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i n  a number o f  case-s t h e  ex ter t - ln l  mean error i s  l a r g e r  rh2n the i n t e r n a l  
rrleall e r r o r .  Thi.s i s  due t o  systematic e r r o r s  cnused bv re f r ac t i c - in  
e f f e c t s  nf .a l o c a l  n a t u r e  wliicll canno t  he  c.orret:ted f o r  hv  t h e  s t a n d a r d  
methods .  Another  c a u s e  f o r  s v s t e r n a t i r  errors i s  t h ~  fr-ict tlln t on 
d i f f c r i - n t  n i g h t s  and i n  d i f f e r e n t  s e a s o n s  c7f t h e  veal: d i  f f e r e n t  e r n u p s  
of  stars a r e  u s c d :  t l l e s e  stars a r e  t - i c d  t o  a reference svsterl  ~"i!lich has  
e r r o r s  t l l a t  can alriount t o  0 . 1  T i >  0.2 a r c  scconds , n11d t h e  e r r c ~ i - s  are 
cnuscd  Lo a l a r g e  e x t e n t  by t h e  pnor  l < n o ~ ~ ~ l c ? l l g ~  of t h e  pl-0ne.r ~ ~ . o t i c , n s  nf 
t l lc  s t a r s .  Yettlc7ds a r e  b e i n g  d e v c ? l o ~ e d  t o  l i e t t c r  det~rr i .E.ne atninspl- lcr ic  
r e f r a c t i o n  and t h e r e  a r e  e x t e n s i v e  e r f n r t s  underwav tc:~ c n n s i r 1 e r ~ ~ ? ~ l v  i r p -  

p r o v e  tlic i . r l t e r n a l  c o n s i s t e n c y  of t h e  s t e l l a r  r e f e r c n c e  f r ame .  I t  i s  
e s p e c i a l l p  i n  t h i s  latter e f f o r t  tt1;3t r a d i n  in t e r f e - r c l rne t ry ,  as wc1.l. as 
o p t i c a l  i ~ l t e r f e r n m e t r i c  m e t l ~ o d s ,  mi.gllt e v e n t u a l l y  p l a v  a v e r y  i m p o r t a n t  I 

I r o l e .  

1 I 
I In  t h e  second  p a r t  of Table 1 are l i s t e d  t h e  espec ter l  rner~n e r r o r s  us in^ 

two  d i i f e r e t l t  t y p e s  o f  r a d i o  de terminat ion: . ;  o f  I"CO a n d  p o l a r  1110 t i . on .  
The 35-kni i n t e r f ' e r o l n e t c r  r e f e r r e d  to  i s  the conneeto t - ' - l ink  i n t p r -  
f e r o n ~ e t e r  of  tllc Ya t i  n n a l  l h d i  (-1 .lstrr:1ni.)1>1~ 0hserxTatorT:  i n  ( I r~ . cn  nanli., 

r 7 I.he c x p e c t c d  irlean e r r o r s  are. haseci (-in a lip:.Ltc?ci c;eriqi.; (:I! o b s c r v n t i o n s  
of a few days each  c:)f :I s m a 1 . l  nrl17lher 171- r a d i o  S i ) i . i ~ c e ~ .  S i ~ ! i l : 3 r l v ,  rile 
e x p e c t e d  v e r y  long base l - ine  i n t e r l : e r o m e t r i . c  v a l u e s  a r e  I>r*sed on a  few 
e x p e r i m e n t s  t h a t  have  t a k e n  place i n  tile l a s t  tew ve;qrs. "Yxoccted",  
i n  t l i i s  c o n t e x t ,  means t h a t ,  w i t h  p r n p c r  c a r e  and w i t h  ex tended  ohserva-  
t i o z l s ,  i t  i s  hoped  t h a t  eventually such  acc1.lracie.s w i l l  hc oh ta i -ned  on 
a r o u t i n c  b a s i s .  I n  p a r t i c u l a r ,  i-t i s  hoped t h a t  d e v ~ : I o n r r e n t :  o f  e q ~ l i n -  
me.nt: c-specia1l.v geared t o  p o l a r  mo t ion  and T'TT, w i l l  i n c r r n s e .  tile 
a c c u r a c i e s  cous i  cierab l y  . 

p o l a r  mot ion  nni1 t ime publis i lec? b . -  t l ! ~  l ~ l t e r ~ ; i t j . o n n ! l  P o l n r  ?Tot icln 
L 

S c r v i c e  ( IPYlS)  and tllc Rlureau Int.~::.r . ;~:i . i~n,:~l dc  I '!-';li.~l.c rC<TFI) . T t  wi 11 
be n o t e d  t l l a t  a v c r n g e s  o1:er a no2rb. ' :; il!-)si-r~:r-~ti r \ns  us.i.n:: :nnnv rlif r e r e n t  
ohse rv : t t n r i e s  p r o v i d e  approxi?!nte.l>- tilt s:lrmi: ac.cIlracTr th;!t. a r ; ~ r i i n  
i n t c r f c r n n ~ e t e r  can reac l i  i n  a rev l l t ? r :  lrs 1: i: oher7 . rn t i  o n .  P c ) p ~ ~ l . e r  ;3~1(:1 
l a s e r  r a n g i n g  t e c h n i q u e s  p r ( ~ i ~ i c i c  ;-i:~oi-~-~xi-:;itel..v Lii? sslvc k i n d  ~ - > f  
a c c u r a c i e s  a s  expected f rov .  t i l e  ';.>-.I,:!., i~ t e r t - e r ( . ) ! - - l c : t e r .  ! Ia i . lv  v i31.11~~ (11 
UT 2nd p o l a r  trlotion t o  t h i s  o r e c i s i i > . >  ;>I-;. i 7 : l s . i  c-11 1.7 ~~r:!ini>r\~n. -1 t s l lould  
bc  n o t e d  t l l n t  1 m i l - t i s e c o n d  t i l -  (2 i  eou i  \:::ile~nt t;> 1: feet. Ohvi.olls]y 
t h e  improved a c c u r a c y  i s  need?:! tl:)r g e ~ d c s . - .  r-ilr~,i-:vi:~ e , and t!he phvsi cs 
o f  t h e  i n l - e r i i : r  of t h e  E;artil. 

The. NAY'OHSY, i n  c:oll.aborati?n x i t l ~ .  t ! ~ e  ?;;-ival ?<e.st-.,:.:l-i:'- L : ~ ~ i , . ~ r . ? t i . ~ r ~ - ,  !hi:ipes 
t o  a c q u i r e  and ( ? p e r a t e  t h e  '7recr~ i!,nnl: ?I;-?;-- i r )  t~r-fei-,->:-meter '-\.,I- d:;i 1:) 
rneast~rerr~ent  cf  U1'0 and p n l a r  ~ l c t  i i l : ~  st~il- tin^ it1 r'v7':i , I 
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T h e  i n h e r e n t  c d p a l l i l i t y  of a  V E R I  system t o  svnchron ize  two o s c i l l - a t o r s  
a t  each end of  a network i s  h e t t c r  tlian 1 nanoseconcl. 'This i s  an i n -  
l ~ e r e n t  c a p a b i l i t y  - i t  h a s  ~ o t  bcen proven t h ~ t  t h i ?  accriracv can bc 
realistically u t i l  i zed.  No svster~l  v e t  e x i s t s  t o  calibrate o r  check 
t h i s  VJ IUP . 
I t  i s  important t o  r e a l i z e  t h a t  t h e  most a c c u r a t e  time t r a n s f e r s  wi th  
portab1.e c locks  have a c c u r a c i e s  of apni-oximatelv 2 5  nanosec.onds. I n  
v e r y  s p e c i a l  c a s e s ,  u s i n g  m u l t i p l e  t r i p s ,  i t  i s  p n s s j h l e  t o  o b t a i n  
10 llanoseconds accuracy .  One exper-iment, wllich used .sn e n t i r e  c lock  
ensemble and providcd ex t remely  c a r e f u l . 1 ~  contrc711ed p r e s s u r e  and 
t empera tu re  surroundi .ngs  , clr-lims t o  have nira inta-ined an a c c u r a c y ,  
d u r i n g  t r a n s p o r t  of tlie c locks  over  a p e r i o d  01 15 l i o ~ l r s ,  o f  t h e  nrde-r  
oL 1 nanosecond. T r a t l s p o r t a t i o n  n f  a cloclc enseml>l.e i n  t h i s  manner 
may make i t  p o s s i b l e  t o  v e r i f y  t h e  VLBl. a c c u r a c i e s .  

ln o r d e r  t o  reach sucll a c c u r a c i e s  wktl-1 VI,R-L, a l l  an tenna  system d e l a v s  
have t o  be v e r y  ca re fu l ]  y c a l i b r a t e d  n n  eacli end.  -[t seems r>ns.sible 
t o  s e t  up  an  i n t e r n a l  VLBT systeril w i t h  sub-nanos~coni-1 accl l racv,  b u r  
c v c n t u a l l y  tile svs te i~ i  w i . 1 1  have t o  b e  t i e d  t o  c7rthcr t.in!e svstems . I t  
i s  dependent ,  t h c r c f  o r e ,  on c u r r e n t l v  e x i s t i n g  ti-l'ie t - rnns fe r  rnec+l- 
anisrns , such as Loran--C, wlii ch p r e s e n r l y  p rov ides  acci.traci cs  o f ,  a t  
mos t ,  100 t o  150 nanoseconds.  Hopeful l v  , tnclre a c c u r a t e  c o n t i  nuot.1~ 
t ime t r a n s f e r  tcc i in iques  wil.1 be d ~ v e l . o p e d  i n  the course  of the n e x t  
few y e a r s  . 

Tllc advantage of VLBT t i u ~ e  t r a n s f e r  i.s, of  c o u r s e ,  i t s  g r e a t  inherent :  
preci .si .on.  'Yhcre are rrlany p o s s i b l e  l o c a t i o n s  for VLHT s t a t i . o n s  u s i n g  
e x i s t i . n g  a n t e n n a s ;  j t i s  r e l a t i ve ly  i.nexpensive t o  const r r ic t  new 
s t a t i o n s  a t  t h e  e x i s t i n g  an tennas  i f  such a r e  reouirer l :  and t h e  system 
spans  i n t e r c o n t i n c r l t a l  17rasel.ines w i  th e a s e .  Anotl-ier grerlt advantage 
is t h a t  t h e r e  i.s no d i r e c t .  r e l . i ance  f o r  time t r a n s f e r  on vulnerable 
s a t e l l i t e s .  A d i s a d v a n t a g e  i s  t h a t  r . locks g e t  svnc?~rnnixer l  c.x p o s t  
f:lctc-,; t h e  d j g i t a l  t a p e s  a c q u i r e d  a t  each of t h c  T'T-EI s r a t i o n s  have 
t o  be t r a n s p o r t e d  t o  a c e n r r a l .  1ocati :)n f o r  v rocess i l~ ; : .  Fxneriments 
liave heen r u n  where tlie d a t a  h a s  heen t r a n s f e r r e d  vi,q s s ; i t e l l i t e s  and 
t i ~ e s c  w i l l  be  r e p o r t e d  on e-lsewhcre i n  tllis volume. Th is  t e c h n j q u e ,  
of c o u r s e ,  does give  i n s t a n t a n e o u s  r e s u l t s  b u t  dencnds ,  again, nn 
s a t c l l i t c  ava j l a l> i l . i . ty  which i s  expens-ive. 

Requirements now demand an  accuracy  oT I0 nanoseconds f o r  t ime synch- 
r o n i z a t i o n  arouncl t l ~ e  gloI3e. T t  -is c l e a r  t l lat  i n  o r d e r  ti:> 1-excll t h a t  
t y p e  01 accuracy, tile Yaval  I ) l . ) s e r v n t o r ~ ~  1nec.d~ t o  I,e a h l e  to t r a n s f ' p r  
t ime t o  approximately  ;.in o r d e r  rjf magnitude. l - i c t t e r .  Si7 In o r d e r  t o  
even reach  t h e  ct.lrrent requirements  fnr-  comlnun-i c a t i o n  and n-ravi g a t i  c,n 
we a1 r c a d y  a r e  rec!l~i r ed  t o  t r a n s f e r  time t o  t h e  urde!r of 1 nanosectjnc-! . 
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n e t a i l s  c o ~ ~ c e n ~ i n g  NAVOESY's e f f o r t s  i n  t h i s  a r e n  a r e  pullrlished e l s e -  
where i n  t h i s  volume. The T V  Time T r a n s f e r  sys tem w11irh ha?  been 
o p e r a t i o n a l  i n  rhe Idashinfiton, D. C .  a r e a  f o r  some time i s  now be ing  
implemented i n  t h e  Los Angeles area as w e l l .  C u r r e n t l v ,  work i s  under-- 
way t o  use t h i s  sys tem f o r  ve ry  p r e c i s e  n a v i g n t i o n  i n  l o c a l  a r e a s .  

INCREASED LORAN-C COVERAGE 

Due t o  the expansion of t h e  Loran-C sys tem,  t h e  NAVOBSY, which moni to r s  
t h e  Loran-C t iming ,  w i l l  have to i n c r e a s e  i t s  moni to r inp  c a p a b i l i t i e s .  
Improvement i n  the 100 t o  150 nanoseconds accuracy of Loran-C is  n o t  
expected as e f f o r t s  f o r  imprnving acc t i rac ies  a r e  going i n t o  o t h e r  
sys tems .  The very  l a r g e  aren of  coverage of  t h e  1,oran-C system i s  i t s  
major b e n e f i t .  

LASER TIME TRANSFER 

A program is underwav, i n  c o l l a b n r a t i a n  w i t h  NASA, t o  perform an ex- 
per iment  u s i n g  the space s h u t t l e .  Th i s  system i s  t h e  r e v e r s e  of t h e  
normal l a s e r  t i ining exper iments  i n  t h a t  t h e  l a s e r  w i l l  be  on-hoard 
tllc space s h u t t l e  and the r e t r n - r e f l e c t o r s  w i l l  be on t h e  ground. The 
ground s t a t i o n s  record  the t i m e  of a r r i v a l  and ,  u s i n g  t h e  on-hoard 
c lock  on t h e  space s h u t t l e  i t  i s  p o s s i h l e  t n  t r a n s f e r  time w i t h  ex- 
trernely h i g h  accuracq7. I n  f a c t  t h e  accuracy  expected i s  stlch t h a t  the  
only method we s e e  of checking i t  i s  by VI ,BI  t echn ioues  and,  t h e r e f o r @ ,  
kt i s  planned t a  mount: ground s t a t i o n s  a t  v a r i o u s  VT,RT s i t e s ,  Of 
course  t h i s  w i l l  work only i f  we a l r e a d y  have proven t h e  i n h e r e n t  
accuracy of t h e  \ fLBI sys tem.  

CONCLUS LON 

The NAVORSY c o n t i n u e s  t o  improve i t s  d e t e r m i n a t i o n  of t h e  E a r t h ' s  
r o t a t i o n a l  pa ramete rs  a s  well  as  i t s  trlaster atomic cloclc and t ime 
t r a n s f e r  t e c h n i q u e s .  It  i s  impor tan t  t o  p o i n t  o u t  t h a t  t h e  v a r i o u s  
e f f o r t s  i n  t h e s e  d i r e c t i o n s  shnu ld  he c o o r d i n a t e d  as c l o s e l v  a s  
p n s s i b l e .  A l l  f a c t o r s ,  wlietller they  be  a s  t ronomica l ,  t e c h n o l o g i c a l ,  
o r  g e o d e t t c ,  i n f  l t lencing t ime and t i ~ i i e  t r a n s f e r  should  be consi  d e r e d .  
I t  i s  lioped t h a t  t h e  e f f o r t s  be ing  made f o r  c l o s e r  c o o r d i n a t i o n  w i l l  
c o n t i n u e .  



QUESTIONS A N D  ANSWERS 

MR.  L A U R E N  RUEGER,  Johns Hopk i  ns Universi ty,  Applied Physics L a b :  

You indicated Doppler rrieasureriients were on1.v in tegra ted  f o r  a 
couple o f  days and y o u  take y o u r  interferometer  measurenlents 
for  a month. Is  there  some reason ,you discriniitiate a g a i n s t  
the  Doppler? 

DR. WESTERHOUT:  

No, I d i d n ' t  discriniinate aqains t  the Doppler a t  a l l .  I was 
simply saying t h a t  typically the  Doppler  v a l u ~ s  t h a t  a re  pub1 ished 
a r c  averaqes over 10 or 20 s t a t i o n s  over a fcw rlays, and they have 
the sarrle accuracy as what one expects t o  [let o u t  of the 35-kilnnletcr 
interferometer  . 

MR. RUEGER: 

Our experience has been that  we get a subs tan ti all,^ bet ter  rliean 
f o r  nionth averages. 

DR. WESTERHOUT:  

Thank you. 




