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A b s t r a c t  

C o m m u n i c a t i o n s  R e s e a r c h  L a b o r a t o r y  (CRL). c a r r i e d  o u t  a  VLBl ( V e r y  Long  B a s e l i n e  
I n t e r f e r o m e t e r )  e x p e r i m e n t ,  o f  t h e  p u l s a r  0 3 2 9 t 5 4  o n  November  i n  1992  b e t w e e n  
K a s h i m a  26md and  Usuda  64md. We g o t  a  c o r r e l a t i o n  f o r  i t  b y  u s i n g  K-3 V L B l  
c o r r e l a t o r .  w h i c h  was d e v e l o p e d  by CRL. Though we o b s e r v e d  a  s l o w  p u l s a r  t h i s  
t i n e ,  we a r e  g o i n g  t o  make m i l l i s e c o n d  p u l s a r  e x p e r i m e n t s  by m a k i n g  good use o f  
t h i s  r e s u l t  and bv u s i n g  K-4 c o r r e l a t o r  w h i c h  i s  u n d e r  d e v e l o p i n g  i n  CRL. I t s  
r e s u l t  w i l l  g i v e  u s  p r e c i s e  p o s i t i o n s  and p r o p e r  m o t i o n s  o f  p u l s a r s  w h i c h  a r e  
u s e f u l  f o r  o b t a i n i n g  p r e c i s e  p u l s a r  t i m i n g .  

I n t r o d u c t i o n  

Many r a d i o  o b s e r v a t o r i e s  a r e  i n t e r e s t e d  i n  measurement  o f  P r e c i s e  p u l s a r  t i m i n g .  
I t s  p o s i t i o n  and t h e  p r o p e r  m o t i o n  a r e  i m p o r t a n t  p a r a m e t e r s  t o  e s t i m a t e  t h e  
p u l s a r  t i m i n g .  T h e r e  a r e  t w o  m a j o r  me thods  t o  g e t  them - - -  d e r i v i n g  f r o m  t h e  
t i m i n s  d a t a  i t s e l f .  and VLBI .  The p r o b l e m s  o f  each  method a r e  as f o l l o w s ;  
t i m i n g :  p r e c i s e  and s t a b l e  d a t a  o v e r  a  l o n g  r a n g e  i s  n e c e s s a r y  

a  good s o f t w a r e  f o r  P a r a m e t e r  e s t i m a t i o n  i s  n e c e s s a r y  
V L B I :  two  l a r g e  a n t e n n a s  a r e  n e c e s s a r y  

" g a t i n g "  i s  n e c e s s a r y  t o  t h r o w  away t h e  d a t a  w h i c h  d o e s n ' t  c o n t a i n  
t h e  p u l s e  i t s e l f  

P u l s a r  VLBl was c o n d u c t e d  s e v e r a l  t i m e s  so  f a r .  F o r  example .  
by VLA ('I --- s h o r t  b a s e l i n e s  
b y  VLB1(2) --- mak ing  u s e  o f  s a t i n g  f u n c t i o n  o f  M k - l l l a  c o r r e l a t o r  
by VLBI (3) --- g a t i n g  by s o f t w a r e  
The p u l s a r  g a t i n g  f u n c t i o n  o f  K-3  c o r r e l a t o r  was used  t h i s  t i m e .  

C o r r e l a t i o n  A m p l i t u d e  o f  P u l s a r  VLBl  

The c o n d i t i o n  r e q u i r e d  f o r  p u l s a r  VLBl i s  d i s c u s s e d  h e r e .  I n  Japan, a s  Nobeyama 
45md a n t e n n a  i s  d e d i c a t e d  f o r  f r e q u e n c y  o v e r  IOGHz. Usuda 64md and  K a s h i m a  
3 4 n d  a r e  t a k e n  a s  t h e  b e s t  c o u p l e  o f  a n t e n n a .  I n  p r a c t i c e  K a s h i m a  34md h a s  
been i n  t r o u b l e  s i n c e  t h i s  A u g u s t .  Kash ima  26md a n t e n n a .  t h e r e f o r e ,  i s  s e l e c t -  
ed f o r  t h i s  e s t i m a t i o n .  L e t  t h e m  h a v e  s u f f i x  " u "  and " k " .  T h e n  e s t i m a t e d  
c o r r e l a t e d  a m p l i t u d e  P i s ;  

where  0; a n t e n n a  d i a m e t e r  [ m l  



; a n t e n n a  e f f i c i e n c y  
T; s y s t e m  t e m p e r a t u r e  [ K I  
s:  flu^ d e n s i t v  o f  t h e  s t a r  I J y l  
k ;  B o l  tzmann c o n s t a n t  [ J / K I  

G e n e r a l l y  s p e a k i n g  d a t a  o f  p u l s a r  s t r e n g t h  and p r o f i l e  i s  n o t  s o  s u f f ~ c i e n t .  
One o f  t h e  r e a s o n  i s  t h e y  a r e  n o t  s t a b l e  o v e r  time and f r e q u e n c y .  So. t h i s  i s  
j u s t  a  r o u g h  e s t i m a t i o n .  I n  t h e  c a s e  o f  PSR0329. Downs e t . a l .  (4)  g i v e s  i t s  peak 
amp1 i t u d e  i n  2388MHz a s  2 . 6 . J ~  and L y n e  e t . a l .  (5) g i v e s  i t s  p r o f i  l e  a s  shown i n  
1  T h e n  we c a n  a d o p t  a n  a v e r a g e  s t r e n g t h  0 . 5 5 ~  o v e r  50ms.  BY u s i n g  t h e  
f o l l o w i n g  p a r a m e t e r s  ; 
Dk=26[ml ,  DU=641ml, l k = 0 . 5 ,  q U = 0 . 7 ,  Tk=lOOIK1, Tu=30[K1,  k=1 .38E-23 

P = 1 . 7 9 ~  10-4 ( 2 )  
i s  o b t a i n e d .  T h i s  i s  n o t  e a s y  t o  d e t e c t  f o r  1 0 0 - 2 0 0  s e c o n d  i n t e g r a t i o n  t i m e  
w h i c h  i s  p o p u l a r  f o r  g e o d e t i c  V L B I .  

So i t  i s  u s e f u l  t o  g a t e  o u t  t h e  d a t a  w h i c h  d o e s n ' t  c o n t a i n  p u l s e  and t o  i n t e -  
g r a t e  o n l y  t h e  p u l s e  a s  shown i n  F i g . 2 .  As i t  i s  g e n e r a l l y  h a r d  t o  know t h e  a  
p r i o r i  p o s i t i o n  o f  t h e  p u l s e  i n  t h e  p e r i o d ,  t h e  g a t i n g  p o s i t i o n s  a r e  s e t  n  
d i f f e r e n t  ways u s i n g  n  c o r r e l a t i o n  u n i t s .  G a t i n g  by s o f t w a r e  i s  a l s o  p o s s i b l e  
and i s  t r i e d  s u c c e s s f u l l y  by P e t i t  e t . a l . ( 3 )  

How g a t i n g  i m p r o v e s  c o r r e l a t e d  amp1 i t u d e  and S/N ? L e t ' s  t h i n k  a b o u t  t h e  c a s e  
shown i n  F i g . 2  where n o i s e  has a v e r a g e  a m p l i t u d e  1  and a  r e c t a n g l e  p u l s e  s i g n a l  
has a m p l i t u d e  A  and d u r a t i o n  l / n  o f  t h e  p u l s e  p e r i o d .  
In a  n o r m a l  c o r r e l a t i o n  p r o c e s s i n g .  S  ( s i g n a l )  i s  A /n  and N ( n o i s e )  i s  1. w h i c h  
makes S I N  = A /n  
I n  t h e  c a s e  o f  g a t i n g  t h e  p u l s e ,  t h e  i n t e g r a t i o n  t i m e  i s  l l n  w h i c h  makes t h e  
a v e r a g e  a m p l i t u d e  o f  t h e  n o i s e  6. As S  i s  A. S / N  becomes A / 6 .  Thus  S/N i s  
i m p r o v e d  6 t i m e s .  I n  c a s e  n = 8  and t h e  a n t e n n a  p a i r  i s  t h e  K a s h i m a  2 6 n d  and  
t h e  Usuda 64md, t h e  d e t e c t i o n  o f  t h e  f r i n g e  i s  p o s s i b l e  a s  f o l l o w s ;  

P = 1 . 4 3 X  ( 3 )  

I t  I s  t r u e  t h a t  n  t i m e s  l o n g  o b s e r v a t i o n  a l s o  i m p r o v e s  i t s  S/N f i  t i m e s .  b u t  
g a t i n g  h a s  t h e  f o l l o w i n g  m e r i t s ;  
1 .  R e s t r i c t i o n s  o f  t h e  a n t e n n a  m a c h i n e  t i m e  and s l e w i n g  a r e  l e s s  
2. N o t  s e n s i t i v e  t o  t h e  l o n g - t e r m  i n s t a b i l i t y  o f  t h e  f r e q u e n c y  s t a n d a r d  
3. Tape c o n s u m p t i o n  and r e s t r i c t i o n s  o f  t h e  t a p e  l e n g t h  a r e  l e s s  
4. Good f o r  f a i n t  p u l s a r s  because t h e  c o r r e l a t e d  a m p l i t u d e  i t s e l f  i s  l f r a e  

Correlation P r o c e s s l n ~  Sys tem o f  CRL and i t s  p r o b l e m s  

The c o r r e l a t i o n  p r o c e s s i n g  s y s t e m  o f  CRL i s  shown i n  F i g . 3 .  B o t h  K-3 and K-4 
t a p e  a r e  p o s s i b l e  t o  be p r o c e s s e d .  The s o f t w a r e  NKROSS was m o d i f i e d  f o r  p u l s a r  
p r o c e s s i n g .  I t  i s  w r i t t e n  w i t h  HP B a s i c  and r u n  on a  p e r s o n a l  c o m p u t e r  HP330 
( t h e  CPU i s  68020) .  A  p r i o r i  p a r a m e t e r  i s  g i v e n  f r o m  t h e  HP330 t o  t h e  c o r r e l a -  
t o r  a n d  t h e  c o r r e l a t i o n  d a t a  i s  a c q u i r e d  b y  t h e  h o s t  t h r o u g h  G P l B  e v e r y  PP 
( p a r a m e t e r  p e r i o d ;  u s u a l l y  one t h r o u g h  f o u r  s e c o n d s ) .  The g a t i n g  f u n c t i o n  o f  
t h e  K -3  c o r r e l a t i o n  P r o c e s s o r  i s  o n l y  once p e r  PP. So we s e l e c t e d  PSR0329i54 
w h i c h  h a s  l o n g  p e r i o d  a s  714.5ms and i s  s t r o n g  enough t o  g e t  t h e  f r i n g e .  The 
i d e a l  PP s h o u l d  be t h e  same a s  t h e  p u l s e  p e r i o d .  B u t ,  as PP i s  q u a n t i z e d  by 5ms 
we s e t  PP 1  second  w h i c h  i s  c l o s e  t o  t h e  p u l s e  p e r i o d .  The t i m i n g  o f  o p e n i n g  
and c l o s i n g  o f  t h e  g a t e  can be s e t  i n  t h e  u n i t  o f  b i t  ( 250ns )  by t h e  h o s t .  



The d i s p e r s i o n  i s  a l w a y s  p r o b l e m  f o r  p u l s a r  o b s e r v a t i o n .  The  p u l s e  p e r i o d  i s  
( 5 ) .  s t r e t c h e d  o u t  t o  At a s  , 

A t =  ~ . ~ E ~ $ o M $ R F - ~ * B w  [ s e c l  (4) 1 3 where,  OM: D i s p e r s i o n  Measure [pc /cm I 
RF: O b s e r v i n g  F r e q u e n c y  [MHz] 
BW: B a n d w i d t h  [MHz1 

I I n  t h i s  e x p e r i m e n t  PSR0329 g i v e s  

! ~ ~ = 2 7 [ p c / c m ~ l ~  RF=2300[MHzl.  BW=2[MHzl t hen ,  
A t = 3 8 . 8 ~ s  ( 5 )  
i s  o b t a i n e d .  T h i s  v a l u e  i s  f a r  s m a l l e r  t h a n  50ms w h i c h  i s  e s t i m a t e d  a s  t h e  
p u l s e  d u r a t i o n  i n  t h e  l a s t  s e c t i o n .  M o r e o v e r ,  when t h e  b a n d w i d t h  r a n g e s  o v e r  

i  IOOMHz f o r  b a n d w i d t h  s y n t h e s i s .  A t  i s  o n l y  1 . 9 7 ~ ~  w h i c h  i s  s t i l l  s m a l l e r  t h a n  
t h e  50ms. O f  c o u r s e  t h i s  s h o u l d  be compensated i n  t h e  case  o f  b a n d w i d t h  s v n t h e -  
s i s .  

A s m a l l  p r o b l e m  a p p e a r e d  i n  t h e  a c t u a l  p r o c e s s i n g .  F r i n g e  r o t a t i o n  ( = R F $ d T  
d'c i s  d e l a y  r a t e )  was v e r y  s m a l l  because t h e  b a s e l i n e  i s  s h o r t  (200km),  f r e q u e n -  
c y  i s  l o w  (2.3GHz1, t h e  r i g h t  a s c e n s i o n  i s  h i g h .  Our K -3  c o r r e l a t o r  makes u s e  
o f  3 l e v e l - q u a n t i z e d  s i n u s o i d a l  f u n c t i o n  ( a s  F i g . 4 )  t o  compensate  f r i n g e  r o t a -  
t i o n .  On t h e  o t h e r  hand t h e  d a t a  t o  be i n t e g r a t e d  w i t h i n  a  PP i s  s m a l l  because  
o f  g a t i n g .  Some PP's ,  t h e r e f o r e ,  have  m o s t  d a t a  on t h e  c o r r e l a t i o n - r e s t r i c t e d  
a r e a .  I t  means t h a t  s u c h  PP i s  g i v e n  h e a v y  w e i g h t i n g  e v e n  i f  i t s  q u a l ~ t v  i s  
bad. T h i s  i s  n o t a b l e  i n  t h e  case  o f  s h o r t  p e r i o d  p u l s a r s .  

The  R e s u l t  o f  t h e  E x ~ e r l m e n t  

The  p a r a m e t e r s  o f  t h e  e x p e r i m e n t s  a r e  shown  i n  T a b l e  1 .  S t r o n g  r a d i o  s o u r c e  
3C84 i s  used  f o r  an i n i t i a l  c l o c k  s e a r c h .  The p e r i o d  P=714.5ms i s  d i v i d e d  b y  n  
so  t h a t  each  g a t i n g  t i m e  i s  1 /n  o f  t h e  p u l s e  p e r i o d .  

F i o . 5  shows t h e  r e s u l t  when t h e  d a t a  i s  p r o c e s s e d  i n  n o r m a l  g e o d e t i c  mode. 
F i a . 6  i s  p r o c e s s e d  w i t h  t h e  g a t i n g  o f  P / 1 6  o v e r  t h e  same i n t e g r a t i o n  t i m e .  
F i g . 6  has a  c l e a r e r  f r i n g e  t h a n  F i g . 5  because t h e  S/N i s  i m p r o v e d  a s  m e n t i o n e d  
b e f o r e .  Somet imes PP w i t h  a  l a r g e  c o r r e l a t i o n  a m p l i t u d e  i s  seen  i n  F i g . 6 .  The 
r e a s o n  i s  p r o b a b l y  t h a t  m e n t i o n e d  i n  t h e  l a s t  s e c t i o n .  

T a b l e  2  shows t h e  c o r r e l a t i o n  a m p l i t u d e  f o r  b o t h  g a t e d  t o  p e r i o d / l 6  and n o n -  
g a t e d  when t h e  p a r a m e t e r  i s  i n t e g r a t i o n  t i n e .  As t h e r e  i s  o n l y  one s a t i n g  (P /16  
i n  t h i s  c a s e )  i n  a  PP ( =  l s e c  t h i s  t i m e ) .  t h e  e f f i c i e n c y  o f  t h e  i n t e g r a t i o n  t i m e  
i s  P / l .  G a t i n g ,  t h e r e f o r e .  i m p r o v e d  t h e  a m p l i t u d e  bv t h e  f a c t o r  16*P/1(=11.4) .  
I n  T a b l e  3 t h e  a m p l i t u d e  i s  compared be tween  p u l s e  a r e a  and n o n - p u l s e  a r e a .  
I n  T a b l e  4  t h e  P a r a m e t e r  i s  n: t h e  number  t h e  p e r i o d  i s  d i v i d e d  w i t h .  The  
i n t e g r a t i o n  t i m e  i s  4 8 0 s e c .  The a m p l i t u d e  i n c r e a s e s  a l m o s t  i n  P r o p o r t i o n  t o  n .  

P u l s a r  VLBl  f o r  M i l l i s e c o n d  P u l s a r s  

We p l a n  t o  make VLB l  e x p e r i m e n t  a l s o  f o r  m i l l i s e c o n d  p u l s a r .  I n  t h e  c a s e  o f  
1937+21,  l e t ' s  c o n f i r m  i f  we g e t  i t s  f r i n g e  b y  u s i n g  E q . 1 .  K a s h i m a  34md i s  
t a k e n  t h i s  t i m e  i n s t e a d  o f  t h e  26md a n t e n n a .  As shown i n  T a b l e  5, a v e r a g e  
i n t e n s i t y C 6 )  i s  so s m a l l  t h a t  n o r m a l  c o r r e l a t i o n  g i v e s  t h e  f r i n g e  w h i c h  i s  u n d e r  
t h e  l i m i t  o f  t h e  d e t e c t i o n .  B u t  a f t e r  t h e  g a t i n g  o f  P / 1 6 ( = 9 7 u s ) .  f r i n g e  c a n  be 

3  d e t e c t e d .  The d i s p e r s i o n  o f  1937 t21 .  whose OM i s  7 l [ p c / c m  I, becomes; 



A t  = 4 3 . 7 n s  f o r  R F = I . 5 G H z ,  B W = 2 5 0 k H z  
A t  = 3 4 9 . 2 1 7 s  f o r  R F = I . 5 G H z ,  BW=ZMHz 
~t = 9 6 . 9 n s  f o r  R F = 2 . 2 G H z ,  BW=ZMHz 

I n  t h e  case  o f  I .5GHz, w i d e  b a n d w i d t h  a s  2MHz makes wave w i d e r  t h a n  P116. So 
w i d e r  g a t i n g  and n a r r o w e r  b a n d w i d t h  s h o u l d  be s e l e c t e d  f o r  l o w e r  f r e q u e n c y .  
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F i 9 . 3  c o r r a l a t  i o n  P r o c e s s i n g  S y s t e m  o f  CRL 



T a b l e  1 P a r a m e t e r  of t h e  pulsar VLBl experiment 

B a s e  l i n e  K a s h i m a 2 6 m d - U s u d a 6 4 m d  
O b s e r v e d  S t a r  P S R 0 3 2 9 + 5 4 ,  3 C 8 4  
F r e q u e n c y  2 2 2 2 . 9 9 M H z  
B a n d w i d t h  2 M H  z 
P o l a r i z a t i o n  R H C P  
C o r r e l a t i o n  K-3 c o r r e l a t o r  at K a s h i m a  

c o r r e l a t i o n  restricted a r e a  

3-level s i n  f u n c t i o n  for c o m p e n s a t i o n  o f  f r i n g e  r o t a t i o n  

Fie.5 Normal c o r r e l a t i o n  o f  P S R 0 3 2 9  
(at 2.3GHz, BW=2MHz, Intearation=480sec) 

FRRME*IPP - 20E 
-03 f o r  PP data 

2314201614.000 

A t  

AT 
COPRSE SEPRCH FUNCTION 1 6 X l E 2 4  
IMP IiPX i 4.442E-83 at  9, 269 

RERL PORT lnPGtNRRY PBRT 

Fio.6 Gated c o r r e l a t i o n  of P S R 0 3 2 9  
(at 2 . 3 G H z ,  BW=2MHz, I n t e e r a t i o n = 4 8 0 s e c )  



T a b l e  2  C o r r e l a t i o n  A m p l i t u d e  
( G a t e  t i m e  = p e r i o d / l 6 )  

G a t e d  N o n - g a t e d  I n t e g r a t i o n  t i m e  
- 

4 . 4 4 E - 3  0 . 3 5 E - 3  4 9 0 s e c  
4 . 7 7 E - 3  0 . 3 9 E - 3  2 5 0 s e c  
4 . 4 7 E - 3  0 . 4 6 E - 3  1 2 5 s e c  

T a b l e  3  C o r r e l a t i o n  A m p l i t u d e  
( I n t e g r a t i o n  t i m e  = 2 5 0 s e c )  

1 . 0 4 E - 3  ( a r e a  A) 
P 

+-t 4 . 7 7 E - 3  ( a r e a  0 )  
16 1 . 2 2 E - 3  ( a r e a  C) 

T a b l e  4 C o r r e l a t i o n  A m p l i t u d e  
( I n t e g r a t i o n  t i m e  = 4 8 0 s e c )  

0 . 3 5 E - 3  w i t h o u t  g a t i n g  
0 . 9 3 E - 3  (n.4) 
2 . 0 1 E - 3  ( n = 8 )  
4 .44E- ,3  ( n = 1 6 )  

T a b l e  5  C o r r e l a t i o n  Amp. o f  m i l l i s e c o n d  p u l s a r  1 9 3 7 + 2 1  
( a s s u m e d  e a t ~ n a  c o v e r s  3 / 4  o f  t h e  t o t a l  f l u x )  

A v e r a g e  W I  t h o u t  G a t e d  G a t e d  
I n t e n s i t y  g a t i n g  ( n = 8 )  ( n =  1 6 )  

1  .5GHz 9mJy 9 . 5 E - 5  5 . 7 E - 4  l . l E - 3  
2 . 2 G H z  3 .3rnJy  2 . 9 E - 5  1  . 8 E - 4  3 . 5 E - 4  

( g a t i n g  t i m e  i s  p e r i o d / n )  

D i s p e r s i o n  A t =  4 3 . 7 n s  f o r  RF=1 .5GHz, BW=250kHz 
A t =  3 4 9 . 2 n s  f o r  R F = 1 . 5 G H z a  BW=2MHz 
A t =  9 6 . 9 n s  f o r  R F = 2 . 2 G H z 3  BW=2MHz 



QUESTIONS AND ANSWERS 

D. Allan, Allan Time: Do you have any stability measurements against any reference clocks? 
eg: The arrival time stability against a reference clock. 

S. Hama, CRL: Now we use a reference clock; a cesium. The Cesium is compared to UTC 
Japan by using GPS. 

D. Allan: Do you have some results? 

S. Hama: For timing measurement, I do not have the figure, but we are conducting timing 
measurement experiment. We have some results, so I can show you later. 

D. AUan: Thank you. 


