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ABSTRACT 

During May th rough  September 1978 a s i x  n a t i o n  
cooperative exper iment  w a s  performed t o  i n t c r -  
compare t ime s t a n d a r d s  of ~ n a  j o r  l a h o r a t o r i  e s  
a t  t h e  submicrosecond l e v e l  u s i n g  NTS s a t e l l i t e s .  

NTS t ime  t r a n s f e r  r e c e i v e r ? ,  which were  developed 
f o r  use w i t h  t he  NTS s e r i c s  of s a t e l l i t e s  were 
i n s t a l l e d  a t  t h e  D i v i s i o n  of N a t i o n a l  Flapping (Dm), 
A u s t r a l i a ;  N a t i o n a l  Resenrcli  C o t ~ n c i l  (NRC), Canada; 
Roya l  Greenwi ch Observa to ry  (R(;O),  England; Bureau 
I n t e r n a t i o n a l  d e  l ' l i e u r e ,  F r a n r p  ( H T H ) ;  I n s t i t u t e  
f o r  Applied Geodesy ( I F A G ) ,  \Jest  Germany; and i n  
t h e  U. S .  a t  t h e  Goddard Space F l i g l i t  Centcr  (GSFC) , 
N a t i o n a l  Tktreau of S t a n d a r d s  (IJBS) , Naval Resea rch  
L a b o r a t o r y  (NRL) and t h e  Naval O b s ~ r v a t o r y  ( U S N O ) .  

The r e s u l t s  of t h e  c l o c k  i n t e r c o m p a r i s o n s  will be 
p r e s e n t e d .  

INTRODUCTION 

The major  o b j e c t i v e  w a s  t o  p c r f o n n  a n  i n t e r i m  d e m o n s t r a t i o n  of t h e  
t i m e  t r a n s f e r  c a p a b i l i t y  of the  NAVSTAR GPS sys tem u s i n g  a s i n g l e  
NTS s a t e l l i t e .  Measurements of t ime d i f f e r e n c e  (pseudo-range)  a r e  
made f rom t h e  NTS t r a c k i n g  network and a t  t h e  p a r t i c i p a t i n g  
o b s e r v a t o r i e s .  The NTS network measurements a r e  used t o  compute t h e  
NTS o r b i t  t r a j e c t o r y .  The c e n t r a l  NTS t r a c k i n g  s t a t i o n  has a t i m e .  
l i n k  t o  t h e  Naval Observa to ry  UTC(USNO,MC~) m a s t e r  c l o c k .  Us ing  
measurements t a k e n  w i t h  t h e  NTS r e c c i v e r  a t  t h e  remote o b s e r v a t o r y ,  
t h e  time t r a n s f e r  v a l u e  IJTC(USNO,>lCl)-UTC(REblOTE,  V L A  NTS) i s  
c a l c u l a t e d .  For  GPS, a s i m i l a r  p r o c e d u r e  cotild be fo l lowed  u s i n g  
s i m u l t a n e o u s  measurements t a k e n  hetwee.11 t h e  t l ser  and Four GPS 
s a t e l l i t e s .  With t h e  f o u r  GPS pseudo-range (yirnc d i f f e r e n c e )  



measurements t a k e n  a t  an (unknown) l o c a t i o n  t h e  u s e r  may s o l v e  f o r  
t h r e e  p o s i t i o n  c o o r d i n a t e s  i n  a d d i t i o n  t o  t ime  o f f s e t  w i t h  r e s p e c t  
t o  CPS t ime. The g o a l  f o r  t l ic  NTS e f f o r t  w a s  t o  a c h i e v e  worldwide 
t i m e  t r a n s f e r  of l e s s  t han  o n e  microsecond a c c u r a c y .  

A second  o b j e c t i v e  was t o  compute weekly worldwide i n t e r c o m p a r i s o n s  
of t l lc  o h s e r v a t o r y  c l o c k  o f f s e t s  u s i n g  p r e d i c t e d  v a l u e s  of s a t e l l i t e  
c lock o f f  s e t  and ephemeris .  Each p a r t i c i p a n t  e n t e r s  a p p r o p r i a t e  
measurements i n t o  computer f i l e s  wh ich  a r e  l a t e r  p r o c e s s e d .  O t h e r  
o b j e c t i v e s  i n c l u d e  c o - l o c a t i o n  a t  l a s e r  s i t e s  ancl t h e  u s e  of t h e  
o b s e r v a t o r y  t i tne  s c a l e s  i n  e v a l u a t i n g  t h ~  s p a c e c r a f t  c l o c k  
performance.  

Time n i  f f e r c n c e  Neasurernents 

Time d i f f e r e n c e  ( pseudo-range) measurements a r e  made between t i le  
s p a c e c r a f t  and t h e  u s e r  by s i d e  t o n e  r a n g i n g  (1). The NTS-2 space-  
c r a f t  a l s o  h a s  a GPS pseudo-random sequence  t r a n s m i t t e r .  A l l  measure- 
ments p r e s e n t e d  i n  t h i s  paper  were  made u s ing  tIlc s i d e  t o n e  rang ing  
sys tem,  which has  a  r e s o l u t i o n  of 1.56 risec ( 4 8  cm.). Measurements of  
t ime  d i f f e r e n c e  may hc c o n v e r t e d  t o  pseudo-rangc by m u l t i p l y i n g  by 
t h c  speed of l i g h t  i n  a vacuum. U n i t s  of t i m e  a r e  used i n  t h i s  paper  
t o  f a c i l i t a t e  compar isons  wit11 t h e  PTTI community. 

T h e  t i m e  d i f f e r e n c e  measurement i s  composed of t h e  d i f f e r e n c e  be tween  
t h e  s a t e l l i t e  c l o c k  and  t t ie  u s e r  c l o c k ,  p l u s  s a t e l l i t e  t r a n s m i t t e r  
d e l a y s ,  p r o p a g a t i o n  p a t h  d e l a y ,  i o n o s p h e r i c  d e l a y ,  t r o p o s p h e r i c  d e l , i y ,  
u s e r  an tenna  d e l a y ,  c a b l e  and r e c e j v e r  d e l a y .  A l l  of t h e s e  f a c t o r s  
must be  measured o r  estimated. I n  a d d i t i o n  t o  t h e  above f a c t o r s ,  t h c  
s p a c e c r a f t  c l o c k  i s  i n f l u e n c e d  by t-tic re L a t i v i s t i c  f requcncy s h i f t ,  
magnet ic  f i e l d s ,  e n e r g e t i c  p a r t i c l c s ,  and small  v a r i a t i o n s  i n  
te t i lpera ture  and d r i v e  levcl. 

R e c e i v e r s  of two des ig i l s  were en1ployt.d i n  making t h e  measurcmcnts. One 
r e c e i v e r  ( 2 )  made meas~lrerncnts a t  a nominal  UllF f requency  o f  335 M H z .  
The second r e r e i v c r  used was c a p a b l e  of making measurements a t  t h c  lA 
band f r e q u e n c y  of 15813 MHz i n  a d d i t i o n  t o  t h e  IJllF f r equency .  The t w o  
c h a n n e l  r e c e i v e r  measurements were cornbi necl, by s o f t w a r e ,  t o  correct .  
Lor t h e  f i r s t  o r d e r  i o n o s p h ~ r i c  r e f r a c t i o n .  

S p a c e c r a f t  Frequency S t a n d a r d s  

Timing s i g n a l s  transmi t t e d  from NTS-2 a re  d e r i v e d  from a c e s i u ~ n  
f r e q u e n c y  s t a n d a r d ;  NTS-1 crnploys b o t h  ruhidium and q u a r t z  
o s c i l l a t o r s .  Frequency s t ah i l  i t y  r e s u l t s  have been p r e v i o u s l y  
r e p o r t e d  ( 3 , 4 )  f o r  one of t l l c  NTS-2 c c s i t ~ m  s t a n d a r d s  and f o r  
rubidirim and q u a r t z  o s c i l l a t o r s .  



Tlie NT:i-2 ces i tn  s t a n d a r d  w a s  11serl t o  measure. t h e  r c l a t i  v i  s t - ic  
f requency  s h i f t  (5) a t  t h e  6 P S  c n n s t e l  l a t i o n  altitude. The NTS-2 
c e s l u n  o u t p u t  f requency was a d j u s t e d  so t h a t  the  r c c c i v e d  frerlllency 
i s  n e a r  t h a t  of  UTC(USTq0 ,MCl . ) .  111 c o n t r a s t ,  t1:c I\TT:i-1 q u a r t z  ost:i:- 
l a t o r  i s  pc r iod ic :a l ly  a t l j u s t e d  i n  f r e r j u ~ n c y  and titlie. The tnaxtrntn 

-9 - f 
f  req1.1enc.y excursicjns of t h e  q l t a r t z  v a r i e d  frol!i +2x1(:) t o  -4x10 
w i t h  r e s p e c t  t.o ITTC(~TSNO,PICI) .  > ; o t e r ~ o r t l ~ y  1s tile f a r t  tlltit t h e  
e a s e  of opera  t i  o n  i s  s u p e r i o r  wi t l - i  cesiuiri, inasrn~lc:Il a s  comparnt i v e l v  
l a r g e  17eri n d i  c acl.justments a r e  recltiired w i t h  t l ~ t ?  c11.1;lr-tz f requcrlcy 
s t a n d a r d .  

Ti inc  T r a n s f e r  T e c h n i r ~ u c  

The t ime t r a n s f e r  t o  3 rcmote. l o c a t i o n  i.s o h t a i n e d  hy f o u r  time l i n l r s  
t o  ~ X ' C ( I ! S N O , M C : ~ ) .  Tlie f o u l -  l i n k s  a r c  ( a )  !it.on Llie remntc use!r clot:k 
t o  t h e  s p a c e c r a f t  c l o c k ,  ( b )  the s p a c c c r a f  t frequenc:y t ime updat-e 
f o r  t h e  tirnc: difference h e t w c . c n  o b s e r v a t i o n s  obta iner l  ;it I h e  remol-e 
s i t e  and tlie c e n t r a l  s i t c ,  ( c )  frorr: t i le  c e n t r a l  sL;-ltion ~ 1 . o c k  t o  t t lc  
s p a c e c r a f t  - l o c k ,  arid (dj Crom t h e  c e r l t r a l  s t a t i o n  : l u c k  t o  
LJTC(I!SNO,Mi: l ) .  F i g u r e  (1) d e p i c t s  t h e  f o u r  1iilk.r: uscd i n  t h i s  
p rocedure .  T h i s  procedrrre incorporates t l ie  s h o r t  t o  nlerjirlm tern1 
s t a b i l k t y  of the  spacenra f  t. zrrd c o n t r n l  s t a t  i o n  c lock  w i  t h  t h e  long  
t e rm s t a b i l i t y  of t h e  U.S. Naval Observa to ry  mul:i-clock t ime sca1.e. 

Fleasurernents of [UTC(IJSN( ' I ,Y . I ( :~ ) -UTC(P.EY~O~~~? ,  V I A  NTS) may h e  t a k e n  w i . t h  
a v a r i e t y  of f r equency  s o u r c e s  of  v a r y i n g  s t a b i l i t y .  The  Irlajor obse rva-  
t o r i e s  p a r t i c i p a t i n g  i r r  t l l i s  cxper imcnt  p o s s e s s  Cseque.ncy s t a n d a r d s  
and t i m e  scales of 17rovc1-1 a c c u r a c y ,  w i t h  sufficient d i f  f c r e n c e  i n  
g e o g r a p h i c  l o r - a t  i o n  ( f i g u r e  2), t o  check f hc t i n e  t r a n s f e r  a t  
d i f f e r e n t  p o s i t i . o n s  of  t h e  s ~ l a c c c r a f t  orhit. 

Tirne T r a n s f e r  Kesl i l t s  

Yri.gures (3 ) - (12 )  p r e s e n t  t i n e  LransFer  r e s u l t s  as determined f ro t?~  t h e  
NTS s p a c e c r a f t .  The f i g u r e s  a r e  similar i n  f oralat i l l  as  nucll a s  eac.l-I 
reniot e  o h s e r v i r ~ g  s t a t j . o : ~  i s  r e f  erenc-ild througli the NTS c e n t r a l .  ground 
o b s e r v i n g  s c a t i o r r  l o c a t e d  a t  C11esapea.ke Ray D i v i s i o n  (CR13) o f  N K L .  
Tile CRD s i t e  is  l i n k e d  t o  t h e  I.!SFJO?IC: by a s e r i e s  o l  p o r t a b l e  (:lock 
c l o s u r e s  t o  a n  a c c u r a c y  of  1(;-:?0 nanos~conds. 

T a b l e  I. p r e s e n t s  t h e  phase  o f f s e t  and Crequcncy difft2l:erlce of eacFi 
rcmote s t a t i o n  c l o c k  a g a i n s t  t h e  USXO1.IC f o r  i; g ivcn  epoch t i ~ n e  wtiich 
i s  nomi.nally placed i n  t11e midd1.e ( _ i f  tli.? chservcii  d a t a  span.  1:n 
a d d i t i o n ,  t h e  RMS of a  s t r a i g h t  1-ine l e a s t  squarcs f i t .  t o  a l l  s a t e l l i t e  
passes obse rved  by thc  rernote s t a t i o n  i s  p r e s e n t e d  a s  a measure of t h c  
n o i s f  i n  t h e  time ~ r a n s f e r  v a l u e s .  



TABLE 1 

NT S 
TIME TRANSFER RESULTS 

UTC(USN~,MC)-UTC(REMOTE, NTS) 

Remote S i t e  Epoch Phase  Off s e t  Frequency RMS 
(day (rnicrosec) ( p p l  o1 l )  ( nanos e c )  
1978)  - 

RGO (JP) 186 -160.734 -. 245 369 

R I H  (OP) 1 5 6  1 . 5 7 4  -. 006 318 

CERGA 130 0.995 -.049 324 

IFAG 186 - 1 0 . 2 7 7  -.017 3 7 7 

RRL 303 - 18.050 - .01O 86 2 

NKLM 304 - 47.829 .003 998 

NBS 1 5 1  - , 4 7 4  -. 014 3138 

From t h e  t a b l e  i t  can  be s e e n  that  t h e  t w o  J a p a n e s e  remote  s i t e s  (RRL 
and NRLM) e x h i b i t  a  h ighe r  n o i s e  l e v e l  t h a n  t h e  o t l - ~ e r  o b s e r v i n g  
s t a t i o n s .  These h i g h e r  n o i s e  l e v e l  rneasurernents were the r e s u l t  of 
u s i n g  p r e d i c t e d  s a t e l l i t e  p o s i t i o n  ephemeris .  F u r t h e r  a n a l y s i s  w i l l  
bc p c r f o r n ~ e d  u s i n g  obse rved  o r b i  tal t r ' a j e c t o r y .  

Also  p l o t t e d  i n  f i g u r e s  ( 3 ) - ( 1 2 )  a r e  t h e  r e s u l t s  of p o r t a b l e  c l o c k  
c l o s u r e s  performed by p e r s o n n e l  from t h e  USNO. These p o r t a b l e  c l o c k  
c l o s l i r e s  a r e  used  a s  " t r u t h "  o r  a b s o l u t e  a c c u r a c y  t i e - i n  f o r  the NTS 
r e s u l t s .  

F i g u r e s  (13) - (15)  p r e s e n t  t ime  t r a n s f e r  r e s u l t s  from t h e  NTS remote  
o b s e r v i n g  s t a t i o n  l o c a t e d  at t h e  Panama Canal  Zone ( C Z )  s i t e .  R e s u l t s  
i n  t h i s  d a t a  s p a n  were  o b t a i n e d  w i t h  horh  NTS2 and NTSl  s p a c e c r a f t s .  
The NTS2 d a t a  i n c l u d e d  o b s e r v a t i o n s  a v a i l a b l e  a t  b o t h  335 MHz and 
1 5 8 0  MHz ,  a l l o w i n g  f o r  a f i r s t  o r d e r  i o n o s p h e r i c  d e l a y  measurement. 



The NTSl measurements  used  s i n g l e  f r e q u e n c y  measurement a t  335 MHz. 
T a h l e  2 sllnlmarizes t h e  CZ r e s u l t s  i n  a s imi la r  f a s h i o n  t o  T a b l e  1. 

TABLE 2 

NTS 
TIME TRANSFER RESULTS 
UTC(USNO,MC)-ITTC(CZ) 

Epoch Phase  F r e q u e  Y E Y  RM S 
(Day,  1978) ( m i c r o s e c )  ( ~ ~ 1 0  ) (nnnos  e c )  

F i g u r e  ( 1 3 )  p r e s e n t s  t f i e  e n t i r e  d a t a  s p a n  c o n s i s t i n g  of  b o t h  NTS2 
and NTSl measurements .  F i g u r e  ( 1 4 )  p r e s e n t s  on ly  NTS2 d a t a .  The 
improvement i n  n o i s e  l e v e l  was l rom 330 nanoseconds  t o  6 3  nano- 
s e c o n d s .  T h i s  improvenlcnt w a s  t h e  r e s u l t s  of tb7o mq j o r  advantages 
of  t h e  NTS2 s p a c e c r a f t  o v e r  t h e  NTSl s p a c e c r a f t ;  f i r s t l y  t h e  u s e  
of a ces ium o s c i l l a t o r  i n  space  (NTS2) a s  opposed  t o  a q u a r t z  
o s c i l l a t o r  (NTSI) a n d ,  s e c o n d l y ,  t h e  a b i l i t y  t o  c o r r e c t  f o r  the 
i o n o s p h e r i c  d e l a y  by d u a l  f r e q u e n c y  measurement (NT52). 

The a d d i t i o n a l  improvement i n  n o i s e  l e v e l  be tween f i g u r e s  ( 1 4 )  a n d  
(15)  ( f r o m  63  n a n o s e c  t o  9 n a n o s e c )  i s  t h e  r e s u l t  of a  s y s t e m a t i c  
e f f ec t  i n  t h e  o r b i t  determination method wh ich  c o r r e s p o n d s  t o  t h e  
2 r e v / d a y  o r b i t  c o n f i g u r a t i o n .  F i g u r e  ( 1 5 )  u s e s  o h s e r v a t i o n s  
o b t a i n e d  f rom t h e  same s i d e  of  t h e  o r b i t  e a c h  day .  T h i s  n o i s e  
l e v e l  of 9 nanoseconds  i s  c o n s i d e r e d  t o  he  i n d i c a t i v e  of r e s u l t s  
which  c a n  b e  a t t a i n e d  i.n t h e  f u l l  o p e r a t i o n a l  GPS c o n s t e l l a t i o n .  

S y s t e m  C l o s u r e  

F igure  ( 1 2 )  p r e s e n t s  the t i m e  t r a n s f e r  reslllts f o r  a r e c e i v e r  
l o c a t e d  a t  t h e  U .  S .  Nava l  O b s e r v a t o r y  w i t h  a d i r e c t  i n p u t  f r o m  
UTC(USN0,MCl). It c a n  be  seen  t h a t  t h e  n o i s e  l e v e l  i s  1 7 1  n a n o s e c  
with a n  o f f s e t  o f  -36 n a n o s e c  a t  t h e  epoch p r e s e n t e d .  

Time compar i sons  f o r  f i v e  of t l lc  r iu jor  ohs e r v a t o r i  e s  a r e  p r e s e n t e d  
i n  f i g u r e  ( 1 6 ) .  T h e  i n s e r t  i n  f i g u r e  ( 1 6 )  p r e s e n t s  t h e  o f f s e t  of  
t h r e e  of t h e  o b s e r v a t o r i e s  t o  p e r m i t  r e l a t i v c  f r e q u e n c y  compar ison .  



Noteworthy i s  the  l i n e  f o r  UTC(USNO,MCI) v i a  NTS; a s m a l l  s l o p e  on 
t h e  o r d e r  of a  f e w  p a r t s  i n  lO(15) i s  p r e s e n t  whicll i s  n o t  s t a t i s t i - -  
cally s i g n i f i c a n t .  

T a b l e  3 p r e s e n t s  t h e  d i f f e r e n c e s  f o r  the NTSl t i m e  t r a n s f e r s  w i t h  
r e s p e c t  t o  t h e  i n t e r p o l a t e d  ~ o r t a h l c  c l o c k  measurements. The 
average  accuracy  i n d i c a t e d  by t h e  p o r t a b l e  c l o c k  i s  -0.06 usec .  
T h i s  t a b l e  l i n k s  t h e  e n t i r e  exper iment  t o  t h e  a b s o l u t e  o r  " t r u t h "  
v a l u e s  a s  determined by t h e  ])OD m a s t e r  c lock.  

TABLE 3 

SUMMARY OF 
PORTART4E CLOCK CLOSITRES 

VS 
NTS TIMK TRANSFER RESULTS 

STATION DAY PORTABLE CLOCK- 
(1978) NTS TIME TRANSFER 

- --- (us) -- 

CERGA 117 .70 

DNM 28 2 .09 

NRS 221 .19 

KRL 303 .13 

Conclusions  

The f o l l o w i n g  i t ems  a r e  summarized a s  a c o n c l u s i o n  f o r  t h e  s i x  
n a t i o n  t i m e  t r a n s f e r  campaign: 

o Time t r a n s f e r s  v i a  NTS s a t e l l i t e s  of b e t t e r  t h a n  1 microsecond 
a c c u r a c y  have been demonst ra ted .  



o Siinulatccl  s i n g l e  s a t e l l i t e  CPS o p e r a t i o n  h a s  heen d e m o n s t r a t e d .  

o A 9 nanosecond time t r a n s f e r  n o i s e  l e v e l  o v e r  a 1.2 d a y  s p a n  
has been  d e m o n s t r a t e d  a s  a p o s s i b l e  h e s t  v a l u e  of r e s u l t s .  
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O u e s t i o n s  and  Answers  

DR. DAVE CURKENDALL, J e t  P r o p u l s i o n  Lab :  

The d a t a  a c t u a l l y  l o o k s  q u i t e  a  b i t  b e t t e r  t h a n  t h e  t i t l e  o f  "Sub-  
~ i l ' c r o s e c o r ~ d . "  Would yo11 c a r e  t o  v e n t l l r c  j u s t ,  now qood y o u  t h i n k  i t  
i s ,  r e a l l y ?  How good do y o u  t h i n k  y o u  have  a c h i e v e d  t i m e  sy r l c?  

MR. MCCASKILL: 

I w o u l d  r e a l l y  p r e f e r  n o t  t o  g i v e  an answer  t o  t h a t  e x c e p t  t h a t  we 
a r e  v e r y  w e l l  e n c o u r a g e d  w i t h  t h e  r e s u l t s .  I d o n ' t  r e a l l y  wan t  t o  
g i v e  an a b s o l u t e  nuciber on  it;. I n  te r r ! i s  o f  wha t  t h e  GPS sys te f i i  
m i g h t  do, t h a t  s l i d e  t h a t  showed t h e  n i n e  nanoseconds ,  p r o v i d e d  we 
c a n  g e t  a l l  t h e  b i a s f s  o u t ,  w h i c h  a r t .  f a i r l y  s n i a l l  a n d  f a i r l y  w e l l  
known r i g h t  now, t h e n  p r o b a b l y  i n  t h e  n e i g h b o r h o o d  o f  10 t o  20 
nanoseconds  w i t h  no p r o b l  en. Yes, s i r .  

DR. GERNOT M. R. WINKLER, U.S. Nava l  O b s e r v a t o r y :  

S i n c e  y o u  d o n ' t  wan t  t o  say  a n y t h i n s  I w o u l d  j u s t  l i k e  t o  g i v e  yo11 
my i m p r e s s i o n s  on  t h e  b a s i s  o f  y o u r  d a t a .  

I t  appea rs  t h a t  t h e  N T S - 1  c o r - ~ p a r i s o n s  have  a  n o i s e  l e v e l  o f  
a b o u t  150 nanoseconds ,  j u s t  because  o f  t h e  t i v i e  t r a n s f e r  t o  t h e  
s a t e l  1  i t e  and down. Tha t  i s  d e r i v e d  f r o m  y o l i r  d a t a  o f  t h a t  c l o s e d  
l o o p ,  w i t h  t h e  NTS r e c e i v e r  a t  t h e  o b s e r v a t o r y .  

The r e a s o n  why t h e  rrlore d i s t a n t  s t a t i o n s  show c o n s i s t e n t l y  
l a r g e r  s igmas ,  t h e  l a r g e r  t h e  d i s t a n c e s ,  i s  s i m p l y  because  NTS-1 
o n l y  has  a r e l a t i v e l y  p o o r  f r e q u e n c y  s t a n d a r d ,  a n d  y o u  d e p e n d  on  
i n c r e a s i n g l y  1  o n g e r  e x t r a p o l  a t  i ox! t i m e s  f o r  t h e  g r e a t e r  d i s t a n c e s .  
So t h e r e f o r e ,  t h e  d a t a  w i t h  A u s t r a l i a  and w i t , h  Japan  a r e  l a r g e r  t h a n  
one  h a l f  m i c r o s e c o n d ,  w h i l e  t h o s e  w h i c h  a r e  c l o s e  b y ,  such  as  N R C ,  
have  been  down t o  180, 200 nanoseconds .  Tha t  i s  t h e  NTS-1 r e s u l t s .  

l i owever ,  NTS-2 s e e m  t o  he b e t t e r  by a t  l c a s t  an o r d e r  of  
r n a y n i t u d e  because  y o u  have  a ces iur - I  s t a n d a r d  a n d  t h e r e f o r e  a r e  much 
l e s s  s e n s i t i v e  t o  l o n g  e x t r a p o l a t i o n  t i n e s .  A l s o ,  it_ a p p e a r s  t o  me 
t h a t  y o u  have  a much b e t t e r  s i g n a l  t o  n o i s e ;  and 1 wonder  w h e t h e r  
y o u  h a v e  a n y  conirnents t o  t h a t .  

MR. MCCASKILL: 

The o n l y  cornnient 1 w o u l d  l i k e  t o  add t o  t h a t  i s  t h a t  t h e  measu re -  
nients w i t h  N T S - 1  w e r e  rrlade u s i n g  a  s i n g l e  f r e q u e n c y  a t  335  mega- 
h e r t z  . 

I n  t h o s e  measurer :~ents  we p r e s e n t e d ,  t h e r e  i s  nc c o r r e c t i o n  f o r  
t h e  i o n o s p h e r i c  d e l a y ,  w h i c h  i s  q ~ ~ i t e  c o n s i d e r a b l e .  And i n  t h e  
NTS-2 r e s u l t s ,  we d i d  have  d u a l  - f r e q u e n c y  ~ n e a s u r e ~ : i e n t s  d v a i  1  ah1 e. 
I c e r t a i n l y  a p p r e c i a t e  t h e  comments c o n c e r n i  r ~ g  The q u a r t z  o s c i  11 a -  
t o r ,  b u t  I t h i n k  mos t  o f  i t  i s  due  t o  t h e  i o n o s p h e r e .  Even t h o u g h  



quartz i s  ce r ta in ly  n o t  as good as cesium, I believe the  ionosphere i s  
the  major contribution there .  

D R .  TOM C L A R K ,  NASA Goddard Spa-ce Flight Center: 

I wil l  take t he  prerogative of making a couple of ins tan t  analys is  
cornlilents also.  I notice a great deal of odd-even e f f ec t  in the  d d t a  
points taken on the  o r b i t s ,  one s ide  and the  o ther ,  which t o  me says 
e i t h e r  a s a t e l l i t e  ephemeris e r ro r  and/or s t a t i on  location e r ro r s  
are  contributing considerably t o  the  s c a t t e r  you a r e  seeing on the  
plots .  

Second of a1 1 ,  another one which I observed as i t  went by very 
quickly, t he  cornparison of N R C  t o  CUD versus the  comparison of USNO 
t o  CBD b o t h .  The f i r s t  half of the  plot showed a  very systel;iatic 
pdrabola which looked just t he  sanie on the  two of them, which incii- 
ca tes  t ha t  the conmon clock, the  CBD clock, was the  one which was 
s e t t i ng  t h a t  part  of t he  curve. And i n  f a c t ,  you might f ind  i t  more 
ins t ruc t ive  t o  subtract  out C B D ,  and d o  a d i r e c t  IJSNO-NRC cornpari- 
son, which could then be t i e d  i n to  t he  previous paper. Do we have 
some other comments? 

DR.  B I L L  R E C K E R T ,  Rockwell: 

I  would l i k e  t o  know i f  there  i s  any data t ha t  has come in on space- 
c r a f t  now-- You said soniethi ng about some i nterrni t t e n t  problems. 
I s  there  another frequency t ha t  i s  being transmitted down in regard 
t o  useful data? 

MR. M C C A S K I L L :  

The answer t o  your f i r s t  question i s  the re  i s  no data being acquired 
r ight  now. I t  was on b r i e f l y  l a s t  week. The l a s t  time i t  was on 
was during the  ec l ipse  period, which happens every s i x  nonths; and  
i t  i s  n o t  f u l l y  understood why i t  i s  on then not the  r e s t  of the  
time, b u t  the next one cornes u p  in about February. So we are  hoping 
t o  see some more data froni i t ,  b u t  the re  i s  no way t o  prolnise d a t a .  

D R .  R E C K E R T :  

What frequency i s  t ha t  data being transmitted on? 

MR. MCCASKILL: 

The NTS-2 r e su l t s  you saw were t w o  frequencies a t  335 and  1580 ??Hz, 
which were of course combined t o  make the  ionospheric correct,ion. 

DR.  V I C ~ - . O R  REINHARDT, NASA Goddard Space F l  i  ght Center: 

Were both t h e  NTS-1 and t h e  NTS-? data taken with the  same type o f  
recei ver? 

M R .  MCCASKILL: 

Sorl~e of the data were taken with the  same type of receiver.  t iow-  
ever,  part of t h e  FITS-2 data were taken with a  d i f f e r en t  type of 
receiver.  Two d i f fe ren t  recei vers were used. 



DR. R E  I NHAKDT : 

I s  t h a t  t h e  n i n e  nanosecond  d a t a ,  t w o  r e c e i v e r s ?  

MR. MCCASKILL: 

S i r ?  Wh ich- -  

DR. REINHAKUT: 

On t h e  n i n e  nanosecond  d a t a ,  t w o  r e c e i v e r s  w e r e  used?  

MR. MCCASKILL 

Tha t  i s  c o r r e c t ;  t h e  o t h e r  t y p e .  

DR. REINHAKUT: 

Thank you .  

DR. WILLIAM KLEPCZYNSKI , U.S. l a v a 1  O b s e r v a t o r y :  

I a n  n o t  s u r e  I u n d e r s t a n d  s o m e t h i n g  w h i c h  was s a i d  e a r l i e r  i n  
c o r i j u n c t i o n  w i t h  t h e  s l i d e  1: saw. E a r l i e r ,  Dr .  C o s t a i n  i n d i c a t e d  
t h a t  t h r o u g h  t h e  Hernles d a t a ,  he came t o  t h e  c o n c l u s i o n ,  o r  v e r i f i e d  
t h e  c o n c l u s i o n ,  t h a t  NBS and USNO a r e  g o i n g  a t  t h e  sa rw r a t e ,  ant1 
NRC i s  r u n n i n g  a t  a  l i t t l e  b i t  d i f f e r e n t  r a t e  i n  t h ~  o t h e r  d i r e c -  
t i o n .  Bu t  y o u r  s l i d e  i n t l i c a t e s  that,  b o t h  N B S  and NRC a r e  r u n n i n g  
o f f  w i t h  r e s p e c t  t o  t h e  O b s e r v a t o r y .  1 ar;! w o n d e r i n ?  w h e t h e r  we are  
col ; lpar iny t h e  sar-ie t h i n g :  A re  we cor;:;)aring t i n e  s c a l e s ,  o r  i n d i  v i  - 
d u a l  c e s i u ~ n s ,  o r  wha t - - :  ail  n o t  s u r e  I u n d e r s t a n d .  

MR. MCCASKILL: 

L e t  me answer  t h e  q u e s t i o n  i n  t w o  p a r t s .  F i r s t ,  we h a v e  n o t  h d d  a  
chance  t o  c r o s s - c h e c k  w i t h  t h e  t lerr, ies r e s u l t s .  The b a s i c  measure -  
rnent i s  one o f  a s t a r t - n i n u s - s t o p  ~ i e a s u r e i n e n t ;  t h a t  i s ,  as i f  y o u  
s t d r t e d  w i t h  USNO M a s t e r  C l o c k  Nur iber  One and  s t o p p e d  w i t h  t h e  r e -  
s u l t .  So when y o u  see a s l o p e ,  i t .  i s  a s l o p e  o f  t h e  s t a r t - r r i i n u s -  
s t o p  measurement. 

DR. WINKLER: 

I t h i n k  t h a t  b o t h  o f  y o u  have  i n d i c a t e d  t h a t  t h e w  i s  no f r e q u e n c y  
d i f f e r e n c e  be tween  NBS and U S V O ,  b u t  t h a t  t h e r e  i s  a  f r e q u e n c y  d i f -  
f e r e n c e  be tween  NRC and b o t h  o f  us.  O n l y  t h a t  v a l u e  i s  d i f f e r e n t ;  
i t  i s  s o m e t h i n g  l i k e  1.1 i n  1013 f o r  t h e  t lerl- les r e s u l t s ,  and  o n l y  
f i v e  p a r t s  i n  1014 f o r  y o u r  FTS r e s u l t s .  This i s  ny r e c o l l e c t i o n .  
So t h e y  a r e  i n  t h e  sarne d i r e c t i o n ,  and  I d o n ' t  t h i n k  t h e r e  i s  t h i s  
d i s c r e p a n c y  as D r .  K l e p c z y n s k i  seems t o  have  seen.  

You c a n  go t o  t h e  sane  s l i d e ,  and  t h e r e  was no f r e q u e n c y  d i f -  
f e r e n c e  be tween  NBS, and t h e r e  s h o u l d n ' t  be. 

DR. C L A R K :  

S i n c e  i t  i s  o r d a i n e d  t h a t  t h e r e  i s  no f r eque r i c y  d i f f e r e n c e  be tween  
Boulder and W a s h i n g t o n ,  l e t ' s  go on. 




