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SLanford Telec :oni~nunica t ivr l s ,  I rlc . . Sunnyva l e .  CA h Flr.lAe.an. 1% 

( : loba l  P o s i t i . o n i r l g  S>.s te;c ( ( ; J ' S )  i s  dt:scribed. ii:e unit i:aIi p r o v i d e  
wor ld - \+~ ide  t i lue  t r a r i s L c r  ; . : i t l i  ax1 ; .~c :~ .uT ;~c :  U L  b e t t e r  ~ i l 2 1 i  7 C ) O  13anc:- 
~ecotlcis r c l a t i v c  L O  (;PS s ; ~ ~ ~ .  d ~ c ~ : !  L<Z>,L. T e ~ l i ~ ~ i i . ~ u c s  ~1se.d C O I -  (.;i)S s i [ ; n ; ~ l  
p r o c e s s i n g  axld d a t a  rcciuc:ti<-ln art:. su;:ir.ia~-izzii, ani; p o t e n l - i a l  a p p l i -  
<;a Lions d i s r u s s e d .  

Satellites have  been u s e d  f o r  a ~iumbcr  oi y e a r s  ior t r a n s f c r  oi t i m e  a n d  
f r e q u c r ~ c y  beiween p r i m a r y  s tcl~ldairds  a n d  u s e r s  of p r e c i s e  time [ I ] .  
NAVSTAK satc.1 i i . t e s  of  the Global P o s i t i o n i t - i g  SvsCtli11 (GI's) w i l l  sootl  
~ . ) r o v i d e  wor ld-wide  access  t o  pr i ic i s i .  t i n r i ng  s i g n a l s  hmhicll w i i l  per111i.t a 
p r o p e r l y  e q u i p p e d  u s e r  ti;l i i a l i h r a t e  a locai L i ; w  s o u r c e  r ~ : l . a t i v e  t o  a 
p r i n ~ n r y  s t a n d a r d  t o  w i t h i n  r l - ; l c t i ons  ol- a ::rj .crosccolid. T;le n i n i n u m  u s e r  
c :nnf i ;<ura t ion  i o ~ l s i s t s  oi Rn o:: i l i - i i r i~i : t ior~dl .  c l r > L k ~ i r . ~ a  ( ~ i l c ;  priarrip,  a Tilrie 
' l r a ~ i s f e r  k:ccciv(+r ,  i3 ~ = ] ~ L > , ; J L !  61- C ? ~ I I ~ V L , ~ C ; L L  z i ? ~ i ~ ~ ~ ~ u z i ? ~ - i c  p r i ~ ~ t e r ,  ~ I I L ~  a 
s c i e n t i f i c :  Ilarrct c a l i : u l a t o r ,  isel-s  :" i ti1 ?:.;isLi~>; c o r . p l l t e r s  c a n  e i i~ i~ l i n i i t c - .  
t h e  maliual computation b y  ;_c~unt?c L irlg t ; l c  rcileiver c:ire.cti  y t o  a 110s t 
p r o c e s s o r .  

F u r  u s e r s  w i t h o u t  c x i s t i n g  p r o c e s s l r i g  c a p a l . ) i l . i t y ,  url i n t e g l - a t e d  r e c e i v e r /  
p r o c e s s o r  o r  Tiine 'I ' ral-lsL~l- Cnil: ( T T U )  i s  a v a i l a l ~ l e  w l ~ i c l l  i s  cornplct&ly 
s e l f - i : on t a in i . d  G I ~ C I  f i ~ l l > ,  a u t o ~ n n t e d .  ,c:r users wlio clo n o t  liave a t o m i c  
Irrtlqileracy s tnndalrds  b u t  who ~;i sll t ~ l  inp rovi-. Llie accuracy oii their l o c a l  
Lime r e i e r c n r . ~  t o  S e t L c r  til;3n 1. ;-:4crosc8:onii, r hc  ITL- c a n  be  u p u r n t e d  i n  
a11 a u t n l ? ~ a t i ; :  tiriic ~ o r r c c l i o n  ;-.ic!cii:. il: wt-~i;.:i t ! l ~  i dL : r? l  tili~~'. t - e ~ ~ i l : i l ~ l c e  i s  
periodically corrected. 

OPERAT LON 

The b a s i c  c o n f i g u r a t i o n  o f  t i l e  1'11 is slliii>,n ir; F i g u r e  1. The u n i t  
a c c e p t s  stabile r e f e r e n c e  time !I pps)  and frecluerlcy (5 Jlllz) s i g n a l s  f rom 
thc l o c a l  t irnc s tal lc lard o r  u n i t  to be c a l i b r a t e d ,  and t h e  T.1 s i g : l a l  a t  
1575  MHz from arly (:PS Ni1VS'l'dR s a t e l  l . i t e .  F~r;plhenit2ris d a t a  irom t h e  
NAVSTAR s a t e l l i t e  is detected and p~ :oces sed  LC) d c t u r i r ~ i n e  s a t e l i i t c  
p o s i t i o n  and to e s t i i i l a t c  t i i c  t in ic  of a r r i v a l  of  Llle s a t e l l i t e  s i g r ~ a l  
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.T,?ck<c-)n 1 . \?i t t i c ~ r s n n o i - i  . L e n n a r r l  S~-~ l - i l~ r - l in inn  
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A Ti.mc ' l ' r a n s i c r  U n i L  ('ITU) f o r  u s c  'rci.ti1 S I ~ V S ' ~ L ~ K  s a t e l l i t e s  of Lhe 
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epoc.11. The a c t u a l .  ti1ll.c of  a r r i v a l  i s  r e c o r d c d  and coriipa.red w i t h  t h e  
expccLcd v a l  uc  a f  t c r  co r r ech . ion  f o r  i o n o s p h e r i c ,  t r n p o s p h e r i c ,  and 
r e l a t i . v i s t i c  c r r o r s ,  and Lhe difference i s  d i s p l a y e d  as t h e  l o c a l  tirrie 
L - .  S e q u e n t i a l  t l n ~ e  e r r o r  measurements  a re  i :kl . tered t o  p r o v i d e  
minimum v a r i a n c e  t i . m c  and Lrequency e r r o r  d a t a  .Cur d i s p l a y  t o  t l lc  usci-  
o r  f o r  l o g g i n g  w i t h  o t h e r  user a p p l i c a t i o n s  da t a .  Time e r r o r  i s  d i s -  
p.layed as a nine d i g i t  p l u s  s i g n  d e c i m a l  nuiliber i n  uilills of  secorlds w i t h  
a range of  _f_ s i x  s e c o n d s  and R r e s o l u t i o n  01: LO n.anosec.onds. F requenry  
e r r o r  i s  corrlputed f rom t h c  ra te  of  change  of  t h e  f i l ~ e r e d  t i lnc er o r  and 5 
d i s p l a y e d  a s  a s i x  d i g i t  p l u s  s i . gn  d e c i m a l  number i n  p a r t s  p y ~  10 w i t h  6 
a r a n g e  of  - f nnc  p a r t  1 0  and a r e s o l u t i o n  of  one  p a r t  i n  LO . q'11e 
o u t p u t  d a t a  i s  upda ted  e v e r y  s i x  s e c o n d s ;  t h e  nortnal sniootEiing i n r e r v a l  
i s  two m i n u t e s  but can  be a d j u s t e d  t o  a p a r t i c u l a r  u s e r ' s  r c q u i r c r n c n t s .  
'I'he smoo th ing  i i l t e r  a l s o  g e n e r a t e s  an est imate of t h e  v a r i a n c e  of t h e  
o u t p u t  d a t a .  

Severa l .  o p t i o n a l  rriodes of  opera t io11 a r e  a v a i l a b l e  t o  nlatcli d i f f e r e n t  
u s c r  re-cluirements .  1:or t h e  u s e r  who n e e d s  a c o x r c c t e d  1 p p s  ti111e r e f e r -  
encc, a t i ~ n e  s y n t h c s i z c r  c a n  b e  added t o  t h e  b a s i c  c o n f i g u r a t i u n  w h i c l ~  
g e n e r a t e s  a  1 p p s  w1lic.h i s  advanced o r  r e t a r d e d  r e l a t i v e  t o  t h e  reLer.-  
e w e  1 pps  by an aniount e q u a l  t o  t h e  computed t i m e  e r r o r .  

'I'ime T r a n s f e r  Techn ique  

The time t r a n s f e r  tecl lni .que used  i s  i l l u s t r a t e d  i n  F i g u r e  2 which  shows 
t y p i c a l  s a t e l l i t e ,  u s e r  and r e c e i v e d  t i m e  epochs  r e l a t i v e  t o  sys tem 
(GPs) ti.me. GPS s a t e l - l i t e s  t r a n s m i t  c o l ~ t i i l u o u s  izaviga t i .on  s i g n a l s  w i t 1 1  
r e a d i l y  i d e n t i i i e d  epochs  e v e r y  6 s e c o n d s .  T1-le s a t e l l i t e  t r a n s n l i s s i u n  
i s  de ter i i l incd  by an a t o m i c  s t a n d a r d  which w i l l  i n  g e n e r a l  d i f f e r  by some 
arriount ( P a r a m e t e r  A i n  F i g u r e  2 )  f rom systeru cirnc. A11 estimate o f  A i s  
c o n t a i n e d  i n  t l i e  n a v i g a t i o n  d a t a  and i s  available t o  t h e  TTU. 'The 
s a t e l l . i t e  epocli a r r i v e s  a t  t h e  TTU and i s  d e t e c t e d  by t h e  r e c e i v e r  a t  
some l a t e r  t i m e  and  i s  measured  by r e f e r e n c e  t o  the loca l  e t a t i o n  time 
r e f e r e n c e  ( P a r a m e t e r  C i n  F i g u r e  2 ) .  Tlie t r a n s i t  time (sum o i  A f J3 + C 
i n  F i g u r e  2 )  can b e  e s t i u i a t e d  f r o m  s a t e l l i t e  ephemer i s  and i o n o s p h e r i c  
e r r o r  a v a i l a b 1 . e  i n  t h e  n a v i g a t i o n  d a t a ,  and f r o m  known u s e r  l o c a t i o n  and 
equipment  b i a s  c a l i b r a t i o n s .  The s t a t i o n  t i m e  e r r o r  is  taker1 as t h e  
d i f f e r e n c e  be tween c x p e c t e d  and measured  t i m e  of  a r r i v a l .  T a b l e  1 
summarizes t h e  tnajor s o u r c e s  of e r r o r  i n  t h e  t e c h n i q u e  d e s c r i b e d .  Notc 
that :  t l i e se  e r r o r s  a r e  a s s o c i a t e d  w i t h  a sing1.e mcasuremerlt and do  not: 
i n c l u d e  p o t e n t i a l  improvement Lrom smoo th ing  o v e r  m u l t i p l e  s amples  o r  
combining  measurements  f rom m u l t i p l e  s a t e l l i t e s .  The r e a d e r  i s  r e f e r r e d  
t o  [Z] f o r  a more c o m p l e t e  d i s c u s s i o i l  of t h e  GPS N a v i g a t i o n  Data Message 
and its contents. 



S T S - I ,  ~ l l c  f i r s t  01: s i x  ?,;\1S1,12 ~ : 3 ~ ; - . 1 i i L e i :  pl.arll~e;i fcr PI-~a.si>. j .  sysllliit; 
dcplnyrr ient  r.7as laur lchcci  i l l  i'!;, i;:i3 i s  u n d ~ r g n i r l g  t e s t  slid e v a l u a t i o s i .  
'I'llis satellite c a n  be  seen i : u r  a11 :3vcr;igc o f  s i x  l i o u r s  per day anywllere  
i n  t i l e  w o r l d .  Figure 3 i l l u s L r a t e s  c x p c c t e d  t i ~ ! l c s  i n  vicw f o r  t h e  s i x  
s a t e l l i t e  c o n s t c l i a t i . o n  irolr! Sari f r a n c i s c o .  Note t h a L  a t  l e a s L  oi1t-l 
saLc. l :Li te  i s  i t 1  vie{:. about. 113 o u t  of  2 4  l l o u r s  e a c h  dav.  

Tlie 'Ilirnc T z - a n s i e r  R c c e i v e r  i s  container! i r l  n s t a n d a r d  19" wide. ra(7.i; 

r~ioul l ted c l l a s s i s .  A r e m o t a b l c  L-La~ld preamp arid o m r ~ i - t i i r e c t i o n a l .  a n t e n r l a  
are  provided f o r  e2; ter l la l  (31: r o o f  t o p  r r iount inp.  

Tlie RI: a n t e n n a / p r e a r n p  a s s c n t b i y  i s  d e s i g n e d  iro e n s u r e  a c a r r i e r - t o - n o i s e -  
density ratio T o r  t i l e  L I  s i g n a l  under worsL case c o n d i t i o n s  ol 37  dR/i lz .  
T h e  a n t e n n a  i s  a ~ i a r r o w b a n d ,  c i r c u l a r l y  p o l a r i z e - d  u r i i t  p r o v i d i n g  u r ~ i t y  
gain ovcl- t h e .  L1  f ~ r e q u e n c ~ ~  i j a ~ l d  cvtlr);wl-ier? al.)nve L O  d ~ g 1 - c e s  cl .evation. 
'Llie pr i l i - impl iLicr  i s :  0 1 -  c : o n v e n t i o n a l  d e s i g n ,  ; j~-ecedec :  Sy a narrow1)and 
p r e s c l e r t o r ,  p rov id i i1g ,  a noise i i g u r e  oT b c t t 2 r  t-tlan J did a n d  a g;-iil-l of  

I 
Illore Lila11 '10 d 6 .  Tile ; i r : t i r e  a s 2 ~ 1 n b l ) -  is d e s i g n ~ d  Tii~r o o e r a l i o n  i n  :.111 

r) , i) 
u n p r o t e c t e d  e i ~ v i . r o n i ~ l c n t  over a t e r r i p c r a t u r e  rarlgc of -15 i, t o  +65 C .  

T h e  h e a r t  o f  Lhe I'TL i s  t i l e  Iine I. r a n s f e r  R e c e i v e r  ( T T R )  . The 'I'TIC 
r e c e i v e s  a n d  t r a c k s  t l l c  PRS coded  C1)S signal a t  1575 ?II-Iz, d e n l o d u l a t e s  
t l i e  c a r r i e r  2nd  d e t e c t s  the 50 b p s  Sav ig i - l t io r l  data whicl i  b i - p h a s e  modu- 
lates t h e  c a r r i e r .  Xav iga t io l -1  d a t a ,  c o d e  e p o c i l s ,  aind receiver s t a t u s  
are p r v v i d c d  as o u t p u t s  f o r  processing or p r i n t i n g  v i a  an TLEE-485-1975 
compaLibLe i n t e r f a c e  b u s  e v e r y  s i x  s e c o n d s .  F i g u r e  i l l u s t r a t e s   he 
TTK i r o l ~ t  ptlrle l zontrols. The r e c e i v e r  n a y  be o p e r i l c c d  n i a ~ i u a l l . ~  f  roril 

t h i s  p a i l e l  or r e ~ r r o t e l y  v i a  Lhe processor i r i t e r f a c e .  GPS tirrie-or-week 
i s  c o n t i n u o u s l y  d i s p l a y e d  i n  tile c ~ n t e r  d i s p l a y .  Figure 5 i l l u s t l - ; i r e s  
t.he major f u n c t i o n a l  e l e m c r l L s  of L h c  r e c e i v c r .  



nownconver t e r  

The downconver t e r  p r e s e l e c t s ,  downconver t s ,  a m p l i f i e s ,  f i l t e r s ,  and 
l e v e l s  t h e  i n p u t  L-band s i g n a l .  S i n g l e  downconvers ion  i s  used  t o  an IF 
oL 81.84  MHz wherc  s i g n a l  d i s t r i b u t i o n  and c o r r e l a t i o n  i s  performed. 
A l l  c o n v e r s i o n  s i g n a l s  a r e  s y n t h e s i z e d  f rom t h e  l o c a l  l r e q u e n c y  s t a n -  
d a r d .  P r o v i s i o n s  are  i n c l u d e d  f o r  i n j e c t i o n  of  t e s t  RE o r  I F  signals 
f rom a NAVSTAR t e s t  L r a n s m i t t e r  s u c h  as S T 1  Model 5001.  

Codc T r a c k i n g  Loop 

Tllc code  t r a c k i n g  l o o p  i s  a c o n v e n t i o n a l  e a r l y - L a t e  de l ay - locked  l o o p  
employing  a s i n g l e  code  c h a n n e l  which i s  s w i t c h e d  between e a r l y  and l a t e  
code  r e f e r e n c e s .  An e a r l y - l a t e  d i s c r i m i r r a t o r  a c c e p t s  t h e  e a r l y  and l a t e  
c o d e s ,  c o r r e l . a t e s  Lhe r e c e i v e d  and r c L e r e n c e  c o d c s ,  and deniuLt ip lexcs  
t h e  s w i t c h e d  c r r o r  s i g n a l s  t o  p roduce  a d i g i t a l  e r r o r  s i g n a l  p ropor -  
t i o n a l  t o  t h e  r e c e i v e d  code  o f f s e t .  The code  l o o p  f i l t e r  and number- 
c o n t r o l l e d - o s c i l l a t o r  c i r c u i t s  wllich g e n e r a t e  t h e  c o r r e c t e d  code  c l o c k  
a r e  all d i g i t a l  d e s i g n s  which  r e t a i n  the  phase n o i s e  p u r i t y  of t h e  
reference o s c i l l a t o r  s o  as t o  a c h i e v e  a v e r y  na r row band t r a c k i n g  l o o p .  
The code  g e n e r a t o r  g e n e r a t e s  any  one  of  37 (;old codes  used  l o r  t h e  GPS 
C / A  s i g n a l s ,  tlie p r o p e r  code  s e l e c t a b l e  by s a t e l l i t e  I D .  

N a v i g a t i o n  Da ta  D e t e c t i o n  

T h i s  module a c ~ e p t s  v i d e o  50 tlz n a v i g a t i o n  d a t a  f rom t h e  c a r r i e r  l o o p ,  
s y n c h r o ~ l i z e s  and  d e t e c t s  t h e  data and subl ra ine  s y n c l - l r o n i z a t i o n ,  and 
g e n e r a t e s  d a t a ,  t i m i n g  and s y n c h r o n i z a t i o n  s i g n a l s  f o r  t h e  e x t e r n a l  
p r o ~ e s s o r .  The r e c e i v e d  HOW word i s  a l s o  e x t r a c t e d  f o r  p a n e l  d i s p l a y .  

F requency  Syrz thes i ze r  

T h i s  module p l u s  an i n t e r n a l  10  MHz f r equency  r e f e r e n c e  p r o v i d e s  f o r  
g e n e r a t i o n  o f  a l l  i n t e r n a l l y  used  f r e q u e n c i e s  from an i n t e r n a l  o r  
e x t e r n a l  f r e q u e n c y  s t a n d a r d .  

I n t e r l a c e  and C o n t r o l  

T h i s  niodule p r o v i d e s  c o n t r o l  of r e c e i v e r  o p e r a t i n g  modes, I r o n t  p a n e l  
c o n t r o l s ,  l o c a l  HOW g e n e r a t i o n  and e x l e r n a l  c o n t r o l  and s t a t u s  i n t e r - -  
f a c e s  w i t h  t h e  p r o c e s s o r  v i a  t h e  I E E E  I n t e r f a c e  Bus. 

Data  P r o c e s s i n g  C o n i i g u r a t i o ~ ~  
II 

As i n d i c a t e d  c a r l i e r ,  t h e  d a t a  p r o c e s s i n g  c o n f i g u r a t i o n  r e q u i r e d  f o r  t h e  
'I'TU w i l l  depend on t he  p a r t i c u l a r  h o s t  u s c r ' s  a p p l i c a t i o n .  For  t h e  
dcveloprnent ~ n o d e l  of  t h e  TI'U, a t i rne-shared  1 6 - b i t  m i n i - p r o c e s s o r / C ~ ~ :  
keyboard  w i l l  be  used .  T h i s  c o n f i g u r a t i o n  w a s  s e l e c t e d  t o  p r o v i d e  
f l e x i b i l i t y  o i  t e s t  and e v a l u a t i o n ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  evalua-  
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t i o r 1  of t irrle- t r a n s f e r  a l g o r i t h m s .  An e x t e n d e d  p r e c i s i o n  t i m e  i r ~ t e r v a l  
c o u n t e r  i s  i r l c luded  i n  t h e  p r o c e s s o r  c o n f i g u r a t i o n  t o  p r o c e s s  t h e  re- 
c e i v e r  g e n e r a t e d  code epocl is  measurerrients w i t h  10 nalzosecond r e s o l u t i o n .  

The s o f  twarc provid t td  w i t h  t h e  T1'U j .ncl i ldes ,  i n  a d d i t i o n  t o  s t a n d a r d  
venclur o p e r a t i n g  systtlliis and  l i b r a r y  r o u l l i n c s ,  n i n c  a p p l . i c a r i o n s  p c c u l -  
iar modules  w h i c h  p r o v i d e  o p e r a L o r  i n i t i a t i o n ,  c o n t r o l ,  d a t a  a c q u i s i -  
t i o n ,  data reduction, il isplag-,  and  d i a g ~ l o s  t i c  c a p a b i l - i t y  , a l l  at t h e  
C ~ ~ ' l ' / k e ~ L o a r d  w h i c i i  a c t s  ;.IS t h c  c o n t r o l  s t a t i o n  f o r  tl-ie s y s r e m .  F i g u r e  6 
i l l u s  trates Llie p r o c e s s i r l g  secjucnce. 

Upon i n i t i a l i z a t i o n ,  t h e  syst.cm v e r i i i e s  p r o p c r  p rog ram l o a d i n g ,  c h e c k s  
a l l  I n p u t / D u t p u t  o p c r a t i o z i s ,  and r e q u e s t s  o p e r a t o r  i n p u t s  f o r  satellite 
In, i n i t i a l  d o p p l e r  o i L s e t  and  v e r i r i c a t i o r l  01 p r o p e r  systetn t i m e .  The 
r e c e i v e r  i s  t h e n  i n l c r r u g a t e d ,  a r ~ d  i f  s t a t u s  i.s v a l i d ,  LI n a v i g a t i o n  d a t a  
f r ame  i s  1-cad in and cl icckca f o r  v a l i d i t y .  lz'hdn a v a l i d  frarne of  d a t a  
i s  a v a i l a b l e ,  ~ l a v i g a t i o n  ilc.ita p r o c e s s i n g  l (?g i l - i s .  T l i i s  p r o c e s s  p r o d u c e s  
an  e s L i n ~ a t e  01 t r a n s i l - t - i m e  ~7ncz  e v e r y  si:i s c c o r ~ d s  vl i is l l  i s  tlleii ~031-  

p a r e d  t o  Llie measu rcd  t ime-o f - a r r r i va l  as  drt-err:lirii.d i:rol.i t l i e  t i m e  i n L e r -  
val betwetill received and local c o d e  e p u i : i ~ s .  Cc-)nsccu~ l.vc differences a r c  
then s~:iouLhcd o v e r  a two r n i n u t t  i n t e r v a l  t o  ? roduct :  reLil-led e s t i m a t e s  oll 
b o t h  Lime artd r ' r cquency  ;irl.or i n  ~ l i c  l oca l .  uscr's c loc l i .  'I'hese data are 
d i s p l a y e d  to t h e  n p c r a t u r  as i . l l u s t r a t c d  i n  F i g u r e  7. 

A Time T r a n s l e r  U n i t  c a p a b l e  o f  p rov i c l i ng  100  i~anosecond wor ld-wide  tirric 
sync l i ro l - i i z a t i on  v i a  RF s i g n a l s  Lransmi tLed  'by GPS KAS'STXR satel..Lites h a s  
heen d e s c r i b e d .  S u c h  u n i t s  can p r o v i d c  more I r e q u e n t  and  improved 
c a l . i b r a t i o r i  o f  e x i s l i n g  aLun i i ,  c l oc i i s  at ren ic te  i o c a t . i o n s ,  a n d  u p g r a d i n g  
o l  t i . n~e  and  i r e q u e n c y  a c c u r a i : ~  av,:?iiabl;: iiror.1 con.vizntiona1 crystal 
.Lrequeni.y s t a n d a r d s .  
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FIGURE 1 GPS TIME TRANSFER UNIT 



FIGURE 3 GPS PHASE I SATELLITE IN VIEW TIME 



FIGURE 5 TIME TRANSFER RECEIVER 
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FIGURE 6 TTU PROCESSING SEQUENCE 



FIGURL 7 TYPICAL TTU DISPLAY 
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