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ABSTRACT - 

The Navstar Global Positioning System (GPS), a1 though pr imari ly designed for three 
dimensional position and velocity determination, i s  uniquely capable of providing highly 
accurate and stable tirning information to users. This capability i s  derived from the tirne 
delay pseudo ranging concept which forrns the basis for GPS navigation. The cornbination of 
navigation and t iming together in one systeni wi l l  make GPS the Precise Time and Time 
Interval (PTTI) source of choice for the forseeable future. Only GPS can supply continuous 
t iming data world wide, in  any weather, to  a dynamicully moving user at a previously 
unsurveyed site, w i th  subrnicrosecond accuracy traceable to an established reference. 

This paper discusses the applicatjon of Navstar GPS to  the problerns of PTTI 
dissemination. A short review of the GPS concept leads to a detailed description of the 
implementation of t ime transfer through Navstar GPS. Tirne is followed from the U.S. 
Naval Observatory (USNO) through the ground control, satellite, and receiving segments of 
GPS t o  the user's clock system. The three options by which a user's system can receive from 
the GPS receivers, currently under development by the DOD, are defined in  detail. The 
electrical/digital/mechanical interface parameters along w i th  suggested methods for their 
use are outlined for each option. 

A detailed error model is also presented for the traceabil i ty of UTC (GPS) to UTC 
(USNO). Although absolute accuracy of UTC (GPS) provided to  o user i s  specified to be 
slightly over 100 nanoseconds rms, substantially better accuracies can be eosi ly achieved. 
By understanding and working around some of the GPS error uncertainties, real t ime 
synchronization between stationary users on the sarnc continent can be controlled to within 
o few nanoseconds, and absolute post processed t ime offset w i th  UTC (USNO) measured 
within 25 nanoseconds or better. A discussion of solme of the potential work around 
techniques and their applications conclude this paper. 



I. INTRODUCTION 

The fundamental  c o n c e p t s  o f  t h e  Navs ta r  Globa l  P o s i t i o n i n g  System 
(GPS) have been w e l l  d e s c r i b e d  i n  s e v e r a l  e x c e l l e n t  p a p e r s  p r e s e n t e d  a t  
r e c e n t  P r e c i s e  Time and Time I n t e r v a l  (PTTI) m e e t i n g s ,  Frequency 
C o n t r o l  Symposia (FCS),  and o t h e r  c o n f e r e n c e s .  The r e a d e r  is  r e f e r r e d  
t o  t h e  b i b l i o g r a p h y  a t  t h e  end o f  t h e  a r t i c l e  f o r  a  s h o r t  list o f  t h o s e  
p a p e r s  a v a i l a b l e  f o r  a d e t a i l e d  d e f i n i t i o n  o f  GPS n a v i g a t i o n  
p r i n c i p l e s .  

A. REVIEW 

1.  O p e r a t i o n  i n  a N u t s h e l l  

GPS u t i l i z e s  a  c o n s t e l l a t i o n  o f  s a t e l l i t e s  s u r r o u n d i n g  t h e  
e a r t h  i n  10,900 n a u t i c a l  m i l e  o r b i t s .  Each s a t e l l i t e  t r a n s m i t s  two 
"pseudorandom n o i s e n  ( P R N )  t i m i n g  codes  on each  o f  two L-band c a r r i e r  
f r e q u e n c i e s  towards  t h e  e a r t h .  Because t h e  f r e q u e n c i e s  and t i m i n g  
codes  used i n  t h e  t r a n s m i s s i o n  a r e  c o h e r e n t l y  d e r i v e d  from a n  on-board 
h i g h l y  s t a b l e  a tomic  f requency  s t a n d a r d ,  by o b s e r v i n g  t h e  t r a n s m i t t e d  
s i g n a l s  and c o r r e c t i n g  f o r  p a t h  d e l a y s  ( i . e .  l i n e - o f - s i g h t  d i s t a n c e  
a t m o s p h e r i c  and r e l a t i v i s t i c  e f f e c t s ,  e t c . )  t h e  on-board a t o m i c  
f requency  s t a n d a r d ' s  phase  and f requency  may be a c c u r a t e l y  de te rmined  
by a ground based o b s e r v e r .  T h i s  d e t e r m i n a t i o n  of  t h e  s a t e l l i t e  
f r equency  s t a n d a r d  phase  and f requency  is  t h e  r e s p o n s i b i l i t y  of t h e  GPS 
ground c o n t r o l  and t r a c k i n g  network,  known c o l l e c t i v e l y  as t h e  C o n t r o l  
Segment. The C o n t r o l  Segment ' s  o b s e r v a t i o n  of  s a t e l l i t e  f r equency  
s t a n d a r d  ' ' t ime" ( t i m i n g  code epoch t ime  o r  T  1 i s  compared a g a i n s t  t h e  
GPS sys tem t ime  (T ) as k e p t  by t h e  ~ o & r o l  Segment. From t h i s  
compar ison,  a  i l s a t e f l ? t e  c l o c k  s t a t e f f  ( i . e .  t ime  b i a s ,  d r i f t  and d r i f t ,  
r a t e  between TZ and TGpS) is  computed. 

The c l o c k  s t a t e  t e rms  which r e l a t e  t h e  t i m i n g  code epoch t ime  t o  T 
GPS (See  T a b l e  2 ,  e q u a t i o n s  1,4) as w e l l  a s  t h e  p o s i t i o n  o f  t h e  s a t e l l i t e  a s  

a  f u n c t i o n  of T a r e  uploaded i n t o  t h e  s a t e l l i t e  as  d i g i t a l  d a t a  by GPS t h e  C o n t r o l  Segment. The uploaded i n f o r m a t i o n  is  t h e n  added o n t o  t h e  
PRN codes  as a  50 b i t  p e r  second d a t a  s t r e a m  by t h e  s a t e l l i t e  and t h e  
r e s u l t i n g  s a t e l l i t e  d a t a ,  PRN t i m i n g  c o d e s ,  and c a r r i e r  f r e q u e n c i e s  a r e  
t r a n s m i t t e d  towards  t h e  e a r t h ' s  s u r f a c e  as  t h e  s a t e l l i t e ' s  u s e f u l .  
n a v i g a t i o n  s i g n a l s .  

2. S a t e l l i t e - C o n t r o l  Feedback Loop Opera t ion  

When b o t h  t h e  s a t e l l i t e ' s  f r equency  s t a n d a r d  t i m e  (T ) and t h e  
s a t e l l i t e f s  p o s i t i o n  a r e  unknown ( a s  t h e y  a r e  f o r  t h e  ~ o n t r o f  Segment) 
mere ly  o b s e r v i n g  t h e  s a t e l l i t e ' s  t r a n s m i t t e d  f r e q u e n c i e s  and t i m i n g  
c o d e s  p r o v i d e  i n s u f f i c i e n t  i n f o r m a t i o n  t o  i n d e p e n d e n t l y  d e t e r m i n e  
e i t h e r  o f  t h e  two unknown q u a n t i t i e s  (e.g. is  T t h r e e  nanoseconds ahead 
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of t h e  o b s e r v e r  o r  i s  t h e  s a t e l l i t e  one  m e t e r  f u r t h e r  away?). Bu t  i f  a 
f a i r l y  good i n i t i a l  e s t i m a t e  o f  t h e  unknowns c a n  be  d e t e r m i n e d ,  
d e t a i l e d  s t a t e  and  e r r o r  models  p l u s  Kalman f i l t e r i n g  c a n  b e  u s e d  t o  
s e p a r a t e  and e s t i m a t e  t h e  two unknown q u a n t i t i e s  based  upon t h e  one 
o b s e r v a t i o n .  T h i s  i s  e x a c t l y  t h e  method by which  t h e  C o n t r o l  Segment  
d o e s  i t ' s  d e t e r m i n a t i o n  o f  t h e  s a t e l l i t e t s  c l o c ~  and p o s i t i o n  v a l u e s .  
The C o n t r o l  Segment  u s e s  e x t r a p o l a t e d  v a l u e s  o f  TZ and s a t e l l i t e  
p o s i t i o n  f rom a  p r e v i o u s  t i m e  a s  c u r r e n t  i n i t i a l  estimates o f  t h e  
unknown q u a n t i t i e s  a n d ,  i n  e s s e n c e ,  t h e  c o n t r o l  segment  - s a t e l l i t e  
s y s t e m  o p e r a t e s  as a  d i s c r e e t  c y c l e  f e e d b a c k  l o o p  ( s e e  F i g u r e  1 ,  Loop 
L 1 ) .  

Dur ing  e a c h  n o m i n a l l y  e i g h t  h o u r  p e r i o d  ( f o r  example ,  t h e  
p e r i o d  P o  t h e  C o n t r o l  Segment u s e s  i t ' s  Mon i to r  S t a t i o n s  (MSs) t o  
t r a c k  t h e  s a t e l l i t e  a s  it moves t h r o u g h  i t ' s  o r b i t ,  The t r a c k i n g  d a t a  
d u r i n g  t h i s  p e r i o d  i s  s e n t  t o  t h e  C o n t r o l  Segment  c o m p u t a t i o n  c e n t e r  
where i t  is  c o r r e c t e d  f o r  p r o p a g a t i o n  d e l a y s ,  and c o a r s e l y  modeled i n t o  
s a t e l l i t e  p o s i t i o n  and T s t a t e s .  These  s t a t e s  a r e  t h e n  compared w i t h  
t h e  d a t a  being t r a n s m i t F e d  by t h e  s a t e l l i t e  d u r i n g  t h e  p e r i o d  (which  
were based  on t h e  p r e v i o u s  p e r i o d ,  P ) t o  d e v e l o p  p r e c i s e  c u r r e n t  e r r o r  
s t a t e  e s t i m a t e s  and  f i l t e r e d  t o  pre~!c t  t h e  s a t e l l i t e s  f u t u r e  p o s i t i o n  
and  c l o c k  s t a t e s .  These  p r e d i c t e d  f u t u r e  s t a t e s ,  known as e p h e m e r i d e s  
and space v e h i c l e  tirne (T ) s t a t e  t e r m s ,  are up loaded  n e a r  t h e  end o f  
t h e  c u r r e n t  p e r i o d  f a r  ' e r a n s m i s s i o n  by t h e  s a t e l l i t e  d u r i n g  t h e  
f o l l o w i n g  p e r i o d  P I .  Thus ,  t h e  p r o c e s s  w i l l  r e p e a t  i t s e l f  c y c l i c l y ,  
f e e d i n g  f o r w a r d  a p r e v i o u s  e s t i m a t e  t o  b e  u s e d  i n  d e t e r m i n i n g  c u r r e n t  
v a l u e s .  The s a t e l l i t e  b e g i n s  e a c h  p e r i o d  by t r a n s m i t t i n g  t h e  f r e s h  
ephemer ides  and  T t e r m s  up loaded  from t h e  C o n t r o l  Segment .  A s  t h e  
p e r i o d  p r o g r e s s e s S V t h e  s a t e l l i t e  c o n t i n u e s  t r a n s m i t t i n g  t h e  same d a t a  
w i t h  which  it  s t a r t e d .  T h i s  d a t a  however has  "aged" and  become l e s s  
a c c u r a t e  b e c a u s e  of  t h e  t i m e  dependen t  g r o w t h  o f  n o n - d e t e r m i n i s t i c  
f a c t o r s  which a f f e c t  t h e  s a t e l l i t e ' s  e p h e m e r i s  and  T term a c c u r a c i e s .  
The s a t e l l i t e f  s d a t a  w i l l  c o n t i n u e  t o  a g e  t h r o u g h o u t  %\e p e r i o d  u n t i l  i t  
is  r e p l a c e d  a t  t h e  s t a r t  o f  t h e  next p e r i o d  w i t h  f r e s h  d a t a  and t h e  
s a t e l l i t e ' s  t r a n s m i s s i o n  a c c u r a c y  i s ,  i n  e f f e c t ,  reset t o  i t ' s  o p t i m a l  
v a l u e .  

To p r o v i d e  c o n t i n u o u s  wor ldwide  a v a i l a b i l i t y  o f  s u f f i c i e n t  
s a t e l l i t e s  f o r  u s e r s ,  t h e r e  w i l l  b e  a t  l e a s t  e i g h t e e n  s a t e l l i t e s  i n  
o r b i t  a t  a l l  t i m e s .  The GPS C o n t r o l  Segment w i l l  cont inuous:y r e p e a t  
t h e  above f e e d b a c k  p r o c e s s  w i t h  e a c h  o f  t h o  o n - o r b i t  s a t e l l i t e s  t o  
a s s u r e  t h a t  e v e r y  s a t e l l i t e s '  e p h e m e r i s  and TSV t e r m s  a r e  u p d a t e d  on 
s c h e d u l e  s o  as t o  p r o v i d e  t h e  s p e c i f i e d  a c c u r a c y  t o  u s e r s .  Thus ,  t h e r e  
w i l l  be  e i g h t e e n  s i m u l t a n e o u s  f eedback  l o o p s  o p e r a t i n g ,  t i e d  t o g e t h e r  
by a common n a v i g a t i o n  t i m e  r e f e r e n c e  - TGpS, and  p o s i t i o n  r e f e r e n c e  - 
WGS-72. 





3. User Opera t ion  

The b e n e f i c i a r y  o f  t h e  e i g h t e e n  C o n t r o l  S e g m e n t / s a t e l l i t e  
feedback l o o p s  is t h e  GPS n a v i g a t i o n  u s e r .  Unl ike  t h e  C o n t r o l  Segment 
t r a c k i n g  s t a t i o n s ,  t h e  u s e r  i s  n o t  a t  a  known l o c a t i o n  n o r  d o e s  he  have 
w i t h  him a n  a tomic  c lack  t o  i n d e p e n d e n t l y  keep T b u t  he is  a b l e  t o  
t a k e  t h e  s a t e l l i t e ' s  n a v i g a t i o n  d a t a  a s  t r u t h  %?' TSg and s a t e l l i t e  
p o s i t i o n .  The User Equipment (UE) r e c e i v e r  on t h e  ground h a s  f o u r  
unknown q u a n t i t i e s  i t  must de te rmine  t o  p r o v i d e  a n a v i g a t i o n  s o l u t i o n ;  
t h e  U E ' s  p o s i t i o n  v e c t o r  components (x, y ,  and z) and i t ' s  l o c a l  c l o c k  
o f f s e t  from each T ( S i n c e  each TSV is approx imate ly  e q u a l  t o  TG 
(modulo one week) ,  $Ke UE need o n l y  d e t e r m i n e  one s a t e l l i t e ' s  T !O 

e s t a b l i s h  t h e  c l o c k  o f f s e t ) .  T h i s  then  i s  t h e  c l a s s i c a l  problem; %iced  
w i t h  f o u r  unknown q u a n t i t i e s ,  t h e  UE must t r a c k  f o u r  s a t e l l i t e s  (e.g. 
"eavesdrop"  on f o u r  o f  t h e  C o n t r o l  S e g m e n t / S a t e l l i t e  feedback l o o p s )  
s i m u l t a n e o u s l y  t o  o b t a i n  t h e  f o u r  independen t  r a n g e  e q u a t i o n s  n e c e s s a r y  
f o r  a p o s i t i o n  s o l u t i o n .  

A s  wide ly  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  t h e  GPS UE r e c e i v e r  d o e s  
t h i s  s o l u t i o n  p r o c e s s  w e l l .  Accurac ies  o f  2 t o  3 m e t e r s  i n  x ,  y ,  and z 
have been ach ieved  and 16 m e t e r s  s p h e r i c a l  e r r o r  p r o b a b l e  (SEP) 
worldwide is promised o p e r a t i o n a l  u s e r s  a g a i n s t  t h e  r e f e r e n c e  t r u t h ,  

WGS-72 . But t h e s e  a r e  on ly  t h r e e  d imens iona l  p o s i t i o n  a c c u r a c i e s ,  
what a b o u t  t h e  f o u r t h  d imension o f  t h e  s o l u t i o n  - t h e  d imension of t ime?  

B. TIMES IN GPS. 

1.  Nav iga t ion  Time 

The GPS UE, i n  computing i t s  f o u r  d imens iona l  n a v i g a t i o n  
s o l u t i o n ,  t r e a t s  i t ' s  unknown t ime  c o o r d i n a t e  j u s t  as  i t  t r e a t s  i t ' s  
p o s i t i o n  c o o r d i n a t e s .  The Geometric D i l u t i o n  o f  P r e c i s i o n  (GDOP), 
which e f f e c t s  n a v i g a t i o n  accuracy  due t o  n o n - o r t h o g o n a l i t y  o f  t h e  
s a t e l l i t e - u s e r  r a n g i n g  v e c t o r s ,  a l s o  a f f e c t s  t h e  n a v i g a t i o n  t ime  
a c c u r a c y  ( S e e  S e c t i o n  1II.B). I f  t h e  t ime  and t h r e e  p o s i t i o n  e r r o r s  a r e  
normal ized f o r  g e o m e t r i c  e f f e c t s ,  t h e  r e s u l t i n g  C o n t r o l / S a t e l l i t e  -UE 
r a n g i n g  e r r o r s  a r e  found t o  be approx imate ly  e q u a l  i n  magnitude and 
u n c o r r e l a t e d .  The r a n g i n g  e r r o r  between each s a t e l l i t e  and t h e  UE h a s  
been demons t ra ted  t o  be w i t h i n  5 .3  m e t e r s  o r  17.5 nanoseconds ( 1 6 ) ,  w i t h  
t h e  u n i t s  b e i n g  used i n t e r c h a n g a b l y .  These c o n t r o l / s a t e l l i t e  -UE 
r a n g i n g  e r r o r s  a r e  known a s  User E q u i v a l e n t  Ranging E r r o r s  (UERE) and 
more a b o u t  them w i l l  be  s a i d  l a t e r .  

The v a l u e  o f  t h e  t ime  e r r o r  a s  d e f i n e d  above is  c r i t i c a l  t o  t h e  
u n d e r s t a n d i n g  o f  GPS's P T T I  a p p l i c a t i o n s .  The e r r o r  o f  17.5 
nanoseconds  i s  ( n e g l e c t i n g  a m p l i f i c a t i o n  due t o  GDOP) t h e  e r r o r  t h e  UE 
e x p e r i e n c e s  i n  d e t e r m i n i n g  i t s  l o c a l  c l o c k ' s  o f f s e t  from TGpS averaged  
o v e r  some p e r i o d  o f  t ime  and averaged o v e r  a number o f  s a t e l l i t e s  



( i . e . ,  t h e  e r r o r  t h e  UE h a s  i n  d e t e r m i n i n g  t h e  n a v i g a t i o n  t i m e ) .  T h i s  
n a v i g a t i o n  t i m e ,  

T~ S '  
i s  o f  l i t t l e  v a l u e  t o  most PTTI  u s e r s  however. 

It is n o t  n e c e s s a r g y  s t a b l e  n o r  t i e d  t o  any a c c e p t e d  s t a n d a r d .  T  , 
need o n l y  be c o n t i n u o u s  and w i t h o u t  major  s t e p s  i n  phase  o r  f r e q u e n c y G b  
m a i n t a i n  n a v i g a t i o n  performance of t h e  sys tem.  The way t h a t  t h e  GPS 
C o n t r o l  Segment d e t e r m i n e s  TGPtS (as  a p a p e r  c l o c k  based upon t h e  
ensemble o f  a l l  moni to r  s t a t i o n  requency s t a n d a r d s  and d r i v e n  by one o f  
t h e  MS s t a n d a r d ' s  r e f e r e n c e  f requency  ( t h e  GPS Master  C lock) )  s a t i s f i e s  
t h e  r e q u i r e m e n t s  f o r  c o n t i n u i t y  and b e i n g  w i t h o u t  s t e p s ,  b u t  c a r r i e s  
any and a l l  Master  Clock f requency  i n s t a b i l i t i e s  th roughout  t h e  e n t i r e  
sys tem a s  i n s t a b i l i t i e s  i n  T  . Thus,  TGpS is  q u i t e  i n s u f f i c i e n t  f o r  
many t i m i n g  a p p l i c a t i o n s  b u y s f o r  t h e  p u r p o s e s  o f  a n a v i g a t i o n  t i m e ,  
TGpS s e r v e s  i t ' s  f u n c t i o n  w e l l .  

2. "Time Dissemina t ion"  Time. 

To s o l v e  t h e  problem o f  s u p p l y i n g  a u s e f u l  t i m e  ( i n  t h e  PTTI 
s e n s e  of t h e  word) t o  u s i n g  sys tems  when a l l  t h a t  i s  n e c e s s a r i l y  
a v a i l a b l e  from GPS is  TGpS, t h e  d e s i g n e r s  o f  GPS have a l s o  i n c l u d e d  
t e rms  i n  t h e  50 b i t  p e r  second n a v i g a t i o n  d a t a  message t o  r e l a t e  T t o  
UTC. These t e rms  accompany t h o s e  f o r  TSV and t h e  ephemeri&pz aas 
f u n c t i o n s  o f  TFpS. They will be Located i n  page 18 o f  subframe 4 o f  
each  s a t e l l i t e  s message and i n c l u d e ;  t ime  b i a s  and d r i f t  r a t e  t e r m s  
between T and TUTC,  a n  a c c u m u l a t i v e  i n t e g r a l  second o f f s e t  t e rm t o  
accoun t  f%TS l e a p  s e c o n d s ,  and a f u t u r e  impending l e a p  second change 
v a l u e  as w e l l  a s  t h e  UTC t ime  o f  a p p l i c a b i l i t y  o f  t h e  f u t u r e  l e a p  second 
v a l u e  change (See  Tab le  2 ,  e q u a t i o n s  4 , 5 , 6 ) .  

The r e a d e r  shou ld  n o t e  t h a t  t h i s  i s  a  major  change i n  GPS 
approach  t o  t h e  problems o f  time t r a n s f e r .  The o r i g i n a l  c o n c e p t ,  as 
wide ly  r e p o r t e d ,  was t o  s t e e r  T  i n t o  d i r e c t  s y n c h r o n i z a t i o n  w i t h  
UTC. R e p e t i t i v e  l e a p s  i n  TGpS orGl!?ep changes  i n  t h e  GPS Master  C l o c k ' s  
f r equency  t o  a c h i e v e  synchronization w i t h  UTC were found t o  have major ,  
a l t h o u g h  t r a n s i e n t ,  e f f e c t s  on t h e  q u a l i t y  o f  GPS u s e r ' s  n a v i g a t i o n  
s o l u t i o n s .  Thus t h e  d e c i s i o n  was made t o  a l l o w  GPS t ime  t o  be semi - f ree  
r u n n i n g  ( w i t h i n  a n  o p e r a t i o n a l  bound o f  1 microsecond (modulo one 
s e c o n d ) )  r e l a t i v e  t o  UTC and accomplish  p r e c i s e  t ime  d i s s e m i n a t i o n  w i t h  
a c o r r e c t i o n  a l g o r i t h m  o p e r a t i n g  much t h e  same way a s  t h e  c o r r e c t i o n  
from TZ t o  T  SV ( T ~ ~ ~ ) *  

T h i s  t ime  d i s s e m i n a t i o n  t e c h n i q u e  may be s i m i l a r l y  viewed a s  a 
d i s c r e e t  c y c l e  feedback l o o p  (L ) as shown i n  F i g u r e  2. A GPS UE s e t  

2 h a s  been s e l e c t e d  i n  l i e u  o f  a moni to r  s t a t i o n  f o r  l o c a t i o n  a t  USNO 
because  o f  i t ' s  lower  c o s t  and e a s e  o f  maintenance.  T h i s  l o o p  o p e r a t e s  
a t  a nominal  one week c y c l e  p e r i o d .  During each  p e r i o d  (e .g .  Po) t h e  
UE s e t  w i l l  t r a c k  a s e r i e s  o f  s i n g l e  s a t e l l i t e s .  The UE s e t ' s  computed 
UTC ( b a s e d  upon TZ, TSy t e r m s ,  

P -UTC terms, e t c . ,  b e i n g  t r a n s m i t t e d  
by each s a t e l l i t e  d u r l n g  Po)  w i l E  g e  compared t o  UTC as k e p t  by U S N O  
(UTC(USN0)). The resulting a r r a y  o f  measured UTC(GPS)-UTC (USNO;) 





d i f f e r e n c e s  f o r  t h e  t r a c k i n g  p e r i o d  w i l l  be t r a n s m i t t e d  d u r i n g  t h e  
p e r i o d  t o  t h e  C o n t r o l  Segment computat ion c e n t e r  f o r  modeling t h e  
d r i f t s  and o f f s e t s  i n  UTC(GPS) and T v e r s u s  UTC(USN0) a s  w e l l  a:; 
computing t h e  new T t o  UTC (GPS) oo%"&tion terms.  A t  t h e  s t a r t  of 

GPS t h e  n e x t  one week p e r l o d  ( P I ) ,  t h e s e  new te rms  w i l l  be uploaded i n t o  t h e  
s a t e l l i t e s  f o r  t r a n s m i s s i o n  t o  p r e c i s e  time u s e r s  d u r i n g  P I ;  and s o ,  as 
f o r  TSV, t h e  c l o s e d  c y c l e  feedback loop  r e p e a t s  ad  i n f i n i t u m .  

C. Summary. 

I n  summary, t h e  d e f i n i t i o n s  o f  t h e  t y p e s  o f  " t imet t  used i n  GPS 
a r e  g i v e n  i n  Tab le  1 .  The e q u a t i o n s  used t o  g e t  from t ime  t o  t ime  a r e  
summarized i n  Tab le  2 ,  and a p p l i e d  a s  f o l l o w s :  

a. TZ is  t h e  P R N  code phase  t ime  a s  i t  l e a v e s  t h e  i t h  
s a t e l l i t e .  i 

b. Each TSV is T p l u s  c o r r e c t i o n  t e rms  ( e q s  1,2) from t h e  
n a v i g a t i o n  d a t a  message. 8 i s  approx imate ly  T modulo one week. 

S V GPS 

c .  The UE c a l c u l a t e s  T as  the  a v e r a g e  TSy p l u s  accumulated 
weeks s i n c e  midn igh t  5/6 ~anuary%80 (eq 3 ) .  

d. The UE c a l c u l a t e s  UTC based on t h e  a v e r a g e  s a t e l l i t e ' s  

T~~~ ( e q s  4 , 5 ) .  Note t h a t  t h i s  UTC is  a 24 hour  coun t  o n l y  and i s  
c o r r e c t e d  f o r  l e a p  second a d j u s t m e n t s .  (See  ICD-GPS-200 f o r  
a d d i t i o n a l  d e t a i l s ) .  

11. TIME FROM GPS USER EQUIPMENT 

A u s e r  o f  GPS f i t s  i n  one o f  two c a t e g o r i e s ;  ( a )  t h o s e  who w i l l  
d e s i g n  and b u i l d  t h e i r  own equipment t o  r e c e i v e  t h e  s a t e l l i t e  s i g n a l s  
and p r o c e s s  n a v i g a t i o n / t i m e  d a t a  t o  t h e i r  own s p e c i f i c a t i o n s ,  and ( b )  
t h o s e  who w i l l  u t i l i z e  t h e  DOD p rocured  User Equipment (UE) r e c e i v e r s  t o  
o b t a i n  n a v i g a t i o n  and t ime  d a t a  i n  a r e a d i l y  u s e a b l e  format .  The f i r s t  
s e c t i o n  of t h i s  paper  a d d r e s s e d  how t h e  f i rs t  c a t e g o r y  o f  u s e r  can  
r e c o v e r  UTC from t h e  GPS s a t e l l i t e  s i g n a l s .  T h i s  s e c t i o n  d e a l s  w i t h  t h e  
second c a t e g o r y  - u s e r s  who can  u s e  UE a s  a b l a c k  box s o u r c e  o f  p r e c i s e  
n a v i g a t i o n  and t i m e  f o r  t h e i r  own sys tem o r  a p p l i c a t i o n  and how t h e y  can 
d i r e c t l y  r e c e i v e  UTC from t h e  UE. 

A. User Equipment Program 

The GPS UE i s  p r e s e n t l y  i n  i t ' s  F u l l  S c a l e  Eng ineer ing  
Development (FSED) c y c l e  o r  Phase  I1 o f  a t h r e e  phase  program. During 
Phase  I ,  f o u r  U.S. c o n t r a c t o r s  developed and demons t ra ted  UE sets t o  
v a l i d a t e  t h e  GPS concep t .  Most o f  t h e  UE t e s t i n g  was conducted a t  Yuma 
Prov ing  Ground i n  Arizona u t i l i z i n g  l i m i t e d  s a t e l l i t e  coverage  from a 
maximum o f  f o u r  Nav iga t ion  Development S a t e l l i t e s  (Block I t y p e ) .  T h i s  
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t e s t i n g  i n c l u d e d  some l i m i t e d  t e s t i n g  o f  t h e  t i m e  t r a n s f e r  c a p a b i l i t i e s  + 
o f  GPS. Those t e s t  r e s u l t s  showed t h a t  - 25 nanosecond (la) real-time 
t ime  t r a n s f e r  accuracy  was a c h i e v a b l e  u s i n g  GPS i n  a ben ign  f i e l d  t e s t  
environment ,  and t h a t  t h e  o p e r a t i o n a l  GPS shou ld  d e f i n i t e l y  i n c l u d e  
t ime  t r a n s f e r  a s  one o f  i t s  g o a l s .  

The p r e s e n t  Phase 11 began a f t e r  a f a v o r a b l e  Defense Systems 
A c q u i s i t i o n  Counci l  d e c i s i o n  on GPS was reached  i n  June  1979. Two UE 
c o n t r a c t o r s  (Magnavox and Rockwell C o l l i n s )  were s e l e c t e d  o u t  o f  t h e  
o r i g i n a l  f o u r  t,o deve lop  p r e p r o d u c t i o n  p r o t o t y p e  UE s e t s  and f u r t h e r  
demons t ra te  t h e  r n i l i l t a r y  u t i l i t y  and miss ion  enhancing c a p a b i l i t y  of  

I GPS . The c o m p e t i t i v e  environment  e s t a b l i s h e d  between t h e  two 
c o n t r a c t o r s  d u r i n g  Phase I1 i s  expec ted  t o  produce t h e  most e f f e c t i v e  UE 
s e t  d e s i g n s .  But because  o f  t h e  c o m p e t i t i o n  between t h e  two d e s i g n s ,  
t h i s  DaDer i s  r e s t r i c t e d  i n  i t ' s  d i s c u s s i o n  of  t h e  UE d e s i ~ n  d e t a i l s  t o  
s t a n d a r d i z e d  o r  non c o m p e t i t i o n  s e n s i t i v e  c h a r a c t e r i s t i c s .  

Development T e s t  and E v a l u a t i o n  (DT&E) and I n i t i a l  O p e r a t i o n a l  
T e s t  and E v a l u a t i o n  (IOT&E) w i l l  be  conducted on t h e  two f a m i l i e s  o f  
equipment from 1982 th rough  1984. These c o n t r a c t o r  and government t e s t  
a c t i v i t i e s  w i l l  be conducted a t  a number of t e x t  f a c i l i t i e s  on land,sea, 
and a i r b o r n e  t e s t  p l a t f o r m s .  F i v e  o f  t h e  Block I1 t y p e  s a t e l l i t e s  (new 
n a v i g a t i o n  message s t r u c t u r e )  a r e  expec ted  t o  be a v a i l a b l e  t o  s u p p o r t  
t h i s  t e s t i n g .  T h i s  new t y p e  o f  s a t e l l i t e  n a v i g a t i o n  message w i l l  a l l o w  
t e s t i n g  o f  t h e  t ime  d i s s e m i n a t i o n  p rocedures  d i s c u s s e d  i n  S e c t i o n  1 ,  
i n c l u d i n g  t h e  UTC s y n c h r o n i z a t i o n  pa ramete r s  which were n o t  p r e s e n t  i n  
t h e  Block  I n a v i g a t i o n  message. 

P roduc t ion  o f  GPS UE s e t s  w i l l  o c c u r  d u r i n g  t h e  Phase ILL - 
p o r t i o n  of t h e  Navs ta r  program beg inn ing  i n  1985. F u l l  sys tem 
c a p a b i l i t y  w i l l  be  ach ieved  i n  1987 when 18 o p e r a t i o n a l  s a t e l l i t e s  w i l l  
be deployed i n  o r b i t .  I n t e g r a t i o n  o f  p r o d u c t i o n  UE i n t o  m i l i t a r y  host  
v e h i c l e s  and a v a i l a b i l i t y  o f  UE f o r  o p e r a t i o n a l  t ime  d i s s e m i n a t i o n  w i l l  
beg in  i n  1985 and c o n t i n u e  th rough  t h e  1 9 9 0 1 s .  

B. User Equipment F u n c t i o n a l  C h a r a c t e r i s t i c s  

The a p p l i c a t i o n  o f  GPS UE t o  v a r i o u s  t y p e s  o f  m i l i t a r y  m i s s i o n s  
under  a wide v a r i e t y  o f  o p e r a t i a n a l  c o n d i t i o n s  h a s  l e d  t o  t h e  
development of t h r e e  t y p e s  o f  UE s e t s  - low dynamic ( s i n g l e  s a t e l l i t e  
c h a n n e l ) ,  medium dynamic ( two c h a n n e l ) ,  and h i g h  dynamic ( f i v e  c h a n n e l )  
u n i t s .  The fo l lowing  d i s c u s s i o n  f o c u s e s  on t h e  h i g h  dynamic ( H D )  UE s e t  
s i n c e  i t  is o f  most i n t e r e s t  t o  a p r e c i s e  t ime  u s e r .  D e v i a t i o n s  o f  t h e  
low dynamic (LD) and medium dynamic (MD) s e t s  from t h e  HD s e t s  e x i s t  

I 
I p r i m a r i l y  i n  s i z e  and i n  range  o f  h o s t  p l a t f o r m  dynamic t r a c k i n g  a b i l i t y  

I and a r e  n o t  f u r t h e r  d i s c u s s e d  h e r e .  

I The HD UE s e t  h a s  been des igned  f o r  o p e r a t i o n  i n  t h e  most s e v e r e  
a v i o n i c  environments  and f o r  r i g o r o u s  sh ipboard  o p e r a t i o n .  P a r t  of t h e  

I 



IOT&E t e s t  program w i l l  be  t o  u n c o n d i t i o n a l l y  q u a l i f y  t h e  equipment f o r  
s e r v i c e  u s e  aboard  v i r t u a l l y  any manned m i l i t a r y  p l a t f o r m .  T h i s  is a 
s i g n i f i c a n t  p o i n t ,  i n  t h a t  t h e  performance s p e c i f i c a t i o n s  c i t e d  h e r e i n  
a p p l y  th roughout  t h e  e n t i r e  m i l i t a r y  environment  range.  Unl ike  some of  
t h e  non DOD u t i l i z e r  des igned  equipment whose performance is  d e f i n e d  
o n l y  f o r  l a b o r a t o r y  c o n d i t i o n s ,  t h e  GPS UE w i l l  perform t o  
s p e c i f i c a t i o n  o v e r  any combina t ion  o f  t h e  s t a t e d  env i ronmenta l  
c o n d i t i o n s  - a s i g n i f i c a n t  advan tage  f o r  t h e  m i l i t a r y  f i e l d  u s e r .  

T y p i c a l  f u n c t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  HD u s e r  s e t  a r e  
d e f i n e d  i n  Tab le  3. The we igh t  and power v a l u e s  i n c l u d e  t h e  r e q u i r e d  
a n t e n n a s ,  mounts, o p e r a t o r  c o n t r o l / d i s p l a y  u n i t s ,  i n t e r f a c e  u n i t s ,  
power s u p p l i e s ,  e t c .  

C. Time I n t e r f a c e  C h a r a c t e r i s t i c s  

I f ,  s a y ,  a u s e r  h a s  one o f  t h e s e  UE s e t s  and i t  is supposed t o  
p r o v i d e  him w i t h  p o s i t i o n / n a v i g a t i o n  and t ime  d a t a  - how does  he  a c c e s s  
t h e  d a t a ?  For  p o s i t i o n / n a v i g a t i o n  d a t a ,  t h e  manner is s t r a i g h t ,  
forward:  i f  t h e  u s e r  wants  t h e  d a t a  s e n t  t o  t h e  o p e r a t o r  - t h e  UEts 
c o n t r o l / d i s p l a y  u n i t  d i s p l a y s  t h e  r e q u e s t e d  d a t a  * * r e a l  t ime" ( i . e . ,  
r e a l  t ime  enough f o r  a madmachine  i n t e r f a c e )  o r  t h e  UE s e t  w i l l  d r i v e  
t h e  o p e r a t o r ' s  f l i g h t  i n s t r u m e n t s  d i r e c t l y .  For  t h e  d a t a  t o  be  s e n t  t o  
t h e  h o s t  p l a t f o r m ' s  computer - a d i g i t a l  d a t a  l i n k  (e .g . ,  NTDS o r  MIL- 
STD-1553) a l o n g  w i t h  a t ime  t a g g i n g  scheme (e.g., "real t imev1,  64 mSec 
c o u n t e r ,  **slow s t r o b e 1 * )  is used.  For  e i t h e r  o f  t h e s e  two approaches ,  
t h e  senescence  of d a t a  is  n o t  p a r t i c u l a r l y  c r i t i c a l .  A d e l a y  o f  64 mSec 
i n  making t h e  p o s i t i o n  d a t a  a v a i l a b l e  t o  t h e  u s i n g  sys tem o n l y  i n d u c e s  
7.7 cm worth  o f  t r a n s m i s s i o n  u n c e r t a i n t y  i n t o  t h e  p e r c e i v e d  p o s i t i o n  
accuracy  ( a t  a h o s t  v e h i c l e  v e l o c i t y  of 1200 m/Sec). T h i s  i s  a 
n e g l i g i b l e  e r r o r  s o u r c e  when compared w i th  a  15 rn SEP. 

Senescence o f  t i m e  d a t a  is a n o t h e r  s t o r y  however. A t i m e  
u n c e r t a i n t y  o f  64 mSec a c r o s s  a  d i g i t a l  data bus ,  w i l l  produce a 
t r a n s m i s s i o n  u n c e r t a i n t y  o f  64 rn/Sec a t  t h e  r e c e i v i n g  d e v i c e  - c e r t a i n l y  
a s i g n i f i c a n t  e r r o r  when compared w i t h  0.1 mSec p o t e n t i a l  accuracy .  
Thus ly ,  a s e p a r a t e  a n a l o g  s i g n a l  is t h e  o n l y  way t o  communicate t ime  t o  
p r e c i s i o n  l e v e l s .  The d e s i g n e r s  o f  GPS have recogn ized  t h i s  and have 
i n c l u d e d  t h r e e  p r imary  a n a l o g  s i g n a l  methods t o  accomplish  t ime  
dissernination/cornrnunication t o  a u s i n g  sys tem.  These a r e  i n  o r d e r  of 
t h e i r  accuracy :  

( A )  Time Mark S i g n a l  
(B) Rese t  P u l s e  ( l i m i t e d  implementa t ion)  
(C) Data Cap ture  P u l s e  

The f r s t  two a r e  o u t p u t  a n a l o g s  from t h e  UE, t h e  l a s t  i s  an 
i n p u t  a n a l o g  t o  t h e  UE. D i g i t a l  d a t a  is r e q u i r e d  f o r  a l l  t h r e e  t o  
r e s o l v e  modulus and d e f i n i t i o n  u n c e r t a i n t i e s .  These s i g n a l s  are 
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f u r t h e r  def ined i n  t h e  fo l lowing  paragraphs.  

1 .  Time Mark S i g n a l  (TMS) 

The Time Mark S igna l  is a  very sharp  r i s e  time d i s c r e e t  
pu l se  which co inc ides  wi th  t h e  p r e c i s e  moment i n  UTC o f  a p p l i c a b i l i t y  of 
each Time Mark Data Block (TMDB). It is  t h e  most a c c u r a t e  s i g n a l  
a v a i l a b l e  from t h e  UE t o  a l low t h e  hos t  veh ic le ' s  GPS u t i l i z i n g  
subsystems t o  main ta in  UTC. The TMS occu r s  a t  a nominal once pe r  second 
r a t e ,  but  does not, i t s e l f ,  r e p r e s e n t  UTC one-second r o l l o v e r s !  

This  analog TMS s i g n a l  should be construed t o  be only h a l f  
o f  t h e  most p r e c i s e  t ime i n t e r f a c e  from t h e  UE.  The o t h e r  h a l f  is  a  
s imple u n i d i r e c t i o n a l  d a t a  Link which s u p p l i e s  d a t a  ( t h e  TMDB) t o  
i d e n t i f y  t h e  meaning of t h e  analog pu l se .  This  d a t a  l i n k  i s  known as 
t h e  GPS i n s t rumen ta t i on  p o r t .  Each GPS UE has  an i n s t rumen ta t i on  p o r t  
(IP), and each provides  t ime i n  t h i s  combinat ional  manner. An e r r o r  o f  
less  than 11 1 nSec (la) t r u e  accuracy t o  UTC (USNO) is promised t o  t h e  
u s e r  o f  t h e s e  s i g n a l s  under a n y / a l l  combinations o f  UE des ign  
environments (accuracy of  t he  LD UE s e t ' s  TMS is somewhat less however). 

TMS Opera t iona l  Use 

The o p e r a t i o n a l  manner i n  which t h i s  approach works is as shown i n  
F igure  3 .  A us ing  system w i l l  f i r s t  d e t e c t  t h e  incoming TMS and w i l l  
t ime t a g  t h e  TMS l ead ing  edge a g a i n s t  i t s  own i n t e r n a l  c lock  ( T  )I. 
Within 450 mSec, t h e  UE s e t  w i l l  t r ansmi t  t h e  TMDB a c r o s s  t h e  I P .  '?#he 
us ing  system w i l l  read t h i s  d a t a  and pa r se  t h e  CUT T i m e  i n t o  two p i e c e s ,  
one f o r  i n t e g e r  number o f  UTC one second r o l l o v e r s  and one f o r  t h e  
f r a c t i o n  o f  seconds a f t e r  t h e  last UTC one second r o l l o v e r  t h a t  t h e  TMS 
was i s sued  by t h e  UE se t .  The us ing  system can now compute i t s  i n t e r n a l  
c lock  o f f s e t  from UTC (USNO) by us ing  t h e  fo l lowing  equa t ions :  

T U s  
@ TMS i s suance  = T (TMS) = Tus(TMS) i n t e g e r  + T (TMS) u  S U S  f r a c t i o n  

U T C ~ ~ ~ ~  = UTC i n t e g e r  + UTC f r a c t i o n  (8 )  

UTC i n t e g e r  - T (TMS) i n t e g e r  = l e ap  second o r  i n t e g r a l  second 
o f f s e t  betwe% UTC and TUs @ T (TMS) 

U S  
( 9  

UTC f r a c t i o n  - TU (TMS) f r a c t i o n  = f r a c t i o n a l  second o f f s e t  
between UTC an3 Tus @ TUS(TMS) (10)  

Note though, t h a t  t h e  o f f s e t s  computed above a r e  v a l i d  only a t  T (TMS). 
  he reason f o r  t h i s  is t h a t  a l though t h e  TMS occu r s  a t  a nomi:& 1 Hz 
rate, t h e r e  is s u b s t a n t i a l  no i se  about  t h a t  1 Hz between subsequent 
TMS's and t h e  UTC f r a c t i o n s  r e f l e c t  t h e  magnitude and s i g n  o f  t h a t  
no ise .  





Analog S i g n a l  C h a r a c t e r i s t i c s  

Func t iona l ly ,  t h e  TMS is  e s s e n t i a l l y  t h e  UE s e t l s  own i n t e r n a l  time 
s t r o b e  used f o r  keeping TUE and s t r o b i n g  t h e  i n t e r n a l  nav iga t ion  
processing.  It is a countdown of  t h e  s e t ' s  Master Reference O s c i l l a t o r  
(MRO) frequency and s o  is coheren t  wi th  a l l  f r equenc i e s  ( e . g .  L 1 ,  L I F  
Lo, e t c .  ) used inter?@ t o  t h e  set. Although t h e  s e t ' s  MRO is a %igh 
p r e c i s i o n  (d ( t ) = l o l  , t = 1 s e c )  ovenized q u a r t z  o s c i l l a t o r ,  i t  is not  
i t s e l f  t u n e J  o p e r a t i o n a l l y  t o  a  p r e c i s i o n  nominal frequency. For 
s i g n a l  tracking-VCO1s and D C O 1 s  a r e  used,  and fo r  process ing  t a s k s  - t h e  
p r e c i s e  frequency is n o t  important  s i n c e  as long as t h e  d e v i a t i o n  i s  
known i t  can be accounted for  with sof tware  c o r r e c t i o n s .  Th i s  anyothe 
environmental e f f e c t s  ( a c c e l e r a t i o n  s e n s i t i v i t y  o f  6 x 10- /g,  
temperature  s e n s i t i v i t y  over  +71°c t o  - 5 4 ' ~  o f  1  x  1 0 - ~ / r a n ~ e ,  e t c )  on 
t h e  MRO frequency a r e  t h e  cause o f  ( a )  TMS t o  TMS no i se ,  ( b )  t h e  non- 
a l ignment  o f  t h e  TMS wi th  t h e  UTC one second r o l l o v e r ,  ( c )  non-alignment 
of TMS's between UE s e t s ,  and ( d )  t h e  reason  GPS UE p rovides  only Time- 
of-Day and n o t  frequency t o  us ing  systems. See Table 4 f o r  d e f i n i t i o n  
of t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  time mark s i g n a l .  

TMDB D i g i t a l  C h a r a c t e r i s t i c s  

The ins t rumenta t ion  p o r t  is a b i d i r e c t i o n a l  Universal  Asynchronous 
Receiver /Transmit ter  ( U A R T )  dev ice  used i n  a simplex mode f o r  t i m e  
d i ssemina t ion  purposes.  The UE t r a n s m i t s  t h e  TMS time d a t a  t o  any 
l i s t e n e r  us ing  t h i s  dev ice  a s  an asynchronous s e r i a l  s t ream us ing  an RS- 
422 e l e c t r i c a l  s t r u c t u r e  ope ra t i ng  a t  76.8 Kilobaud (maximum). The  
UART has  been chosen f o r  t h e  data l i n k  because o f  the low c o s t ,  high 
r e l i a b i l i t y  and s i m p l i c i t y  of  t h e  technique. 

The d a t a  i n  t h e  TMDB comes t o  t h e  u s ing  system a s  a 70 s i x t e e n  b i t  
word d a t a  block. The 64 words o f  d a t a  a r e  shown i n  F igure  4 (message 
headers  and checks a r e  omi t ted) .  A s  can be seen ,  t h e r e  is q u i t e  a b i t  
more i n  t h i s  d a t a  block than j u s t  time information.  A l l  t h e  d a t a  is  
v a l i d  e x a c t l y  a t  t h e  rise time o f  t h e  immediately preceeding TMS. For  
a d d i t i o n a l  d e t a i l s  o f  t h i s  d a t a  block and how t o  use t h e  IP ,  r e f e r  t,o 
ICD-GPS-204, Navstar GPS Ins t rumenta t ion  and Connector s t anda rds  
a v a i l a b l e  from t h e  GPS Program Off ice .  This  document d e f i n e s  t h e  UE 
des ign  d e t a i l s  and a l s o  s p e c i f i e s  how a MIL-STD-1553 d a t a  bus can be  
a l t e r n a t i v e l y  used by a us ing  system t o  r ece ive  t h e  TMDB. 

2. Reset Pulse  

While the Time Mark S i g n a l  is t h e  most a c c u r a t e  method o f  
r e c e i v i n g  t i m e  o u t  of t h e  UE set ,  n o t  a l l  us ing  systems a r e  
s o p h i s t i c a t e d  enough t o  u t i l i z e  t h a t  method ( e . g .  a s t and  alone atomic 
c lock ) .  A s  an  a l t e r n a t i v e  f o r  t hose  systems, some GPS UE have b u i l t - i n  
i n t e r f a c e  modules t o  provide a  d i r e c t  r e s e t  pu l se  t o  be used f o r  c lock 
synchroniza t ion  ( c u r r e n t l y  only submarine type  UE i nco rpo ra t e  t h i s  



a. Amp l i t ude :  3 v o l t  minimum i n t o  50 ohm l o a d  

5 v o l t  maximum i n t o  an open c i r c u i t  

b. Wid th :  20 microseconds ' 20% 

c. R i s e - t i m e :  5 20 nanoseconds nomina l  (amb ien t  

t empera tu re ) ,  50 nanoseconds maximum 

d. Fa1 1 - t i m e :  < 1 microsecond 

e. Connector  Type: MIL-C-38994/201B35PN (13 P I N )  

f .  Wi re  Type: COAX 

9 P i n  Assignment:  See ICD-GPS-204 

TABLE 4 - Time Mark  S i g n a l  I n t e r f a c e  C h a r a c t e r i s t i c s  

a. S i g n a l  Type P o s i t i v e  Going P u l s e  

b .  Frequency 1 P u l s e  Per M i n u t e  

Amp l i t ude  
t 

C. 10 v - 10% 

d. Wid th  20 m ~ e c  f 10% 

e .  R i  se t  irne = 20 nSec 

f .  F a l l t i m e  < 1pSec 

TABLE 5 - T y p i c a l  Reset  Pu lse  I n t e r f a c e  C h a r a c t e r i s t i c s  



80. of Data Type 
Paramters 

No, of 
words - Units - 

G?S rime 
) m lime 

A ? f n n  GPS T 2 e  
T 3 e  Ya'arit kuater  
?=sit=or:  (ht, Lzn) 
? z s L t i o c  ( x . y  . z )  
A;EL:ude (YSL & ibsolute) 
Velocity 
Acccierztion !E,Z,Up) 
Xtti'uae (?itch. Roll) 
T p e  3eadLng 
Y q c e t i c  VuLation 
ukas=&-e=nt Piamel Status 
P=si:loc Error C i G .  Dev. 
(S ,E . ; lp l  
?S : N , K . U p )  ?os. E.-ror 
c: Std. 3ev.  
Equi;3e=t Codig2ration 

*30;;51e Prrcxion F l c a t i r 4  point 

DPFP* 
PPFP 
Integer 
Integer 
FP 
FP 
FP 
FP 
FP 
FP 
FP 
FP 
Binary 
FP 

seconds 
seconds 
10 milli~ecunds 
HA 
radians 
meters 
meters 
meters/JccOc3ds 
meters/sec/sec 
radians 
radians 
radians 
HA 
aeters 

F i g .  4 - T h e  Mark Data Block 



f e a t u r e  s i n c e  t h e y  a r e  t h e  o n l y  t y p e s  o f  v e h i c l e s  which have a n  on-board 
i n s t a l l e d  a tomic  c l o c k ) .  

T h i s  r e s e t  p u l s e  i s  a  ve ry  f a s t  r i s e  t ime  a n a l o g  s i g n a l  which 
o c c u r s  n e a r l y  ( w i t h i n  approx imate ly  500 nSec w o r s t  c a s e )  on t h e  UTC 
(USNO) one minute  r o l l o v e r s .  U t i l i z i n g  t h i s  s i g n a l  and t h e  i n t e g e r  
second UTC d a t a  d i s p l a y e d  on t h e  c o n t r o l / d i s p l a y  u n i t ,  a n  o p e r a t o r  can  
u t i l i z e  t h e  s y n c h r o n i z a t i o n  c i r c u i t r y  i n  a n  a tomic  ces ium/rubidium 
c l o c k  t o  r e s e t  t h e  c l o c k  t o  UTC. Details  o f  t h i s  s i g n a l  a r e  shown i n  
Tab le  5.  

3. Data Cap tu re  P u l s e  

The Data Capture  P u l s e  (DCP) is  t h e  l e a s t  p r e c i s e  method of 
r e c e i v i n g  t ime  o u t  of  t h e  UE s e t  - a c c u r a t e  o n l y  t o  1 mSec o f  UTC. I t ' s  
pr imary  u s e  i s  i n  t e s t  i n s t r u m e n t a t i o n  a p p l i c a t i o n s  o f  GPS where t ime  
and l o c a t i o n  o f  " s i g n i f i c a n t  events ' '  aboard  a  p l a t f o r m  a r e  t o  be  
i n s t r u m e n t e d .  The u s i n g  sys tem s u p p l i e s  a 28 v  p o s i t i v e  go ing  p u l s e  t o  
t h e  UE i n s t r u m e n t a t i o n  p o r t  a t  a  maximum r a t e  o f  2Hz t o  mark t h e  
s i g n i f i c a n t  e v e n t s  ( S e e  F i g u r e  3 ) .  The UE responds  w i t h  t h e  t ime  and 
l o c a t i o n  o f  t h e  " s i g n i f i c a n t  e v e n t v  o v e r  t h e  I P  d a t a  l i n k  ( t h e  UART 
d e v i c e ) .  The fo rmat  and c o n t e n t  o f  t h e  d a t a  b lock  t h u s  r e t u r n e d  t o  t h e  
u s i n g  sys tem is  i d e n t i c a l  t o  t h a t  used f o r  t h e  Time Mark S i g n a l  ( F i g u r e  
4) e x c e p t  t h a t  i t ' s  t ime  of  a p p l i c a b i l i t y  is  t h e  " s i g n i f i c a n t  e v e n t w  o f  
i n t e r e s t  ( t h e  s i g n i f i c a n t  e v e n t  may a l s o  be a  c l o c k  p u l s e ) .  ICD-GPS-204 
c o n t a i n s  a d d i t i o n a l  d e t a i l s  o f  t h i s  UE f u n c t i o n .  

E r r o r  Model S p e c i f i c a t i o n  

The e r r o r  s o u r c e s  which e f f e c t  a  u s i n g  s y s t e m ' s  r e c e p t i o n  of UTC 
(GPS) from UE a r e  many. They a r e  bo th  d e t e r m i n i s t i c  and random, 
g e o m e t r i c a l l y  independen t  and h i g h l y  g e o m e t r i c  dependen t ,  c o n s t a n t  and 
t ime  v a r y i n g ,  independen t  o f  environment and e n v i r o n m e n t a l l y  s e n s i t i v e .  
T h i s  s e c t i o n  c h a r a c t e r i z e s  some o f  t h e s e  f a c t o r s  ( U E R E ,  GDOP)  , shows 
how t h e y  combine, and u l t i m a t e l y  how t h e y  can  be managed f o r  h i g h e r  
accuracy  UTC (GPS)  r e c e p t i o n  by t h e  u s i n g  sys tem.  

A .  System E r r o r  Budget - UERE 

The GPS sys tem e r r o r  budget  h a s  been widely  c i t e d  i n  p r i o r  a n a l y s e s  o f  
t h e  t ime  accuracy  o f  GPS. It  s e r v e s  as  a  conven ien t  s t a r t i n g  p o i n t  i n  
t h i s  a n a l y s i s  a s  w e l l .  The budge t ,  a s  shown i n  Table  6 ,  i s  d i v i d e d  i n t o  
sys tem segment a l l o c a t i o n s  and t o t a l s  up t o  a 5 .3  mete r  (16 )  User 
E q u i v a l e n t  Ranging E r r o r  (UERE). T h i s  t o t a l  UERE can be i n t e r p r e t e d  t o  
be t h e  a v e r a g e  e r r o r  a u s i n g  sys tem would p e r c e i v e  i n  t h e  s p h e r i c a l  l o c i  
of  p o t e n t i a l  l o c a t i o n  p o i n t s  r e s u l t i n g  from a s i n g l e  s a t e l l i t e  r a n g i n g  
o p e r a t i o n  a s  o u t p u t  by t h e  GPS U E  a g a i n s t  t h e  a b s o l u t e  r e f e r e n c e  frame, 
WGS-72 ( v a v e r a g e t l  a s  used h e r e  means averaged o v e r  u s i n g  sys tems  
un i fo rmly  d i s t r i b u t e d  i n  b o t h  t ime  and s p a c e ) .  



EGEiENT ERROR SOURCES SYSTEM 
BUDGET 
(METERS . 
1u 1 

SPACE Clock & N a v i g a t i o n  2 7 
Subsystem S t a b i l i t y  

P r e d i c t a b i l i t y  of SV 1 .O 
P e r t u r b a t i o n s  

Other  0.5 

T o t a l  Segment 2 .9  
.- 

Ephemeris P r e d i c t i o n  2 5 
CONTROL and Model 

Implementa t ion  

Other  0.5 

T o t a l  Segment 2.6 

Ionospheric Delay 2.3 
Compensation 

Tropospheric Delay 2.0 
Compensation 

USER Receiver Noise and 1.5 
Resolution 

M u l t i p a t h  1 .2 

Other 0.5 

T o t a l  Segment 3 . 6  

SYSTEM T o t a l  l o  UERE = 5.3  
1 

GPS System Error Budget 

TABLE 6 



1. S a t e l l i t e  Segment 

The GPS Space Segment c o n t r i b u t i o n s  t o  UERE a r e  p r i m a r i l y  due 
t o  s t a b i l i t y  l i m i t s  i n  t h e  on board a tomic  f requency  s t a n d a r d s .  Both 
rub id ium and ces ium s t a n d a r d s  a r e  i n  u s e  aboard  t h e  s p a c e  v e h i c l e s  and ,  
d e s p i t e  some e a r l y  hardware  f a i l u r e s ,  t h e  s a t e l l i t e  c l o c k s  a r e  
pe r fo rming  q u i t e  w e l l  and have g e n e r a l l y  exceeded t h e i r  performance 
s p e c i f i c a t i o n s .  It is  d i f f i c u l t  t o  s a y  however, j u s t  how w e l l  t h e  
onboard c l o c k / n a v i g a t i o n  subsystems a r e  behaving.  It i s  
e x t r a o r d i n a r i l y  d i f f i c u l t  t o  s e p a r a t e  t h e  e f f e c t s  of t h e  
c l o c k / n a v i g a t i o n  subsystem from t h e  second e r r o r  s o u r c e  a l l o c a t e d  t o  
t h e  s a t e l l i t e  - t h e  p e r t u r b a t i o n s  a b o u t  t h e  nominal  o r b i t / e p h e m e r i s  due 
t o  s o l a r  p r e s s u r e  v a r i a t i o n s ,  s a t e l l i t e  o u t g a s s i n g ,  and a t t i t u d e  
c o n t r o l  a c t i v i t i e s  on-board t h e  s a t e l l i t e .  

Both s o u r c e s  o f  e r r o r  have t h e  same n e t  e f f e c t  as p e r c e i v e d  by 
t h e  ground based o b s e r v e r s  ( t h e  c o n t r o l  segment and t h e  u s e r s ) :  t h e  
a p p a r e n t  l i n e - o f - s i g h t  d i f f e r e n c e  between t h e  s i g n a l  t r a c k i n g  d e r i v e d  
range  and t h e  s a t e l l i t e  ephemeris  minus u s e r  l o c a t i o n  computed r a n g e  as 
was a l s o  d i s c u s s e d  i n  t h e  f i r s t  s e c t i o n  o f  t h i s  paper .  The d e f i n i t i o n  
o f  e x a c t l y  which s o u r c e  is  t h e  major c o n t r i b u t o r  t o  t h e  induced UERE h a s  
been a  h o t l y  deba ted  t o p i c ,  b u t  t h e  q u e s t i o n  is  moot from t h e  u s i n g  
sys tems  p o i n t  o f  view. The u s e r  s t i l l  p e r c e i v e s  a  t o t a l  e r r o r  
a t t r i b u t a b l e  t o  t h e  s a t e l l i t e  o f  2 .9  m e t e r s  (RSS of  t h e  t h r e e  e r r o r s  
i n c l u d i n g  " o t h e r " ) .  T h i s  t o t a l  e r r o r  h a s  some s i g n i f i c a n t  
c h a r a c t e r i s t i c s  which a r e  worthy o f  n o t e :  

a. The e r r o r  v a l u e  s p e c i f i e d  i s  t h e  t o t a l  induced e r r o r  bound 
a t  t h e  end o f  a n  upload a p p l i c a b i l i t y  p e r i o d .  Immediate ly  
a f t e r  a new upload t h e  e r r o r  is  n e a r  z e r o  and grows a s  a  
f u n c t i o n  o f  t i m e  towards  t h e  s p e c i f i e d  l i m i t  a t  t h e  end of t h e  
p e r i o d .  

b. The e r r o r  o f  one s a t e l l i t e  is  u n c o r r e l a t e d  w i t h  t h e  e r r o r  
o f  a n o t h e r  s a t e l l i t e  ( e x c e p t  some small c o u p l i n g  due t o  common 
s o l a r  p r e s s u r e  e f f e c t s  and o t h e r  env i ronmenta l  f a c t o r s )  

c .  The e r r o r  is  random and is  a  z e r o  mean p r o c e s s  i n  t h e  l o n g  
term. A l l  d e t e r m i n i s t i c  e f f e c t s  a r e  accoun ted  f o r  i n  t h e  
C o n t r o l  segment's ephemeris  and c l o c k  c o r r e c t i o n  models. The 
remain ing  e r r o r s  a r e  random and a l l  b i a s e s  a r e  accoun ted  f o r .  

2. C o n t r o l  Segment 

The GPS C o n t r o l  Segment E r r o r s  a r e  c h a r a c t e r i s t i c a l l y  much l i k e  
t h e  S a t e l l i t e  Segment e r r o r s  a l t h o u g h  t h e y  s tem from i m p r e c i s e  modeling 
a s  opposed t o  p h y s i c a l  f a c t o r s  i n  and on t h e  s a t e l l i t e .  The C o n t r o l  
Segment canno t  p h y s i c a l l y  t r a c k  t h e  s a t e l l i t e  a c r o s s  t h e  heavens ,  b u t  
i n s t e a d  must r e l y  on n a v i g a t i o n  s i g n a l  t r a c k i n g  o f  t h e  s a t e l l i t e s .  T h i s  



f a c t  imposes two fundamental c h a r a c t e r i s t i c s  on t h e  q u a l i t y  o f  t h e  
der ived  ephemerides uploaded t o  t h e  s a t e l l i t e s :  a )  t h e  Cont ro l  Segment 
c o r r e c t s  t h e  naviga t ion  s i g n a l s  f o r  n e t  e f f e c t  - exac t ly  t h e  same n e t  
e f f e c t  t h e  UE w i l l  s e e  i n  t h e  f i e l d ,  t hus  r e s u l t i n g  i n  t h e  combined 
s a t e l l i t e  der ived  ranging s igna l s /Con t ro l  Segment der ived  ephemerides 
being opt imal ly  co r r ec t ed  f o r  t h e  f i e l d  u s e r ,  and b )  t h e  Control  
Segment cannot p r e c i s e l y  p r e d i c t  f u t u r e  s a t e l l i t e  ephemerides because 
t h e  i n p u t  s a t e l l i t e  p o s i t i o n  t r a c k i n g  d a t a  h a s  r e s i d u a l  SV 
c lock /nav iga t ion  subsystem, SV p e r t u r b a t i o n ,  and s i g n a l  pa th  de l ay  
model no i se  imposed on it ( a s  was seen  i n  s e c t i o n  one o f  t h i s  pape r ) ,  
I n  summary, t h e  Cont ro l  Segment e r r o r s  can be s a i d  t o  have t h e  fo l lowing  
c h a r a c t e r i s t i c s :  

a .  The 2.6 meter ( t o t a l )  e r r o r  va lue  s p e c i f i e d  f o r  t h e  
c o n t r o l  segment is t h e  t o t a l  induced e r r o r  bound a t  t h e  end o f  t h e  
upload per iod .  The e r r o r  has t h e  same time dependent c h a r a c t e r i s t i c s  a s  
t h e  space segment e r r o r s .  

b. The ephemeris e r r o r s  f o r  one s a t e l l i t e  a r e  p a r t i a l l y  
c o r r e l a t e d  wi th  t hose  f o r  another  s a t e l l i t e .  Each s a t e l l i t e  i s  modeled 
independent ly  bu t  r e s i d u a l  e f f e c t s  of  t h e  t r a c k i n g  and e s t ima t ion  
p roces s  induce some sma l l  c o r r e l a t i o n .  

c, The e r r o r s  a r e  g e n e r a l l y  no t  random due t o  t h e  imprec ise  
modeling processes .  A s  GPS matures and a d d i t i o n a l  re f inements  a r e  made 
t o  t h e  models, t h e  d e t e r m i n i s t i c  e f f e c t s  should decrease  i n  s i z e .  
Steady s t a t e  b i a s e s  are  d e f i n i t e l y  p a r t  of t h e  modeling process  and 
a f f e c t  a l l  s a t e l l i t e s  uniformly. The b i a s e s  d i scovered  s o  far  have been 
minor and have been r e l a t e d  t o  t r a c k i n g  s t a t i o n  l o c a t i o n  e r r o r s .  

3. User Segment 

The GPS User Segment e r r o r  sou rces  are q u i t e  un l ike  t h e  Space 
and Cont ro l  segment e r r o r s .  They do n o t  depend on t h e  upload per iod  nor  
a r e  they o therwise  time dependent. The UE UERE c o n t r i b u t i o n s  a r e  due t o  
e i t h e r  p a t h  de l ay  u n c e r t a i n t i e s  o r  hardware n o i s e ,  both o f  which a r e  
environmental ly  dependent. 

Hardware - The hardware n o i s e  s p e c i f i c a t i o n  va lue  o f  1.6 meters  
( i n c l u d e s  "o ther" )  is s i z e d  f o r  code t r a c k i n g  i n  an  
o p e r a t i o n a l ,  high t h r e a t ,  jammed environment. It is a  random 
ze ro  mean p roces s  n o i s e  and, between d i f f e r e n t  t r a c k i n g  
channels  i n  t h e  r e c e i v e r ,  is  uncor re la ted .  

Path Delays - The pa th  de l ays  t h a t  t h e  s a t e l l i t e ' s  nav iga t ion  
s i g n a l  exper iences  before  reaching  t h e  u s e r ' s  antenna a r e  
determined by t h e  e a r t h ' s  atmosphere and by r e f l e c t i v e  s u r f a c e s  
i n  t h e  v i c i n i t y  of  t h e  u s e r ' s  antenna (mu l t i pa th ) .  The UE use a  
dua l  frequency (L, /L2) c o r r e c t i o n  a lgo r i t hm t o  c o r r e c t  f o r  



i o n o s p h e r i c  d e l a y s ,  a geomet r i c  c o r r e c t i o n  a l g o r i t h m  f o r  t h e  
t r o p o s p h e r i c  d e l a y s ,  and a  combinat ion o f  s e a r c h  a l g o r i t h m  and 
j u d i c i o u s  a n t e n n a  placement t o  minimize m u l t i p a t h  e r r o r s .  The 
s p e c i f i e d  v a l u e s  f o r  each o f  t h e s e  e r r o r  s o u r c e s  a r e  t h e  
r e s i d u a l  e r r o r s  a f t e r  making t h e  c o r r e c t i o n s  and r e f l e c t  on t h e  
accuracy  o f  t h e  a l g o r i t h m s  used.  These e r r o r s  a r e  g e n e r a l l y  
q u i t e  c o r r e l a t e d  among v i s i b l e  s a t e l l i t e s  and have b o t h  random 
and b i a s  components. 

B, GDOP - 
Given t h a t  each segment af GPS i s  performing w i t h i n  i t s  sys tem e r r o r  

budget  a l l o c a t i o n ,  t h e  n a v i g a t ~ o n  accuracy  a v a i l a b l e  t o  a u s i n g  sys tem 
fr-om t h e  GPS UE can b e  determined by t h e  i n s t a n t a n e o u s  UERE1s o f  t h e  
f o u r  c o n t r o l / s a t e l l i t e  - UE r e c e i v e r  l i n k s  be ing  used and t h e  Geometric 
D i l u t i o n  o f  P r e c i s i o n  (GDOP) between t h e  s a t e l l i t e s  and t h e  u s e r .  T h i s  
GDCP i s  a measure o f  how t h e  s a t e l l i t e  geometry a f f e c t s  u s e r  accuracy .  
I t ' s  mathemat ica l  development and i n t e r p r e t a t i o n  have been r i g o r o u s l y  
d e s c r i b e d  s e v e r a l  t imes  i n  r e c e n t  l i t e r a t u r e  and do n o t  b e a r  r e p e a t i n g  
h e r e .  S u f f i c e  it t o  s a y  t h a t  GDOP and i t s  r e l a t e d  HDOP ( H o r i z o n t a l  
D i l u t i o n  of  P r e c i s i o n )  a c t  as a m p l i f i c a t i o n  f a c t o r s  o f  UERE t o  g i v e  t h e  
r e s u l t i n g  n a v i g a t i o n a l  e r r o r A s  due t o  t h e  e f f e c t  o f  t h e  t h r e e  
d imens iona l  geometry of t h e  s a t e l l i t e s  and u s e r  p o s i t i o n  a s  w e l l  t h o s e  
due t o  t h e  f o u r  d imens iona l  n a v i g a t i o n  s o l u t i o n .  A s  a r e s u l t  of t h i s  
d e f i n i t i o n  and i ts  u n d e r l y i n g  assumpt ions  t h e  f o l l o w i n g  r e l a t i o n s h i p s  
can be shown t o  h o l d :  

2 2 2 GDOP = HDOP + VDUP + TDOP 2 

H o r i z o n t a l  P o s i t i o n  E r r o r  = UERE x HDOP 
V e r t i c a l  P o s i t i o n  E r r a r  = UERE x VDOP 
Naviga t ion  Time E r r o r  = UERE x TDOP 

For  s p e c i f i c a t i o n  p u r p o s e s ,  f o r  UE s o l v i n g  t h e  f o u r  d imens iona l  
n a v i g a t i o n  e q u a t i o n s  ( f o u r  e q u a t i o n s ,  f o u r  unknowns), t h e  f o l l o w i n g  
v a l u e s  of t h e  GDOPs a r e  used (based  on t h e  5 0 t h  p e r c e n t i l e  v a l u e s  f o r  a  
nominal  c o n s t e l l a t i o n  of  s a t e l l i t e s ) :  

GDOP = 3.56 
HDOP = 1.58 
VDOP = 2.71 
TDOP = 1.68 

And t h u s ,  t h e  s p e c i f i e d  v a l u e  f o r  a v e r a g e  t ime  e r r o r  f o r  GPS UE is: 

UERE x TDOP = (5.3m) (3.3nSec/m) ( I .68)=27.9  nSec(1a) ( 1 1 )  

o r  t h e  accuracy  o f  n a v i g a t i o n  t ime  i n  t h e  GPS UE is  TGpS i - 27.9 
nSec( la). 



C. UTC Accuracv 

The time e r r o r  induced i n  t h e  UE due t o  UERE and TDOP o f  229.7 
nSec ( l o )  i s  only p a r t  of t h e  e r r o r  which a us ing  system w i l l  pe rce ive  
i n  t h e  time it r e c e i v e s  from t h e  UE. Superimposed on t h e  nav iga t ion  
time e r r o r  are e r r o r s  due t o  t h e  T t o  UTC (USNO) c o r r e c t i o n  model and 
e r r o r s  due t o  t h e  UE hardware i%'%andling i t ' s  analog time s i g n a l s .  
Both t h e s e  e r r o r s  a r e  independent o f  geometry and s o  GDOP o r  TDOP do not  
affect  them. Each can be cha rac t e r i zed  as fo l lows:  

1. TGP t o  UTC ( USNO) model 

A s  descr ibed  i n  s e c t i o n  I .B .2 ,  t h e  Control  Segment w i l l  be 
coopera t ing  wi th  USNO i n  ope ra t i ng  a s p e c i a l l y  c a l i b r a t e d  UE 
set  a t  USNO t o  r e c e i v e  UTC(GP.7) and communicate t ime 
d i f f e r e n c e s  t o  t h e  Control  Segment on a twenty-four hour cyc le .  
The Cont ro l  Segment w i l l  model t h e s e  e r r o r s  and upload t h e  
c o r r e c t i o n  terms on a weekly b a s i s  i n t o  t h e  s a t e l l i t e s .  The 
choice  o f  upload pe r iods  s t r o n g l y  i n f l u e n c e s  t h e  accuracy 
provided t o  u s e r s  a t  t h e  end o f  t h e  weekly upload per iod .  The 
GPS system s p e c i f i c a t i o n  only c a l l s  f o r  t h i s  va lue  t o  be w i th in  
100 nSec( 1s). It is t h i s  va lue  which has  d i c t a t e d  t h e  upload 
c y c l e  per iod .  S u b s t a n t i a l l y  b e t t e r  a c c u r a c i e s  could be 
achieved wi th  more r a p i d  upda tes  -but a s  y e t ,  no m i l i t a r y  u s ing  
command has  expressed a requirement which would n e c e s s i t a t e  a 
more r a p i d  update  cyc l e .  Thus, t h e  c u r r e n t  GPS b a s e l i n e  is 
weekly t ime uploads.  

This  t ime upload procedure e r r o r  budget a t  t h e  end o f  each 
p r e d i c t i o n  per iod  has  been a l l o c a t e d  among t h e  va r ious  sou rces  
a s  fo l lows:  

(UTC(GPS)-UTC(USN0)) @ USNO (measurement): 31 Nanoseconds ( l a )  

(TSVi-TGpS) a t  Control  Segment (measurement): 1 4 Nanoseconds ( 1 u) 

RSS o f  Measurement E r ro r s :  

Projection/Extrapolation of Prev ious  
Measurements 6 days i n t o  f u t u r e :  

. 

34 Nanoseconds ( 1 D) 

UTC (USNO) - TGpS e r r o r :  76 Nanoseconds ( 1 a) 

S t a b i l i t y  o f  T,,, ve r sus  uTC(USN0): 47 Nanoseconds (16) 
"I U 

T o t a l  Error o f  UTC(GPS) ve r sus  UTC (USNO): 90 Nanoseconds ( 1 e) 



2. UE hardware t ime  h a n d l i n g  e r r o r s  

The GPS UE h a s  been op t imized  f o r  n a v i g a t i o n  computa t ion  and 
n o t  s p e c i f i c a l l y  f o r  a b s o l u t e  t ime  s y n c h r o n i z a t i o n .  A s  a 
r e s u l t ,  a r a t h e r  l a r g e  e r r o r  t o l e r a n c e  has been s p e c i f i e d  f o r  
t h e  t o t a l  UE induced e r r o r  i n  t ime  d i s s e m i n a t i o n :  38 nSec ( l d .  
T h i s  is  t h e  a d d i t i o n a l  hardware  e r r o r  t h e  UE can  a l l o w  t o  be 
induced i n  t h e  f i n a l  t ime  a c c u r a c y  o u t p u t  t o  a u s i n g  sys tem f o r  
i t s  most a c c u r a t e  time i n t e r f a c e ,  t h e  Time Mark S i g n a l .  The 
s p e c i f i e d  t o l e r a n c e s  f o r  t h e  o t h e r  t ime  i n t e r f a c e s ,  t h e  Rese t  
P u l s e  and t h e  Data Capture  P u l s e ,  a r e  h i g h e r  as p r e v i o u s l y  
mentioned ( p r i m a r i l y  due t o  t h e  a d d i t i o n a l  hardware 
u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  a d d i t i o n a l  a n a l o g  s i g n a l  
h a n d l i n g ) .  

The major l i m i t i n g  f a c t o r s  which c a u s e s  such a l a r g e  e r r o r  i n  
t h e  UE h a n d l i n g  of t i m i n g  are t h e  a c c e l e r a t i o n  and o t h e r  
env i ronmenta l  s e n s i t i v i t i e s  o f  t h e  UE Master Reference  
O s c i l l a t o r .  The v a l u e  of 38 nSec( l b )  i s  s p e c i f i e d  o v e r  t h e  
environment  o f  t h e  UE and t h i s  environment  inc ludesoup  t o  9 6 ' s  
s t e a d y  s t a t e  and 15 g t r a n s i e n t  a c c e l e r a t i o n s ,  +71 C t o  -54 C 
t e m p e r a t u r e  range  and t r a n s i e n t  power e x c u r s i o n s .  Other  
hardware d e l a y s  ( s u c h  as t h e  t e m p e r a t u r e  dependent  a m p l i f i e r  
and a n t e n n a  d e l a y s ,  i n s t a l l a t i o n  p e c u l i a r  c a b l e  d e l a y s ,  and 
s h o r t  term e l e c t r o m a g n e t i c  i n t e r f e r e n c e  n o i s e )  a s  w e l l  a s  
s o f t w a r e  (Kalman f i l t e r  t r a n s i e n t  r e s p o n s e )  e f f e c t s  a r e  a l s o  
i n c l u d e d  i n  t h e  f a c t o r s  which l i m i t  t h e  UEts  a b i l i t y  t o  p r o v i d e  
a w e l l  r e g u l a t e d  a n a l o g  s i g n a l  t o  a u s i n g  sys tem,  

I D. Combination o f  e r r o r s  

Thus ly ,  t h e  f i n a l  UTC(GPS) p rov ided  t o  a u s i n g  sys tem u s i n g  t h e  
TMS i n  t h e  f i e l d  a t  a n  unknown l o c a t i o n  and o p e r a t i n g  i n  a s e v e r e  
m i l i t a r y  environment  is a c c u r a t e  t o  UTC (USNO) w i t h i n  t h e  f o l l o w i n g  
bound : 

E r r o r s  : 29.7 Nanoseconds ( 10) 
:Gps t o  UTC (USNO) E r r o r s :  90.0 Nanoseconds ( 1 o) 
u E P ? n t e r f a c e / ~ a r d w a r e  T i m e  
Handl ing E r r o r s  t o  u s i n g  sys tem:  37.9 Nanoseconds ( 1 b) 

T o t a l  UTC (GPS) E r r o r  Bound Es t ima ted :  102 Nanoseconds ( 10) 
S p e c i f i e d  UTC (GPS) E r r o r  Bound: 1 1  1 Nanosecond ( 1 6 )  

IV. What If 102 nSec I s n ' t  Good Enough? 

There  a r e  s e v e r a l  t e c h n i q u e s  one may a p p l y  t o  t h e  o p e r a t i o n  o f  
t h e  GPS UE t o  a c h i e v e  much b e t t e r  time d i s s e m i n a t i o n  performance.  Each 
t e c h n i q u e  makes u s e  o f  p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  t h e  e r r o r  i n d u c i n g  
s o u r c e s  t o  e i t h e r  have t h e  e r r o r s  c a n c e l  o u t  w i t h  a common mode 



technique o r  make t h e  e r r o r  source  i r r e l e v a n t  t o  t h e  problem a t  hand. A 
few of  t h e s e  techniques  a r e  descr ibed  below a long  wi th  t h e i r  e f f e c t  on 
t h e  e r r o r  sources .  These techniques  a r e  a l s o  app l i ed  t o  two s p e c i f i c  
us ing  system cases as  examples of  what can be achieved us ing  GPS i n  a  
r e a l i s t i c  s c e n a r i o  r a t h e r  than  t h e  preceeding worst  c a se  s p e c i f i c a t i o n  
va lue  d i s cus s ion .  

E r r o r  Source Reduction Techniques 

1. Mult ipath e r r o r  reduc t ion :  

The Mult ipath e r r o r  a l l o c a t i o n  can be e l imina ted  by 
j ud i c ious  placement o f  t h e  GPS UE antenna t o  avoid hard s u r f a c e  
r e f l e c t i o n s  o f  s a t e l l i t e  s i g n a l s .  

2. Receiver no i se  r educ t ion :  

The r e c e i v e r  no i se  va lue  o f  5 nSec (1.5rn) can be reduced t o  
0.6 nSec by ope ra t i ng  i n  a l e s s  jammed environment ( i . e .  n o t  ope ra t i ng  
i n  t h e  middle of a high power jammer f i e l d ) .  The l e s s e r  l e v e l s  of 
jamming w i l l  a l low p r e c i s i o n  c a r r i e r  phase t r a c k i n g  o f  t h e  s i g n a l  
r a t h e r  than  j u s t  P-code t r a c k i n g  and s o  a corresponding decrease  i n  
r e c e i v e r  no i se  can be achieved. 

3. Operate t h e  UE i n  a  s t a t i o n a r y  mode: 

This  technique inc ludes  both t r u e  s t a t i o n a r y  ( v e l o c i t y  of 
t h e  UE=O) and r e c e i v e r  v e l o c i t y  a i d i n g  wi th  minimal acce l -e ra t ion  modes. 
U t i l i z a t i o n  of e i t h e r  of  t h e s e  modes a l lows  t h e  UE t o  reduce i t ' s  own 
UERE components (and i t ' s  time e s t ima t ion  e r r o r s ) ,  by approximately 
1 2  These modes a l s o  a l low r educ t ion  of  t h e  a c c e l e r a t i o n  induced 
e r r o r s  i n  t h e  master  r e f e r ence  o s c i l l a t o r  t o  ze ro  wi th  a  corresponding 
i n c r e a s e  i n  t h e  p r e c i s i o n  c o n t r o l  o f  t h e  analog t i m e  s i g n a l  ou tpu t  
(depending on des ign  p e c u l i a r i t i e s  t h i s  can reduce t h e  ana log  handl ing 
e r r o r  by about  1 /& o r  more). 

4. Operate t h e  User Equipment a t  a known loca t ion :  

U t i l i z i n g  a surveyed l o c a t i o n  can reduce t h e  UEf  s 
perceived TDOP t o  un i ty .  Th i s  r e s u l t s  from t h e  f a c t  t h a t  only t h e  UE1s 
time is an unknown and only  one s a t e l l i t e  need be t racked  - s o  geometry 
h a s  no e f f e c t .  A previous ly  determined GPS nav iga t ion  s o l u t i o n  is 
s u f f i c i e n t l y  p r e c i s e  t o  enable  t h i s  technique t o  work. 

Averaae over  s e v e r a l  s a t e l l i t e s  i n  view a t  known loca t ion .  

This  w i l l  reduce t h e  independent and unco r r e l a t ed  e r r o r  
c o n t r i b u t i o n s  t o  UERE and TGpS-UTC (USNO) by approximately I /  J4 = 1. 



6. C a l i b r a t e  t h e  u s e r  hardware e r r o r s  and o p e r a t e  i n  a  s t a b l e  
environment :  

T h i s  t e c h n i q u e  i s  a p p l i c a b l e  t o  a l l  t y p e s  o f  u s i n g  
sys tems .  It r e q u i r e s  a one t ime  c a l i b r a t i o n  w i t h  a n  independen t  UTC 
(USNO) s o u r c e  and can  b e  done p r i o r  t o  f i e l d i n g  of %he UE. The 
improvement i s  d e s i g n  dependent  b u t  can p o t e n t i a l l y  r educe  t h e  a n a l o g  
s i g n a l  h a n d l i n g  e r r o r s  t o  t h e  o r d e r  o f  a  few nanoseconds.  

7 .  P o s t  p r o c e s s i n g :  

P o s t  p r o c e s s i n g  o f  f i e l d  d a t a  f o r  u s i n g  sys tem 
a p p l i c a t i o n s  which do n o t  r e q u i r e  r e a l  t ime  s y n c h r o n i z a t i o n  w i t h  USNO 
c a n  e f f e c t i v e l y  e l i m i n a t e  t h e  much o f  t h e  90 nSec of  t h e  UTC(GPS)- 
UTC(USN0) e r r o r  s o u r c e .  The n e c e s s a r y  d a t a  c o u l d  be had by a c c e s s i n g  a  
planned USNO d a t a  bank which w i l l  c o n t a i n  t h e  s a t e l l i t e  UTC(GPS)- 
UTC(USN0) d a t a  o r  t h e  u s i n g  sys tem cou ld  u s e  independen t ly  measured 
UTC(GPS) -UTC ( u s i n g  sys tem)  d a t a  c o l l e c t e d  a t  a l a b o r a t o r y  s i t e  w i t h  a 
second UE and t h e  u s i n g  s y s t e m ' s  r e f e r e n c e  c l o c k  (which may o r  may n o t  
be synchronized w i t h  UTC (USNO)). 

8. Co-regional  o p e r a t i o n  (Common Mode): 

With t h i s  t e c h n i q u e ,  r e l a t i v e  s y n c h r o n i z a t i o n  o f  two u s i n g  
sys tems  can be improved. Common mode e f f e c t s  ( e .g .  bo th  UE's t r a c k i n g  
t h e  same s a t e l l i t e s  and bo th  e x p e r i e n c i n g  approx imate ly  t h e  same 
s a t e l l i t e  ephemer i s ,  i o n o s p h e r i c ,  e t c .  e r r o r  s o u r c e s )  can  be c a n c e l e d  
o r  reduced between t h e  two u s i n g  sys tems i f  r e l a t i v e  s y n c h r o n i z a t i o n  
between t h e  two i s  t h e  d e s i r e d  e f f e c t .  

9 .  Net Time S y n c h r o n i z a t i o n :  

If s y n c h r o n i z a t i o n  between two u s i n g  sys tems  ( n e t  t i m e )  is  
a l l  t h a t  i s  d e s i r e d  and a b s o l u t e  UTC t r a c e a b i l i t y  is r e l a t i v e l y  
u n i m p o r t a n t ,  t h e n  TGpS can be used i n  l i e u  of  UTC(GPS) and 
s y n c h r o n i z a t i o n  between t h e  sys tems can  be w i t h i n  t h e  T p l u s  UE 
hardware/analog s i g n a l  e r r o r s .  GP S 

B. P r a c t i c a l  Examples 

The f o r e g o i n g  t e c h n i q u e s  a r e  i n  g e n e r a l  non-exclus ive  and can 
be  a p p l i e d  i n d e p e n d e n t l y  o r  i n  combinat ion (depending on e x a c t  
c i r cumstance  and u s e r  a p p l i c a t i o n ) .  Two examples o f  u s e r  a p p l i c a t i o n s  
a r e  g i v e n  below t o  demons t ra te  t h e  power of  t h e s e  t e c h n i q u e s .  

Example 1 :  J o i n t  T a c t i c a l  I n f o r m a t i o n  D i s t r i b u t i o n  System (JTIDS) t y p e  
of net s y n c h r o n i z a t i o n .  I n  t h i s  example, two u s i n g  sys tems  wish t o  real  
time c o n t r o l  t h e  a b s o l u t e  t ime  b i a s  between t h e i r  c l o c k s .  Assumptions: 



a. An F-16 type  a i r c r a f t  and ground t e rmina l  a r e  t h e  two systems. 
b. The F-16 can p a r t i a l l y  v e l o c i t y  a i d  h i s  GPS UE, t h e  Ground 

Terminal i s  s t a t i o n a r y  and i s  a t  known si te.  
c. Moderate jamming environment. 
d. Co-regional opera t ion .  

I n  t h i s  ca se  t h e  e r r o r  r educ t ion  techniques  t h a t  can be app l i ed  a r e :  
numbers 1,2,3,4,6,8,9. The r e s u l t i n g  e r r o r s  between t h e  two u s e r  
c locks  can be conse rva t ive ly  es t imated  a s  26 nSec (10) a s  shown by Table 
7. 

Example 2: A forward observer  near  a  p ro t ec t ed  t a r g e t  is acqu i r ing  
d a t a  which must be r e l a t e d  t o  UTC (USNO) f o r  subsequent a n a l y s i s .  For 
t h i s  example t h e  fol lowing assumptions apply:  

a .  The observer  is i n  a  h igh ly  jammed environment. 
b. He is s t a t i o n a r y  bu t  a t  a  unknown l o c a t i o n .  
c. He h a s  a very p r e c i s e l y  c a l i b r a t e d  UE. 
d. Post  p rocess ing  r e f e r ence  d a t a  is a v a i l a b l e .  
e. The u s e r  u t i l i z e s  GPS t o  determine h i s  pos i t i on .  

I n  t h i s  example t h e  fo l lowing  e r r o r  r educ t ion  techniques  may be 
appl ied :  Numbers 1 , 3 , 4 , 5 , 6 , 7 .  Applying t h e s e  techniques  t o  t h i s  
example, t h e  UTC (USNO) time accuracy o f  t h e  c o l l e c t e d  d a t a  would be  
w i th in  approximately 16 nSec ( I D )  a s  g iven  by Table 8. 

V.  Conclusion 

The Navstar Global P o s i t i o n i n g  System has  been shown t o  be a  t r u l y  
i n t e g r a t e d  t iming system. Although some u s e r  may choose t o  b u i l d  t h e i r  
own sa te l l i t e  t iming r e c e i v e r s  because of a v a i l a b i i t y  c o n s t r a i n t s  o r  
unusual  a p p l i c a t i o n s ,  t h e  ma jo r i t y  of u s e r s  can u t i l i z e  the  DOD 
developed User Equipment and t h e  a p p l i c a b l e  techniques  descr ibed  i n  
t h i s  paper t o  s a t i s f y  t h e i r  c u r r e n t  and f u t u r e  system time-of-day 
requirements .  

I n  a d d i t i o n ,  GPS a l s o  s u p p l i e s  i t ' s  u t i l i z i n g  systems wi th  p r e c i s e  
p o s i t i o n  information.  This  is  a key po in t  i n  t h a t  p r e c i s e  t ime without  
p r e c i s e  p o s i t i o n  information is u s e l e s s  f o r  many m i l i t a r y  and c i v i l i a n  
a p p l i c a t i o n s  ( e . g . ,  t ime-of -a r r iva l  l o c a t i n g ,  n e t  synchroniza t ion ,  code 
v a l i d i t y  i n t e r v a l  communication s e c u r i t y ,  e t c . ) .  GPS is unique i n  
supplying both t ime and p o s i t i o n  t o  t h e  same o rde r  o f  accuracy (102 nSec 
a t  t h e  speed o f  l i g h t  equa l s  31 meters)  r e a l  t ime,  anywhere, and i n  an 
o p e r a t i o n a l  environment. 



TABLE 7 

Practical Examole 1 

Error 
5curce 

Error Value wi th  Applied Technique* (nScc, 1-1 

Nominal Error Ground 
Value (nSec , l a )  Terminal A ircra f t  

Space Semmt 9.5 ( o l e  
L-rOrs 

Ionospheric 
Tropospheric 
Zeceivcr SoFse 
.%l:ipatt 
Gther 

2tRE !.ES o f  above) 
x T X P  

lGpS t o  UTC :US!;O) 

Total l ine E.'ror 102 
(IISS of Awvc)  

Synchronization error bctueen Ground Terminal and Aircraft = 1 1 . 3 ~  + 13.5' 

Note: (x ) '  = value of error vhcn technique n ia a p p l i e d  



TABLE 8 

Practical Examole 2 

Error 
Source - 

tiominal Error Error 'Jalue with Applied 
Value (nSec. la) Technique( nSec . I  D) 

Space Segment 9 . 6  
Errors 

Cont ro l  Segment 6 . 6  
Errors 

I3nespnerlc 
7-opospneric 
Fecezver Soise 
F ~ l t i p a t h  
C the r  

TGpS Error 

'jc, Fareua~e  3 7 . 9  
Errcrs 

Total Time Error 
(RSS of above) 102 

!Jot=: ( x ) "  = value of e r 3 r  when technique n is applied 
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QUESTIONS AND ANSWERS 

MR. EDMUND CHRISTY, Offshore Nav iga t i on  

L ieu tenant ,  you mentioned t h a t  something was go ing t o  happen n e x t  
week o r  so, and i t  sounded l i k e  " launch" ,  cou ld  you repea t  t h a t ?  

LT. KOVACH: 

December l o th ,  NAVSTAR 7 i s  scheduled t o  be launched, t h a t ' s  nex t  
Thursday. And if we a r e  l ucky ,  eve ry th i ng  w i l l  go a l l  r i g h t .  

DR. VICTOR REINHARDT, NASAIGoddard 

J u s t  a  comment, Councilman a t  M.I.T. has been b u i l d i n g  VLBI  dev ices 
u s i n g  t h e  GPS s i g n a l  as no i se  sources and has been ab le  t o  do m u l t i -  
p a t h  exper iments on t h e  picosecond l e v e l  and he i s  f i n d i n g  o u t  t h a t  
t h e  mu1 t i p a t h  problem i s  much l e s s  than people t h i n k  due t o  nearby 
c a r s  o r  towers, o r  t h i n g s  l i k e  t h a t .  I j u s t  wanted t o  ment ion t h a t .  

LT. KOVACH: 

M u l t i p a t h  i s  t y p i c a l  on a v e r y  smal l  l e v e l ,  a l though i n  a l o t  o f  
ou r  t e s t s  when we se t  up t h e  i n v e r t e d  range, which r e a l  t ime  com- 
pu tes  t h e  n e t  s a t e l l i t e  accuracy a t  Yuma, we found t h a t  we had a 
gu ide  w i r e  h o l d i n g  up one of  t h e  pos ts  f o r  t h e  tower.  And t h a t  was 
produc ing three t o  four  meters wor th  of e r r o r ,  j u s t  from t h a t  one 
gu ide  w i re .  I t  i s  k i n d  o f  a  b l ack  a r t  s i t u a t i o n ,  you r e a l l y  c a n ' t  
analyze it, you j u s t  have t o  t r y  i t  and see how i t  works, 

MR. KUHNLE: 

When he was here l a s t  year ,  Capt. Doug. Tennant, s a i d  something 
about  p o s s i b l y  t h e  CA code m igh t  n o t  be a v a i l a b l e  t o  us sometime 
i n  t h e  f u t u r e ,  i s  t h a t  r e a l l y  t r u e  a t  t h i s  t ime? 

LT. KOVACH: 

The Federal  Nav iga t i on  P lan  which came o u t  e a r l y  o r  l a t e  l a s t  year ,  
c a l l s  f o r  t h a t  CA code t o  be always a v a i l a b l e  t o  a l l  users.  I t  
m igh t  n o t  be as accura te  as some people would l i k e ,  b u t  t h e y  a r e  
1 i ke 200 meters  CEP, 

MR. NORM HOULDING, MITRE 

What do you mean by jamming environment? Numer ica l l y?  



LT. KOVACH: 

That value i s  c lass i f ied ,  b u t  l e t  me give you a practical example 
tha t  you might find enlightening in th i s  regard. I t  turns out that  
flying against a jamming f i e l d ,  the power necessary t o  run that  
jamming f i e ld  t e l l s  how big the plant would necessarily be, e i ther  
a hydro-electric plant,  or a nuclear power plant. I t  turns o u t  
that  the power you need t o  protect the s ize of t h e  plant that  i s  
needed to produce the power that  you are  protecting i t  with, i t  
turns o u t  to  be pretty l inear .  I mean, you have got t o  go t o  the 
b i g  plant jus t  t o  protect i t s e l f ,  so i t  can output the power to pro- 
t e c t  i t s e l f ,  you don't  have any surplus power you can use anywhere 
else .  

GPS i s  very jam res is tan t  especially when combined with a con- 
t rol led reception pattern antenna, one i s  able t o  null jammers and 
in ter ia l  navigation systems which provide good benefits, 




