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P .  A .  Clemel-~ts,  S. 1:. K o r i ~ t z k i ,  a n d  A. ikir:. 

The l leep Spa  c : ~  :icLwork ( I jSh)  , ~:l;ini~i:c't-l n! t i i r - t  

. l e t  Propul . s i  011 L t ~ h o r n t o r y  T o r  N,ASA, aiilsi ~ n a i  n -  
t a i n  t i m e  and frequcl-icy wj t h i n  sl)<?(:Y r i e d  
I . i .mits  i n  o r d e r  Lo accurately t r a c k  t h e  sp:.i(:c- 
c r a f t  engaged  i n  d e e p  space exp lo r r - i l i on .  The? 
I)SN has three. t r a r k i r i g  cnml-, 1 exc-,s , I r)r:;.ltc:d 
approximatt.1.y cqu ic l i s t :~nLly  i j ro~~nt - l  Llic ea r - th .  
Vari .ous rnethocln art! u s e d  t o  c :oord in , j t e  t l i c  
cl o c k s  amorig t h e  t l i r c e  ramplexcs. Ll~es[! 
! r ~ e t h ( ~ d s  i nc luc l e  L ~ L - a n - C ,  TV 1,i nc: 1 0 ,  : : p r y  Long 
Rase l  inc .  Z r l t e r i e r o n i ~ t r y  ( V T . 3  I ) , 21-lcl t l ic  (4 ohn !  
130siLioni  ng Systc?m ( i ; l i S )  . G P S  ri s i.)~c:omirip; 
i n r r c a s i r l g l y  i m p o r t a n t  hei:;411sc 1 tih~ : I ~ ( : I I - -  

r a c y ,  p r e c i s i o n ,  al-id r a p i ( 1  availabi 1 i  t y  o f  t l ic  
d a t a ;  (;PS r c c e i v c r - s  lir-lvc been i i i s t a l l c d  a!: 
ear11 of t h e  USK c o m l ~ l c x e s  a n d  a r c  usc.ci t n  

o b t a i n  d a i  1 y t i m t :  olL1 se  t s  hctwc!cn t h e  mnst:cl:r:- 
c l o c k  a t  pact1 s i  te. anti L!TC (I.lSNO/D;US) . <:a 1.c-u- 
l n t i o n s  a r c  tnacle t o  o h t a i n  f-r-e.rjtle~ic.y 01-fsct s 
;.~iid A l l a n  vnriar ic:cs .  These  rl;~t;i  a r c  ; I I ;R  1 y x ~ d  
and used  Lo nionit(:ii- t l l r :  ~ ) c r i o r r l l n n r ~  oi L l r t '  
l i yd rnge~ i  mase r s  t h a t  p r o v i d e  t h e  r t i i c ~ - c n c c  
f r e q ~ l e n c i c s  201. t l . 1 ~  LISA F L . C ~ L I E ' I I C . ~ ~ ~  pind ' l i r n l r i ) :  

' i y s tcm (13FT). 'Illis I-)ijpel- ctil~L;iiris: ' I j a 
hrieL h i s t o r y  of  Llic (;PS t i m i n p  i r ~  

S ( 2 )  a d c s c r i p t . i o t i  ot ti-ic. tiaL,:i ; 1 r i ( 1  

i  nforrnat ior i  i - low,  ( 3 )  r l a t a  ol-i Ll~c 1)cr.i r- , - t -rr~;~ti( : t i  

o f  the DSN n ins te r  cloc:ks a n d  i;PS meas~~rc:mcril  
s y s t e m ,  and ( 4 )  ;-i d e s c r i p t i o n  ) 1. tydrog~o 
niaser  f r e q ~ ~ e n c : ~  s i c c r i r i j r  {isi ng t h e s e  daLa. 



' / ' lie Deep Space  Nctwnrk (DSN) , manilgcd hy t h e  J c t  P r o p u l s i o ~ i  Lahora tor-y f o r  
N A S A ,  i s  a  ne twork  of  t h r e e  corriplcxcs o f  a n t e n n a s  r ~ s e d  t o  t r a c k  spacecraft. 
pl'hcse complcxcs  a r e  1 o c a t e d  approximate- l  y e r l u i d i s t a n t l y  a round  t h e  e a r t h  a t  
G o l d s t o n e  , (:al i . f o r r i i a ;  Canberra, A u s t r a  Lia; and Iladr-id , Spai  n .  I.:ar.h o i  t h e  
complexes  c o n t a i n s  a i rec lucncy  and t i m i n g  sys t em which p r o v i d e s  t h e  r e q u i r e d  
f r e q u e n c i e s  and  t i m i n g  p111ses t11ro~rg110~1t t h e  c o ~ n y l c x .  These  Lllree s~.~bs:ystemr;  
, i r e  a p a r t  of a network-wide DSN Frequency  and Timing Sys tem (DFT). 

'l'l-ie p r o c e s s  of  t r a c k i n g  s p a c e c r a f t  engagcd  i n  cleep s p a c e  e x p l o r a t i o r i  r e11~1 i r c t s  
a l i ig t i ly  a c c u r a t e  and s t a h l t ?  t i m i n g  s y s t e m .  N a v i g a t i o ~ l  p a r a m e t e r s  s u c h  a s  
s p a c e c r a f t  r a n g c  and r e l a t i v c  vc1ot : i ty  a r e  obra i r lcd  hy measu r ing  a  r a d i o  
:; igr-lal's r o u n d - t r i p  l i g h t  t i m e  2nd t t lc  d o p p l e r  f re r lucncy  s h i f t  01 Ltie r e c e i v e d  
s i g n a l .  S i n c c  t h e  l o n g  s p a c e c r a f t  d i s t a n c e s  i r lvo lvcd  r e s u l  t i n  l o n g  round- 
t r i p  l i g h t  t i m e s ,  onc  complex trlay need  t o  hand o v e r  t r a c k i n g  t o  l l le  n e x t  
complex b c f o r c  t h e s e  n ~ e a s u r e m c n t s  a r e  comple t ed .  l r i  a d d i t i o n ,  Very Long Rasc- 
I . i ne  X n t e r i e r o m c t r y  ( V L B J )  and t h e  ongo ing  s t u d y  of  r a d i o  s i g n a l  p e r t u r b a t i o n s  
due  t o  v a r i o u s  c a u s e s  ( p l a n e t a r y  o c c u l t a t i o n s ,  s o l a r  wi.nd c l cc t ro l -1  d e n s i t y  
i ' l uc : t ua i ions ,  g r n v i  t a t i  o n a l  waves ,  ctc:.) n e r e s s i  t a  t c s  f u r t h e r  requircmc!nt:s for 
a  h i g h l y  synchronized and s y n t o n i z e d  DFT. 

PrcscnLLy,  UF'I' r e q u i r e m e n t s  a r e  t o  tiiairltairi Lime t o  w i t h i n  +20 rnicrosc?c:onds - 
w i t h  a knowledge o f  - 1-10 mir*.roseconcls, a n d  t o  m a i n t a i n  f r e q u e n c y  t o  w i t l - i i i l  + - I  :: - 
lou1% A i / i  wi t t i  a knowl.edge of - -t3 x I O - ~ : ~  A f / f .  Zn a d d i t i . o ~ n ,  ~ i r n c !  
; y n c t i r o n i z a t i o n  must he main ta inec l  between t l ic  L)SN and I J n i v e r s a l  Coord-iinated 
Time (U' l 'C) t o  - + 2 0  mic roseco r ld s ,  wiLh a knowledge o f  I-5 m i r r o s e c o n d s  ( s c c  Vig. 
I ) .  The a n t i c i p a t e d  need  of  t h e  DSN f o r  1986-1990 i s - f o r  t i m e  s y n c 1 1 r o n i : ~ a t i o n  
o f  10  nanoseconds  between t h e  : : t a t ions  ( l i e f .  1 ) .  Whi le  t:his may n o t  be  r e a - -  
i z a b l e ,  i t  seems p o s s i  b1.e t o  have  krlowlcdge of  t h e  t i m e  o i i s c t  t o  witk ' i r i  1I) 
nanosecorlds.  I n  g e n e r a l ,  t l ie  UI'T s h o t ~ l d  be a b l c  t o  p r o v i d e  a v a l ~ ~ e  oJ: Lime 
and f r e q u e n c y  o f f s e t  l o r  any g ivcr i  p a s t  d a t e .  (Dijtc i s  defined h e r e  a s  a 
s p e c i f i c  p o i n t  on i~ tirile s t : a l c ;  c . g . ,  1  J a n u a r y  1972,  0 11, O m ,  10  s LI'Y(. i s  : I  

: l a te  o n  t h e  UTC L irnc st:alt.. ) 'l'licref o r e ,  t h e  IIFT niust conL i n r ~ n l  l y e s t i  ma1:c Lkic 
t i m e  and f r e q ~ ~ e n c y  o f f s e t s  a s  w e l l  a s  kccp  p a s t  e s t i m a t e s  and d i l ta  arc:tikvc?d. 

T I .  l:KE()UENCY AND 'T I M I  N G  CONTROT, SYSTEM DESCKIP'I'LON 

I l i s t o r t c a l l y ,  t h e  DFT has  c o n s i s t e d  o l  t l i r c c  f a i r l y  i n d e p e n d e n t  s y s t e m s ,  ear l1 
l o c a t e d  a t  one  of t h e  t h r e e  complexes ,  V a r i o u s  L r a d i t i o n a l  metl-~ods I : ( : L o c ~  
t r i . p s ,  VLB1, and Loran-C) wcre  u s e d  i r i  a11 a t t e m p t  t o  keep  t h e s e  t t l r c c   system:^ 

.iyncl-iroriizcd and s y n t o n i z e d  w i t h  r e s p e c t  t o  e a c h  o t h e r .  I n  1983 ,  ~ ~ s i r y :  t h e  
GPS t i m i n g  r e c e i v e r s ,  a t ig lh te r  c o n t r o l  s y s t e m  was d e s i g n e d  ( s c c  F i g .  2 )  ., ' ~ ' I - I ( !  
s y s t em c . o n s i s t s  of (;PS measrlrements , an a n a l y s i s  o i  L11e o u t p u t  c~t d a i l y  
o i f s e t s ,  a n d ,  i f  n c c d e d ,  a i r e q u e n c y  nc-ljustment ancl/or c l o c k  r e s e t .  Usiiig t i l e  
C;PS r e c e i v e r s ,  t h e  DYT is c a p a b l e  of  i d e n t i f y i n g  c h a n ~ c s  i n  f r eq r l ency  on t h e  
o r d e r  of  1  x A f / f  i n  ;I malLcr  of a few clays. 

'Sl-ie CPS r c c c i v c r s  a r c  q u e r i e d  wcclcly and a TWX message  i s  i s s u e d  w i L t ~  t i le  
c a l c u l a t i o n s  o f  t i m e  and f r e q u e n c y  o f f s e t .  The t i m e  o f f s e t  of t h e  (:oltlstonc: 
~.:omplex w i t h  r e s p e c t  t o  UTC r e a l i z e d  a t  Llic N a t i o n a l  Bureau of S t a n d i ~ r d s  



[ I l ' l ' ( :  (NRS)] i s  o b t a i n e d  f rom NHS s o  t h a t  3 c : a l c t i l a t i o r l  nt- the  o thf ' l -  (:~llllplPXc?:i 
I $ <  t l i  L - e s p e c t  t o  LITC ( N B S )  car1 be madc.. The i nfor-mitt icil-I is d i t ;  t ri b t ~ t ~ d  ;2l)o~11 ;I 
week I n t e r .  Tlit.se d a t a ,  a s  wel.1. a s  VI,KT , Loran-C, anrl otl-ler mc;3st1r-c111ents, ar:: 
~ i s r t d  t o  d e t e r l n i n c  what a c t i o n  shot l l  r-l be  take11 t o  keep t l -~c  maslrer c,locl;s w i t h i n  
t h e i r  s p e r i i : i e d  o p e r a t i n g  p a r a m e t e r s  .. 
i LL . GPS TkS'l'ALLArT1ON ANT) COORD: NA1 LON 

Lri 1 9 8 2 ,  .Jl-'L i n s t a l l e d  two C P S  t i n ~ i r ~ g  r e c e i v e r s  i r ~  t h c i  DSN. 7-1i(> r c c e i v c ! ~ ,  
t(1e1-c Loca t ed  i n  C . ;o lds tnr~c ,  <:ill ifor11i.ci 2 n d  PI:>(-lrid , Sp ;~ i r l .  'I l i r ?  ~ r o s u i  ts oi- t i i i  c 
i ~ ~ s t n l  l a t l o n  were  r c p o r t ~ d  i n  t h e  Pr-oc.:ccdi np,s (-,!I ti.1~1 I !it11 :iriticr;:.l I'r-cil:isi> '1 i ;n:i 
;11-ld Tinic T n t e r v a l  A p p l i c a t i o n s  and 1'1;-irlning N"lc.et.iri:z (b:.t?L. 2 ) .  i'111t.\1<11 \ / i c ! ~ , ~  
ohsel-vations WC'L.C n l ~ d c  ant1 the. t i ~ l l e  of1set.c;  ibtt:rt? I I C  h n  L~I(.,L,<? of l -< ;c lF : - ,  
c l e r i vcd  f rom VT,BL measllr-crncr~ t s .  (1.11 t-he mu t11n1 vi ew ~cc:i~nicjuc:', Lwo ot' moi-c 
r e c c i v c r s  t a k e  t in ie  o f f s e t  d a t a  f rom a s p a c e c r a f t  a t  t l i c  ss111t" Liiiit?; i d e a l  ! y ,  
' . l ~ c  cl.e.vat i on  of t h e  spac :ccraf  t r - ~ h o v c  the! l lo r izor i  i  s tlic. silrnc wt-1t,1-1 v  i (+wed rr(7111 

a l l  o f  t h e  r e r e i v c r s  i n v o l v e d  . )  

Tn 1081, ij rc!c:eiver was ins i r - l l l ec l  ;it t h e  U c c ~ )  Spa(:c. Str- lion ~.IL!;II: ! : ; i~ih~l .~:( . i ,  
A i r  1 'I'he p l a r ~  was t o  u s c  t h e  Madrid rccr?ivf?r-  i r ~  - l ( i s t  1.2 l i a rir ic!  p r -ov ic i i  
: ~ n l y  a s i n g l e  l e g  a g a i n ,  hriL t h e  Madrid rcc,cj.ver- p roved  S O  I i t  '.G.I:s 

dccic-lcld to ].ease il r t i r ~ l i v c r  I roni h B S  s o  t h e  twcj Jl)J.-otcn~ri rcc:rivc:rc; c : o l l l l . i  t ) ; ~  
rleploycti  o v c r s e ; j s .  By e a r l y  198'3, ,IpL l~a t i  an ojjtir-,itil-iil; ~ ~ o r l C l w i ( . i ( :  ~ I C ~ W I : ~ T - ; <  : > I -  

S r e c e i v c r . ~ .  ' 1 1 1 ~  p r i m a r y  198 3 c .T fo r t  w a s  t i . )  c v ; ~ l  ~ i ~ t c  t h e  ( : : ;~ l i  t o ~ - r ~  L L I  - 
i ? u s t r n l  i a  l i n e .  '111~ r e s ~ ~ l  ts o f  t h i s  p i - f o r t  wcre ~ ropo r t e r l   TI t h ( :  I > L ! I  ~ l l i x i ~ l ~ ~ l  

t'ret-i s e  l 'k~ne and  'I'irne I n t e r v a l  A p p l  i c a t i  on arid l'l anr~irli :  Mr?cli .np ( K c . 1 . .  ' j )  . 
I jvcause of  t i le  g r c a  t  d i s t a n c c s  i n v o l v e d ,  hot11 n111tuaI virlk' ~ r i r l  I lyovt-rr  
t~ , . c : l l r~ i r jues  were  t . ~ s e d ,  and c o m p a r i s o n s  w c r c  n ~ a d e  us in): hot11 VI . ,Ul  ;.irid r I (I(:'< 

I r i p s .  

'rlie (;J'S Limin); rc!c:civcrs a t  t h e  complcxcs  r e v  3 i n  L I L1.e 
s t n t j . o n ~ s  m a s t e r  c loc:k,  whi cl-I i s  refer-ent:c.d t o  s t a t i o n  t i m c  by t - I ) ( :  r c i . e i~ i c - ' ~ . ,  
!:~(:li  (31 t l ~ e s c  r c c e i v e r s  l ias  ci modern a t t - ac t l ed  w1-~ich may be rlt~cir-ic.ct i-cimciLc~ly; ; i t  

.JPL a i l c w l e t t  Pacl tard tlesk c . ; l l c .~ . i l ;~ tor  (HF 084.5) intel-f;~c.c.:.; ttl:) 3 ~ncjd~rr~ .  < i z )  
t:he ( :ont i  n e n t a l  lini tec-1 S t a t c s  t h e  rcp;uLnr p l i o r ~ ~  ~ ~ 7 s t e m  i s  llsect I(.) i-iilpr>J L I I C  
r c c c i v e r - s ;  t l ~ c  j . r ~ t e r c o n t i r ~ c n t i l l  queric: ;  a r e  air-tdc u s i n g  t l l c  vc)i(-.c: c:orurri~inirr-i~iori 
:<ys tem opc r - a t cd  by NASA. ) T h i s  cr1lcl.1 l ; i t o r  i s  user1 t o  s t - n r e  t l i c  r.erc>ivc,r. (lat:,i 
on t ~ p c i  2nd t o  g e r i c r a t e  t h e  \ ~ . c c k l y  r e p o r t  (11 t i  mc o i 1 s e t s  I I c L w c ~ ~ ~  t l : ~  sl i~ t i  011 

t:.loc:lts and be tween  C ;o l c l s t o~~c  and [rT(: (NHS). 

. lPL u s e s  t h e  NBS t i m e  conr -d in ; l t ion  servic-.c. ( R e t .  11) t o  rt7ln:c. L t i c  s t ; i ~ i o r i  t imi: 
;it C:o lds tone ,  C a l i f o r n i a  t o  U' i 'C ( N I i S ) .  Thcse  d a t a  a r e  oh t r~ incc l  i n  twt) i o r ~ l l ~ ; - -  
NIiS p r o v i d e s  a month ly  r e p o r t ,  and d a i l y  o i l s e t s  arc! i1vi3i li3hLc by t ~ l ( ! i i l l i j ~ ~ ~ '  
: rorn ;I computer  a t  NOIS. ' l ' t~c NI$S srirvic:c p r o v i d c s  t h e  r;iw rve;.2si1rc!mcr>t dnt<:i ,  r* 

d a i l y  f i l t e r e d  c s t - i .ma te ,  a rnclrlt t1l.y t i  1 t e rcc i  estimate, ;\I I A I I  \,;lri<:111(>.(i plot::, 
;-il-~d o t h e r  u s e f u l  d a t n  a h o u t  tile perform an(:^ of t t ~ c  , J f ' I .  (:.lo(:li. ' I l i is  s c ~ : v i  c : ~  

e 1 i r n i n a t e s  t h e  tc?c:linical need l o r  regr17 ar (:loc:l< tl-i p s  hcL.ittcen ..I t'l. ~ 1 r i i 1  NJIS. 
:'he r t g u l u r  c l o c k  t r i p s  a r e  s t i  11 mai n t ~ i n c d ,  h u t  the!; n;i;\ 1 , ~  cl. i r n i  l i ; ~ t c : c I  ri:; 

o p e r a t i o n a l  c o n f i d e n r c  i s  ga ined  ixl t h t i  r r ~  oi t l i t :  t ; l)S ti111i11;; 
rrcccf v e r s .  

In o r d e r  t o  e n s u r e  t h a t  a t i m e  arid t r e q r ~ e n c y  o f f s e t  (:an bi? e s t i r n a t c d  foi-  ;irly 
pr-1st d a t e ,  a 1 1  o l  t h e  d a t n  taker: 1-rnrn t h e  r e c e i v e r s  a r c  a r ch ivcc i .  P r e s e n t l y ,  
i:he d a t a  accuniulat iol-I  r a t e  a m o r ~ n t s  t o  a b o u t  2 rnejiahvtc~s [per . It is 



e s t i m a t e d  t h a t  t i  maxirnurn r a t e  wor~Ld he 6 t o  8 megabytes  p e r  y e a r .  T h i s  smal.1 
; ~ ~ n o u n t  of d a t a  i s  t!a:;ily l ~ a n t l l e d  by a  p e r s o n a l  compu te r ,  wh.ilc s c v c r a l  ,yct;lrs 
o f  d a t a  can  be s t o r e d  on a h a r d  d i s k  and backed u p  u s i n g  e i t h e r  flexible 
c ! i s k c t t e s  o r  magnetic .  t a p e .  

41.1 o l  t h e  d a t a  p r e s e n t e d  i n  t11i.s p a p e r  were  t a k e n  u s i n g  t h e  c.ommon v iew 
t e c h n i q u e .  F o r  t h e  d a t a  t a k e n  between C o l d s t o n e ,  C a l i f o r n i a  and N R S  ( l o c a t e t l  
q t  B o u l d e r ,  C o l o r a d o ) ,  t h e  e l e v a t i o n  a n g l e s  of tl-ic. s p a c e c r a f t  wcrc  ahovc  60 
d e g r e e s .  The C o l d s t o n e ,  C a l i f o r n i a  t o  Madr id ,  S p a i n  a n g l e  was r i s ~ ~ a l l y  40  t o  
4 5  d e g r e e s  e l e v a t i o n - - s t i l l  q r ~ i L c  h i g h  above  t h e  h o r i z o n .  On t h e  otl-ler hand ,  
t h e  mutual  v i ew  bct-wcen G o l d s t o n e ,  C a l i f o r r l i a  and C a n b e r r a ,  A u s t r a l  i n  was 
: i p p r o x i m a t e l y  1 8  d e g r e e s  above  t h e  h o r i z o n ,  which  p r c s e n t s  a s u b s t a n t i . n l  
p roblem w i t h  r e s p e c t  t o  v a r i a t i o n s  i n  g r o u p  d e l a y  due  t o  t h e  c a r t t l - s  almo-- 
s p h e r e .  While  t h e s e  p rob lems  c o u l d  h c  La rge ly  overcome by u s i n g  a  f l  ynve r  o r  
l o n g - a r c  t c c k n i q u e  ( R e f .  3 )  bccause  of  c o m p u t a t i o n a l  d i f  f i c u l t i c s  , Llii, 
rqethod was n o t  u scd  a s  a no rm;~ l  p r o c e d u r e  i n  1984.  

A s  F i g .  3 demonst r a t e s ,  t h e  a p p l i r a t i o n  of  a  Kalnlnn smoc,tticr f  i l t c r  s u b s t  an-  
t i a l l y  impravcs  t h e  s t a n d a r d  d e v i a t i o n  f o r  s h o r t e r  sampl i n g  t i m e s  or1 t t ic  s h o r t  
baseline. ( l e s s  t h a n  1000 km) between Roul d e r  , C o l o r a d o  and G o l d s t o n e  , C a l i -  
f o r n i a .  The l o n g e r  b a s e l i n e s  he tween C a l i f o r n i a  a n d  S p a i n  and hc twccn 
C a l i  f o r n i n  and  A u s t r a l i , ~  prornise t o  show t h e  same s o r t  o f  irnprovernent wi t11 tilt. 
a p p l i c a t i o r r  o i  a p p r o p r i a t e  Kalrnarl s rnoothers .  

F i g .  4  sl-lows a  compari  s o n  of  t h e  Al .  la11 var-iaric:c o l  t h e  t l a tn  ketwec?n Cali.Corr1ir-l 
and A u s t r a l i a  and C a l i i o r n i a  and S p a i n .  At 8 d a y s  b o t h  of t h e  s t a n d a r d  d c v k i ~ -  
t i o n s  a r e  neal- i n  v a l u e  t o  thaL of t h e  s h o r t e r  Boulder--Goldstone baseline. 
Presumab ly ,  tkic g r e a t e r  ; ~ m o t ~ n t  of  r i o i s c  a s s o c i - a t e d  w i t h  t l ie  C a l i f o r n i a  t o  
A u s t r a l i a  measurement  i s  c-aused by t h e  low o b s e r v a t i o n  tlng l e s .  An a n a l y s  i:; 
shows a  s u b s t a n t i a l  amount of  w h i t e  phase  n o i s e ,  wkich i m p l i e s  t h a t  a l<nLmat~  
smoo the r  shou Id h e l p  c o n s i d e r n b l y .  

T V .  ANAT,Y S 1 S 

' < h e  s y n c h r o n i z a t i o n  and s y n t o n i z a t i o n  of t h e  DSN m a s t e r  c l o c k s  i s  accompl i shed  
by a n a l y z i n g  t h e  t i m e  o f f s e t  d a t a  ohLainec1 f'rom a l l  a v a i l a b l e  s o u r c e s .  T h e s e  
5 o u r c e s  i n c l u d c  t h e  (:I)S, V I , R T  ( i  n t e r s t a t i o n )  , Loran-C (Go1 cls tnne and Ma'drid)  , 
TV l i n e  1.0 ( C a n b e r r a ) ,  a n d  t l i e  l o c a l  backup (:locks a t  e ach  s t a t i o n .  ('rime 
o f f s e t  r a t e s  a r e  a l s o  oh ta i r i ed  Sroln t h e  GPS arid VT,RT measu remen t s ,  b u t  a r e  n o t  
di ,scussecl  i n  tliis p a p e r . )  'I'licsc u n f i  l t e r c d  t ime o f f s e t  daLa 2nd t h e  c l a t : ~  
I ) r o v i d c d  by t h e  NBS Time and E'recluency Hr~l  l e t  i n ,  t h e  IJSNO S e r i e s  4  K u l l e t i  11, 
a n d  NATMAP R u l l e t i n  F, a r e  criLered i n t o  a (:omputer d a t a b a s e  a t  1 Ai~v 
( ? v e n t s ,  w h e t h e r  oc :cur r ing  a t  t11c s t a t i o n ,  N H S  o r  U S N O ,  a r e  n o t e d  i n  tht? d a t a  
f i l c s .  

l ? s t i m a t e s  of  frct1uenc.y n f f s c t s  I o r  t h e  c l o c k s  w i t h  r e s p e c t  t o  cach  o t l -~ i?r  r31ld 
t o  IJTC ( N B S / U S N O )  a r e  made on a  r e g u l a r  b a s i s .  These o f f s e t s  a r e  r : a l c t ~ l n t e ( l  
l)y a l e a s t - s q u a r e s  Lir lcar  f j t  on s cgmcn t s  of t h e  raw tirrie o f f s e t  d a t a .  T h e  
a v e r a g e  t i m c  o i f s e t  r a t e  o v e r  t h e  l e n g t h  01 t h e  t i t  :;egment i s  Irtken t o  hc l h r : 1  

r e l a t i v e  Lrequenry  o l f s e t  between t h c  c l o c k  o s c i l l a L o r s .  The s t a n d a r d  d c v i n -  
t i o n  01 l i n e a r  f i t  r e s i d u a l s  i s  a l s o  calculated t o  c l e t e r m i ~ i e  t h e  conf ider lce  ol- 
[:he c a l c u l a t i o i i .  Scc:ond-order e f f e c t s  ( f r e q u e n c y  d r i f t )  a r e  e s t i m a t e d  by t t i c  
changes  i n  the. a v e r a g e  t i m e  o f f s e t .  r a t e  o v e r  a p e r i o d  of t i m e ;  t h i s  i:s nlorc? 
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e x t e n s i v e  equipment  movement i t 1  t h e  a d j o i n i - n g  room, which may have  a f f c c l t e d  
t h e  magnetic .  e n v i r o n m e n t .  A t  Madr id ,  a  m o d i i i c a t i o n  k i t  was i n s t a l l e d  i n  t h c !  
mase r  arld a ce s ium (:lock was removed f rot11 a n e i ~ l i b o r i n g  r a c k .  T1-iere was a l s o  
some a c t i v i t y  i n  t h e  room i n  C a n b e r r a  whi.ch may tiave a i f e c t c d  masc r  behav i .o r ,  
; i l  t hough  t h e  e f f e c t s  a r e  trot a s  d e f i n i t e .  A s  more d a t a  a r e  c o l l . e c t e d  and 
c o r r e l a t  cd t o  t h e  changes  i n  t h e  o p e r a t i  ng environme-nt  , e i i e c t s  car1 be 
p r e d i c t e d  and a p p r o p r i a t e  s t c p s  can  bc t a k e n  t o  p r e v e n t  d i s t u r h a n c c s .  P lanned  
u p g r a d e s  t o  t h e  frequent-y s t a n d a r d s  rooms arld Inore s t r i c t 1 . y  l i m i t - e d  a c c e s s  t o  
t l i e s c  a r e a s  w i l l  improve  t l - iese s i t u a t i o n s .  

The maser  f a i l u r e  ill Madrid (84054)  i s  i o r t t ~ n a t c ! I y  a  r e l a t i v e l y  r a r v  
occu r r anc -e .  I n  t h t s  c a s e ,  t h e  problem was found t o  b e  a rnargi11aIl.y low 
l ~ y d r o g e n  p r e s s u r e  s e t t i - n g .  A f t e r  t h e  p r e s s u r e  was i n c r c a s e d ,  t h e  mase r  
r e t u r n e d  t o  no rma l  o p e r a t i o n  w i t h  no  frequency change .  C u r r e n t l y ,  t l l c  IISN h a s  
o n l y  one  hydrogen  masc r  t cat:li s i t c ;  b i~ckup  i s  p r o v i d e d  by a  ces ium 
s t a n d a r d .  A11 a d d i t i o n a l  hyd rogen  mase r  i s  p l a n n e d  f o r  e a c h  l o c a t i o n ,  and t h i s  
w i l l  m in imize  t h e  impar- t  t o  d a t a  q u a l i t y  i n  t h e  e v e n t  of a  prolonged mascr- 
f a i l u r e .  

The be t i av io r  of L t~c  hydrogen  mase r  i n  Car tber ra  is  l e a s t  r ~ n d c r s t o o d .  r l u r ing  
t h i  s t imespan  t h e r e  were  no  known e v e n t s  wlii ch worlld have  produced  f r e q u c n r y  
( . h a ~ ~ g c s  e x c e p t  f o r  t h e  S rcquency  a d j u s t m e n t s  a t  N R S .  T h i s  p a r t i c u  l n r  mase r  
had unde rgone  work :it t h c  Smi t h s o n i a n  I n s t i t u t i o n  Ast rophys ic :a l  Observatory 
(SAC)) and was r e t u r n e d  t o  t h c  s t a t i o n  on 83320.  From t h e  GI'S d a t a ,  i t  a p p e a r s  
L O  have  dcc:rr?rised i n  i requenc:y u n t i  1 a p p r o x i r n a t e l y  84 120. (111 t h e  p a s t ,  L1-ict 

u s u a l  a g i n g  r a t e  s e c n  i n  a n  SAO maser  was +3 t o  +5 x 10- ' ' /day.)  Even w i t 1 1  
a   frequent:^ a g i n g  r a t e  o l  o n l y  +1 x 1 0 - ~ ~ / d a ~ ,  t l ic  f r e q u e n c y  o f f s e t  sh.o~rl t l  
I-,ave r eached  z e r o  i n  a k o u t  60 d a y s .  But t h e  t i m e  o f i s e t  d a t a  and t h e  
a s s o c i a t e d  l i n e a r  f i t s  sfiow t h a t  i t  took  a p p r o x i m a t e l y  150 d a y s  f o r  this t o  
happen ,  wl-iich would c o r r e s p o n d  t o  a n  a g i n g  r a t e  o i  o n l y  t0.4 x  10--15/1:1i1~. 
blhe11 tlic. N13S a d j u s t m e n t s  a r c  t a k e n  i n t o  a c c o u n t  ( t h e y  were rni~dc. i n  Llle 
n e g a t i v e  d i r c t : t i o n  f o r  t h e  most  art), tt iey show a n  even  lower  a g i n g  rate f o r -  
t:he C a n b e r r a  mase r .  T a b l c  5 shows t h e  r e l a t i v e  1:rcqtlency o f f  s e t s  when t l ic  NRS 
changes  a r c  removed. The r e s u l t s  of  t h i s  c a l c u l a t i o n  show t h a t  t h e  mase r  i.; 
~ ~ o t  e x h i b i t i n g  t h e  u s u a l  agi-ng s e e n  i n  L h i s  t y p e  o f  rnuscr ,  a t  l e a s t  n u t  d u r i n g  
t h i s  t i m e  p e r i o d .  T t  i s  p o s s i b l e  t h a t  a g i n g  c i f e c t s  a r c  a p p e a r i n g  a f t e l '  
34122 ,  b u t  i t  i s  d i i i i  c u l t  t o  d e t e r m i n e  w i t h o u t  compar ison  t o  a n o t h c r  ex t e rx i a l  
s t a n d a r d .  

The r c l a t  i v e  frequer1c:y of f  s e t s  o b t a i  ned by t h e  c i l  c -u l a t  i o n s  d c s r - r i  bed above  
a r e  compl i r .a ted  by s e v e r a l  [ a c t o r s .  F i r s t ,  i.t i s  e s s e n t i a l .  t l i a t  a l l  t i m r ?  
s t e p s  ~r ius t  be  p r o p e r l y  rioted s o  t h a t  a  f i t .  i s  n o t  made o v e r  any  d i s c o n t i : l u i -  
t i e s .  Second ,  t h e  f i t  tirnespriris must b e  chosen  c a r e f u l l y  so t h a t  rn is len t l ing  
i.nf o r ~ r ~ a t i o n  i s  n o t  o b t a i n e d  b e c a u s e  of I r cquency  s h i f t s .  Uoth L1-le 1 ow ant1 
h i g h  freclucricy n o i s e  on t h e  d a t a  w i l l  c a u s e  d i I f c r e i i t  f r e q r ~ e n c y  o f i : ~ ; ~ ~ :  
t - c s u l t s ,  depend ing  011 t h e  p e r i o d  chosen  f o r  t h e  f i t  (sect t o o t n o t e  2 ,  ' 1 ' ~ h l r  
2 ) .  T h i s  i s  e s p e c i a l  1 y j,mporLarit when d e t e r m i n i n g  t h e  e f f e t l t s  of any  envi.:con-- 
rnenta l  c l ianges on  t l ie  o p e r a t i n g -  f requent :y .  Tlierc! a r e  s i t r l a t i o ~ l s  wherc no 
c a u s e  c a n  be  found t o  e x p l a i n  a c-liange i n  t h e  masc!r freclucric*.y ( suc l i  a s  tlit! 
r a s e  i n  Madrid a f t e r  t t i c  f r e q u e n c y  ad jus tmer l t  on 84146)  b u t  t h e  d a t a  cannot: be 
i n c l u d e d  as p a r t  o f  t h e  p r e v i o u s  f i . t  segment .  F u t u r e  GPS t i m e  sync:lironi.zaIriori 





A s  p r e v i o u s l y  m e n t i o n e d ,  t h e  c a v i t y  i s  i n i t i a l l y  t u n e d  by t l i e  s p i n  c x r h a n g c  
r lethod and t h e  hydrogen  mase r  i s  c a l i b r i l t e d .  Subsequen t  ctiarigcs i n  hydrogen  
mase r  o t ~ t p l ~ t  f r e q u e n c y  have  been  found t o  be  due  p r i m a r i l y  t o  c a v i t y  agi-ng 2 n d  
~ ~ n v i r o n m e n t a l l y  i n d u c e d  c a v i t y  s h i f t s .  Ttius, i t  makes s e n s e  t o  c o r r e r t  a  
maser ' s  f r e q u e n c y  by r e a d j u s t i n g  t h e  c a v i t y  o n l y .  

3 u r i n g  1 9 8 4 ,  t h e  method d e s c r i b e d  above  was used  t o  s t e e r  t h e  hydrogen  mase r  
w i t h  r e f e r e n c e  t o  UTC (NBS) u s i n g  t h e  GPS. S p i n  exchange  t u n i n g  was p e r f o r m e , ]  
p bout once  a  y e a r  i n  o r d e r  t o  d e t e r m i n e  t o t a l  c a v i t y  s h i f t  and long- te rm 
b e h a v i o r  of  t t i e  hyd rogen  l i n e  w i t h  r e s p e c t  t o  UTC. 

b' 1 PROBLEMS ASSOCIATED WITH THE PRESENT CONTROL SYSTEM AND PROPOSED 
SOLUTIONS 

A m a j o r  problem i s  caused  by n o i s e  f a c t o r s  and a s s o c i a t e d  i n a c c u r a c i e s  i n  t i le  
d a t a .  The GPS t i m i n g  measurements  have  n o i s c  a s s o c i a t e d  w i t h  them f o r  s e v e r a l  
r e a s o n s .  F i r s t ,  t h e r e  i s  we1 1-known n o i s e  t h a t  i s  i n t r i n s i c  t o  t h e  GPS ( s u c h  
a s  e p h e m e r i s  e r r o r s ,  i o n o s p h e r i c  e r r o r s ,  c tc.. ). I n  a d d i t i o n ,  t h e r e  i s  noirjr. 
r a u s e d  by t h e  o p e r a t i o n  of  t h e  r e c e i v e r s ;  i.c., p o o r  e s t i m a t e s  o i  t imc  o f f s e t  
a r e  c a t ~ s e d  hy a n  i n e x a c t  mutua l  v i e w ,  d i t f e r e n c e s  i n  e l e v a t i o n  a n g l e s  f o r  t h +  
s p a c e c r a f t  a t  d i f f e r e n t  r e c e i v e r s ,  and m i s s i n g  r e a d i n g s  o r  r e a d i n g s  a v e r a g e d  
i n c o r r ~ r t l y .  Lf a  s y s t e m  of  r e c e i v e r s  is t o  be used  t o  e x p l o i t  t h e  i r i L r i n s i l .  
~ c c u r a c y  and p r e c i s i o n  of t h e  GPS, more a c c u r a t e  c o o r d i n a t i o n  among t l ie  
r e c e i v e r s  i s  r e q u i r e d  and more s o p h i s t i r a t e d  a n a l y s i s  of t h e  d a t a  i s  necdcd .  

Over t t i c  c o u r s e  of t h e  p a s t  y c a r ,  a b o u t  20% of  t h e  d a y s  have  tiad no (:PS 
e s t i m a t e  o f  c l o c k  o f f s e t  be tween t h e  complexes  p r o v i d e d  by t h e  CPS. TI-~e most  
common c-ause of  m i s s i n g  d a t a  was power o u t a g e s  a t  t h e  compl.exes. Thc 
r e c e i v e r s  n o r m a l l y  s t o r e  l e s s  t h a n  a  week's d a t a  i n  t h e  r a i l s a f e  memory, s o  i f  
Lhey a r e  q u e r i e d  o n l y  once  a  week and t h e r e  i s  a  power f a i l u r e ,  some of  tl-ie 
d a t a  w i l l  p r o b a b l y  b e  l o s t .  The G o l d s t o n e  r e c e i v e r  was r e l o c a t e d  t o  a tempo-- 
r-ary l o c a t i o n  w h i l e  m a j o r  r e c o n f i g u r a t i o n s  were  b e i n g  made a t  t h e  Complex. 
T h i s  s i t u a t i o n  h a s  now been changed and t h e  r e c e i v e r  is  p r e s e n t l y  i n  i t s  
permanent  l o c a t i o n ,  powered by a n  u n i n t e r r u p t  i h l e  pnwer s y s t e m ,  a s  a r e  t h e  
m a s t e r  c l o c k  and  t h c  f  r cquency  s t a n d a r d s .  I t  h a s  become o b v i o u s  t h a t  c o n t r o l .  
n ~ u s t  be improved o v e r  t e m p e r a t u r e  and m a g n e t i c  v a r i a t i o n s  i n  t h e  f r e q u e n c y  
s t a n d a r d s  env i ronmen t .  S e c u r i t y  must  b e  improved t o  l i m i t  p e r s o n n e l  a c c e s s  t u  
 he a r c a ,  and movement of  equipment  n e a r  t h e  f r e q u e n c y  s t a n d a r d s .  

V L l  . CONCLUSIONS 

The GPS t i m i n g  r e c e i v e r s  have  p roven  t o  be a  c o s t - e f f e c t i . v e  and r e l i a h l e  
method t o  c o o r d i n a t e  t i m e  and f r e q u e n c y  t o  meet: t h e  r e q u i r e m e n t s  of t h e  DSN. 
The pe r fo rmance  o f  t h e  master c- locks  was m o n i t o r e d  on  an  a l m o s t  dai1.y b a s i s .  
Frequent-y s h i f t s  and t i m e  jumps t h a t  we re  unexpec t ed  and i n  some c a s e s  
u n e x p l a i n e d  were  o b s e r v e d  i n  t h e  d o c k s .  The hydrogen  m a s e r s  responded t o  
f r e q u e n c y  a d j u s t m e n t s  w i t h i n  t h e  e x p e c t e d  l i m i t s  of knowledge of t h e i r  
pe r fo rmance  b e h a v i o r .  C o n t r o l  of  t h e  t i m e  and f r e q u e n c y  o f f s e t  o f  t h e  c l o c k s  
was e s t a b l i s h e d  t o  w i t h i n  t t i e  l i m i t s  o f  t t ie  p e r f  ormancc r e q u i r e m e n t s  of  the: 
D S N .  I t  a p p e a r s  t h a t  w i t h  improved t e c h n i q u e s  t h e  t iydrogcn maser  m a s t e r  
c l o c k s  c a n  b e  c o n t r o l l e d  t o  much c l o s e r  t o l e r a n c e s .  
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T a b l e  1. Golds tone  v e r s u s  UTC (NBS)  R e l a t i v e  Frequent-y O f f s e t s  

Event Timespan A E / £  ( x  1 0 - l ~ )  Sigma 
(YYDDD) 

Comments 

83345-84008 2.36 0.04 S t a r t  

1 84009-84011 6.41 0.30 Backup cesium s t a n d a r d  
o n l i n e  d u r i n g  rnaser f re-  
quency ad jus tment  ( s p i n  
exchange t u n c ) ;  t ime  s t e p  
due  t o  s w i t c h o v e r  

Maser prime and cloclc 
r e s e t  

NBS f r equency  adjustment: 
of +0.88 x 

NBS f requency  a d j u s  tlncriC 
of -1.41 x 10-l4  

Temperature change i n  
niascr room and equipment 
movement i n  ad-ioini  ng room 

NBS f r equency  adjustment: 
of -2.31 x 10-14 

Maser maintenance i n  
r e sponse  t o  f requency  
change on DOY 75 
(magne t i c  f i e l d  h i a s  
a d j u s t m e n t ) ;  t ime  s t e p  
due to  swi t chove  I- 

NBS f r equency  ad jus tment  
of -2.31 x 10--14 

GPS c l o c k  rcsynchcd L u  

s t a t i o n  c l o c k  ( a t  t h i s  
s i t e  o n l y ,  t h e  GPS u s e s  :I 

d i f f  c r c n t  f r e q u e n c y  
c o u n t e r  t h a n  t h e  s t a t i o n )  

10 84153-84163 6.68 0.10 NBS f requency  ad jus t tnent  
of -2.31 x 10-14' 

11 84167-84173 -1.33 0.06 Maser f reqtlency a d j u s t m e n t  
( c a v i t y )  and c l o c k  r c s e t  



(: omment :: 

I 8/1033-8/tCih0 - I ;I 4 0.0 NKS f r-t.!ijilc,ricy ncl j r!stli1~~11 1: 

oi +!! -88 :< 1 <\1--l't 

4 8 4  122-84 1522 -1.22 0 , 0 5  N X S  ~ : r c q u c n c : y  ;i<i.j~~sLiuc:nt 
of -2. 31 ;/, I 0-1-4 

Ibi;riilicl-larlce work W;IS CIOIIC: 011 t l l ~  h a c : k u ~ ~  c:cs.iurr~ c l o c k  l o c a t e d  i.n lllc sarrir? 
5i;c.ii-ilty n n  rl;.iys 8:3-8h a n d  11)/. T'Fic c : i i ~ l ~ t ~ ~ t  (-In tl~c mascl- i:; I . I T I ~ ~ I O \ ~ I - I .  

, . - .  rrc J:oll.owi.ni: i s  all example ol how Lfic results d e p r n c l  (:In t i)(:  t i m c s j . ) n r ~  ~.V~c:)st:.n 
]:or- t h e  t.i.t.: 



T a b l e  3 .  Madrid v e r s u s  U T C  ( N B S )  R e l a t i v e  Frequency O f s e t s  

Event  Timespan ~ f / f  ( X  l o - 1 3 )  Sigma 
( Y Y D D D )  

Comments 

83345-83360 7.19 0 .04 S t a r t  

1 83364-84030 -0.15 0.04 Maser f r e q u e n c y  ad.justmen1: 
( c a v i t y )  and c l o c k  rese t  

2 84033-84053 -0 .08 0 .10  N B S  f r e q u e n c y  adjus tment .  
of  +0.88 x 10-"I4 

3 84055-84060 --- -mu Maser s o u r c e  f  a i l u r c ;  

niaser r e s t a r t e d  and c l o c k  
rese ;l 

4 84061-84072 -0.15 0.04 NHS f r e q u e n c y  ad j u s  t:ment- 
of  -1.41 x 10 - l4  

5 84080-84091 1.34 0.10 Maser m o d i f i c a t i o n  kil.  
i n s t a l l e d ;  ce s ium s t a n d a r d  
removed f rom n e a r b y  r a c k  

6 84092-84121 2.76 0.14 N B S  I r e q u e n c y  adjus tmcnL 
of -2.31 x 10- l4  

7 84122-84142 2.83 0.19 N H S  f r e q u e n c y  a d j u s t m e n t  
of  -2.31 x 10- l4  

8 84146-84152 -1.74 0.28 Maser f r e q u e n c y  a d j u s t m e n t  
( c a v i t y )  

9 84153-84173 -0.23 0.05 N R S  f r e q u e n c y  a d j u s t m e n t  
of -2.31 x 10 -14 



Table 4 .  K c s u l t s  of t h e  Ilyd rogcri Maser 1;rerjt.lency Ad-j u s  t i ~ l e n t  $4 

(Change i n  R e l a t i v e  Frc:qiiency w i  tl-I R e s p e c t  t o  KRS) 

-- 
83362 Madrid -8.5 -7 .:3 Cavi L y  . i :~'erll .~t:r~c,y 

8 4 0 0 9  G o l  d s  t o n e  - M a g n ~ t . i c ,  ILi r l r l  , r-cr:c. i vt31- 
?;yriL hesi z t i r - ,  atid r a v i l  y 
f r ~ : q u c n c y  (:;pi 11 exrl~;~l-igr: 
t u n e )  

8 4 1 4 4  Madrid  -5.0 -/I .6 Cavi t y  1. ~ - t . q r~c :nc>~  

:3416h C : o l d s t o n e  -8 .4  -8.0 Cavi L;;  i rc+r i~~cl ic :>  

T a b l e  5. E f f e c t  of tl-ic NBS Freqricricy Acljtrstrric:nt..; on L11c 
1::arihcrra Hyc1ro~;en Mascr Ke l n t  i v c  Frerlr~cl-lc:y 01-fscit:.; 

NBS A d j u s t r r i e n t s  Lr~cludetl 4 H S  drl-j 1.1:; l i n t ? n t s  irl~mci~c(l 
~ f / f  ( x  10--1 '3) A t : / +  (3 :  I ( > - " 3 >  
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F i g u r c  3. A l l a n  V a r i a n c e s  o L  Golds  tone-IITC (hKS) 
Reforc a n d  Al te r  Kalman Filte; 

r ,  days 

I'igurc 4 Al lan Varinnccs of Spain-(:a1 i f  o .  ~ r l d  
Aus t r a  l ia - ( :a l  i f o r n i  ;3 





FRACTIONAL FREQUENCY 
OFFSET WlTH RESPECT T O  

UTC (NUS) x 10-l3 ~ f / t  

b ' igurc 7 3 .  ' l ' t m e  O t ' f s e t ,  M2dri .d v e r s u s  1irr(: ( h K S )  Showinj: 
Frequency Adj 1.1s t r n c ~ l t  and Clock  KPSCI  L (X~ : ) t c?  t h ( '  
I l i l L e r e n t  Orclinate S r i i l c )  
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P i g u r c  7b .  T i m c  O f f s e t ,  Madr id  versus l;T(: ( L K S )  
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F i g u r e  8. T i m e  O f f s e t ,  DFT System v e r s u s  UTC ( N B S ) ,  
Showing A l l  T h r e e  S t a t i o n s  

INITIAL OFFSET 
BY CAVITY FREQUENCY 

ADJUSTMENT 

TUNED STATE 

INITIAL I CORRECTION 
TIME OFFSET l NTERVAL I 

F i g u r e  9 .  Frequent-y C o r r e c t i o n  I n t e r v a l s  Based on 
Known C a v i t y  D r i f t  and Al lowab le  1,irnits 



QUESTIONS A N D  ANSWERS 

l>AVIE A I , T , A N ,  N A T I O N A L  R I I R E A I J  OF S'l'ANDARrjS: W h a t  w a s  t h e  
t e m p e r a t u r e  c h a n g e ,  P h i l ,  w h e n  you saw t h a t  f ' r ey i .~ency  change :>ri 
t h e  G o l d s t o n e  m a s e r ?  

M R .  CLEMENTS: Two d e g r e e s  C e l s i u s .  

A N D Y  J O I I N S O N ,  [ I .  S. N A V A L  OBSERVATORY: C o u l d  y o u  p l c a : ; e  t , e l l  t r l e  
audier1i:e what, k i n d  o f  e n v i r o n m e r ~ t  your  m a s e r s  a r e  i r : ?  

M R .  CLLMENTS: T h e  m a s e r s  a r e  i n  a v e r y  w c i l  t ~ i 1 1 p e r 3 t 1 . i r e  
c o n t r o l l e d  e n v i r o n m e n t .  T h e r e  i s  a s e p a r a t e  a i r  ccjr:dit; i.:::ner t i i ; - r t  
k e e p s  t h e  t e m p e r a t , u r e  t o  3 2  d e g r e e s  C e l s i u s ,  p l u s  o r  r n i n u s  9 . 1  
Cel s iu s .  

M R .  UIJLSSOIi: You p r e s e n t e d  m o s t l y  f r e q u e n c y .  i1r1 t r , c  t i : n e  ; ~ : : ; ~ : e z t  
o f  i t ,  d o  y o u  h a v e  a n y  f e e l ,  when  y o u  w e r - e n ' t ,  a : . : j !n . ; t , ing;  
f r e q u e n c y ,  how good your  t i m e  compar i s o n s  woulcr b u  S e t i i t : ~ : ~ ,  5;i;:, 

A u s t r a l i a  and G o l d s t o n e ?  

M R .  C L E M L N ' T S :  T h a t ' s  h a r d .  We made a c l o c k  t r i p  l a s t  y e a r ,  ; ~ n d  
r e p o r t e d  i t  h e r e .  We h a d  v e r y  good a g r e e m e n t ,  t o  w l t , h i r l  25 t o  50 
n a n o s e c o n d s .  

What we a r e  t r y i n g  t o  d o  now -- Sam Ward w i l l  talk a b o u t  i t  
r i e x t  --- 1s t o  u s e  t h e  w e e k l y  V L B I  b e t w e e n  t h e  s t a t i o : ~ ~  t,c, che , :k  
t h e  a c c u r a c y  o f  o u r  t i m e  t r a n s f e r s .  

A 1 , U E R T  K I P K ,  J E T  P R O P I J L Y I O N  LARORATGRY: I d i d n ' t  \~t~t lex- . .c , t ,anc!  r;he 
l a s t  quest ,  i o n .  Could you exp l  a in?  

MF?, BI . ITS:3GI i :  He shvwet l  a l o t  of '  p l o t s  o f '  ~ 1 o p e - i  a f '  p h a s e ,  ar!3 I 
was ;ooltiwlg f o r  a b s o l u t e  a c c u r a c y  from c? r;i-~a:;e/tinie (;c:.mpd~i::;ori 

M H .  W A R D :  The  f ' i l . r , e r  d3tr.a s h o w s  a  r i s e  i n  n o i . s e  a t  a periochoi' 
f i v e  d a y s .  What c a u s e d  t h a t ?  

P!h. CLEMLN'I'S: 1 d o n t  t know. 

I d I i i .  i313ISSON: T h a t  s an honest ,  a n s w e r .  

T j i i V I D  R L L , A N ,  N A T I O N A T .  B I J K E A [ J  01; STI?NCAHI:S:  The K a l m e r  :=n :oo thor  
i:;nlt a Fialman f ' i l . t , e r . ,  it's r e a l l : !  a s m o o t , k i e r ,  ' t ip  measare t h e  
c k i a r a c t : , e r i s t i c s  of '  t h e  p r o p a g a t i o n ,  t h e  5!'S n ~ j i s e  i f  y5u b i i l ; ,  
ar!il t , h e r l  w e  a s s u m e  c e r t a  i . n  r node l s  f ' o r  t h e  c l o c g s .  Tk;cse rr,c;de i.:; 
are r!ot p e r f e c t l y  w e l l  known.  I f  you a r e  r io l ,  rr1:)del lnp; t , he  c l o c k  
p e r f e c t l y ,  you c a n  g e t  t h a t  k ind  of' a t iurnp in the s ig rna- tau  p l o t ,  
w h i c h  may o r  m a y  n o t  b e  t r u e  t o  t h e  c l o c k .  I t t  a  m o d e l  d c g e n d e r l t  
c h a r a c t e r i s t i c .  T w o u l d n l t  p u t  t o o  much s t o c k  in t h a t  l'iumping. 

I mi.p,ht, rnen t ion  t h a t  t h e r e  have b e e n  s e v e r a l  p o r t a b l e  c l \ r ) ck  
t r i p s  b e t w e e n  t h e  Golds to r le  clock and t h e  Bou lde r  c l o c k ,  a n d  t i l e y  
a g r - e e d  - -  a n d  you c a n  c o r r e c t  me i f  I am w r o n g  - -  by f i v e  
n a n o s e c o n d s .  



M R .  C L E M E N T S :  Yes, we m a k e  r e g u l a r  c l o c k  t r i p s  b e t w e e n  t h e  
N a t i o n a l  B u r e a u  o f  S t a n d a r d s  a n d  G o l d s t o n e ,  e v e r y  t w o  m o n t h s  
s u p p o s e d l y ,  a n d  we t a k e  t h e  r e a d i n g s  d i r e c t l y  f r o m  t h e  GPS 
r e c e i v e r .  We h a v e  come t o  w i t h i n  a  f e w  n a n o s e c o n d s .  

M R .  BUISSON: T h a t  b o t h e r s  m e .  M r . K l o b u c h a r  t a l k e d  y e s t e r d a y .  He 
t a l k e d  a b o u t  t h e  d i f f e r e n c e  i n  t h e  i o n o s p h e r e ,  a n d  t h e  h o l e s ,  a n d  
h a v i n g  c o m p a r i s o n  t h a t  f a r  w i t h  d i f f e r e n t  t imes .  E v e n  t h o u g h  i t ' s  
c o m m o n  v i e w ,  y o u  a r e  l o o k i n g  a t  d i f f e r e n t  p a r t s  o f  t h e  s k y ,  a n d  
i t ' s  h a r d  t o  i m a g i n e  t h a t  y o u  a r e  r e a l l y  d o w n  t o  t h e  f i v e  
n a n o s e c o n d  l e v e l  i f  h i s  d r i f t  r a t e s  a r e  t r u e ,  u s i n g  a C A  o n l y  
c o d e .  

M R .  CLEMENTS: We d o n ' t  g e t  down t o  t h e  f i v e  n a n o s e c o n d  l e v e l  w i t h  
t h e  o v e r s e a s  s t a t i o n s ,  o n l y  b e t w e e n  NBS a n d  G o l d s t o n e ,  w h i c h  i s  
l e s s  t h a n  a  t h o u s a n d  k i l o m e t e r s .  

M R .  KLEPCZYNSKI:  I n  r e g a r d  t o  G P S  t i m e  t r a n s f e r ,  i f  y o u  l o o k  a t  
t h e  d a t a  f i l e s  t h a t  we h a v e  i n  t h e  c o m p u t e r  -- a n d  I j u s t  d i d  
t h i s  a f e w  d a y s  a g o  t o  c o m p a r e  J a p a n  t o  t h e  U.S.N.0 - -  i f  y o u  
t a k e  780 s e c o n d  a v e r a g e  p o i n t s ,  f o r  t h r e e  o r  f o u r  d a y s  -- t h i s  i s  
b e t w e e n  J a p a n  a n d  t h e  O b s e r v a t o r y  w h e r e  y o u  h a v e  a d a y t i m e  
s i t u a t i o n  o n  o n e  e n d  a n d  a n i g h t t i m e  s i t u a t i o n  o n  t h e  o t h e r  - -  
y o u  s e e  a s c a t t e r  o f  4 0  t o  5 0  n a r i o s e c o n d s  b e t w e e n  t h e  p o i n t s ,  
w h i c h  w a s  r i g h t  on t h e  m a r k  w i t h  t h e  n u m b e r s  t h a t  were q u o t e d  by 
K l o b u c h a r  y e s t e r d a y .  

M R .  CAPLAN, NAVAL RESEARCH LABORATORY: Y o u r  g r a p h s  s h o w  t h a t  
t h e r e  were s e v e r a l  a p p a r e n t  d i s c o n t i n u i t i e s  i n  f r e q u e n c y .  Di.d you 
c o r r e l a t e  t h e  d a t a  b e t w e e n  t h e  t h r e e  s t a t i o n s  i n  t h e  n e t w o r k  t o  
t r y  t o  i s o l a t e  t h e  c a u s e  o f  t h e s e  c h a n g e s  i n  f r e q u e n c y ?  

M R .  CLEMENTS: Yes ,  we c o m p a r e d  t h e  d a t a  a n d  t h i s  c l o c k  w a s  t h e  
o n l y  o n e  w i t h  t h e  c h a n g e ,  s o  it w a s  n o t  i n  G P S .  




