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The h igh  p e r f  orma.nce c? a v a i l a h - . e  o s c i l l a t o r : ;  !I*-L::, p e r -  
~c i t , t ed .  t i l e  devel(>pmcnt c:f' inval i iahl  e navi{:?otion ~ i r l c ?  g;;eo- 
dei; ic s a l ; p l l i t e  s j r s t e ~ s .  ;io:je'~ey, st i ! 1 hia;her p;el-f orbr!~ance 
o s c i l l a t o r s  would f u r t i l e r  i.:n;j.-.c?ve t h e  z.cc!lrnc.:{ <,r' ?,ex< - 
1 ) i l i t y  ::f t h e  systerns.  

INTRODUCTION 

I !sc i l la tor  pcrf'orrnance ie ti crb;!,ical fac-t;:;r i n  r,he o p c r n t i o n  of' t h e  
Xavy Kai;igation Sa-tc:i.:!ite Sj-s%en~ ( N A V S A T )  and o f  t,he III"ITS';A5' (;loi-jal Po- 
s i t ion in ; :  Fystem (573). 15 i s  a l s i :  :in important elcx:lr!nt: i n  t l i e  i:ci'-. 

- 3  -- > 7,j<+, p-8 
d.etic: a p p l j . c a t i o n s  ci' t h e s e  sy:stens. _ n e  y~ r.. ,.L S J T S ~ ~ T ~  i s  bu.setx. ~n 
Doppler. r b s e r v a t i o n s  ;:f s a t e l l ' t i ? : :  c ~ t  1032 1~71; t l l t , i t ~ c l e .  hThi,lc: :he '<%is 
sys-tcnl i s  bz~sed on sir~:xi';z.rieo.,.i? -ar:,;e o bse:-7rn.ti.ans f 'o~~r  s a t e l  l  ihei; 
a:[; al-Li. tudes !-,f 2O,OCO Lr, it i:? ;lsel"dl t::) tiink oi' L-ie cqnp11t:ltio:1 
of t h e  ephersier.ides :)f thc-: s a t e l l i t e s  :is t ~ e i n ;  T)asetL upon Ijoppl cr d a t a  
a l s o .  The reasor1 i'or i;hc::nsinc this i n t e r p r c ? t a t i c n  s t e n s  fri)r!l t l l e  f ac t ,  
t h a t  i t  4s  c i e s i r a b l . ~  i;c base the c:orr.putation o f  1,hc e ~ h e r n e r i s  nu s e v e r a l  
days nf o b s e r v a t i o n s  rin o r d e r  t o  v i n i r r ~ i z e  t h e  u n c e r t a i n t i e s  i n  t h e  c:o::l- 
ptltecl o r b i t  p e r i o d  and sola..? :.:~dia',ion purmie-t,ers . '.'.rer s f i ~ r e  Jn.:! 

p e r i o d ,  an er.ror of one part; Ir; i n  o:;:;ci:i.latsr. f rcquencj .  wc-:u.!.{i 
produce an  e r r o r  i:i ti:r,e of 1.3 r,:<, 31% 1 2  :: i n  rarli;e, s i n c e  ti-)? r,ar>ge 
. - .  1 s  oaset: i:)n t h e  measur.c< t.r.rtvel T,irne ;T .=.L<T!s~ S j!r(I:pa;ltirig a t  t,!ie 

 e el^;;, i ~ , r i a ~ ~ - c ~ i  r -." - -  speed of l i g h t .  Ac w.l.:.l be ~ l l o . ~ . n  I-- - L, .,_ .. _ , .!:!pl!:.er d a t  s c2lx-i ri;; 
t l ie  ? i v e  day p e r i c d  wol.ll3 r i v e  ;*u::ge t: t i - i c :  ; : u te~ , i+ ,e  -w-?I! r : 1 1  i s  :ic::urarti3 
- to bet;ter tliari a nletor ..?<;:ix:q 2:-c :;:.u:le csc: ' l . l l^ tor .  1 L i s  ' T ; : ~ s F ~ ? - ~ c I  t . 1 : ;  

. . -  . - u s e  t h e  r a n g e  ififormati:.:, : i l ~ + e c t l ; ~ ~  i<:11 1.e .:I: , ,, : i c ~ , > l ~ ~ t , i ; : y  .:'T)Y t l i e  3 s ~ i . l  - 

1ato.r  i n s t a b i * i t y  e i t h e r  in 3. :;c:q.ient,la: n-,;::esscr. I;:.- i nt-r.o-!~.ii.ing p ro-  
c e s s  r io ise  o r  in :z I:>a-Lcl: pric.esa,:T .:;-; 1 1 ~ i : i ~  3 ~or~r-.1.1:.LeLl wei;yht, nii-trix. 

. . 
While Lhese a l t  e r n a t  is-c:; a r e  :nstrierr,at, ~c:al.! :,- :.icjr e r i . g : > ~ - o ~ ~ : ;  L:ian t h e  
convers ion  (1 f -range dat,,? to I,O.K,L:' t' r  :.iii;a, +. !IE! t .ec?:?~ i ( lues P~L~;dameritnl.ly- 
weaken t h e  accurn.c\r c > i *  re la ' , l -re rarii.?e r!.?u~~.,rernert, ? 9 ~ . i 3 ~  ;11i -diciely :~p~.(:e(i  
t i m e s ,  tendir,!; t o  approach ti.? -'c:pp l e r  i r : t e rp re ta t i c~ : i  ?f 1~2;;. d.atr-1.. 



TIME TAGGING 

Hoth $he NAVSAT and GP:; s y s t ~ r n s  r e q u i r e  t ime ,tagging of observat ior ls  
arlil of ephemeris d a t a  t o  s ~ f ~ i c i c n t  accuracy t o  a.ll.ow in t e rpo l - a t ion  i n  
t h e  ~ e l a t l v e  p o s i t i o r ~ s  of t h e  s a t e l l i t e  and observer  t o  t h e  d e s i r e d  
accuracy.  S ince  -the r c l a t i v c  accur-acy of t h e  s a t e l l i t e  and observer  
i s  about 5 km/sec, a.n u n c e r t a i n t y  i.n tiic: tirue t a g  of' 0.2 ms woulti. pruj- 
duce a r e l . a t i ve  p o s i t i o n  e r r o r  of one meter .  In both  navigatior-i s y s -  
tems, one o r  more ground osci.l.:l.ator:; i s  atiopted a s  n. s t anda rd ,  t h e  
saLel:l..i.l;e n s c i l l n t o r  i s  ca1i 'r)rated a g a i r x t  t h e  stantl.ard, and o t h e r  
ground cl.ocks a r e  c a l i b r a t e d  n.[yainst t h e  s a t e l l i . t e  c lock .  Therefore ,  
-the s a t e l . l i t e  o s c i l l a t o r  rnust be sufl ' icien-t , ly s t a b l e  t o  main ta in  t h e  
d.e:i.ired accuracy of -the c:lock epochs over t h e  t ime per fod  of s e v e r a l  
d a y s  useti f o r  t h e  c lock  r a t e  de te rmina t ion  and p r e d i c t i o n .  A 0.2 rns 
accuracy- o b j e c t i v e  over a fj.ve (3a.y peri-od requires an  o s c i l l a t o r  s.ta.- 
b i l i t y  of  !j p a r t s  i.n 101O. 

Thc most s t r i n g e n t  requirement on o s c i l l a t o r  performance a r i s e s  from 
ground measi~remerits of t h e  tirne of a r r i v a l  of s i g n a l s  generateti  from 
o s c i l l a t o r s  i n  t h e  W S  s a t e l l i t e s .  Tile GPS system i s  based on range:; 
computed by n lu l t ip ly ing  t h e  t r a v e l  tirne of t h e  sit:nals by the  veloci t ,y  
of l i g h t .  The efl 'ect 01' o s c i l l a t o r  i n s t a b i l i t y  on t h e  computed ranges 
w a s  r e f e r r e d  t o  i n  t h e  f i r s t  p a r a g ~ a p h  i n  connect ion wi th  t h e  d e t e r -  
minat ion of t h e  o r b i t s  of t h e  GPS s a t e l l i t e s .  I n v e r t i n g  t h e  c a l c u l a -  
t i o n ,  i f  s a t e l l i t e  and ground t iming  systems were t o  be maintained t o  
an  accuracy corrcsponding t o  a one mr te r  range accuracy over  a r i v e  day 
t ime pe r iod ,  o s c i l l a t o r  s t a b i l i t i e s  of  e i g h t  p a r t s  i n  1015 would be ye- 
qu i red .  The GPS system i s  a b l e  t o  meet r iavigat ion requirements  wi th  
s a t e l l i t e  o s c i l l a t o r s  which a r e  a n  o rde r  of  magnitude poorer  because 
of  l o o s e r  t o l e r a n c e s  on range  accuracy and s h o r t e r  f i t  and p r e d i c t i o r ~  
i n t e r v a l s  f o r  t h e  t ime s i g n a l s .  The epoch e r r o r s  of t h e  ground c lock  
a r e  determined each t ime a  nav iga t ion  f i x  i s  obta ined  by measuring t h e  
apparcnt  t r a v e l  time of  s i g n a l s  from f'our s a t e l l i t e s  and so lv ing  f o r  
the c lock  c o r r e c t i o n  and t h e  t h r e e  components of the o b s e r v e r ' s  pos i -  
t i o n .  T h e r e f o x  t h e  on1 y requirement on t h e  o s c i l l a t o r  i n  t h e  r e c e i v e r  
i s  t o  permit i n t e r p o l a t i o n  of' s i g n a l s  from t h e  s a t e l - l i t e  t o  t h e  same 
epoch for those  r e c e i v e r s  which do not make s imultaneous obse rva t ions  
t o  t h e  four  s a t e l - l i t e s   ill, 1978). The r.ange computed from t h c  
t r a v e l  Lime p r i o r  t o  c o r r e c t i o n  of t h e  o b s e r v e r ' s  c lock  i s  r e f e r r e d  t o  
a s  a "pseudo-range . " 
GEOMETRIC UTLUTION OF PRECISION 

I n  cons ider ing  t h e  requirements  f o r  o s ~ i l ~ l a t o r  s t a b i l i t y ,  t h e  measure- 
ment e r r o r s  produced by c lock  u n c e r t a i n t i e s  must be transt'ormed t o  
e r r o r s  i n  t h e  p o s i t i o n  of t h e  observer .  P o s i t i o n s  based on t h e  pseudo- 
ranges  t o  fou r  s a t e l l i t e s  are about  s fact,os of t h r e e  worse t h a n  t h e  



meusur~m(+rit e r r o r s  f o r  t,hc typicti.? gcorriet,ri c con? j lyu iaa.ti on of CF'L.; :;atel- 
1 i . t ~ ~ .  The r .a . t io  of the pos i t io r i  er.ror 'io t h e  mea.s~~remerzt; er'ror i.8 r e -  
f e r r e d  tc 3,s the "(;eoaietr.ic: D i lu t ion  o f  Y I ' E Z ~ S ~ U ~  ( G T ) ~ P ) "  (more pYe- 
cisely r.! this ( tontext ,  "4)~'r~sit ic;n i)?.iilti.on ~f F'recisi on < E ' ~ o P ) "  ( ~ l i l l i -  

~ ker l  anti Zolleu., 1973)  ) . it, 1' :-: ::mpJ.;yT t,Le avc.-rage 3 t x . n d u r d  e r r o r  i:1 pn-  
s j Lion c::orre~por;ding tc: uni t, ~~.eiz,rh-t T'c r. t,l-;c: o i;:;erv:-i.:, i c r ~ s .  '?ie ':DOT an(? 
t,lle eyfect:; of os(:.i l a t o r  .i.r:stal;i'.i:.y OR ':!opyler ;,.;sitic-:wli:ip; cannot, ;)e 
s-Jnmarize(i 35 concisp ly .  3p"ore ?i:;r:,~,r:;'ir-.~ A ,., t ,heze t.,'.!!-.lcs, the cofi-ren- 

. - . - -  . 
+,15:)~ia,-i :;:ieyr)fetatj ;:>I; ~ f '  yo[:)p.,.el- :::.;!,3. ,?,1:1<.1 :::>r!!lnC:ri l;i? ,.rl!lil::.~.:j{;y. \TlLL a P  r(?- 
-$Jj.  e\rc?2 * 

wliel-e i', I:; t he  fr.equen<:y er::lt,tr-.c~ ,:I: the s:i.L.,elli-kc:, ,: i.? t i i c :  , ve ioc i ty  
of 1 :l<ht , n;;d f- j.s :.,he ~ e l ~ t . , i ~ ~ ~ e  ve ; :;'::i!y rv f  t h e  sh-k;: i i t , e  ~ . i j t j  I . C I S ~ ~ C ~  

c.c: ~..?::c;; -! :; ric.-.yal.;.,; ::Aixe,l w l t i l  CI -ref - t;: t h e  ob:;er-qer. T I I ~  recciveE ' y V - '  

erScrice frc:;~~en.cy , CR, I I ~  r.(::!t:l.;-ey: 



For t h e  above frequency o f f s e t s ,  t he  f i r s t  equat ion  e s t a b l i s h e s  t h e  
t ime  i n t e r v a l  accuracy r equ i r ed  per meter  p r e c i s i o n  i n  range  d i f f e r e n c e  
as 40 us f o r  NAVSAT and 200 11s f o r  GPS. The second c o n t r i b u t i o n  t o  
t h e  range  d i f f e r e n c e  e r r o r  imposts more severe  requirements  on t h e  os- 
c i l l a t o r .  The t i m e  i n t e r v a l  between t h e  f i r s t  and l a s t  L i r n e  i n  a s a t e l -  
l i t e  pas s  i s  about  1000 s f o r  NAVSAT and 30,000 s f o r  GPS. Therefore ,  
t h e  f r a c t i a n a l  f requency s t a b i l i t y  r e q u i r e d  pe r  meter  p r e c i s i o n  over 
t h e s e  i n t e r v a l s  i s  3x10-I 1-or NAVSAT arid I . . l x 1 0 - ~  f o r  GPS, 

INFORMATION CONTENT OF A DOPPLlqR FASS 

Direc t  conversion of  t h e  Doppler e r r o r s  dj  scussed i n  t h e  previous  para- 
graph t o  e r r o r s  i n  s t a t i o n  p o s i t i o n  i s  not  u s e f u l  because Doppler d a t a  
f o r  a s i n g l e  s a t e l l i t e  pas s  does not  provide  enough informat ion  t o  per- 
m i t  a c c u r a t e  determiriation o f  a l l  three components of s t a t i o n  p o s i t i o n .  
Therefore ,  GDOP i s  u s u a l l y  c a l c u l a t e d  f o r  t h e  two p o s i t i o n  components 
which a r e  w e l l  determined. Y1L'2-:e e f f e c t s  of  ey ro r s  i n  t h e s e  two compo- 
nen t s  on t h e  c a l c u l a t e d  frequency a r e  i l l u s t r a t e d  i n  f i g u r e  1. On a, 
non-rotat ing e a r t h ,  t h e  Doppler f requency (which i s  p r o p o r t i o n a l  t o  
t h e  range d i f f e r e n c e )  i s  zero  when t h e  s s t e l l i t e  reaches  i t s  p o i n t  uf 
c l o s e s t  approach t o  t h e  observer  and has t h e  shape shown by t h e  upper 
curves  i n  t h c  f i g u r e .  The o-fb-fset between t h e  s a t e l l i t e  and s t a t i o n  fre- 
quency s t anda rds  i s  eas i ly  determined s i n c e  t h e  Doppler f requency,  o r  
c a l c u l a t e d  range d i f f e r e n c e  p e r  u n i t  t ime ,  i s  equal and oppos i t e  i n  s ign  
a t  t h e  t imes  of  r i s e  and s e t  o f  t h e  s a t e l l i t e  above t h e  s t a t i o n  hor izan .  
If t h e  s a t e l l i t e  p o s i t i o n  i s  known, t h e n  a n  e r ro r  i n  t h e  o b s e r v e r ' s  po- 
s i t i o n  p a r a l l e l  t o  t h e  s a t e l l i t e  v e l o c i t y  vec to r  a t  c l o s e s t  approach 
wi l l  produce c a l c u l a t e d  range d i f f e r e n c e s  which a r e  d i sp l aced  i n  tirne as 
shown by t h e  broken curve i n  t h e  upper l e f t  f i g u r e ,  and be1 1 shaped rr- 
s i d u a l s  a s  shown i n  t h e  lower l e f t  f i g u r e .  This  component of  s t a t i o n  
p o s i t i o n  debermined frorn a  pass elf Doppler d a t a  i s  r e f e r r e d  t o  a s  t h e  
" t angen t i a l "  o r  "along t rack1 '  component of  p o s i t i o n .  If t h e  assumed 
s t a t i o n  p o s i t i o n  i s  c lose r  t o ,  o r  f u r t h e r  from, t h e  s a t e l l i t e  a t  t h e  
t i m e  of c J o s e s t  approach, t h e  Doppler curve,  o r  range  d i f f e r e n c e s ,  w i l l  
have a s t e e p e r  o r  shallower s lope  a s  shown i n  t h e  upper r i g h t  hand 
p a r t  of f i g u r e  1. The r e s i d u a l s  w i l l  be anti-symmetric a s  shown i n  t h e  
lower r i g h t  hand p a r t  of t h e  figure, and d e f i n e  t h e  l o c a t i o n  of t h e  
s t a t i o n  alonw t h e  range Vector t o  t h e  s a t e l l i t e  a t  t h e  t i m e  of c l o s e s t  
approach ( t h e  "range" component of  s t a t i o n  p o s i t i o n ) .  A t roposphe r i c  
r e f r a c t i o n  b i a s  w i l l  a l s o  produce anti-symmetric r e s i d u a l s ,  but  t h e  
e f f e c t  w i l l  b e  g r e a t e s t  a t  t h e  t imes  of r i s e  and s e t  o f  t h e  s a t e l l i t e  



and d e w e a s e  r a p i d l y  a t  t h e  h igher  e l e v a t i o n  ang le s .  The t h i r d  compo- 

nent  of s t a t i o n  p o s i t i o n  i s  not  dcfirled f o r  a n  emit,t,er on a l i n e a r  p d h  
and a  on-rotating e a r t h ,  s i n c e  r o t a t i o n  of -[,he r e c e i v e r  about t h e  emi,t,- 
t e r  p a t h  ai; a f i x e d  : i i s tance  frorfi tkte emit-tz.r wi l . l  riot change t h e  Doppler 
curvt:. 1Shile t h e  sal.u-i;i~,ri if~r t h r e e  component :: o f  s t a t , i on  po:;il;;on i s  
nct, si xiglliar fi:r t h e  curved satel l . . i tc .  pa-l;h :-inti a  rntnLing e a r t h ,  t h e  
s t  and.ard error.  f o r  t,he t h i  rci c ( . ) ~ p ~ ~ i ~ : l t ,  of s t~.Li.:.n pct:>lt ion  is ort-ii?-r:i 
of r~iagnif,l.lije : a rge r  than tlicise ?'or t h e  ta.nt:er,ti:-lL ar:.l 7-ange coninnnent 
of s t a t t o r i  p ~ ~ s i t i o n  i n  ti-.e p1a.nc.I :':cfined ?j:i t h e  rkr:ge ~ e c t o r  t o  t l lc 
s a t e i l i t e  and t h e  re1 at,:ivc: vel . :~ci ty  vec tor  r=+? t i i e  :;~.tel l . i t e  a t  the t i n e  
of c i o s e s t  approach, pr-ovidir~i,: rl': u se fu l  informat i on for. navigal, ion  01- 
gei:>d.elic a p p l i c a t  i n n s .  T2icrf:for.e i n  g rue r  t o  d e t  e r r l i~ i c  three corripor:erll;c, 
c: f s-tat ion pos i t i .on ,  tl-le satcl.1 ..it,e :;l;ol~ld be cl1ser7reci on a ;?as:=, t o  ti.:? 
l e f t  and :I pass  t c j  t h e  rigkit of t h e  s-t:~tioxl :.#; t ha t  1, t!e r-u.rly$ components 
ca.n be used tc tr iangilir-i te s-ha-tio:; height  ant5 the h i ~ r i z c ~ l t a ;  compor:er:!, 
corrnal tc. t,ne sat,c! t i t e  trki:t-li. (~:?r.xit:.l~I.e f07 tkii:? ;-,3.iar. ' d ~ . q  ?::i-<vrl;.~:~:i,ii:~ . . 
Sa. te . l . l i t e5) .  I n  order  ti-, ilcl,e:.xir,::! a navi,,:ltc.r's I;.t;tu$e and icn{;:- 
t .~cie  frorr, a s i n g l e  pas:; o_' -lc-:);:-!~:er r.?at:i, the !le<~11', r;:' :l:r .I-k:;e.r;er7 !:::]st 
be k n o ~ m ;  neverthel,ess bile l or:yi:;,.;::i: i s  i l l -d .e t  crni net1 Yc!r pi - la r  s n i e l -  
l i t e  passes cr ! .~ss ing  -Lne stcitit,r:' i. zen i th .  .?i.r:,-i, the >irlgu?ttr. vel,::i:ity 
of CPS sat,el:l ites i s  o a l j  t,.i;ice ti:.? raTe of e;-1.~'t,:-, ! 5 7 - 0 t : j . t  ion whilr the 
ang~~. l .n r  -ve-iocity of' tii;: XAVSd-' s :3- t ,e l l l tes  i:; <;cr! : i ~ c s  t,he ra: ,e r_if 
e a r t h ' s  ro ta t  ic;r;,  it -is n c t  char .  -wbetner ;ne infc:r:rlati.c?n contc:nt c:f tt  

GPS 3opplc:r pa:;:; i s  so Ttlea-ly 2onta ineJ  i n  t h e  r ange l tnngen t i a i  po- 
: ; i t ion component:; o f  r;-t:-.~tt~j:. pr)si-i;.i.l3r. a2 it; i s  f n r  NAVSAT d.ata. Never- 
-theler;:i, Lhe s:u;le i n t e r p r e t a t i o n  has $per; ap-pl-i ::d ?:- GP:' c:4a-t*i A . ,c L.3 r j  tz .re- 
s i l l t  of t h e  a,;iai.;abii:itg of' !,;he i:onp'~ter pro,c;rams nnc? t h e  l a c k  f:' :< 
b e t t e r  diai;n<;stic t o o l .  i1cf:ln.l : , r t i t  jieternilr\st-l;..;.rL:r; :-i:,:L yc:!c.-c!c!-,:ic: $[,a- 
ti;-\;: p , s i t , i ~ ~ i  ca? ct!;; s,12 i ;r::., c2.c:. i>a;.:i:Cx (211 :L LI::~;?, ~.:] :? .~rez !'Tt, (:,:: ~ l - l e  ;~a,r3,- 
r:~c:tel+s of Ithe s$:)i~.~ticfi  %c t k e  ?,~:;~YF-,?.T,C c,f !.I-I<: T;<,;.:::i.?i.\~ . (..::?i::~~ : I , : , ~  tc 
1~0~ii,i01i c(;::~polivilT;: ~ ;~L~~ . i l : i t e : f !  .'.'I:> ~L~i~! , ; ;~-~ , :z+- i~~ ::~.,.:~J;!.::.;~::~, 

It was men-tioned ea-r.j;crn +,.::a;. I e v i  ~ O F L  r:io~t r e c e i v e r s  
,,..-, r:i,:iKe d a t a  s-US;- can be t r e a t e d  a s  e i t h e r  rzn:-:e i : i f ferencc E~-f,a, c r  ,-... 

,.!(.>S, trie 3.::icertaint;; is t h c  Sect  t o  a n  unknown b : i a ~ .  l~'it-.j(mt>:i 2 anti 3 : ! i  . - 
determinat icr ;  of t h e  t .~,rl ,gei?~: 2 3:7,d T ~ I I ~ - ; U  ct::>r-~r.onc-.rrt:; :!;' Lhi. pcrlsitisi-. 3f 

,the obseyve-r, ~espec+ , ive lq . ,  c,:-.-.ez~:t:~~l:ilr,t. rs?, ::.:) cc: i3 ; -~u~lci ( !~~i  ~ ~ Y Y C Y  I:i 
') r - ranee cr. range ciif r"er~i;:e ::at,:: . 7i:ru-.e . .,r, :i r:~,!;.:: ti.i.i!; ti!:: "r.3C;E f :>r  

. . 
t h e  tarlgerit isl  co:npone:it of I;.,: ;l;:rl:>z -<>i,-i es -77- -I,,: - I,? '. .; i ' r : l l r e  i'cr biased 
range i a t  n anfi f  yon $,:;re.. \,:-> '.c!r. ''or* _r.zii,-:- .:L;':,~~.L.:..(I' E. ;% t7(.-,1- ci eva,t, i on 
angles  ti : )  t h e  sate; l i  t e  ht c;.: .;(::=, -i,!:;~-;-*.!uiC'-~ I'L.'cI:I ::'!! t,:: L:J ilelTrE'?S. 
F i  gxre :3 r ETJC:~,'~ s -t'r;.~,+ :,TI P :;-j::;i3 YL: -r :, 11 e ra::(::~. . -* ,. ,- . fieli; ,: f posi.t ion  
v a r i e s  f:-or: cne half t o  t w c .  I',;? 3iase1i  yangc :Let? %::I!: :'-r.;lrr: t h r e e  to 

i~ - : ,~ , . lo r :  L:I~;.I.~: . ?he f i g u r e s  seven f o r  range difye-renee da-ca Cor t n e ~ c  ci i-:--~--' ' 

a r e  Saseri, on t h e  a:;sl.ur~p-Llc:~! t >;:it the i;ro>c-j~pl:cric: r e l r h - t l o n  Is kno~~m 
perfec-Ll;j and d t e  c;i'.i'e:;?, ir. :'r*tlt2,Lency he~>;ee:; 5:-!e o~ . : : i l ln t ,o rs  .I!; tlic-: 



sat;ell i i ;e and t h e  r e c e i v e r  i s completely unknown bu t  s t a b l e  t31r r  in{: t h e  
pas s .  U n c e r t a i n t i e s  i n  t roposphe r i c  r e f  racl; i on  m u . s t  a c t u a l l y  be cnn- 
s i d e r e d  i n  p r e c i s e  computations.  1nZ;r.oducti.on of  a  s c a l e  b i a s  for. r e -  
f r a . c t i on  d.oes not  a f f e c t  t h e  s tandard  e r r o r  i n  t a n g e n t i a l  p o s i t i o n .  
The e f f e c t  on t h e  range componen-L of' po::itic)a depends on t h e  r e l a t i v e  
magnitudes of the  random e r r o r  of t h e  Doppler obse rva t ions  and t h e  ur i -  
c e r t z i n t y  i n  t h e  a - p r i o r i  r e f r a c t i o n  d n t a ;  f o r  t y p i c a l  va lues  of  t h e  
q u a n t i t i e s ,  t h e  s tandard  e r r o r  i n  range conipnnent based on range di1'- 
f e r ence  d a t a  i s  not  s i g n i f i c a n t l y  a f f e c t e d  ,while t h a t  f o r  b i a sed  range 
d a t a  i:i increa:;ed rnar.ked.ly percentage-wi se, altl lough i-1; always reaini.ris 
smal.ler i n  ma[:ni.tude than  t h a t  f o r  range d i f f e r e n c e  d a t a .  Since i;hc 
random, e r r o r  o f  measurement f'or t h e  bc t te r .  r e c e i v e r s  i s  l e s s  t h a n  5 c111, 

t h e  p r e c i s i o n  of t h e  Doppler r e c e i v e r s  i s  q u i t e  good. However, t h e  
e f f e c t s  of - the  i n s t a b i l i t y  of osclil^l.ators used i n  t h e  r e c e i v e r s  pro- 
duces l a r g e r  e r r o r s  i n  p o s i t i o n .  Spec i . f ica t ions  of t h e  s - t a b - i l i t y  o f  
t w o  o s c i l l a t o r s  used i n  l\lAVSAY1 Doppl.er r .eceivers a r e  lx l0 - l  l and. 6x:l 0-l2 
for. averaging t imes  of' iriteres-t; ( 30  -Lo 1000 seconds) .  Simulctt-ions of 
posi. t i  on accu rac i e s  a t - t a i n a b l e  w i t h  t h e s e  o s c i l l a t o r s  and a n  o s c i l l a t o r  
wi th  n s t a b i l i t y  o f  2xl0-'~ were conducted by Monte Carlo methods. 
Doppler observa t ions  ccrresponding t o  l'requency v a r f a l i o n s  expected f'or 
each of t h e s e  oscil.J.atorbs and a rand.orn e r r o r  of' 3 cm were synthes ized  
f o r  s i x  passes  f o r  each of f i v e  pas s  geometr ies ,  and t h e  components of 
s ta . t ion  p o s i t i o n  were computed f o r  each pas s .  The r m s  o f  t h e  s i x  s,zmple 
e r r o r s  f o r  t h e  t a n g e n t i a l  and Yange components i s  pl o-&;.ted Tl-I f.i.c~lrcs 4 
and 5 ,  r e s p e c t i v e l y ,  ve r sus  t h e  > e l e v a t  ion  an{;le t o  t h c  s a t e l l i t e  a t  
c l o s e s t  appro:l.ch. Note Lhat t,hc p o s i t i o n  componerit e r r o r s  a r e  abou-t 30 
.t;irnes l a r g e r  t han  t h o s e  due t o  random e r r o r  f o r  t h e  spec i t i ca t i . ons  of 
t h e  o s c i l l a t o r s  used wi th  t h i s  equipment r e g a r d l e s s  of  whether t h e  d a t a  
i s  r ep re sen ted  a s  b i a sed  rarlgc data o r  as range t l i f furences .  The o s c i l -  
l a t o r  s t a b i l i t y  of ~ x I o - ' ~  which has heen achieved f o r  ru~b id i~un  o s c i l -  
l a t o r s  over  t h e s e  avern.girlg t i m e s ,  y i e l d s  p o s i t i o n  e r r o y s  reasonably  
cl.ose t o  t h o s e  expected from t h e  random e r r o r  of measurement. I r re ,yu-  
] . a r t t i e s  i n  t h e  curves  a r e  probably due t o  sampli-ng e r r o r s  i n  t h i s  
li.mi.ted Montc! Cnrlo s imula t ion .  The rubidium osc i l . l a to r  :is -inrrorivenierit- 
l y  :Large i n  s i z e  ?or use  wi.th t h e  p o r t a b l e  Dopplcr receiver:: i.n some 
a p p l i c a t i o n s .  

EFFECT OF CLOCK PERFORMANCE ON POSITIONS DETERMINED FROM GPS DOPPLE:R 
DATA 

R e s u l t s  of computatioxls o f  GDOP f o r  Doppler obse rva t ions  o f  t h e  CPS 
s a t e l l i t e s  f o r  biased range and range  d i f f e r e n c e  d a t a  a r e  given i n  
f i g u r e  6 f o r  t h e  range component of p o s i t i o n .  The curves f o r  Lhc t an -  
g e n t i a l  component o f  p o s i t i o n  are s i m i l a r .  Resu l t s  f o r  v a r i o u s  data  
sampling s t r a t e g i e s  a r e  given for t h e  rangc d i f f e r e n c e  representat , i , jn  
of d n t a  whi le  t h e  curves  f o r  b i a sed  ra.ne;e data are p r o p o r t i o n a l  t o  t he  
square  r o o t  of  t h e  sampling in t e rva , l .  Note t ha , t  t h e  GDOP v a r i e s  from 
about one t o  t e n  f o r  t h e  d i r f e r e n t  ca ses  Yor pas s  l e n g t h s  g r e a t e r  t h a n  
15,000 seconds. Shor t e r  pass l e n g t h s  probably need not  be  cons idered  



due t o  t h e  spacing of t h e  s a t e l l i t e s  i n  t h e  c n n s t e l l a t i o n .  :';-incc 
moc,t C ~ ~ P  ,-- ,_. receiver:; :ire desigried t o  achi ev-e 1 cr!i p r e c i s i n n  i n  Dopplcr 

cluta, t h e  c:jrvcs ir:ipiy a high preci :;i.on i n  p o s i t , i o ~ i .  However, a vcl-y 
1;: gl-1 :,si.i!-iator z t n t j  l.it;y. wi)i;l :? be zheyuired t o  achi.evc i;he:;e precisians. 
:<irri~la.t ions  similar.  t o  tkclse cor;d!ict ed for liAS;:;i'ill' coricii t ions  were a: sc; 
conduc-teti i'or GPS c0ndi.t i c n s  t o  dcL errline i, he el'i 'ect of o sc i  1.7 ator :;t,:~.-- 
b i l i t y  (:in t h e  accuracy o-l' :;i::.ii,ion posi t ic!ns .  k t a  wcrc simulat~et! for. 
t h e  o s c i l l a t o r  ::t,;xI~.i.:lity zcrres2r:ndlng tc 1;hu L : ~ A J . V ~ :  :L::~:)eletl "Test At '  

i ' i ,gure 7 .  This curve: i s  c l o s e  t o  t h a t  f o ~  a ::e:;ilm o:<ci.:l:ator, j u s t  
a. 1 . 4  I 1 , , t i e  poorer  t han  t;!int r,:easur"ed bj- t h e  :Java1 ?:bso~.~~,t , t :)  r COT' t,he 

cc:=,i;jr:i c.,;;cillator used i r ?  'r,);c: 'JSVS7i'!lii i;c:cel ?-tic: 3eceib e r  . Tht: TTIK:; ,:,f' 
each posi-t;ic.ri conlponerlt e r r o r  ~ b t ~ i n e d .  f'rcr; -!,i-!c? sir:::;la?.e?i d a t a  i s  r;i.v?li 
f i  i r e  . Only I):-ir;s ~ . e r ~ ~ - I ! - . r : s  L.:,ri,ger t han  1, , LC)': tec -:nd:; X C ? : . ~  tori- 

slriered. Tllese e r r o r s  a r e  f i 7 ~ c :  t:, ;'i:-t;- ~l::li::s ',qf:jr.se -;liar; z'riose cllxpccted 
fr(:j:!i t h e  ranficn: e r r o r  (2' ,:?-;:~i-.r~rs.+,i>?.. !,',tc!ln;lt.:.; t,o scc.r.unt 1~17' freij-de~lcy 
vnria . t  irns I,;y i:ltroducin;s 7, qrenae,-~a;: tiri ::t, I,iirb:u:leL :;lr,,.:luc~Cl s t  ill 
1:ctr.g~~ errcjrs i n  r:onputec:l 2tn.t i i ; r  13: :;it: on. IIowever. , t l i is  f b i , ~ u r e  il.1.u- 
s t r a t e s  t l le ~ ; o i n t ,  ~nnrlc i r ,  t h e  i'ir.2 t p a ~ a g ~ a ~ i i  +,hat t l ie 5'opplcr tenhrii c l ~ c  
can be used t o  deterrriine t h e  range to t i le s a t e l . l i . t e  t o  b e t t e r  t-I~!-ir! u 
met,er accuracy- f o r  sat ell it^ ot-xsses sepizrnted by ariy t ime i n t e r v a l .  

Even cons?'.deri ng -kne ci'f e r - t  z 2:' m.:sciLlnL,.-)r. .i.:.~st%i:ili';:,-, t h e  e~l-or .  s i 7-1 

i: , .:-~ij-ted s ~ : i . t i o ~ ~  pasiti!:jrls , . l i s ~ : ~ ~ . - y  ., ..,e:i i l l  t h e  9 r e ~ i  01.1~' C. ??(: t; i ~ 1 1 ~  31'e ~lllt?I:.- 
. . 

:.cr t.ha.11 t,P:i! error.:; i r i  i.:jnlg,:ll.t.:.l : ;ct; . l l i te ;>%I~I.T:.(;?::; I ? ; C C C ' P ~ ,  7::~ iov 
eleva,ti,jri n r ; ~ l e  pas:;?$. T<cv.eve~, t!:? !-~i;;:~ier -,-::.ce'-rcr 2.ccl;r.a.cy i s  ,I,.-" L 

- .  
s i r a b l e  l o r  c;eodet,i.c: :~p~,,;c:;i-l!;l.-m; :;irlse t he  a c c a a c y  c!f t h e  conputs-- 
t i c n  o f  :hi: r-.elat,ivc: posi~ii:~ln oi' stai,ic:,ris cljsi-rving t,hd sa t e ' i i i  kc: 
:.;i:riult:inec.,usiy. i s  nc t  sigriiric:~:it.Ly a f f e c t e d  by errc;r:-; i n  t h c  :;al;e.Llite 
posi t i .on if' -tho tiisLance bet,weer? t h e  s ta t ion .2  i s  smal l  co:nparec? t c )  t h e  
he ight  of  t h e  s a t c l i i t c l  (.Lndcr.l;?, l!!78a) . Sirr~il ar1.y , r ! r r . c , r s  due !;c 
ti-ie s a t e l l i t e  o s c i l l a t o r  c a r  bc expectcd Lo bc c:zncel[.:ied undcx. ti-!t-:se 

u i r u u r n s  t,:i.r;ces . T h e  p o t e n t i a l  f c r  t h e  de t  e r ~ i i r i a t i o n  c" tl1t-t I-clat,: ve po- 
s i l  i rj ' s i a . t i ons  ?;:> ~.e:i!,im.itey a c c u r x y  hhr. 2cSracr ed t h ~  atl,(?!i:, i :i:. 
o? t.;ec:)r?j t;:ic:i:it,:; st,lciy iriy c:r..!.<t:-i. i ::!3!,i::::i. Pirice :,i,c 4eter~:i:;atj ,:?n 1: I' 
r.e;at i.ve ska t  ic;n po:;i. t <an ?.-.z,-: ~ - ~ e ~ s , t , r . z  ti- c ;-ccl-.A ircr,er)t, i'r:r. ii:::..iraL t: !,;!lei. 

. . 
~3~ c y ~ ~ ~ . : < s ~ o r ?  :)f the  ya~:!~ir;!; si<~-i::il.s :'r>r:. .>!ie c;!;;.: s a i , e ~ ~ i . ~  ~ e 3 ,  near-zirr*ui- 
t;ancc)l~s p:;ei;do-rnac-;c mea.;;lr.erni-rlLc. I '~-( . , rr :  ;,w:, s :  t ~ t i i ; n s  ;LC:.. i ' : : ? a ~  s a t e ~ l r i . t e s  
can be ~~s . , od  -Lo makc: nrl i:li,~.r.i'er‘r:r:.:-L~lc. s!:,1.l%i?rA -- "i;rb ',lie r e l a . t , j - ~ e  posi.- 

\ .  - _- - 1-1 $ t i o r  (:"the :;tat,ic;ns (~'intier,.l.e, _:: , !<i , I , l~ ! : l ' r :~~a~ ,  19 : . E,aVeve7- , 2 -;li gh 
ga in  aritenlla (:)r :i higii rec~~lr.:::iaztc)~ ::_' sssey;~ai;<:r.ns i: re:;7Llirec:i to r e -  
duce t h e  ~.:-lrid(;m r.aril:r: r;:r.i'~r* w;' i  ) ,l(:!l. ' : ' ;! :L~)C!I~!, :-], :),<? t,cr 1' )i* :.i wicie Lje:X~i ;?::- 
t enna .  I r i  this a p p l i c ~ t i o r ~ ,  ,:,:llaiLlat::.r' reql~lrer:iect,s ?.re rzociest s i n c c  
u .ccurate  Line i n t  erva:i.s r s e  .t'ei~.l,i~'er~ 2r: ir:.;e~.pc:lst e ron-synchro- 
nous but hiel; d.nt:.~ r..i.t,e ':!:-l,ta.. 



The high performance of m a i l a b l e  o s c i l l a t o r s  has permi t ted  t h e  develop- 
ment of  i nva luab le  ni-xvigation and geodet ic  s a t  el l i t e  systems. IIowcver , 
s t i l l  higher performance o s c i l l a t o r s  would improve t h e  accuracy of 
f l e x i b i l i t y  of t h e  systems. O s c i l l a t o r  requirements  per  meter  p o s i  t i  on 
e r r o r  are l i s t e d  i n  f i g u r e  9 f o r  t h e  v a r i o u s  a s p e c t s  of  naviga t ion  sys- 
tems d iscussed  i n  t h i s  repor-t. A GPS o s c i l l a t o r  s t a b i l . i t y  of 10-l5 
ovcr f i v e  days would s imp l i fy  t h e  orbit determina t ion  and p r e d i c t i o n  
func t ions .  Highly p o r t a b l e  low c o s t  o s c i l l a t o r s  with a s t a b i l i t y  of 

f o r  averaging t imes  of e i g h t  hours  would permit, monitoring of  
c r u s t a l  mot i on  d a i l y  wi th  (:PS Doppler r e c e i v e r s .  O s c i l l a t o r s  t h e  same 
s i z e  and reasonably  c l o s e  t o  t h e  c o s t  of c u r r e n t  qua r t z  o s c i l l a t o r s  but 
w i th  a s t a b i l i t y  closer t o  10-l3 a t  an  averaging t ime of 1000 seconds 
would a l low more r a p i d  de te rmina t ion  of r e l a t i v e  s t a t i o n  pos t ions  
from NAVSAT d a t a  and more a c c u r a t e  o r b i t  determina Lion. C lea r ly  u.l ock 
perforbmancc i s  a, c r i t i c a l  parameter i n  navrigation :;atell i t e  systems. 
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EFFECT O F  O S C I L L A T O R  ERROR 
ON TANGENTIAL POSITION COMPONENT 
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STANDARD ERROR IN RANGE COMPONENT OF POSITION 
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QUESTIONS AND ANSWERS 

DR. VICTOR REINHARDT, NASA Goddard Space F l i g h t  C e n t e r :  

Can you d e f i n e  t h e  t e r i , ~ ,  g-dop? 

DR. ANDERLE: 

Wel l ,  l o o s e l y  speak ing,  i t  i s  t h e  p o s i t i o n  accu racy  p e r  u n i t  mea- 
surement accuracy .  The d e t a i l e d  d e f i n i t i o n s  o f  t h e  GPS a r e  g i v e n  i n  
t h e  l a s t  i s s u e  o f  " N a v i g a t i o n " .  A number o f  c o n d i t i o n s  a r e  
i n v o l  ved: h o r i z o n t a l  , g-dop, p o s i t  i on-dop, d number o f  t h o s e  terrris, 
b u t  f u n d a m e n t a l l y ,  i t  i s ,  l o o s e l y  speak ing,  p o s i t i o n  accu racy  p e r  
u n i t  measurement accuracy .  

DR. IVAN NURUR, Ohio S t a t e :  

I n  t h e s e  b i a s e d  ranges,  d i d  you assume t h a t  t hese  ranges a r e  i n d e -  
pendent f r o m  each o t h e r  on d g i v e n  pass, or d i d  y o u  c o n s i d e r  c o r r e -  
l a t i o n s  between t h e n ?  

DR. ANDERLE; 

Each measurement I assume i s  e s s e n t i a l l y  independent .  The o n l y  com- 
mon b i a s  i s  t h e  range  b i a s  f o r  t h e  pass, b u t  each b i a s e d  range  i s  
independent  o f  t h e  p r e c e d i n g  one. 

MR. MIKE MCCONAHY, Johns Hopk ins  U n i v e r s i t y ,  A p p l i e d  P h y s i c s  Lab:  

Would you l i k e  t o  comment, D i c k ,  on what you t h i n k  t h e  p o t e n t i a l  of 
GPS i s  f o r  geophys ica l  s t u d i e s ,  i n  v iew o f  what you now know? 

DR. ANDERLE: 

I have addressed t h a t  i n  a  number o f  papers  and t h e r e  a r e  a number 
of ways, I t h i n k ,  o f  a c h i e v i n g  c e n t i m e t e r  a c c u r a c i e s  i n  f a i r l y  s h o r t  
t i m e  spans w i t h  b e t t e r  o s c i l l a t o r s .  T h i s  d o p p l e r  r e c e i v e r  wou ld  do 
it, and w i t h  t h e  e x i s t i n g  r e c e i v e r s ,  depend ing upon how b i a s e s  work 
o u t  and depending on a v e r a g i n g  t i m e s ,  i t  i s  t h e o r e t i c a l l y  p o s s i b l e  
t o  g e t  a  c e n t i m e t e r  t h a t  way a l s o .  There a r e  a nuniber o f  o t h e r  
p r o p o s a l s  t h a t  have been rnade f o r  u s i n g  GPS i n  a VLBI mode as an- 
o t h e r  techn ique .  So, t h e r e  a r e  f o u r  o r  f i v e  d i f f e r e n t  approaches t o  
u s i n g  GPS f o r  geophys ica l  a p p l i c a t i o n s .  There i s  a q u e s t i o n  o f  what 
t h e  equipment c o s t ;  you  know, wh ich  one wou ld  have t h e  l e a s t  c o s t ,  
t h e  f a s t e s t  o p e r a t i o n ,  how t h e  v a r i o u s  syster:] c l a s s e s  wou ld  work o u t  
i n  each r e s p e c t i v e  a p p l i c a t i o n .  I d o n ' t  have any doubt  t h a t  one o f  
them w i l l  work f o r  c e n t i m e t e r  accu racy  a t  some a c c e p t a b l e  c o s t .  

Speaker (unheard )  

DR. ANDERLE: 

I am s o r r y .  When I t a l k  about t h o s e  a c c u r a c i e s ,  I am t a l k i n g  about  
r e l a t i v e  p o s i t i o n i n g ;  I am n o t  t a l k i n g  about  a b s o l u t e  p o s i t i o n i n g .  
Bu t ,  t h e r e  a r e  t w o  s t a t i o n s  equ ipped w i t h  t h e s e  t h i n g s ,  i n  g e t t i n g  
r e l a t i v e  p o s i t i o n s .  



DR. WILLIAM MURPHY, Rockwell : 

You might have made t h i s  p o i n t  c l e a r  h u t  i t  wasn ' t  c l e a r  t o  me. 
When you were speaking about c l ock  performance, were you t a l k i n g  
about s t a b i l i t y  o r  accuracy? 

DR. ANDERLE: 

In t e rms  o f  abso lu te  t i m e  tags. I never t a l k e d  i n  terms of abso lu te  
t i m e  tags,  abso lu te  epochs because, as I say, we adopt some ground 
s t a t i o n  as a s tandard and t i m e  tags  a re  w i t h  respec t  t o  t h a t .  I s  
t h a t  t h e  k i n d  of ques t i on  you were asking, o r  were you ask ing  a 
deeper ques t i on?  

DR. MURPHY: 

6 p a r t s  i n  1012, f o r  ins tance,  on t h i s  p a r t i c u l a r  o s c i l l a t o r .  I was 
wondering i f  t h a t  was a s t a b i  1 i t y  f i g u r e  o r  an accuracy f i g u r e ?  

DR. ANDERLE: 

I t  i s  a f i g u r e  corresponding t o  t h e  A l l a n  var iance. 

DR. MURPHY: 

R igh t  . 




