g u r e  3 .  T h e  maximum 
v a r i a t i o n  b e t w e e n  t h e s e  two  m e t h o d s  t o  d e t e r m i n e  the  c l o c k  
e p o c h  e r r o r  is 43 n a n o s e c o n d s  w i t h  a mean b i a s  o f  +22 nano-  
s e c o n d s  f o r  t h e  s a t e l l i t e  p a s s e s  compared  t o  t h e  g r o u n d  
s i m u l a t e d  s a t e l l i t e  s i g n a l s .  The  s t a n d a r d  d e v i a t i o n  of 
t h e  s a t e l l i t e  d a t a  f r o m  t h e  general c u r v e  is o n l y  n i n e  
n a n o s e c o n d s ,  h o w e v e r .  

The b i a s  i n  t h e  R e g i o n a l  C l o c k  S y n c h r o n i z a t i o n  D a t a  com- 
p a r e d  t o  t h e  s a t e l l i t e  s i m u l a t o r  c o u l d  come f r o m  s e v e r a l  
s o u r c e s .  D i f f e r e n c e s  i n  a n t e n n a  d e l a y s  f o r  t h e  two 
r e c e i v e r s  c o u l d  a c c o u n t  f o r  p a r t  o f  t h e  bias a n d / o r  
d y n a m i c  r e s p o n s e  d i f f e r e n c e s  b e t w e e n  t h e  t w o  receivers. 

D a t a  f o r  t h e  G l o b a l  C l o c k  T r a n s f e r  Mode a re  g e n e r a t e d  by 
u s i n g  PRN e p o c h  r e c e i p t  t i m e s  as m e a s u r e d  by t h e  BRN-3 
r e c e i v e r  f o r  o n e  p a s s  t o  p r e d i c t  when PRN e p o c h s  s h o u l d  
a r r i v e  a t  t h e  SRN-9 r e c e i v e r  f o r  t h e  n e x t  p a s s  a n d  com- 
p a r i n g  t h e  m e a s u r e d  times o f  a r r i v a l  w i t h  t h e  p r e d i c t e d  



CLOCK S Y N C H R O N I Z A T I O N  METHOD 

COMPARE P R N  S A T E L L I T E  T R A N S M I S S I O N  T I M E S  U S I N G  D I F F E R E N T  CLOCKS 
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SLANT RANGE, FROM S A T E L L I T E  E P H E M E R I S  AND R E C E I V E R  
C O O R D I N A T E S .  

A t i o n  FROM REFRACTIOX CORRECTION FREQUENCY DERIVED BY 
M I X I N G  T H E  150 and 400 MHz CARRIPlRS T O G E T H E R .  
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P R E S S U R E ,  AND H U M I D I T Y .  
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FIG. 3 REGIONAL CLOCK SYNCHRONIZATION DATA 



t i m e s .  The d i f f e r e n c e  between these p r e d i c t e d  t i m e s  and  
t h e  measured t i m e s  is t h e  c lock  epoch  d i f f e r e n c e ,  d e t e r -  
mined i n  the  G l o b a l  C lock  T r a n s f e r  Mode (See F i g u r e  4) . 
The p r e d i c t e d  P R N  times of  t r a n s m i s s i o n  f rom t h e  s a t e l l i t e  
are  based  upon e s t i m a t e s  o f  t h e  s a t e l l i t e  o s c i l l a t o r  
f r e q u e n c y  d r i f t .  The measured TRIAD o s c i l l a t o r  f r e q u e n c y  
b e t w e e n  d a y s  72 and 74 ,  1974 is shown i n  F i g u r e  5 .  The 
l a r g e s t  d e p a r t u r e  of t h e  measured f r e q u e n c y  f rom a 
s t r a i g h t  l i n e  f i t  was 7 x 10- l2  ( n f  d i f f ) .  

f 

P r e d i c t i o n  e r r o r s  c a n  a l s o  be g e n e r a t e d  by ERN-3 t o  ERN-3 
p r e d i c t i o n s  just l i k e  t h e  BRN-3 t o  SRN-9 p r e d i c t i o n s  
( G l o b a l  Clock  T r a n s f e r  Mode) . From s u c h  p r e d i c t i o n s  a n d  
t h e  d a t a  shown i n  F i g u r e  4, w e  l e a r n  t h a t  c l o c k  s y n c h r o -  
n i z a t i o n s  on  a g l o b a l  b a s i s  c a n  b e  made w i t h  errors less 
t h a n  75 nanoseconds  when t h e  t i m e  t r a n s f e r s  between t h e  
s a t e l l i t e  and t h e  two c l o c k s  b e i n g  s y n c h r o n i z e d  a re  made 
w i t h i n  100 m i n u t e s .  The l a r g e s t  e r r o r  o b s e r v e d  d u r i n g  
t h i s  e x p e r i m e n t  was 200 nanoseconds  f o r  t w e l v e  hour  p r e -  
d i c t i o n  t i m e s .  The mean b i a s  e r r o r  f o r  t h e  t w e l v e  hour  
p r e d i c t  i o n s  w a s  90 nanoseconds .  

One of  t h e  p u r p o s e s  of  t h i s  e x p e r i m e n t  w a s  to  g e n e r a t e  t h e  
error budge t  shown i n  T a b l e  1. T h i s  e r r o r  budget  was 
g e n e r a t e d  f r o m  t h e  d a t a  used  t o  g e n e r a t e  F i g u r e  4 ,  ephem- 
e r i s  d e t e r m i n a t i o n s  f o r  t h e  TRIAD S a t e l l i t e ,  g round 
equipment  n o i s e  a n a l y s i s ,  and  a t h e o r e t i c a l  s t u d y  o f  
e r r o r  s o u r c e s .  
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GLOBAL CLOCK SYNCHRONIZATION 
ERROR BUDGET 

A .  S c i e n t i f i c  P r o b l e m s :  -- Time Error 

1. S a t e l l i t e  P o s i t i o n  -. 75 n s  

2 .  R e f r a c t i o n  < 30 n s  (90% P r e d i c t i o n )  

3 .  G r a v i t y  Red s h i f t 1  10 n s  

B. E n g i n e e r i n g  P r o b l e m s :  

1. S a t e l l i t e  O s c i l l a t o r  200 n s / 1 2  h r s .  

2 .  R e c e i v e r s  (Two) 20 n s  

TABLE 1 GmBAL CLOCK SYNCHRONIZATION ERROR BUDGET 

'wh i l e  o r b i t i n g  t h e  e a r t h ,  t h e  s a t e l l i t e  e x p e r i e n c e s  a 
v a r y i n g  g r a v i t a t i o n  f i e l d  a n d  t h u s  t h e  m a g n i t u d e  o f  i ts  
v e l o c i t y  f l u c t u a t e s .  B e c a u s e  of t h i s ,  t h e  s a t e l l i t e  
o s c i l l a t o r  f r 'equency c h a n g e s  d u r i n g  each r e v o l u t i o n .  
T h e s e  f l u c t u a t i o n s  were n o t  m o d e l e d  d u r i n g  t h i s  e x p e r i m e n t ,  
t h u s  t h e y  c o n t r i b u t e d  t o  t h e  e r ro r  b u d g e t .  



FUTURE DIRECTION 

Dur ing  t h e  n e x t  y e a r  e x p e r i m e n t s  i n v o l v i n g  receivers  s p r e a d  
o v e r  a g r e a t e r  g e o g r a p h i c  d i s t r i b u t i o n  s h o u l d  be i n i t i a t e d  
t o  c o n f i r m  t h e  i n d i c a t e d  g l o b a l  c a p a b i l i t y .  An e x p e r i m e n t  
t y i n g  t h e  Nava l  O b s e r v a t o r y  t o  H a w a i i  would be of  g r e a t  
e x p e r i m e n t a l  v a l u e  a s  t h e  d a t a  c a n  be  con f i rmed  by an 
e x i s t i n g  a c t i v e  t i m e  l i n k .  F u t u r e  s a t e l l i t e s  a r e  p l a n n e d  
which  w i l l  i n c o r p o r a t e  t h e  use  of P R N  m o d u l a t i o n  on t h e i r  
s i g n a l  a t  h i g h e r  power and w i t h  less  u n c e r t a i n t y  of o r b i t  
p o s i t i o n .  One of  t h e  s a t e l l i t e s  i n  t h i s  se r ies  is T I P  11, 

vhich w i l l  b r o a d c a s t  on  a p p r o x i m a t e l y  2 .25  w a t t s  CW and PRN 
component on  t h e  400 MHz c h a n n e l  and t h e  150 MHz c h a n n e l  
w i l l  have  . 9  w a t t s  CW and  P R N  component .  T h i s  i n c r e a s e d  
power s h o u l d  i n c r e a s e  t h e  r e c e i v e d  s i g n a l  by a p p r o x i m a t e l y  
10 dB on  t h e  g r o u n d .  The a d v a n t a g e s  of  T I P  11 s h o u l d  be 
t h e  f o l l o w i n g :  

1. G r e a t e r  f r e q u e n c y  s t a b i l i t y  and  f r e q u e n c y  c o n t r o l .  
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