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A b s t r a c t  

The U.  S .  Naval Observatory (USNO) has  h i s t o r i c a l l y  been 
and c o n t i n u e s  t o  be  a t  t h e  f o r e f r o n t  i n  t h e  development of 
new c o n c e p t s ,  t echn iques  and equipment f o r  t h e  g e n e r a t i o n  
and d i s s e m i n a t i o n  of P r e c i s e  Time and Time I n t e r v a l  ( P T T I ) .  
With t h e  advent  of t h e  Global  P o s i t i o n i n g  System (GPS) and 
i t s  p r e d i c t e d  c a p a b i l i t y  of t ime t r a n s f e r s  on a worldwide 
b a s i s  t o  a p r e c i s i o n  of t en  nanoseconds o r  b e t t e r ,  t h e  USNO 
secured  funding t o  deve lop  a GPS Time T r a n s f e r  Uni t  (GPSI 
TTU) and i s  c u r r e n t l y  engaged i n  a program t o  v a l i d a t e  and 
d i s s e m i n a t e  PTTI d a t a  from GPS. 

I n i t i a l  t e s t  r e s u l t s  i n d i c a t e d  t h a t  t h e  GPS/TTU performed 
w e l l  w i t h i n  t h e  + lo0  nanosecond range r e q u i r e d  by t h e  o r i g -  
i n a l  system s p e c i f i c a t i o n .  Subsequent t e s t i n g  involved 
t h e  v e r i f i c a t i o n  of GPS t ime a t  t h e  Master Cont ro l  S i t e  
(MCS) v i a  p o r t a b l e  c l o c k s  and t h e  a c q u i s i t i o n  and t r a c k i n g  
of as many p a s s e s  of t h e  space  v e h i c l e s  c u r r e n t l y  i n  oper-  
a t i o n  a s  p o s s i b l e .  A d e s c r i p t i o n  and d i s c u s s i o n  of t h e  
t e s t i n g ,  system m o d i f i c a t i o n s ,  t e s t  r e s u l t s  o b t a i n e d ,  and 
an  e v a l u a t i o n  of b o t h  GPS and t h e  GPS/TTU a r e  p r e s e n t e d .  
F i n a l l y ,  t h e  c o n t e n t  of USNO GPS r e p o r t s  i s  d i s c u s s e d  and 
c u r r e n t  work and f u t u r e  program p l a n s  o u t l i n e d .  

INTRODUCTION 

T h i s  paper deals s p e c i f i c a l l y  w i t h  t h e  d e s c r i p t i o n ,  t e s t i n g ,  and eva l -  
u a t i o n  of GPS a s  a means of t ime t r a n s f e r  a t  t h e  p r e s e n t  t ime.  A b r i e f  
d e s c r i p t i o n  of t h e  GPS system is provided a s  background t o  a i d  i n  a- 
c h i e v i n g  some unders tand ing  of t h e  o v e r a l l  system. More d e t a i l e d  in-  
fo rmat ion  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  1 

The GPS, a s  o r i g i n a l l y  planned,  was t o  c o n s i s t  of a space segment of  
twenty-four s a t e l l i t e s  and a  ground segilient of a Master C o n t r o l  S i t e  
(MCS) and f i v e  o r  more Monitor S i t e s  (MS) ,  one o f  w h i r h  w a s  t o  be l o -  
c a t e d  a t  t h e  USNO.  A t  p r e s e n t ,  t h e  YCS i s  l o c a t e d  a t  Vandenberg AFB 
i n  C a l i f o r n i a  and MS a re  l o c a t e d  i n  C a l i f o r n i a ,  Hawaii ,  Alaska,  and  
Guam. The f u n c t i o n  of t h e  Monitor S i t e s  i s  t o  r e c e i v e  t r a n s m i s s i o n s  
from each of t h e  s a t e l l i t e s ,  r e f e r r e d  t o  a l o c a l  c l o c k ,  and t o  re-  
t r a n s m i t  t h i s  in fo rmat ion  t o  t h e  MCS over  s e c u r e  da ta  communication 
l i n k s .  The f u n c t i o n  of t h e  MCS i s  t o  c o r r e l a t e  t h i s  i n f o r m a t i o n  w i t h  



o t h e r  i n f o r m a t i o n ,  perform t h e  c a l c u l a t i o n s  n e c e s s a r y  t o  de te rmine  cur-  
r e n t  s a t e l l i t e  performance c h a r a c t e r i s t i c s  and upload t h e s e  pa ramete rs  
t o  t h e  s p a c e c r a f t  on a d a i l y  b a s i s ,  o r  as needed. T h i s  upload p r o v i d e s  
c u r r e n t  i n f o r m a t i o n  on c l o c k  performance,  s a t e l l i t e  l o c a t i o n s ,  r e q u i r e d  
c l o c k  c o r r e c t i o n s  and a l l  o t h e r  i n f o r m a t i o n  n e c e s s a r y  t o  a l l o w  a n  ac- 
c u r a t e  e x t r a p o l a t i o n  of performance over  t h e  ensu ing  twenty-four hours .  

The s a t e l l i t e s  were t o  be  e q u a l l y  d i s t r i b u t e d  i n  t h r e e  p l a n e s  i n c l i n e d  
t o  t h e  e q u a t o r i a l  p l a n e  of t h e  e a r t h  by 63" and i n t e r s e c t i n g  t h e  equat-  
o r i a l  p l a n e  a t  120' i n t e r v a l s .  Due t o  funding c u t b a c k s ,  p r e s e n t  p l a n s  
c a l l  f o r  a  s p a c e  segment of e i g h t e e n  s a t e l l i t e s .  The e l i m i n a t i o n  of- 
s i x  s a t e l l i t e s  from t h e  c o n s t e l l a t i o n  has  l i t t l e  a d v e r s e  a f f e c t  on 
P T T I ,  s ince  a t  l e a s t  one s a t e l l i t e  w i l l  b e  i n  view a t  any time anywhere 
on e a r t h  and o n l y  one i s  n e c e s s a r y  f o r  t ime recovery .  S t u d i e s  a r e  
p r e s e n t l y  underway t o  de te rmine  t h e  b e s t  o r b i t a l  c o n f i g u r a t i o n  f o r  nav- 
i g a t  i o n .  2 

A s  a  f u r t h e r  r e s u l t  of  fund ing  c u t s ,  t h e  c o n f i g u r a t i o n  of ground s t a -  
t i o n s  h a s  a l s o  changed s e v e r a l  t i m e s  and t h e  USNO Monitor S i t e  w a s  
apparently eliminated from the plan. 

GPS SATELLITE SIGNAL 

I n f o r m a t i o n  i s  t r a n s m i t t e d  from t h e  sa te l l i tes  on two c a r r i e r  Ercquen- 
c i e s ,  t h e  pr imary (L,) a t  1575.42 HIlz and t h e  secondary (L,) a t  1227.6 
z .  The L, o r  pr imary t r a n s m i s s i o n  i s  modulated by b o t h  a p r e c i s i o n  
code (P) code and a c o a r s e / a c q u i s i t i o n  (CIA) code s imul taneous ly .  The 

L2 o r  secondary t r a n s m i s s i o n  i s  modulated by e i t h e r  a  P o r  CIA code.  
The d a t a  s t r e a m  i s  t r a n s m i t t e d  a t  50 b i t s  p e r  second and is  common t o  
b o t h  t h e  P and C I A  codes  on b o t h  t h e  L1 and L 2  bands. A11 s i g n a l s  a r e  
d e r i v e d  from t h e  same onboard c l o c k .  A complete d a t a  message i s  a  
frame of 1500 b i t s  r e p e a t e d  every  six seconds.  Each frame i s  d i v i d e d  
i n t o  f i v e  300-bi t  subframes which a r e  f u r t h e r  subdivided i n t o  t e n  30- 
b i t  words. The f i r s t  two words of each subfrarne c o n t a i n  t e l e m e t r y  and 
code handovcr i n f o r m a t i o n .  The l a s t  e i g h t  words of Subframe 1 c o n t a i n  
c l o c k  c o r r e c t i o n s ,  an  age  of d a t a  word, and i o n o s p h e r i c  d e l a y  model 
c o e f f i c i e n t s .  The l a s t  e i g h t  words of Subframcs 2  and 3 c o n t a i n  t h e  
space v e h i c l e ' s  ephemeris and t h e  a s s o c i a t e d  age  01 d a t a  words. The 
l a s t  e i g h t  words of Subframe 4 c o n t a i n  an alphanumeric message of in -  
t e r e s t  t o  u s e r s .  The l a s t  e i g h t  words of Subframe 5 c o n t a i n  a n  almanac 
(an a b b r e v i a t e d  v e r s i o n  of i n f o r m a t i o n  i n  Subframes 2 and 3 )  f o r  each 
of the s a t e l l i t e s  i n  the  c o n s t e l l a t i o n .  Each Subframe 5 c o n t a i n s  in -  
fo rmat ion  on a  s i n g l e  s a t e l l i t e .  Thus t h e  complete almanac f o r  t h e  
e n t i r e  s a t e l l i t e  c o n s t e l l a t i o n  r e q u i r e s  t h e  r e c e p t i o n  of a sequence of 
f rames.  The l e n g t h  of t h e  sequence i s  dependent on t h e  number of s a t -  
e l l i t e s  i n  o r b i t  w i t h  twenty-four be ing  t h e  m a x i m u m .  

I n  o r d e r  t o  recover  t ime  r e l a t i v e  t o  GPS, a u s e r  must be a b l e  t o  re -  
c e i v e  r e l i a b l y  t h e  s a t e l l i t e  s i g n a l  and demodulate and decode the d a t a  



s t ream.  U t i l i z i n g  t h i s  i n f o r m a t i o n ,  one  can c a l c u l a t e  a  c o r r e c t e d  
pseudo-range,  compare i t  t o  a  pseudo-range measured a g a i n s t  a  r e f e r e n c e  
c l o c k ,  and from t h e  d i f f e r e n c e ,  de te rmine  t h e  c l o c k  d i f f e r e n c e .  

TIME TRANSFER SYSTEM 

The GPS/TTU ( F i g u r e  1 )  c o n s i s t s  of f o u r  major components - t h e  r e c e i v e r ,  
t h e  p r o c e s s o r ,  t h e  pseudo-range c o u n t e r  and t h e  system s o f t w a r e .  A s  
the p r o c e s s o r  (Hewlett-Packard 1000145) and t h e  c o u n t e r  (Hewlett-Pack- 
a r d  53288) a r e  o f f - t h e - s h e l f  equipment,  no d e s c r i p t i o n  of them w i l l  b e  
p rov ided .  A d e t a i l e d  d e s c r i p t i o n  of t h e  GPS/TTU and t h e  Time T r a n s f e r  
Technique i s  provided i n  Refe rence  ( 4 ) ;  t h e r e f o r e  o n l y  a b r i e f  d e s c r i p -  
t i o n  of t h e  r e c e i v e r  and s o f t w a r e  a r e  provided h e r e .  

The r e c e i v e r  i s  a  s i n g l e  c h a n n e l ,  sp read  spect rum Doppler t r a c k i n g  r e -  
c e i v e r  c a p a b l e  of t r a c k i n g  and decoding the C / A  code on t h e  L1 f r e -  
quency. I t  r e c e i v e s  t h e  s i g n a l  (from a n  an tenna  w i t h  a  n e a r l y  hemi- 
s p h e r i c a l  coverage p a t t e r n )  th rough  a  low n o i s e  p r e a m p l i f i e r .  Pre- 
s e l e c t i v e  f i l t e r i n g  i n  t h e  p r e a m p l i f i e r  and f u r t h e r  f i l t e r i n g  a t  t h e  
r e c e i v e r  l i m i t  t h e  e f f e c t  of out-of-band n o i s e .  The s i g n a l  i s  t h e n  
down-converted t o  a n  I F  f requency  and fed t o  a  code loop  and c o r r e l a t o r  
which t r a c k  t h e  C / A  code and despread  t h e  sp read  spect rum s i g n a l .  A 
c a r r i e r  t r a c k i n g  l o o p  t h e n  demodulates  t h e  s i g n a l  and p r o v i d e s  b o t h  
C I A  code epochs and n a v i g a t i o n  d a t a  t o  d e t e c t i o n  and s y n c h r o n i z a t i o n  
c i r c u i t s  which p r o v i d e  t h e  s a t e l l i t e  i n f o r m a t i o n  t o  b o t h  t h e  measure- 
ment and computer sys tems.  

The s o f t w a r e  sys tem c o n s i s t s  of an HP RTE-M o p e r a t i n g  sys tem,  two major 
a p p l i c a t i o n  programs, and approx imate ly  f o r t y - f i v e  s u b r o u t i n e s  f o r  t h e  
a c q u i s i t i o n ,  r e d u c t i o n ,  and r e c o r d i n g  of GPS d a t a .  Three  major opera-  
t i o n a l  modes - f u l l  a u t o m a t i c ,  semiau tomat ic ,  and manual - a r e  supp le -  
mented by a u x i l l i a r y  modes wh ich  p rov ide  a c c e s s  t o  s a t e l l i t e  v i s i b i l i t y  
and Doppler i n f o r m a t i o n  and a l l o w  i n i t i a l i z a t i o n  and upda t ing  of d a t a  
b a s e  and almanac f i l e s .  

I n i t i a l  o p e r a t i o n  r e q u i r e s  l o a d i n g  t h e  o p e r a t i n g  sys tem,  s e t t i n g  t h e  
sys tem c l o c k  on t i m e ,  i n i t i a l i z i n g  t h e  d a t a  b a s e  w i t h  t h e  g e o d e t i c  
c o o r d i n a t e s  of t h e  a n t e n n a ,  r e c e i v e r  d e l a y s ,  s a t e l l i t e  c o n s t e l l a t i o n ,  
e t c . ,  and manually a c q u i r i n g  one s a t e l l i t e .  Once s u c c e s s f u l l y  com- 
p l e t e d ,  t h e  p rocedure  need b e  r e p e a t e d  o n l y  i f  pa ramete r s  change o r  a 
sys tem m a l f u n c t i o n  o c c u r s .  

C a l l i n g  up t h e  f u l l  a u t o m a t i c  mode of o p e r a t i o n  ( a f t e r  i n i t i a l i z a t i o n )  
r e s u l t s  i n  t h e  g e n e r a t i o n  and implementa t ion of a da i . ly  t r a c k i n g  sched- 
u l e  based on c u r r e n t  s a t e l l i t e  c o n s t e l l a t i o n  v i s i b i l i t y  a s  determined 
from t h e  almanac recovered  d u r i n g  t h e  p r e v i o u s  s a t e l l i t e  p a s s .  The 
s c h e d u l e  i s  r e g e n e r a t e d  d a i l y  t h e r e a f t e r  u n t i l  t r a c k i n g  o p e r a t i o n s  a r e  
manual ly  t e r m i n a t e d .  The o n l y  c o n s t r a i n t  imposed on t h e  a u t o m a t i c  mode 
d e s i g n  was t h a t  of r e q u i r i n g  t h a t  each s a t e l l i t e  i d e n t i f i e d  i n  t h e  d a t a  



base be  t r a c k e d  a t  l e a s t  once p e r  day.  A sys tem genera ted  s c h e d u l e  i s  
shown i n  F i g u r e  2.  

Opera t ion  i n  t h e  semiautomat ic  mode r e q u i r e s  t h e  development of a 
t r a c k i n g  s c h e d u l e  by t h e  system o p e r a t o r .  S a t e l l i t e  v i s i b i l i t y  is  
determined by u t i l i z i n g  t h e  v i s i b i l i t y  s u b r o u t i n e ,  which r e s u l t s  i n  an  
i n f o r m a t i o n  d i s p l a y  i d e n t i c a l  t o  F i g u r e  2 .  The s e l e c t e d  t r a c k i n g  
s c h e d u l e  f o r  a twenty-four hour p e r i o d  i s  e n t e r e d  ( u t i l i z i n g  an  i n t e r -  
a c t i v e  d i a l o g u e  between t h e  computer t e r m i n a l  and t h e  o p e r a t o r )  a s  
shown i n  F i g u r e  3. The completed schedu le  (F igure  4 )  i s  p r e s e n t e d  f o r  
v e r i f i c a t i o n  and i s  t h e n  implemented by a  n e g a t i v e  r e s p o n s e  t o  t h e  
"CHANGE ( Y E S / N O ) ? l l  query.  D a i l y  t r a c k i n g  c o n t i n u e s  on t h i s  schedu le  
u n t i l  t h e  o p e r a t o r  i n t e r v e n e s  o r  t h e  s a t e l l i t e  c o n s t e l l a t i o n  p r e c e s s e s  
t o  t h e  p o i n t  where s p e c i f i e d  s a t e l l i t e s  a r e  no l o n g e r  v i s i b l e  d u r i n g  
t h e  scheduled viewing t ime.  

Opera t ion  i n  t h e  manual mode r e q u i r e s  t h e  o p e r a t o r  t o  e n t e r  a  s a t e l l i t e  
i d e n t i f i c a t i o n  number and an e s t i m a t e  of t h e  c a r r i e r  Doppler f requency.  
The r e c e i v e r  t h e n  goes  i n t o  a n  a c q u i s i t i o n  loop  based on t h i s  informa- 
t i o n  and c o n t i n u e s  i n  t h i s  loop  u n t i l  t h e  chosen s a t e l l i t e  comes i n t o  
view. A t  t h e  p o i n t  where t h e  Doppler f requency of t h e  s a t e l l i t e  s i g n a l  
f a l l s  w i t h i n  a  window c e n t e r e d  on t h e  o r i g i n a l  e s t i m a t e ,  t h e  r e c e i v e r  
l o c k s  on to  t h e  r e c e i v e d  s i g n a l  and c o n t i n u e s  t r a c k i n g  u n t i l  t h e  s a t d -  
l i t e  s e t s  o r  t h e  o p e r a t o r  i n t e r v e n e s .  D a i l y  t r a c k i n g  of t h e  s a t e l l i t e  
c o n t i n u e s  i n d e f i n i t e l y  u n t i l  t h e  o p e r a t o r  i n t e r v e n e s .  

I n  a l l  modes of  o p e r a t i o n ,  d a t a  i n  b o t h  raw and p rocessed  forms a r e  
a v a i l a b l e  f o r  viewing on t h e  system c o n s o l e  CRT and can b e  w r i t t e n  on to  
magnet ic  t a p e  m i n i - c a r t r i d g e s  and an IEEE-488-1975 g e n e r a l  purpose  
i n s t r u m e n t a t i o n  bus.  

USNO GPS DATA 

I n i t i a l  t e s t  r e s u l t s  showed t h e  GPS and GPS/TTU c a p a b l e  of t ime  t r a n s -  
5 

f e r s  w i t h  a  p r e c i s i o n  of b e t t e r  t h a n  100 nanoseconds ( F i g u r e  5 ) .  
Subsequent t e s t s  r e s u l t e d  i n  t h e  same l e v e l  of performance b u t  r e v e a l -  
ed what appeared t o  be  s e v e r a l  d i s c o n t i n u i t i e s  i n  GPS t ime  ( F i g u r e  6 ) .  
An i n v e s t i g a t i o n  showed t h e  c a u s e  of t h e s e  s t e p s  t o  be  c l o c k  changes  
and f a i l u r e s  a t  t h e  Monitor S i t e s .  The GPS system s o f t w a r e  a s  pres-  
e n t l y  implemented can a p p a r e n t l y  absorb  t h e s e  t ime  d i s c o n t i n u i t i e s  
w i t h  l i t t l e  o r  no d e g r a d a t i o n  of n a v i g a t i o n a l  c a p a b i l i t i e s .  However, 
d i s c o n t i n u i t i e s  of t h i s  t y p e  r e d u c e  t h e  sys tem's  u s e f u l n e s s  i n  t h e  PTTI 
a r e a  t o  a n  u n a c c e p t a b l e  l e v e l .  T h t s  p o i n t  h a s  been b rought  t o  t h e  
a t t e n t i o n  of t h e  CPS Program O f f i c e  i n  o r d e r  t o  emphasize t h e  impor- 
t a n c e  of a coord ina ted  e f f o r t  i n  t h e  t imekeeping a s p e c t s  of t h e  
program. 

F i g u r e s  7 and 8 show GPS performance t h a t  h a s  been observed over  t h e  
p a s t  s e v e r a l  months. A comparison of t h e s e  d a t a  w i t h  F igure  6 shows 



some a p p a r e n t  improvement i n  t h a t  t h e  magnitude and f requency  of d i s -  
c o n t i n u i t i e s  appear  t o  be  less i n  t h e  more r e c e n t  d a t a .  These d a t a  
a l s o  show t h a t  t h e  GPS c l o c k  i s  ahead of t h e  USNO Master  Clock by o v e r  
t h i r t y - s i x  microseconds  and t h a t  i t  i s  h i g h  i n  f requency  by 1 . 2  p a r t s  
i n  1012 a t  p r e s e n t .  The d a t a  i n  F i g u r e  7 show e x c e l l e n t  performance 
c a p a b i l i t y  over  t h e  long  term i f  one i g n o r e s  t h e  o u t l i e r s  due t o  a  
p o o r l y  performing s a t e l l i t e .  The d i s t u r b a n c e  recorded between day 
44572 and 44578  is  i l l - d e f i n e d  due a combinat ion of a l a c k  of d a t a  
d u r i n g  t h a t  p e r i o d  and an a p p a r e n t  d i s c o n t i n u i t y  i n  t h e  l i t t l e  d a t a  t h a t  
was recovered  d u r i n g  t h a t  t ime .  Examination of F i g u r e  8 ,  which i s  
e s s e n t i a l l y  a p l o t  of t h e  r e s i d u a l s  t o  a l i n e a r  f i t  of t h e  d a t a ,  shows 
a  p a t t e r n  of v a r i a t i o n  around t h e  l i n e a r  f i t  which a p p e a r s  a g a i n  i n  
l a t e r  d a t a  from i n d i v i d u a l  s a t e l l i t e s .  The two ex t remely  l a r g e  o u t l i e r s  
between day 44575 and 4 4 5 7 7  appear  i n v e r t e d  i n  F i g u r e  8 due t o  a n  aber -  
r a t i o n  i n  t h e  p l o t t i n g  s u b r o u t i n e  used .  

F i g u r e s  9 through 1 3  p r o v i d e  a  comparison of c l o c k  performance f o r  each  
s a t e l l i t e  r e l a t i v e  t o  t h e  USNO Master  Clock.  L i n e a r  f i t s  were a p p l i e d  
t o  t h e  d a t a  t o  remove a  l a r g e  p a r t  of t h e  o f f s e t  t h a t  e x i s t s  between 
t h e  USNO Master  Clock and GPS c l o c k s .  The d a t a  p l o t t e d  i n  these  g raphs  
a r e  a v e r a g e  v a l u e s  o f  t h e  measured pseudo-range o r  t ime of a r r i v a l  
c o r r e c t e d  by s u b t r a c t i n g  a  c a l c u l a t e d  pseudo-range o r  t ime  of a r r i v a l ,  
i o n o s p h e r i c  c o r r e c t i o n s ,  t r o p o s p h e r i c  c o r r e c t i o n s ,  and r e c e i v e r  sys tem 
d e l a y s .  T h i s  i s  ana lagous  t o  o t h e r  one-way, synchronized t ime  t r a n s -  
m i s s i o n s  (Loran-C, HF, e t c . )  , where a measured t ime  of  a r r i v a l  i s  
c o r r e c t e d  by a p p l y i n g  c o r r e c t i o n s  f o r  c a l c u a l c e d  o r  measured propaga- 
t i o n  and sys tem d e l a y s .  I n  b o t h  c a s e s ,  t h e  r e s u l t  c o n s i s t s  of t h e  
r e l a t i v e  c l o c k  d i f f e r e n c e  o r  o f f s e t  between t h e  l o c a l  and remote c l o c k ,  
and t h e  u n c e r t a i n t i e s  and i n s t a b i l i t i e s  of bo th  c l o c k s ,  t h e  measurement 
sys tems ,  and t h e  c o r r e c t i o n s  appliecl .  S ince  i n  t h i s  c a s e  t h e  l o c a l  
c l o c k  i s  t h e  USNO Master  Clock,  311 t h e  o f f s e t  and u n c e r t a i n t i e s  can 
be a t t r i b u t e d  t o  t h e  s a t e l l i t e  c l o c k  and t h e  measurement p r o c e s s  and 
sys tem.  The c a u s e  of t h e  l a r g e  e x c u r s i o n s  shown i n  ttie S V I l 4 ,  SVIl5, 
and SV#8 p l o t s  h a s  y e t  t o  be dctermined - a1 though i t  i s  l i k e l y  t h a t  
t h e y  a r e  due  t o  sys tem a d j u s t m c r ~ t s  made t o  t h e s e  s a t e l l i t e s .  The more 
i m p o r t a n t  p o i n t  i l l u s t r a t e d  by t h e s e  p l o t s  i s  t h a t ,  w i t h  t h e  e x c e p t i o n  
of SV#4, t h e  c l o c k s  a r e  well-behaved and perform e x c e p t i o n a l l y  w e l l .  
S V / , 4 ' s  poor performance i s  due  t o  u n p r e d i c t a b l e  beliaviour i n  t h e  
upload o r  c o n t r o l  mechanism r a t h e r  than  i n  t h e  c l o c k  i t s e l f .  Were i t  
n o t  f o r  t h e  two l a r g e  p e r t u r b a t i o n s  i n  t h e  S V # 5  and SV#8 p l o t s ,  i t  i s  
l i k e l y  t h a t  they  would he  comparable t o  t h a t  of SV#6.  T h i s  c l o c k  
e x h i b i t s  a  c h a r a c t e r i s t i c  s i g n a t u r e  f o r  a Rubidium f requency  s t a n d a r d  
w i t h  u n c h a r a c t e r i s t i c a l l y  h i g h  performance,  s t a y i n g  w i t h i n  4 3  micro- 
seconds  of a  f i x e d  l i n e a r  o f f s e t  f o r  n e a r l y  a one tlundred d a y  p e r i o d .  
SV#9 i s  t h e  o n l y  s a t e l l i t e  p r e s e n t l y  o p e r a t i n g  from a cesium o s c i l -  
l a t o r .  A s  e x p e c t e d ,  i t s  t r a n s m i s s i o n s  a r c  e x c e p t i o n a l  i n  t h a t  i t  
h a s  a n  o f f s e t  of o n l y  1 . 5  p a r t s  i n  10-I and h a s  s t a y e d  w i t h i n  125 
nanoseconds of t h i s  o f f s e t  f o r  n e a r l y  one hundred days .  



Figures  14 through 18  provide a comparison of the  performance of t h e  
i n d i v i d u a l  s a t e l l i t e s  and an i n d i c a t i o n  of how w e l l  t h e  GPS system is  
performing Erom t h e  s t andpo in t  of u t i l i z i n g  t h e  f u l l  c a p a b i l i t i e s  of 
t h e  s a t e l l i t e  c locks .  I n  t h e s e  p l o t s  an a d d i t i o n a l  c o r r e c t i o n  f a c t o r  
i s  app l i ed  t o  t h e  c lock  d i f f e r e n c e s  shown i n  t h e  previous f i v e  f i g u r e s .  
The message t r ansmi t t ed  by each s a t e l l i t e  con ta in s  a  parameter which 
g ives  a  cont inuous,  r e a l  t i m e  e s t i m a t e  of t h e  d i f f e r e n c e  between t h e  
GPS c lock  and t h e  s a t e l l i t e  c lock.  This parameter i s  determined by t h e  
MCS us ing  c lock  d i f f e r e n c e s  (between ground c locks  and s a t e l l i t e  
c locks)  measured a t  t h e  monitor s i t e s .  Imbedded i n  t h i s  f a c t o r  a r e  t h e  
combined o f f s e t s ,  i n s t a b i l i t i e s ,  and u n c e r t a i n t i e s  of both c locks .  
Thus GPS system performance i s  equa l ly  dependent on ground c lock  and 
s a t e l l i t e  c lock  performance, t h e  i n d i v i d u a l  c o n t r i b u t i o n s  of which 
cannot be separa ted  wi thout  r e f e r e n c e  t o  a  t h i r d  c lock  system. A s  
be fo re ,  t h e  d a t a  from SV#4 a r e  poor. Data Erom t h e  o t h e r  fou r  
s a t e l l i t e s  show a high degree of c o r r e l a t i o n  which can be  d i r e c t l y  
a t t r i b u t e d  t o  t h e  performance of t h e  ground clock.  Furthermore, a 
comparison of F igures  1 3  and 18  shows t h a t  t h e  d a t a  from SV#9 s u f f e r s  
cons iderab le  degrada t ion  due t o  t h e  a p p l i c a t i o n  of t h e  CPS c lock  - 
s a t e l l i t e  c lock  c o r r e c t i o n  f a c t o r .  

USNO GPS DATA REPORTS 

Data from t h e  s a t e l l i t e s  a r e  recovered daily and made a v a i l a b l e  a t  
p r e sen t  through t h e  USNO Time Se rv i ce  Automated Data Se rv i ce  (ADS). 
A t  presen t ,  t h e  d a t a  a r e  recorded on magnetic min i -car t r idge  t ape  
c a s s e t t e s ,  reduced and en te red  i n t o  t h e  Time Se rv i ce  Data Base d a i l y  
dur ing  t h e  r e g u l a r  workweek (Monday through F r iday ) .  Weekend va lues  
a r e  en te red  on Monday. F igure  19 is  a t y p i c a l  example of s e v e r a l  
days of reduced d a t a  a s  a v a i l a b l e  from t h e  ADS. The f i r s t  l i n e  g ives  
t h e  da t e / t ime  when d a t a  c o l l e c t i o n  began f o r  t h e  immediately fo l lowing  
l i s t i n g .  The second l i n e  g ives  t h e  d a t e l t i m e  when t h e  d a t a  were 
processed.  An explana t ion  of t he  column headings and d a t a  is  presen ted  
i n  Table  1. Access t o  t h e  ADS is  a v a i l a b l e  t o  any use r  over  a s tandard  
d ia l -up  te lephone l i n e ,  us ing  a  modem and te rmina l  combination a b l e  
t o  communicate a t  300 o r  1200 baud i n  a f u l l  duplex mode wi th  even 
p a r i t y .  The commerical te lephone number i s  (202) 254-4080 and t h e  
AUTOVON number i s  294-4080. 

PROGRAM IMPROVEMENTS 

Although t h e  GPS program is  i n  t h e  middle stages of development, i t  is  
f e l t  t h a t  t h e  p o t e n t i a l  f o r  t i m e  d i ssemina t ion  can be  r e a l i z e d  much 
e a r l i e r  than t h e  f u l l  nav iga t iona l  c a p a b i l i t y .  The USNO and t h e  GPS 
J o i n t  Program O f f i c e  and Master Cont ro l  S i t e  a r e  i n  t h e  e a r l y  s t a g e s  
of a program t o  develop t h e  means of l i n k i n g  t h e  GPS c lock  wi th  t h e  
USNO Master Clock w i t h  the  o b j e c t i v e  of e s t a b l i s h i n g  a  h igh  degree of 
coord ina t ion  between t h e  two u n t i l  t h e  system becomes f u l l y  o p e r a t i o n a l  
i n  the  l a t e  1980's .  A t  t h a t  t i m e  t he  system should have t h e  i nhe ren t  



c a p a b i l i t y  t o  accomplish t h i s  c o o r d i n a t i o n  s i n c e  t h e  o p e r a t i o n a l  phase 
s p e c i f i c a t i o n  r e q u i r e s  c o o r d i n a t i o n  w i t h  UTC and USNO. The g o a l  of 
t h e  p r e s e n t  e f f o r t  i s  t o  synchron ize  t h e  GPS c l o c k  i n  t ime and 
f requency  w i t h  t h e  USNO Master Clock,  t o  e l i m i n a t e  f requency  s h i f t s  
and t ime jumps i n  t h e  GPS ground c l o c k  system, t o  m a i n t a i n  t h e  GPS 
c l o c k  i n  synchronism w i t h  t h e  USNO Master Clock,  and t o  d i s s e m i n a t e  
t h e  r e s u l t a n t  d a t a  t o  t h e  t imekeeping community i n  a t i m e l y  and u s e f u l  
manner. P r e s e n t  p l a n s  c a l l  f o r  t h e  i n v e s t i g a t i o n  of t h e  t ime  jumps 
and f requency s h i f t s  t h a t  have been observed on GPS, t h e  e s t a b l i s h m e n t  
of a l i n k  between t h e  ground c l o c k s  a t  t h e  Master  Cont ro l  S i t e  and 
t h e  USNO, and t h e  e s t a b l i s h m e n t  of p rocedures  t o  pe rmi t  t h e  synchro- 
n i z a t i o n  of t h e  two. Recent m o d i f i c a t i o n s  t o  t h e  USNOITTU w i l l  a l l o w  
i ts  i n t e g r a t i o n  i n t o  an automated d a t a  a c q u i s i t i o n  system and p r o v i d e  
automated s a t e l l i t e  t r a c k i n g  on a programmed b a s i s .  This  w i l l  p r o v i d e  
u s e r s  con t inuous  a c c e s s ,  i n  n e a r  r e a l  t ime ,  t o  GPS d a t a  c o l l e c t e d  by 
t h e  USNO. 

CONCLUSION 

I 
The USNO i s  c u r r e n t l y  engaged i n  a  program t o  p rov ide  PTTI u s e r s  on a 
worldwide b a s i s  t o  an  accuracy  of LOO nanoseconds o r  less on a r e a l  
t i m e  b a s i s .  I n  a d d i t i o n  t o  a £  f o r d i n g  all u s e r s  a worldwide c a p a b i l i t y  
h e r e t o f o r e  u n a v a i l a b l e ,  s u c c e s s f u l  complet ion of t h e s e  programs w i l l  

I mean s i g n i f i c a n t  improvements t o  i n t e r n a t i o n a l  e f f o r t s  i n  coord ina ted  
t imekeeping.  
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TABLE 1 

Explana t ion  of Columnar Headings and Data on USNO GPS ADS Message 

SVf - S a t e l l - i t e  i d e n t i f i e r  t r a n s m i t t e d  i n  s a t e l l i t e  message. 

BEG-TRK - Beginning of t r a c k i n g  p e r i o d .  Given a s  a Modified 
DDD.ddd J u l i a n  Date  minus 44,000 i n  hundreds of days  (DDD) 

and dec imal  f r a c t i o n s  of a day (ddd) w i t h  .500 b e i n g  
1200 UTC. 

BEG TRK - Beginning of t r a c k i n g  p e r i o d .  Given i n  GPS day of 
D HHMMSS week (D) and UTC (HHMMSS). Sunday i s  day ze ro .  

TRK TIME - Length of t r a c k i n g  p e r i o d  i n  seconds .  
SSSS 

MC-GPS - Time d i f f e r e n c e  between USNO Master Clock and GPS as 
U S determined from s a t e 1 , l i t e  t r a n s m i s s i o n .  I t  i s  r e f e r -  

r e d  t o  BEG TRK rime and i s  g iven  i n  microseconds.  A 
n e g a t i v e  v a l u e  means GPS is  ahead of UTC. 

SLOPE - Slope of l i n e a r  f i t  through a l l  d a t a  c o l l e c t e d  d u r i n g  
PSIS TRK TIME. L i n e  o r i g i n a t e s  a t  MC - GPS a t  BEG TRK. 

RMS - Standard  d e v i a t i o n  of d a t a  c o l l e c t e d  d u r i n g  TRK TIME. 
N 5 

ELV - E l e v a t i o n  a n g l e  of s a t e l l i t e  a t  USNO a t  BEG TRK. 

AZMT - Azimuth a n g l e  a t  USNO a t  BEG TRK. 

D.AGE - Age of d a t a  i s  t h e  t ime  e lapsed  s i n c e  l a s t  upload of 
DHHMM i n f o r m a t i o n  t o  t h e  s a t e l l i t e .  It  s e r v e s  a s  a  c o n f i -  

dence l e v e l  v a l u e  f o r  t h e  t ime dependent pa ramete rs  
t r a n s m i t t e d  by t h e  s a t e l l i t e .  

MC-SAT - S a t e l l i t e  c lock  d i f f e r e n c e  i n  nanoseconds uncor rec ted  
N S f o r  GPS - SV clock d i f f e r e n c e .  
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QUESTIONS AND ANSWERS 

MR. VAN WECHEL: 

I have three questions. The first is: Did you use the data block 
information on the ionospheric area to make your corrections, or 
did you get data externally? 

MR. PUTKOVICH: 

NO, all the da ta  that was taken here was with information derived 
from the satellite. The only thing t h a t  we put into the system 
is our position location and our time. 

MR. VAN WECHEL: 

The next question was: Did you have to do anything special as far 
as eliminating the one millisecond ambiguity, or is the signal-to- 
noise ratio in the bit detector enough to get rid of that? 

MR. PUTKOVICH : 

NO, we didn't do anything. 

MR. VAN WECHEL: 

In other words that i s  automatic, you don't have a one millisecond 
ambiguity problem? 

MR. PUTKOVICH: 

I don't understand what the one millisecond ambiguity is that you 
are ta1 king about, 

MR. VAN WECHEL: 

We1 1 , the CA code repeats every mi 11 i second and I was wondering i f  
you could be one millisecond off or is that just a problem o f  the 
bit sync being re1 i abl e? 

MR. PUTKOVICH : 

We haven't answered that yet. I can't answer that question. 

DR. WINKLER: 

Each one millisecond is identified by the time code which comes 
down. So that i s  taken care of automatically. 



VAN WECHEL: MR. 

DR. 

MR. 

MR. 

CHAI 

I thought there was a time code only every six seconds. 

WINKLER: 

Yes, that i s  true too but you are counting the  millisecond sege- 
ments from that standard moment. Please identify yourself. 

VAN WECHEL: 

Oh, I am sorry. I am Bob Van Wechel from Interstate. 

The last question I had was relative to the intentional 
degradation of accessability or denial of access I guess they call 
it. Do you think that it is likely in the future that a CA code 
will be degraded so you couldn't get 100 nanoseconds performance 
anymore? 

PUTKOVICH: 

I really don't know. The whole GPS program seems to be in such -- 
I don't want to say disarray, but I don't know what i s  happening 
in the program. 

One would hope that there is somebody around that knows what 
is happening, but I don't, and in that particular question I don't 
know what they will do. That has been kicked around the same way 
many o f  t h e  other things have. 

RMAN BUISSON: 

Let me just say something about that. I think there is a paper 
tomorrow on GPS by people from the GPS o f f i c e .  

GPS is not an operational system yet, and I think t h a t  
some of these points will be discussed in that paper. 




