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ABSTRACT I 
I t  is w e l l  known t h a t  Very  Long B a s e l i n e  I n t e r f e r o m e t r y  ( V L B I )  i s  
c a p a b l e  oT prec i se  t ime s y n c h r o n i z a t i o n  a t  s u b n a n o s e c o n d  l e v e l s .  

I 
This  p a p e r  d e a l s  w i t h  a d e m o n s t r a t i o n  o f  c l o c k  s y n c h r a n i z a t i o n  
u s i n g  t h e  MKIII VLBI  s y s t e m .  The r e s u l t s  a r e  compared  w i t h  clock 
s y n c h r o n i z a t i o n  by t r a v e l i n g  c e s i u m  c l o c k s  and  GPS, The com- 
p a r i s o n  a g r e e s  w i t h i n  t h e  e r rors  of t h e  p o r t a b l e  c l o c k s  ( 2  5 n s )  
a n d  GPS (f 30 n s )  s y s t e m s .  The MKIII t e c k ~ n o l o g y  a p p ~ a r s  t o  b e  
c a p a b l e  o f  c l o c k  s y n c h r o n i z a t i o n  a t  s u b n a n o s e c o n d  l e v e l s  and  
a p p e a r s  t o  be a v o r y  good benchmark  s y s t e m  against w h i c h  f u t u r e  
time s y n c h r o n i z a t i o n  systems c a n  b e  e v a l u a t e d .  

The  VLBI t e c h n i q u e  i s  q r ~ i c k l y  m a t u r i n g .  The p o s i t i o n s  of many a n t e n n a s  a r e  now 
known t o  a  few c e n t i m e t e r s ,  c e l e s t i a l  s o u r c e s  t o  ' ' 1  2 a ~ i l l i a r c s e c o n d s ,  and  cor- 
r e c t i o n s  f o r  t h e  i o n o s p h e r e  and  a t m o s p h e r e  a r e  a p p r o d c h i n g  t h e  1 cm l e v e l .  T h i s  
t e c h n i q u e  h a s  e s s e n t i a l l y  an a l i  w e a t h e r  c a p a b i l i t y .  T h e r e f o r e  i f  t h e  i n s t r u m e n t a l  
d e l a y s  a r e  u n d e r s t o o d ,  a s  i r l  t h e  c a s e  of  t h e  M K I I X  s y s t e m ,  t h e r e  is  n o  r e a s o n  why 
o n e  c a n  n o t  s y n c h r o n i z e  c l o c k s  a t  s u b n a n o s e c o n d  l e v e l s  w i t h  o n l y  a  f e w  m i n u t e s  o f  
d a t a .  

The  s y n c h r o n i z a t i o n  o f  c l o c k s  v-La V L B I  h a s  b e e n  t h e  s u b j e c t  oi' many p a p e r s  a t  PTTI 
m e e t i n g s  i n  t h e  p a s t .  T h i s  m e a s u r e m e n t  i s  s i m p l y  t h e  d i f f e r e n c e  i n  time of  a r r i v a l  
o f  a  t t n o i s e f l  s i g n a t u r e  f r o m  4 c e l e s t i a l  r a d i o  s o u r c e  w h i c h  i s  l o c a t e d  a t  c o s m o l o g -  
i c a l  d i s t a n c e s .  T h e s e  s o u r c e s  may he looked  upon a s  f i x e d  r a d i o  b e a c o n s  i n  t h e  s k y .  
Counse lman  e t  a l .  /197'7) p o i n t e d  o u t  t h a t ,  f r o m  a few m i n u t e s  of  d a t a  u s i n g  a p r i o r i  
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k n o w l e d g e  o f  t h e  b a s e l i n e s ,  s o u r c e  p u s i s i o n $ ,  e t c . ,  t h e  d e l a y  d i f f e r e n c e s  s c a t t e r e d  
bv an rms of 2 ns f o r  c o n t , i n e n t a l  U.  $. b a s e l i n e s .  After e s t i m a t i n g  t w o  e a r t h  
r o t a t i o n  p a r a m e t e r s ,  and an a v e r a g e  c232k r a t e  d i f f e r e n c e ,  t h e  " f o r m a l w  s c a t t e r  was 
r e d u c e d  t o  s u b n a n o s e c o n d  l e v e l s  ( C a u n s e l m a n  e t  a l .  1977) .  I n  o r d e r  t o  v e r i f y  t h e  
a c c u r a c y  of VLBI, two  e x p e r i m e n t s  H e r e  p e r f o r m e d  on March 28 a n d  S e p t e m b e r  23, 1977 
b y  C l a r k  e t  a l .  (1979) i n  w h i c h  o b s e r v a t i o n s  were made i n  e i g h t  360 kHz b a n d s  d i s -  
t r i b u t e d  b e t w e e n  8 .4  and 8.5 SHz whicL1 r e s u l t e d  i n  " f o r m a l "  s y n c h r o n i z a t i o n  be low a 
n s .  I n  t h i s  e x p e r i m e n t  z a r e f u l  c o r r e r t i o n s  were made of  t h e  c o n t r i b u t i o n  t o  d e l a y  
by t h e  a n t e n n a  feeds ,  r e c e i v e r  s y s t e m s ,  and r e c o r d e r s ,  y i e l d i n g  a b s o l u t e  d e t e r m i n a -  
t i o n s  of  t h e  c l o c k  e p o c h  d i f f e r e n c e s .  P o r t a b l e  c l o c k s  f r o m  t h e  U .  S Nava l  



O b s e r v a t o r y  were  t a k e n  t o  e a c h  s i t e  and t h e  t r a v e l n g  c l o c k  d a t a  a g r e e d  t o  w i t h i n  18  
and 1 4  n s .  

NEW TECHNOLOGY DEVELOPMENTS 

The deve lopment  o f  t h e  Mark I11 VLBI s y s t e m  (Roge r s  e t  a l .  1983)  o f f e r s  an improved 
d e s i g n  for c l o c k  s y n c h r o n i z a t i o n  i n  t h a t  t h e  d e l a y s  i n  t h e  e l e c t r o n i c s  and c a b l e s  
c an  be  measured q u i t e  e a s i l y  and c h a n g e s  i n  t h e  d e l a y s  a r e  mon i to r ed .  

The d e l a y  i n  t h e  c a b l e s  c o n n e c t i n g  t h e  r e c e i v e r  a t  t h e  f o c u s  o f  t h e  a n t e n n a  t o  t h e  
r e c o r d i n g  s y s t e m  a r e  mon i to r ed .  These  c a b l e  l e n g t h s  a r e  somet imes  o f  one  hundred  
meters i n  l e n g t h  and a r e  f a r  f rom i d e n t i c a l  among a n t e n n a s  i n v o l v e d  i n  V L B I  e x p e r i -  
ments. The change  i n  d e l a y  f o r  c a b l e  l e n g t h  a t  Maryland P o i n t  O b s e r v a t o r y  f o r  an 
e x p e r i m e n t  per formed on October  18,  1982 amounted t o  a p p r o x i m a t e l y  two nanoseconds .  
I n  an  e a r l i e r  e x p e r i m e n t  u s i n g  M K I I  VLBI t e c h n o l o g y ,  t h e r e  was a  59 n s  d i f f e r e n c e  
between time s y n c h r o n i z a t i o n  when compared w i t h  p o r t a b l e  c l o c k s .  T h i s  was w e l l  
o u t s i d e  t h e  er rors  a t t r i b u t e d  t o  e i t h e r  t e c h n i q u e  and was a s c r i b e d  t o  an  epoch  
d i f f e r e n c e  between t h e  M K I I  VLBI f o r m a t t e r  and t h e  s t a t i o n  c l o c k s  (Spence r  e t  a l .  
1981) .  T h i s  p rob lem would n o t  be e n c o u n t e r e d  w i t h  t h e  MKIII sys t em.  

THE VLBI EXPERIMENTS 

A series of  e x p e r i m e n t s  were per formed between NRL1s Maryland P o i n t  O b s e r v a t o r y ,  
NEROC1s Hays t ack /Wes t fo rd  O b s e r v a t o r y  and t h e  Onsa l a  Space  O b s e r v a t o r y  i n  O n s a l a ,  
Sweden. Expe r imen t s  were per formed on J u n e  19 ,  October  18 ,  and November 23, 1982 
and August  29, 1983. These  e x p e r i m e n t s  were a lways  per formed f o l l o w i n g  a  POLARIS 
measurement  which are twen ty - fou r  hour  measurements  made t o  measure  e a r t h  r o t a t i o n  
p a r a m e t e r s .  The i n i t i a l  e x p e r i m e n t s  i n  June  and October  1982 e s t a b l i s h e d  a  r e l i a b l e  
b a s e l i n e  between t h e  85l a n t e n n a  o f  Maryland P o i n t  O b s e r v a t o r y  and t h e  a n t e n n a s  o f  
Wes t fo rd /Hays t ack  and Onsa l a .  F i g u r e  1 shows t h e  l o c a t i o n s  o f  t h e s e  a n t e n n a s .  The 
d a t a  were r e c o r d e d  i n  t h e  s t a n d a r d  POLARIS scheme (Robe r t son  and C a r t e r  1982) which 
h a s  14 f r e q u e n c y  c h a n n e l s  o f  2 MHz w i d t h ,  8 a t  X band between 8210.99 and 8570.99 
MHz and 6 a t  S band between 2215.99 and  2300.99 MHz. 

The d e l a y s  a s s o c i a t e d  w i t h  t h e  a n t e n n a  geomet ry  and f e e d s  were  e s t i m a t e d .  The 
d e l a y s  due  t o  c a b l e  l e n g t h s ,  r e c e i v e r  f r o n t  end and back  end ,  and t a p e  r e c o r d i n g  
s y s t e m  were measured d u r i n g  t h e  e x p e r i m e n t s .  The d a t a  was c o r r e l a t e d  a t  Hays t ack  
O b s e r v a t o r y .  The d a t a  was f u r t h e r  a n a l y z e d  a t  t h e  Eoddard Space  F l i g h t  C e n t e r  where 
t h e  i o n o s p h e r i c  d e l a y  was removed by d i f f e r i n g  t h e  S and X band d a t a .  The X band 
d a t a  were used  t o  e s t i m a t e  t h e  d e l a y .  A f t e r  a d o p t i n g  s o u r c e  p o s i t i o n s ,  b a s e l i n e s ,  
and c o r r e c t i n g  for  t h e  t r o p o s p h e r i c  d e l a y  u s i n g  a  model a tmosphe re ,  t h e  d e l a y  epoch 
and an a v e r a g e  c l o c k  r a t e  were s o l v e d  f o r  a l o n g  w i t h  an o f f s e t  f o r  Un ive r s a l  Time 
and p o l a r  mot ion .  I t  was found  t h a t  t h e  f o r m a l  e r r o r  i n  t h e  s o l u t i o n s  accumula t ed  
a round  t h e  time o f  t h e  epoch  o f  t h e  s o l u t i o n .  T h i s  95% c o n f i d e n c e  l e v e l  o f  t h e  
"formall l  d e l a y  f o r  t h e  Westford-Maryland P o i n t  b a s e l i n e  was below t h e  nanosecond  
l e v e l .  The errors accumula t e  as  a  f u n c t i o n  o f  time around  t h e  s o l v e d  f o r  epoch.  
T h i s  is  due  t o  t h e  f r e q u e n c y  r a t e  o f f s e t s  between t h e  o s c i l l a t o r s  u sed  t o  g e n e r a t e  
t h e  l o c a l  o s c i l l a t o r s  a t  e a c h  s i t e .  An a c c u r a t e  a s s e s s m e n t  o f  t h e  errors f o r  an  
i n d i v i d u a l  o b s e r v a t i o n  a r e  g i v e n  i n  T a b l e  1. These  do n o t  i n c l u d e  e r r o r s  due  t o  
o s c i l l a t o r  d r i f t .  F i g u r e  2 shows t h e  d e l a y  r e s i d u a l s  f o r  t h e  29 August 1983  
e x p e r i m e n t  for  t h e  Maryland Poin t -Wes t ford  b a s e l i n e .  These  r e s i d u a l s  a l l o w  u s  t o  
e v a l u a t e  t h e  " f o r m a l N  error which is a t  t h e  0.4 nanosecond  l e v e l .  However f o r  t h e s e  
measurements  we h a v e  c a r e f u l l y  a c c o u n t e d  f o r  t h e  sy s t em d e l a y s  a t  a l l  t h e  sites. 



T h e s e  a r e  b e l i e v e d  t o  b e  a t  t h e  n a n o s e c o n d  l e v e l .  T h e r e f o r e  t h e s e  m e a s u r e m e n t s  a r e  
o f  t h e  a b s o l u t e  d e l a y s  b e t w e e n  t h e  s i t e s  a t  t h e  n a n o s e c o n d  l e v e l .  I m p r o v e m e n t s  n e e d  
t o  b e  made t o  r e l i a b l y  m e a s u r e  w a v e f o r m s  a t  t h e  s u b n a n o s e c o n d  l e v e l ,  

P o s i t i o n  L o c a t i o n  ( 2  cm) 0.97 n s  
A t m o s p h e r e / I o n o s p h e r e  D e l a y s  (2 crn) 0.0'7 n s  
R e c e i v e r  D e l a y  0 .1  n s  
R e c e i v e r  N o i s e  0.01 ns 

COMPARISON I 
I n  o r d e r  t o  d e t e r m i n e  t h e  a b s o l u t e  a c c u r a c y  o f  t h e  VLBI t e c h n i q u e ,  p o r t a b l e  c l o c k s  
were d i s p a t c h e d  s u c c e s s f u l l y  t o  t h e  M a r y l a n d  P o i n t  and  W e s t f o r d  a n t e n n a s  f o r  t h e  
lsst t w o  e x p e r i m e n t s .  F o r  t h e  A u g u s t  1983 e x p e r i m e n t s ,  m e a s u r e m e n t s  were made u s i n g  
GPS r e c e i v e r s .  F i g u r e  3 shows  a s c h e m a t i c  r e p r e s e n t a t i o n  of t h e  e x p e r i m e n t  f o r  
A u g u s t  1983. 

GPS R e c e i v e r  

The N R L  GPS r e c e i v e r  p r o v i d e s  p r e c i s e  time m e a s u r e m e n t s  o f  Less t h a n  50 n s  b e t w e e n  
r e m o t e  s t a t i o n  c l o c k s  and  t h e  U .  S. N a v a l  O b s e r v a t o r y  time s t a n d a r d .  The  receiver 
m e a s u r e s  d i r e c t l y  t h e  d i f f e r e n c e  b e t w e e n  a  NAVSTAR s a t e l l i t e  c l o c k  and  t h e  r e m o t e  
g r o u n d  s t a t i o n  c l o c k .  D a t a  t r a n s m i t t e d  f r o m  t h e  s a t e l l i t e  a l l o w  c o m p u t a t i o n  o f  t h e  
d i f f e r e n c e  b e t w e e n  t h e  s a t e l l i t e  c l o c k s  and  t h e  U .  S. N a v a l  O b s e r v a t o r y  time 
s t a n d a r d .  

The  b a s i c  m e a s u r e m e n t  o f  t h e  r e c e i v e r  is  a p h a s e  d i f f e r e n c e  b e t w e e n  t h e  s a t e l l i t e  
c lock and  a  u s e r  c l o c k  a s  m e a s u r e d  on t h e  g r o u n d  t h r o u g h  t h e  s a t e l l i t e  s i g n a l .  T h i s  
p h a s e  d i f f e r e n c e ,  r e f e r r e d  t o  a s  p s e u d o - r a n g e ,  c o n t a i n s  t h e  p h a s e  d i f f e r e n c e  o f  t h e  
t w o  c l o c k s  a n d  t h e  p h a s e  d i f f e r e n c e  d u e  t o  p r o p a g a t i o n  d e l a y  o f  t h e  s i g n a l .  The 
s a t e l l i t e s  t r a n s m i t  o r b i t a l  d a t a  w h i c h  a l l o w  s o f t w a r e  i n  t h e  r e c e i v e r  t o  c o m p u t e  t h e  
p r e c i s e  p o s i t i o n  o f  t h e  s a t e l l i t e .  The  g r o u n d  p o s i t i o n  i s  p r e c i s e l y  known a n d  a 
t h e o r e t i c a l  d i s t a n c e  t o  t h e  s a t e l . l i t e  is  c o m p u t e d .  The  p r o p a g a t i o n  d e l a y  o f  t h e  
s i g n a l  i s  computed  d i r e c t l y  f r o m  t h e  t h e o r e t i c a l  d i s t a n c e ,  w i t h  i o n o s p h e r i c  a n d  

s a t e l l i t e  a n d  t h e  g r o u n d  c l o c k s .  

Common m e a s u r e m e n t s  w e r e  made on Augus t  2 9 ,  1 9 8 3  when NRL GPS r e c e i v e r s  were co- 
l o c a t e d  a t  M a r y l a n d  P o i n t  and H a y s t a c k / W e s t f o r d  o b s e r v a t o r i e s .  Due t o  p r o b l e m s  w i t h  
i n i t i a l l y  i m p l e m e n t i n g  a n  e x p e r i m e n t  a t  r e m o t e  f i e l d  s i t e s ,  r e l i a b l e  d a t a  w e r e  
o b t a i n e d  o n  o n l y  o n e  d a y .  T h i s  d i f f i c u l t y  made i t  imposs tb1 .e  tu f i t  t h e  c l o c k  r a t e  
t o  t h e  d a t a .  Only  n e a r l y  s i m u l t a n e o u s  s a t e l l i t e  p a s s e s  were u s e d ,  T h e s e  a r e  l i s t e d  
i n  T a b l e  2. The a v e r a g e  d e l a y  betveen M a r y l a n d  P o i n t  a n d  H a y s t a c k / W e s t f o r d  h a d  a n  
rms o f  15 n s  w h i c h  is  n o t  v e r y  s i g n i f i c a n t  s i n c e  t h e r e  a r e  o n l y  f o u r  d a t a  p o i n t s .  
However t h i s  g i v e s  u s  some c o n f i d e n c e  t h a t  t h e  d a t a  i s  r e l i a b l e .  



Table 2 

Summary o f  GPS Time Trans fe r  

Day NAVSTAR - TIME - MPT -GPS TIME - HAY -GPS HA'Y -MPT -- 
no. no. (hrs:min:sec) (U s e c  (hrs:min:sec) (v s e c  (~-l s e c  ) 

In  o rde r  t o  e v a l u a t e  t h e  accuracy of t h i s  d a t a ,  Table 3 p r e s e n t s  t h e  s o u r c e s  of 
e r r o r  i n  t h e s e  measurements. By and f a r  t h e  l a r g e s t  source  of  e r r o r  i s  due t o  t h e  
f a c t  t h a t  we have made a very  smal l  number of  measurements and cannot s o l v e  For t h e  
c lock  d r i f t  between t h e  two s t a t i o n s .  

Table 3 

GPS Time Trans fe r  Er ro r  Sources 

Source Expected Er ro r  

Ionosphere/Troposphere 5-15 ns 
Ground P o s i t i o n  10-15 ns  
Small Number of  Measurements and Frequency 

O f f s e t s  between S t a t i o n  Clocks 15-30 ns  
S a t e l l i t e  Ephemeris 5-10 ns  

Por tab le  Clock Measurements 

Por tab le  c locks  were t r a n s p o r t e d  from USNO t o  t h e  Haystack/Westford and Maryland 
Point  o b s e r v a t o r i e s  f o r  t h e  l a s t  t h r e e  exper iments  and t o  Onsala Observatory f o r  t h e  
f i n a l  experiment.  There was a c lock jump of 190 n s  f o r  t h e  p o r t a b l e  c lock t r a n s -  
por ted  t o  t h e  Haystack/Westford Observatory i n  October 1982. There was a l s o  a c lock  
jump dur ing  t h e  Onsala measurement. Thus d a t a  were d e l e t e d .  The l a s t  two c lock  
t r i p s  t o  Maryland Point  and Haystack/Westford were s u c c e s s f u l .  F igure  4 d i s p l a y s  
t h e  r e s i d u a l  "timet1 ve r sus  t h e  USNO master  c lock  a f t e r  a l i n e a r  d r i f t  r a t e  has been 
removed f o r  t h e  p o r t a b l e  c lock  used f o r  t h e  August 1983 Maryland Point  measurement. 
The VLBI  experiment was performed on modified J u l i a n  Date of 45575.6 which is marked 
by an arrow i n  f i g u r e  4. Thus one can s e e  t h a t  i f  a polynomial i s  f i t  t o  t h e  d a t a  
and t h e  c lock  is not  away from t h e  master  c lock f o r  p e r i o d s  longer  than a day,  one 
should probably  approach an accuracy of  b e t t e r  than  5 ns  i n  c lock  synchron iza t ion .  
Th i s  accuracy was shown t o  be ach ievab le  by Spencer e t  a l .  (1981) who compared f o u r  
c l o c k s  which con t inuous ly  t r a v e l e d  between VLBI s i t e s  f o r  a pe r iod  of a week. 

Comparison 

Table 4 shows t h e  comparison between t h e  VLBI p o r t a b l e  c lock  and GPS r e s u l t s .  The 
VLBI measurement has  been e x t r a p o l a t e d  t o  t h e  t ime of  t h e  p o r t a b l e  c lock  and GPS 
measurements. This c lock synchron iza t ion  i s  t h e  d i f f e r e n c e  i n  t h e  c l o c k s  a t  t h e  
VLBI s i t e s .  Th i s  a g r e e s  t o  w i t h i n  2 ns  of  t h e  p o r t a b l e  c lock  measurements and 
w i t h i n  28 n s  of t h e  GPS measurement. The e a r l i e r  measurement i n  November 1982 



showed a g r e e m e n t  b e t w e e n  t h e  V L B I  and  p o r t a b l e  c l o c k s  o f  ,? n s .  Thus  t h e s e  m e a s u r e -  
m e n t s  a r e  w i t h i n  t h e  e r r o r s  e x p e c t e d .  T h e s e  m e a s u r e m e n t s  a r e  v e r y  p r o m i s i n g  b u t  a r e  

FUTURE IMPROVEMENTS 

T h e s e  m e a s u r e m e n t s  h a v e  shown t h a t  i m p r o v e d  l l s t a t i o n l t  c l o c k s  c o u l d  h e l p  a l l  t h r e e  
t e c h n i q u e s  o f  time s y n c h r o n i z a t i o n .  The d i f f i c u l t y  i n  e x t r a p o l a t i n g  t ime s y n -  

t o  a n o t h e r  l a t e r  or  e a r l i e r  e p o c h  d e p e n d s  e n t i r e l y  on t h e  r e l i a b i l i t y  and  model,- 
a b i l i t y  o f  t h e  s t a t i o n  c l o c k s .  The c l o c k s  a r e  u s u a l l y  1 .oca ted  a t  f i e l d  s i t e s  a s  a t  
V L B I  s t a t i o n s  w h e r e  m a i n t e n a n c e  may n o t  b e  i d e a l  o r  a s  i n  t h e  c a s e  o f  p o r t a b l e  
c l o c k s ,  t h e y  a r e  e x p o s e d  t o  n o n - i d e a l  c o n d i t i o n s  a s  t h e y  a r ?  moved f r o m  o n e  s i t e  t o  
a n o t h e r .  

The  GPS d a t a  c a n  b e  v a s t l y  i m p r o v e d  by t a k i n g  a  more  e x t e n d e d  d a t a  s e t ,  i . e . ,  d a t a  
o b t a i n e d  o v e r  s e v e r a l  d a y s  i n  o r d e r  t o  r e m o v e  c l o c k  d r i f t s ,  e t c .  I m p r o v e m e n t s  c a n  
a l s o  b e  made i n  t h e  e l e c t r o n i c s .  I n  a d d i t i o n ,  s i m u l t a n e o u s  s a t e l l i t e  p a s s e s  s h o u l d  
b e  u s e d  f o r  t h e  s y n c h r o n i z a t i o n  a s  was d o n e  h e r e .  Improved  c o r r e c t i o n s  c a n  b e  made 
f o r  t h e  i o n o s p h e r i c  and  t r o p o s p h e r i c  d e l a y s .  I n  t h i s  way t h e  o n l y  m a j o r  c a u s e  of 
e r r o r  wou ld  b e  t h e  s a t e l l i t e  p o s i t i o n s ,  

F i n a l l y  i m p r o v e m e n t s  m u s t  b e  i m p l e m e n t e d  t o  m e a s u r e  w a v s f o r m s  a t  s u b n a n o s e c o n d  
l e v e l s .  T h i s  a p p l i e s  t o  a l l  t e c h n i q u e s  o f  t i m e  s y n c h r o n i z a t i o n .  W i t h  i m p r o v e m e n t s  
i n  t h e  GPS m e t h o d ,  a s e r i e s  o f  e x p e r i m e n t s  s h o u l d  he  p e r f o r m e d  t o  o b t a i n  a l a r g e r  
d a t a  s e t  t o  e v a l u a t e  t h e  a c c u r a c i e s  o f  t h e s e  t e c h n i q u e s  f o r  t ime s y n c h r o n i z a t i o n .  I 
FUTURE USE OF VLBI 

a c c u r a c y .  The n e e d  t o  u s e  l a r g e  a n t e n n a s  ( i n  t h i s  c a s e  a b o u t  100-200 t o n s  e a c h )  t o  
o b t a i n  t h e  s i g n a l - t o - n o i s e  n e c e s s a r y  when u s i n g  n a t u r a l  c e l e s t i a l  s o u r c e s  n a k e s  t h i s  
s y s t e m  less t h a n  p o r t a b l e ,  I n  c a s e s  w h e r e  time s y n c h r o n i z a t i o n  b e t w e e n  s i t e s  w i t h  
l a r g e  a n t e n n a s  i s  w a n t e d  t h i s  may be p r a c t i c a l .  However s t  t h i s  t i m e ,  t h e  m a j o r  u s e  
of VLBI s h o u l d  be  a s  a benchmark  s y s t e m  a g a i n s t  w h i c h  t o  e v 3 2 u a t e  o t h e r  s y s t e m s .  

A CHALLENGE 

The s u c c e s s f u l  time s y n c h r o n i z a t i o n  e x p e r i m e n t s  b e t w e e n  t h e  M a r y l a n d  P o i n t ,  
H a y s t a c k / W e s t f o r d  and  O n s a l a  S p a c e  O b s e r v a t o r y  shows  t h a t  t h e s e  s t a t i o n s  c a n  p e r f o r m  
t h e s e  e x p e r i m e n t s  w i t h  a  minimum o f  i n s t r u m e n t a l  d e v e l o p m e n t .  T h e s e  s t a t i o n s  



t h e r e f o r e  p r o v i d e  an e x c e l l e n t  t e s t b e d  f o r  f u t u r e  p r e c i s e  time synch ron i za t i . on  
sy s t ems .  T h e r e f o r e  we c h a l l e n g e  any p r e c i s e  s y s t e m  ( <  10 n s )  t o  an e v a l u a t i o n  
a g a i n s t  t h e  VLBI t e c h n i q u e  u s i n g  t h e s e  b a s e l i n e s .  
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QUESTIONS AND ANSlJEKS 

DR. WINKLER : 

You are complaining about your oscillators, but I must say that none of 
the sites which I have seen takes proper care of them. It's the 
conditions of operation which ought first to be improved; and when I 
say that, I mean to include power supplies, public power. As you 
probably don't realize, if the input voltage changes by one volt, it 
will produce a frequency change in your maser later on, and if your 
temperature changes, it will produce phase shifts. You are talking 
about fractions of a nanosecond, and these things have to be considered as 
error. Second comment: A portable clock properly operated, and I think 
ours are, does not jump around. It develops rate changes, and it develops 
these changes particularly under the impact of temperature, exposure, and 
so on, but, of course, the portable clock will never be able to compete, 
certainly, with the ones now, with the precisions that you have mentioned 
of a few nanoseconds. 

The benefit of the portable clock is that it is very convenient, can be 
sent almost anywhere and you do not have to calibrate delays, and this 
is something which has been completely ignored or is not mentioned. This 
brings me to the 3rd point; today where we had Mr. ~eenstra's paper, he 
gave a very conservative estimate of the difficulty of making these delayed 
calibrations. When you talk about accuracy, you mean accuracy, that 
means what is the time difference between two stations and not what is the 
precision with which you determine these time differences. 

I believe most of these numbers, which you have just seen, actually are 
estimates of precision. 

MR. JOHNSTON: 

For the VLBI number, 1 tried to estimate accuracy because we measured 
delay throughout the whole VLBL system very carefully; that is the one 

sent throughout the system and you actually can measure these things 
now. 

DR. WINKLER : 

Rut when you compare the G.P.S. time and a two-way method such as the 
communication satellite spread spectrum intercomparison, one has to 
realize that they both deal with the difficulty of calibrating a spread 
spectrum signal and calibrating the delays starting with the antenna, the 
preamplifier, the correlator and so on, its exactly the same problem. The 
only difference is in the G.P.S. In addition, you have the problem of 
estimating the one-way delay change-through the troposhere and ionosphere, 
and estimating the errors of the satellite position, which you do not 



have rill the two-way comnunication satellite experiments; and this did 
not come out p r o p e r l y  this morning. So if you compare all of these 
methods, it appears to me that each one of them has unique advantages, 
but each one, of course, suffers from also unique problems which have 
nor yet been completely solved. I would agree that the VLBI is an 
extremely useful thing to serve as a benchmark, because it's likely 
rhat fa vicw of the Mark I11 capability to have internal calibrations 
and the fact that you deal with very large antennas, probably the delay 
through t h o s e  large systenis can be kept constant to a better degree 
than so many others; and you at least don't have the ephemeris problem, 
and so on, Uut I would not say that one system is better than another, 
without qualification. They each have individual unique features and 
problems. 

J cump1.e~-r*ly agree w l t h  Dr. Winkler's comments and would add a couple of 
ochers, E'irst of a31, G.P.S. uses comnon view. One must take care to 
make sirruiltaneous measurements because of multipath and other concerns. 
We have found doing that, for example, Tor similar baseline, between 
Boulder and Goldstone that we are seeing three or four nanosecond 
precision, We have not verified the accuracy; but again the common 
v-iew technique, all that j s  important to do, for accurate time transfer, 
is that  you calil~rate the differential delay between two receivers 
because it's a receiver only kind of signal, and you take one receiver 
from on point to another point and in fact transfer time, the same as 
you would w i t h  a portable clock, with the uncertainties, of course, 
of t-he propagattun at that new site. 

Another thing I would say, we compared GPS common view by Boulder 
I~etweerr Yarls and the IJ .S .N.0 ,  and compared it with a portable c1ot:k 
t r i p  that they made, and they agreed to one nanosecond. I don't believe 
that, either. 

MR, JOHNSTON: 

OLI the G.T.S part of the experiment, I tried to use the common passes 
fur G.P,S., but we didn't have a lot of data, and those were the best 
ones I could choose. I agree with what Gernot is saying, but I think 
if yo11 w a n t  to find what the accuracy o f  these systems are--then, that's 
why Z issued tllfs challenge. It will make me clean up my numbers. We 
r e a l l y  need ruore data. We don't even have side-by-side comparisons. 
We w e d  another systeni satellite, The problem is, I can't move my 
two -hundred foot antcnna; it ' s too prohibitive in cost. 



MR. WARD : 

About t h i s  r e q u e s t  f o r  more d a t a ,  I w i l l  make t h e  commitment today t h a t  
f o r  the S i x t e e n t h  P.T.T.I., we w i l l  have f i v e  G.P.S. d a t a  p o i n t s  and a t  
l e a s t  a hundred T Z B I  p o i n t s ;  j u s t  comparing the  two systems w i t h  t h e  
Australian-U.S. b a s e l i n e  and t h e  U.S.-Europe b a s e l i n e  and f o r  t h e  G.P.S.  
a d i r e c t  measurement of Europe-Aus t ra l i a ;  and by t h a t  t ime  we w i l l  have 
a system t h a t  will have t h e  f u l l  c a l i b r a t i o n s  i n  f o r  t h e  L L B I .  

MR. JOHNSTON: 

P r e s e n t l y ,  t h a t  i s  o n l y  p a r t i a l l y  implemented. Wel l ,  I: have some d a t a  now, 
b u t  i t ' s  o n l y  p a r t i a l ;  bu t  I guess  I have about  t en  t imes  more d a t a  than 
you have and I have some of  i t  i.n t h e  r e p o r t  w i t h  m e .  And a p o i n t  f o r  t h e  
u s e a b i l i t y  of t h e  VLBI, i t ' s  e x c e l l e n t  and i t  produces  lTT-1 d a t a .  G . P . S .  
c a n ' t  produce UT-I d a t a ,  bu t  i t ' s  s u p e r i o r  t o  t h e  VLBI f o r  d e r i v i n g  t h e  
k i n d  o f  r a t e  which I a m  i n t e r e s t e d  i n .  I have some d a t a  t h a t  i s  showing 
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accuracy  t o  p a r t s  i n  LO . 

c a l i b r a t i o n  i s  no t  s t r a i g h t f o r w a r d  and easy .  You have t o  r c a l l y  s i t  down 
and measure d e l a y s  through t h e  sys tems and c o n s t a n t l y  moni tor  them. I f  
you d o n ' t  do t h a t  p a r t  r i g h t ,  you come up  w i t h  t h e  unexpected,  a  hundred 
nanoseconds here and a  hundred nanoseconds t h e r e .  You can g e t  t h e  number 
r i g h t  by always s u b t r a c t i n g  c o n s t a n t s  i n  t h e  exper iment .  C a l i b r a t i o n  i s  
r e a l l y  impor tan t .  




