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To: VLBP P r o j e c t  group.

F r o m : W. D. C o t t o n  and J. D. D e n s o n  

Subject: S i m u l a t i o n  of VLBI data.

In or d e r  to t e s t  v a r i o u s  p o t e n t i a l  c o r r e l a t o r  d e s i g n s  by m e a n s  
of c o m p u t e r  s i m u l a t i o n  w e  ne e d  s i m u l a t e d  VLBI data w i t h  k n o w n  
p r o perties. In o r d e r  to Insure r e a l i s t i c  dat a  w e  I m p o s e d  t h e  
f o l l o w i n g  c o n s t r a i n t s :

1 ) Each s t a t i o n  'signal' s h o u l d  c o n t a i n  I n d e p e n d e n t  s t a t i o n  and 
so u r c e  noise. T h e  s t a t i o n  n o i s e  s h o u l d  be i n d e p e n d e n t  f or t he 
two s t a t i o n s  but t h e  s o u r c e  n o i s e  shou l d  be I d entical.

2) The f r a c t i o n a l  bit d e l a y  e r r o r  and p h a s e  d i f f e r e n c e  of t h e  
so u r c e  n o i s e  for t he t w o  s t a t i o n s  s h o u l d  be v a r i a b l e .

3) All n o i s e  should be b r o a d b a n d  and Incoherent.

4) The r atio of s o u r c e  n o i s e  t o  s t a t i o n  n o i s e  s h o u l d  be k n own.

Of th e  a b o v e  c r i t e r i a ,  ^3 is t h e  mos t  d i f f i c u l t  t o  s a t i s f y .
In o r d e r  to s a t i s f y  t h i s  c r i t e r i o n  w e  used a model c o n s i s t i n g  of 
10000 m o n o c h r o m a t i c ,  c o h e r e n t  o s c i l l a t o r s  c o v e r i n g  t h e  2 MHz b a n d p a s s  
used w h i c h  w e r e  I n c o h e r e n t  w i t h  r e s p e c t  to e a c h  other. T h e  t l m e - d o m a l n  
dat a  w e r e  o b t a i n e d  by a d i r e c t  f o u r i e r  t r a n s f o r m  of t h e  o s c i l l a t o r  
valu e s  at a g i v e n  time. I n d e p e n d e n c e  of t he o s c i l l a t o r s  w a s  o b t a i n e d  
by u s i n g  a r a n d o m  n u m b e r  g e n e r a t o r  f o r  the real and i m a g i n a r y  p a r t s  
of t h e  initial state of t h e  o s c i l l a t o r s .  T h e  a m p l i t u d e  of t h e  n o i s e  
was set by t h e  r a n d o m  n u m b e r  g e n e r a t o r .

This model s h ould be a c c u r a t e  for t imes s h o r t  c o m p a r e d  t o  t h e  
Inverse of t h e  f r e q u e n c y  s e p a r a t i o n  b e t w e e n  oscillators... D a t a  f or 
longer t i m e s  c an be o b t a i n e d  by o c c a s i o n a l l y  r e r a n d o m i z i n g  t h e  
o s c i l l a t o r s  a l t h o u g h  th i s  may c a u s e  mi n o r  p r o b l e m s  nea r  t h e  c h a n g e .
In our 1m p 11m e n t a 1 1 on w e  use up to 4000 0 .25 m i c r o s e c o n d  t i m e  s t e p s  
and the b a n d p a s s  Is a s s u m e d  to be r e c t a n g u l a r .

In o rder to s a t i s f y  c r i t e r i o n  #1 w e  used 3 i n d e p e n d e n t  n o i s e  
g e n e r a t o r s ;  o ne for ea c h  s t a t i o n  and o n e  for t h e  sour c e .  T h e  'source' 
data for t he s e c o n d  a n t e n n a  is r o t a t e d  In t he f r e q u e n c y  d o m a i n  by a 
p h a s e  c o r r e s p o n d i n g  to t h e  RF f r e q u e n c y  ( t y p i c a l l y  10 GHz) t i m e s  t h e  
g e o m e t r i c  d e l a y  ass u m e d .  In a d d i t i o n ,  t h e  s o u r c e  d a t a  a t  t h e  s e c o n d  
s t a t i o n  w e r e  e v a l u a t e d  at a t i m e  w h i c h  d i f f e r e d  f r o m  t h e  first, s t a t i o n  
t i m e  by the f r a c t i o n a l  bit d e l a y  error. This p r o c e d u r e  simpltf1es' t h e  
p r o b l e m  of a l i g n i n g  t he dat a  in t h e  c o r r e l a t o r  s i m u l a t o r  b u t  s h o u l d  n o t  
o t h e r w i s e  a f f e c t  t h e  results. A f t e r  the data a r e  g e n e r a t e d  t h e y  a r e  
c l i p p e d  to o ne bit.

Since the a b o v e  p r o c e s s  r e q u i r e s  a g r e a t  deal of c o m p u t i n g ,  it w a s  
Imple m e n t e d  us1r*g- t h e  F P S - 1 2 0 B  a r r a y  p r o c e s s o r  on t h e  V A X  a n d  t h e  d a t a  
w e r e  w r i t t e n  on a d i s k  f i l e  to be read later by t he c o r r e l a t o r  
simulator. Th i s  fi l e  c o n t a i n e d ,  in a d d i t i o n  to t he t i m e  a nd c l i p p e d  
data, the u n c l i p p e d  data, p h a s e  d i f f e r e n c e  and f r a c t i o n a l  b i t  d e l a y  
e rror for each ti m e  point.
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85500 
05600 
05700 
05300 
05900 
06000 
06100 
06200 
06300 
06400 
06500 
06600 
06700 
06800 
06900 
07000 
07100 
07200 
07300 
07400 
07500 
07600 
07 700 
07300 
07900 
03000 
08100 
03200 
03300 
08400 
03500 
08600 
08700 
08800 
08900 
09000 
09100 
09200 
09300 
09400 
09500 
09600 
09700 
09800 
09900 
10000 
10100 
10200 
10300 
10400 
10500

F o l l o w i n g  1s t h e  s o u r c e  v e r s i o n  of the program.
P R O G R A M  G E N R A Tc-------------------------------------------------

C 
C 
C 
C 
C 
C
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c-

G E N R A T  s i m u l a t e s  l-b1t sai.ipled 2 s t a t i o n  i n t e r f e r o m e t e r  data. 
Data is w r i t t e n  on un i t  8 w i t h  u n f o r m a t t e d  FORT R A N  w r i t e s  1n t h e  
f o l l o w i n g  format:

Record 1: L A B E L , N P T S  ( 0 * 8 0 , 1 * 2 )
LABEL Is a d e s c r i p t i o n  of ho w  t he data was g e n e r a t e d .

R e cord 2: I T I M E , I D E L A Y ,I P H S , I S A ,I S B ,S A ,SB 
ITIME t i m e  count, z e r o  relative. (1*2)
IDELAY Is t h e  f r a c t i o n a l  bit d e l a y  in the low or d e r  bi t s  

In t he r a n g e  +/- 1/2 bit. 1*2 
IPHS is t he i n t e r f e r o m e t e r  p h a s e  In t he low o r d e r  bits 

1n t h e  range < 0 , 2 * p 1 )  (1*2)
s a m p l e d  data p o i n t  station A (L*l> 
s a m p l e d  data po i n t  s tation B (L*l) 
u n c l i p p e d  v a l u e  c o r r e s p o n d i n g  to ISA 
u n c l i p p e d  v a l u e  c o r r e s p o n d i n g  to ISB

C —
C

ISA is t he 1-blt 
ISB 1s t he 1-blt 
SA Is t he r e a l *4 
SB is t h e  Real*4

INTEGER*4 ITEMP
I N T E GER*2 I T I M E ,I D E L A Y , I P H S ,N P T S ,I A P W R K ,I A P S T R , I A P T I M ,N 1,N 2 ,

* N D B I T S , N P B I T S , L A B E L (4 0 ) , IAPHS 
REAL*8 D E L A Y , T D E L A Y , D M O D
L O G I C A L * 1 ISA, I S B
R E A L *4 S I G N L A ( 2000),S I G N L B (2000) , T I M E A (2000) , T I M E B ( 2000),

* P H A S E ( 2 0 0 0 ) , F D E L A Y ( 2 0 0 0 ) , F R E Q ,D E L F R E ,S E E D ,FACS I G , F A C N S ,
* R A T I O , T W O P I ,TEMP
DA T A  N 1 , N 2 / 1 , 2 / , N D B I T S ,N P B I T S / 4 ,4/,N P T S / 1 0 0 / ,

* I A P W R K , I A P T I M , I A P S T R , I A P H S / 0 , 1 0 , 1 5 0 0 0 , 1 0 0 0 0 / ,
* R A T I O / 1 . 0 / , S E E D / . 2 5 1 6 3 7  9 4 8 / , F R E Q / 1 . 2 7 E 10/,D E L F R E / 2 0 0 . /

D E L A Y (X T I M E )
S t a t m e n t  f u n c t i o n  for d e l a y  

X T I M E * 2 .5D-3
Se t  r e l a t i v e  n o i s e  levels.

FACNS = 1 . 0 / 6 0 0 . 0  
F A C S I G  = F A C N S * R A T I 0  
TWOPI = 2 . 0 * 3 . 1 4 1 5 9 2 6  
DELFRE «= D E L F R E * T W 0 P  I 

: G e n e r a t e  time, d e l a y  and p h a s e  a r r a y s
DO 50 I = 1,NPTS

T IME A ( I  ) = (1-1 )*0.25E-6 
T D E L A Y  = D E L A Y ( T I M E A ( I  ) )
PHASE ( I ) = TV/OP I *D M 0 D  ( T D E L A Y * F R E Q ,  1 ,0D0)
T I M E B ( I )  = T I M E A ( I ) + T D E L A Y  
ITEMP » N I N T  ( T I M E B ( I > * 4 . 0 E 6 )
F D E L A Y ( I )  = ( T I M E B { I > - I T E M P * 0 . 2 5 E - 6 )
T I M E B ( I > = T I M E A ( I ) + F D E L A Y ( I )
S I GNLA(I ) = T I M E A ( I  )
S IGNLB( I ) «= TIMEB( I )

50 C O N T I N U E
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10600 C C o m p u t e  "signal"
10700 CALL N OISE < I A P W R K , I A P T I M , I A P H S , I A P S T R , F A C S I G , N P T S , SEED,
10800 * D E L F R E , N 2 , S I G N L A tS I G N L B , P H A S E >
10900 C C o m p u t e  "noise" for each antonna.
11000 CALL NOISE ( I A P W R K , I A P T I M , I A P H S , I / , P S T R , F A C N S , N P T S ,  SEED,
11100 * D E L F R E , N 1 , T I M E A , T I M E A , P H A S E >
11200 CALL NOISE ( I A P W R K , I A P T I M , I A P H S , I A P S T R ,F A C N S ,N P T S ,SEED,
11300 * D E L F R E , N 1  , T I M E B , T I M E B ,PHASE )
11400 C W r i t e  results.
11500 ENCODE ( 8 0 , 1 1 0 0 , L A B E L ) R A T I O ,F R E Q ,N D B I T S ,NPBITS
11600 1100 F O R M A T ( ' S I G N A L / N O I S E *’ ,F10.5, ' F R l Q U E N C Y = ' , E 1 5 . 5 ,
11700 * * D E L A Y ' , 12,' BITS, P H A S E ' , 12,' BITS ')
11S00 C PRIN T E R  O U T P U T
1 1900 W R I T E ( 1,20 0 0 )  L A B E L , N P T S
12000 20 0 0  F O R M A T ( 1 H 1 / ,1 X , 4 0 A 2 , ' NPTS =',16/,
12100 * ' I T I M E ,P H A S E , F R A C  D E L A Y fI D E L A Y , I P K S , I S A ,I S B ,S A ,SB ' )
12200 W R I T E (8) L A B E L , N P T S
12300 DFAC = 2.0**< N D B I T S - 1 )
12400 PFAC ■= 2 . 0 * * N P B I T S
12500 DO 100 I = 1,NPTS
12600 SA = S I G N L A ( I > + T I M E A ( I >
12700 SB = S I G N L B C I ) + T I M E B <  I )
12800 ISA = S A .G T .0.0
12900 ISB = S B .G T .0.0
13000 ITIME = 1-1
13100 IDELAY = N I N T  ( D F A C * (F D E L A Y ( I > * 8 . 0 E 6 ))
13200 I PHS = N I N T  ( P F A C * P H A S E (  I >/TV/OP I )
13300 C P R I N T E R  OUTPUT'
13400 F D E L A Y ( I> = F D E L A Y ( I ) * 4 . 0 E 6
13500 WR I T E  < 1 , 2 0 0 1 )  I T I M E , P H A S E ( I ),F D E L A Y ( I >,I D E L A Y ,I P H S ,ISA, I S B ,
13600 * S A , S B , S I G N L A ( I > , S I G N L B ( I )
13700 2001 F O R M A T ( I 6 , 2 F 10.5,4 I 5 , 4 F 10.6)
13800 WRITEC 8 > I T I M E , I D E L A Y , I P H S , I S A ,I S B ,S A ,SB
13900 100 C O N T I N U E
14000 W R I T E ( 1,20 0 2 )  S I G X , S I G Y , S I G X Y
14100 2002 F O R M A T ( ' S I G X ,S I G Y ,S I G X Y = ' ,3 E 15.5 )
14200 ENDFILE 8
14300 STOP
14400 END
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14500 S U B R O U T I N E NOISE ( I A P W R K , I A P T I M , I A P H S , I A P S T R , F A C T O R , N P T S , :
14600 * D E L F R E ,N T I M E S ,A R R A Y  1,A R R A Y 2 ,P H A S E )
14700 C ---
14800 C NOISE g e n e r a t e s  g a u s s l a n  no i s e  In th e  f r e q u e n c y  d o m a i n  and
14900 c t r a n s f o r m s  It to t he t i m e  domain. Does 10,00.0' c e l l s  In the
15000 c f r e q u e n c y  d o m a i n ,  s i n g l e  s i d e b a n d  (upper).
15100 c I NPUTS :
15200 c I A P W R K 1*2 B a s e  a d d r e s s  for 5 e l e m e n t  w o r k  a r r a y  1n AP
15300 c I A P T I M 1*2 B a s e  a d d r e s s  for t i m e / r e s u l t  a r r a y  1n AP
15400 c IAPHS 1*2 Ba s e  a d d r e s s  for additi o n a l  p h a s e  array.
15500 c I A PSTR 1*2 B a s e  a d d r e s s  of f r e q u e n c y  a r r a y  1n AP
15600 c 0  = t i m e  0  real part
15700 c 1 = t i m e  0  Imaginary part
1 5800 c 2 = v i d e o  f r e q u e n c y  (Hz)
15900 c 3 = w o  r k
16000 c 4 = w o  r k
16100 c F A C T O R R*4 A m p l i t u d e  s c a l i n g  fact o r
16200 c NPTS 1*2 N u m b e r  of Input times.
16300 c SEED R*4 Seed f o r  r a n d o m  number g e n e r a t o r .
16400 c DELF R E R*4 V i d e o  f r e q u e n c y  Increment.
16500 c NT I M E S 1*2 N u m b e r  of Input tim e  a r r a y s  (1 or 2)
16600 c A R R A Y  1 R*4 F i r s t  a r r a y  c o n t a i n i n g  t i m e s
16700 c A R R A Y 2 R*4 S e c o n d  a r r a y  c o n t a i n i n g  times.
16800 c PHASE R*4 A r r a y  of a d d i t i o n a l  phases for s e c o n d  array.
16900 c
17000 c O U T P U T :
17100 c SEED R*4 N e w  seed for r a n d o m  number g e n e r a t o r .
17200 c A R R A Y  1 R*4 F i r s t  r e s u l t  a r r a y
17300 c A R R A Y 2 R*4 S e c o n d  r e s u l t  a r r a y
17400 r ___

17500 I N T E G E R * 2 I A P W R K , I A P T I M , I A P S T R . N 1 , N 2 , N 3 , N 4 , N 5 , N 6 , N 1 0 K
17 6 0 0 REAL *4 W R K ( 5 ) . F A C T O R , S E E D ,D E L F R E ,A R R A Y  1(NP T S  >,A R R A Y 2 ( NPTS
17 7 0 0 * P H A S E ( N P T S )
17 8 0 0 D A T A N 1 , N2 , N 3 , N 4 , N 5 , N 6 , N 1 0 K / 1 , 2 , 3 , 4 , 5 , 6 , 1 0 0 0 0 /
17 9 0 0 c ___

1 8000 c P r e p a r e  wo r k  a r r a y  f o r  AP
1 8100 W R K ( 1 ) = SEED
18200 W R K ( 2 >  = F A C T O R
1 8 3 0 0 WRK( 3 ) «= - 6.0 * F A C T O R
1 8 4 0 0 W R K ( 4) = D E L F R E
1 8500 W R K ( 5) = 0 .0
1 8 6 0 0 c A q u i r e  AP
1 8 7 0 0 CALL A P I N I T  ( 0 , 0 , I )
1 8 8 0 0 CALL A P P U T ( W R K , I A P W R K , N 5 , N 2 )
1 8 9 0 0 CALL A P P U T (A R R A Y 1 , I A P T I M , N P T S ,N 2 )
1 9 0 0 0 CALL A P W D
1 9 1 0 0 c Set AP a d d r e s s e s
1 9 2 0 0 I ST1 = I A P S T R + 1
1 93 0 0 I ST2 = I A P S T R + 2
1 9400 I ST3 = 1 A P S T R + 3
1 9 500 c C l e a r  AP a c c u m u l a t o r s .
1 9 600 CALL V C L R ( IAPSTR, N5,N10!<)
1 9 7 0 0 CALL VC L R ( I S T 1,N 5 ,N 1 0 K )



D B A 0 : [ W D C 3 G E N R A T . D O C ; 1  19-AUG-81 15:13:03 PAGE 5

19C00 C Use V R A N D  to c r e a t e  u n i f o r m  d i s t r i b u t e d
19900 C values, t h e n  add 12 t o g e t h e r  and s u b t r a c 1
2 0 0 0 0 C 6.0 to S i m u l a t e  g a u s s  ian noise. Do sin
2 0 1 0 0 C and c o s i n e  i n d e p e n d e n t l y .
2 0 2 0 0 DO 100 I = 1,12
2 0 3 0 0 CALL V R A N D  ( I A P W R K , I S T 2 ,N 5 ,N 1 0 K )
2 0 4 0 0 CALL V R A N D  ( I A P W R K ,I S T 3 ,N 5 ,N 1 0 K  )
2 0 5 0 0 CALL VADD ( I A P S T R , N 5 ,I S T 2 ,N 5 ,I A P S T R , N 5 ,N 1 0 K >
2 0 6 0 0 CALL VADD ( I S T 1 ,N 5 ,I S T 3 ,N 5 , I S T 1 ,N 5 ,N 1 0 K  )
2 0 7 0 0 CALL A P W R
2 0 8 0 0 100 C O N T I N U E
2 0 9 0 0 C S u b t r a c t  6 . 0  and m u l t i p l y  by FACTOR.
2 1 0 0 0 CALL V S M S A  ( I A P S T R ,N 5 ,I A P W R K + 1 , I A P W R K + 2 ,I A P S T R ,N 5 ,N 1 0 K )
2 1 1 0 0 CALL V S M S A  ( I S T 1 ,N 5 ,I A P W R K + 1 , I A P W R K + 2 ,I S T 1 ,N 5 ,N 1 0 K >
2 1 2 0 0 C Put b a n d p a s s  f u n c t i o n  here if desired.
213J00 c Fill v i d e o  f r e q u e n c i e s .
2 1 4 0 0 CALL VRAMP ( I A P W R K + 4 , IAPWRK + 3 ,I S T 2 ,N 5 ,N 1 0 K  >
2 1 5 0 0 c Ze r o  o f f s e t  f r e q u e n c i e s .
2 1 6 0 0 CALL VCL R  ( I A P H S , N 1 , N P T S )
2 1 7 0 0 CALL A P W R
2 1 8 0 0 c Get n e w  seed
21 9 0 0 CALL A P G E T  < S E E D ,I A P W R K ,N 1,N 2 >
2 2 0 0 0 CALL APWD
2 2 1 0 0 c Call V F C  r o u t i n e  to c o m p u t e  array.
2 2 2 0 0 CALL NXFORM. < I A P S T R ,N 5 , 1 A P T I M ,I A P H S ,N P T S ,N 1 0 K  )
2 2 3 0 0 CALL A P W R
2 2 4 0 0 c Get r e s u l t s
2 2 5 0 0 CALL A P G E T  (AR R A Y  1 , I A P T I M ,N P T S ,N 2 )
2 2 6 0 0 CALL APWD
2 2 7 0 0 c See 1f s e c o n d  a r r a y  t o  be done.
2 2 8 0 0 IF ( N T I M E S . E Q . 1) GO T O  999
2 2 9 0 0 CALL A P P U T  ( A R R A Y 2 , I A P T I M , N P T S , N 2 )
2 3 0 0 0 CALL A P P U T  ( P H A S E , I A P H S , N P T S , N 2 >
2 3 1 0 0 CALL A P W D
2 3 2 0 0 CALL N X F O R M  ( I A P S T R ,N 5 ,1 A P T I M ,I A P H S ,N P T S ,N1 0 K  )
2 3 3 0 0 CALL A P W R
2 3 4 0 0 CALL A P G E T  <A R R A Y 2 ,I A P T I M ,N P T S ,N2 )
2 3 5 0 0 CALL A P W D
2 3 6 0 0 999 CALL A P R L S E
2 3 7 0 0 RETURN
2 3 8 0 0 END
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23900
24000
24100 " T h e  f o l l o w i n g  Is a V e c t o r  F u n c t i o n  Chal n e r  r o u t i n e  for t h e
24200 " FPS A P - 1 2 0 B  a r r a y  p rocessor.
24300
24400 D E FINE N X F O R M  ( IAPSTR , I NC , IAPTIM , IAPHS , O'JTCNT , I N C N T  >
24500 LOCAL I A P 1 , I A P 2 , I A P 3 , I A P 4
24600
24700 n N X F O R M  G E N E R A T E S  A R A N D O M  NOISE S P E C T R U M  A N D  DOES A D I R E C T
24800 " F O U R I E R  T R A N S F O R M  TO THE TIME DOMAIN. IN O R D E R  T O  M A I N T A I N
24900 " AN A C C U R A T E  R E P R E S E N T A T I O N  OF AN IN C O H E R E N T  SOURCE THE RA T I O
25000 - OF I N C N T / O U T C N T  SHOU L D  BE NO LESS THAN A B O U T  2.5
25100 " INPUTS:
25200 " I A P S T R  BASE A D D R E S S  OF ARRAY.
25300 " 0  = INITIAL REAL PART
25400 " 1 = INITIAL IMA G I N A R Y  PART
25500 " 2 = V I D E O  A W G U L A R  F R E Q U E N C Y
25600 M 3 * W O R K
25700 " 4 = W O R K
25800 " INC I N C R E M E N T  OF IAPSTR
25900 " I A PTIM BASE A D D R E S S  OF T I M E / R E S U L T  V E C T O R
26000 " IAPHS BASE A D D R E S S  OF A D D I T I O N A L  PHASE V E C T O R
26100 " O U T C N T  N U M B E R  OF T I M E S / R E S U L T S
26200 " IN C N T  N U M B E R  OF F R E Q U E N C Y  RESULTS
26300
26400 - SET A D D R E S S E S
26500 SP09 = I A PSTR
26600 I A P 1 = SP09+1
26700 IAP2 = S P 0 9 + 2
26800 IAP 3 = SP09 + 3
26900 IAP4 = S P 0 9 + 4
27000 - LOOP T H R O U G H  DA T A
27100 LOOP: CALL V S M S A  ( I A P 2 , I N C ,I A P T I M ,I A P H S ,I A P 3 ,I N C ,I N C N T > " C O M P U T E  P HASE 
2 7200 CALL V S I N  < I A P 3 , I N C ,I A P 4 ,I N C , I N C N T ) “SI N ( P H A S E )
27300 CALL V C O S  ( I A P 3 , I N C ,I AP3 , I N C , I N C N T )
27400 CA L L  C V M U L  < I A P S T R ,I N C ,I A P 3 ,I N C ,I A P 3 ,I N C ,I N C N T >"RO T A T E
27500 CALL SVE ( I A P 3 , I N C ,I A P T I M ,I N C N T > "SUM
27600 " U P DATE P O I N T E R  AND C O U N T E R
27700 I A P T I M  = I A P T I M + 1
27800 IAPHS = IAPHS+1
27900 O U T C N T  = O U T C N T - 1
28000 IF O U T C N T  >= 0  G O T O  LOOP
28100 END
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