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PREFACE

This document contains technical reports and memoranda 

which have been prepared as part of the VLB Array design 

program. They are reproduced here in essentially their 

original form to provide more detailed technical information 

than is given in the VLB Array Proposal. Not included is 

material which has been superseded by more recent reports, 

or internal memoranda of an organizational or administrative 

nature.

More extended background material can be found in the 

1977 and 1981 NRAO design studies, and the 1980 Caltech 

design study.

K. I. Kellermann 
Green Bank, W. Va.

June, 1982
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AiN A fL A S  Or i f\riiNi)Ft_R F u N C i IO N S  

F OR  P O S S I B L E  ULBI A R R A Y S 6/23/82

R. C. W A L K E R  

N a t i o n a l  Radio A s t r o n o m y  O b s e r u a t o r y

Turn back n o w  all ye who d e s p i s e  u-u tra ck s!

I N T R O D U C T I O N

Many p o s s i b l e  a rr a ys  haue been e x p l o r e d  d u r i n g  the U L B A  

c o n f i g u r a t i o n  s t udi es . Some of these haue p r o v e n  u s e fu l  and a p p e a r  in 

the p r o p o s a l *  in the de si g n s t u d i es  that p r e c e e d e d  the p r o p o s a l *  or in 

other d o c u m e n t s  r e l a t e d  to the Array. O th e rs  haue not p r o u e n  u s e fu l  and 

haue not a p p e a r e d  where p e r s o n s  not w o r k i n g  a c t i u e l y  on c o n f i g u r a t i o n  

s t u d i es  can find them. Q u e s t i o n s  often a rise a bout  the u s e f u l n e s s  of 

p a r t i c u l a r  s t a t i on s . The ob je ct  of this d o c u m e n t  is to d e s c r i b e  some of 

the c o n s i d e r a t i o n s  that go into the s e l e c t i o n  of a c o n f i g u r a t  ion and to 

a nsw er  some of the q u e s t i o n s  on the e ff e c t s  of p a r t i c u l a r  sites.

This d o c u m e n t  is only c o n c e r n e d  with u-u t r a ck s  f o r  p o s s i b l e  

c o n f i g u r a t i o n s .  There is no a t te mp t to use more s o p h i s t i c a t e d  and 

c o m p u t a t i o n a l l y  i nt ensive ar ray c o m p a r i s o n  m e t h o d s .  For d e t a i l s  and 

a p p l i c a t i o n s  of th ose m e t h o d s *  refer to the d e s i g n  s t u d i e s  (Cohen 1900* 

K e l l e r m a n  1981)* and to U L B A  d o c u m e n t s  by L i n f i e l d  on the e f f e c t s  of the 

use of c lo s ur e p a r a m e t e r s  in the m ap p in g  and by Mu tel and G au me  on a u-u 

plane b ased q u a l i t y  m ea s ur e.  U-u tr ac ks  are the c o m p u t a t i o n a l l y  e a s i e s t  

ujay to c o m p a re  ar ra y s and giue the most in sight into the e f f e c t s  of 

p a r t i c u l a r  s t a t i o n s  and t h e r e f o r e  are the most u s e f u l  way of c o m p a r i n g  a 

large n um be r of c o n f i g u r a t i o n s .

The u-u t ra ck s shown in this- d o cu m e n t  are all p l o t t e d  in a 

c o n s i s t e n t  m an ne r in o rder to f a c i l i t a t e  c o m p a r i s o n s .  The t r a c k s  for 

each array c o n f i g u r a t i o n  are c o m p u t e d  at 8 d e c l i n a t i o n s *  each of wh ich 

r e p r e s e n t s  the ce nt er  of a strip of sky c o n t a i n i n g  10 p e r c e n t  of the 

total area of the sky. T h e r e f o r e  there s ho ul d  be a p p r o x i m a t e l y  e qual 

n u m b e rs  of e x t r a g a l a c t i c  s o u r c e s  to o b s e r u e  at each of the d e c l i n a t i o n s  

p lo tt e d.  G a l a c t i c  s o u r c es  are c o n c e n t r a t e d  in the g a l a c t i c  p lane and 

tend to haue low d e c l i n a t i o n s  where the p e r f o r m a n c e  of most- a r ra y s is 

r e l a t i u e l y  poor. There are only three different- s ca l e s  on- w hic h most of



the tr ac ks  are p lo t te d and A rray D2* w hich is the a rray of the N R A O  

a ssign sluay i iermdnn 1 5 d i ; j ana is m e  ar ray used for d e m o n s i r a i  ion

p u r p o s e s in the U L B A  p r o p o s a l *  is shouun at each of the s ca les. The 

largest scale is a p p r o p r i a t e  for s h o w i ng  g l o b a l  a rr ay s  with b a s e l i n e s  up 

to 1 1 * 0 0 0  km  (the scale a c t u a l l y  goes to 1 6 * 0 0 0  km). The next scale is 

a p o r o p r i a t e  for a rr ay s conf ined to U. S. t e r r i t o r y  and shows a m a x i m u m  

b a s e l i n e of 1 0 * 0 0 0  km. A s m a l le r  s ca l e*  with a m a x i m u m  b a s e l i n e  of 2 0 0 0 

km* is used to s h o w  the short b a s e l i n e  c o v e r a g e  of some arrays. In 

a d d it i on  to these three s c a l es *  the c o v e r a g e  of the U L A  and the U L A  plus 

n ea r by  s ta t i o n s  are shown on s m a l l e r  s c al e s.  All u-v tr ac ks  are p lo t te d 

to scal es  given in km  in or der to be i n d e p e n d e n t  of f r e q u e n c y .

This r ep or t b eg in s with a d e s c r i p t i o n  of the p r o c e s s  by which Array 

D2  was chosen. Many of the f a ct or s  that s h ou l d be c o n s i d e r e d  in 

d e ri v i n g  any c o n f i g u r a t i o n  are d e s c r i b e d .  The c o n s t r a i n t s  under which 

the Array c o n f i g u r a t i o n  sh ou ld  be ch os e n are s u m m a r i z e d  in Table 1. The 

rest of the report is de vo t ed  to s h o w i n g  the u-v t r a c k s  for many 

p o ss i b l e  ar rays. The text r e l a t e d  to the u-v t r a c k s  is e n t i r e l y  

c o n t a i n e d  in the fi gure c a p t i on s . The f i g u r e s  are d i v i d e d  into £ g roups 

and are listed in Table 2. The n am es * a b b r e v i a t i o n s *  l at it ud es *  and 

l on gi tu de s of the s t a t i o n s  used in the a r r ay s  d i s p l a y e d  are given in 

T able 3.

A R R A Y  D2

Array D2  is the c o n f i g u r a t i o n  used for d e m o n s t r a t i o n  p u r p o s e s  in 

the U L B A  p ro p o s a l  and in the N R A O  U L B A  d e s i g n  study ( K el l e r m a n n  1981).

It c on t a i n s  a n t e n n a s  at the l oc at io ns  listed in the c a p t i o n  of Figur e 

1-1. Many of the c o n s i d e r a t i o n s  that go into the s e l e c t i o n  of a 

c o n f i g u r a t i o n  can be d e s c r i b e d  ni ce ly  by d i s c u s s i n g  the p r o c e ss  by which 

Array D2 was found.

One of the most important c o n s t r a i n t s  on the c o n f i g u r a t i o n  is that 

it p r ov id e the h ig he st  r e s o l u t i o n  p o s s i b l e .  For e a s t - w e s t  b a s e l i n e s *  

this can be most e f f e c t i v e l y  met with s t a t i o n s  near the e q u a t o r *  but a 

c o n s t r a i n t  that all a n t e n n a s  sh ou l d be on U. S. t e r r i t o r y  has been 

pl ac ed  on the initial d esign st ud i es . The e f f e c t s  of r e l a x i n g  this 

c o n s t r a i n t  will be shown in the f i g u r es  whe re  the v alue of f or e ig n  

s t at i o n s  is shown. Under the U. S. t e r r i t o r y  c o n s t r a i n t *  the longest 

b a s e l i n e s  are f r o m  ei th er  N e w  E n g l a n d  or P u er t o Rico to e it her  A la sk a or 

Hawaii. Pu erto Rico to H aw ai i is the longest and H a w ai i  to N e w  E n gl an d  

is a r e a s o n a b l e  second. At the time D2 was c h o s e n *  th ere was some f e ar  

that there may be c o m p l i c a t i o n s  o p e r a t i n g  in P ue r to  Rico ( al th ou gh  a.
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major U. S. o b s e r v a t o r y *  Ar e c i b o * is th er e ) and that the high f r e q u e n c y  

o o s e r v i n g  c o n d i t i o n s  mign L oe poor there* so ine H a w a ii  to Neai E n g l an d  

b a s e l i n e  was s el e ct e d.  The e f fe c t s  of c h o o s i n g  P u er t o Rico will be 

shown later and P ue rt o Rico is p r o m i n e n t  in the a l t e r n a t i v e  ar ra ys  shown 

in the fi gu re s.

In o r d e r  to m i n i m i z e  o p e r a t i n g  p r o b l e m s  and e x p e n s e s *  it is 

d e s i r a b l e  to place as many a n t e n n a s  at e x i s t i n g  o b s e r v a t o r i e s  as 

p os si b le .  F or  this r e a s on *  H a y s t a c k  O b s e r v a t o r y  in M a s s a c h u s e t t s  was 

s e l e c t e d  as the N e w  E n g l a nd  site* c a u s i n g  a s mall but a c c e p t a b l e  loss in 

r e s o l u t i o n  o v e r  using a site in Maine. S i m i l a r i t y *  the Owens U al le y 

Radio O b s e r v a t o r y  in C a l i f o r n i a  and the N a t i o n a l  R adio A s t r o n o m y  

O b s e r v a t o r y  in Green B ank* West U i r g i n i a  were s e l e c t e d  as sites.

S e ve r al  other e x i s t i n g  si te s * such as North L i b e r t y  Ra dio O b s e r v a t o r y  in 

Iowa* the H ar v ar d Radio A s t r o n o m y  S t a t i on  in Fort D a v is *  T ex a s*  and the 

Hat Creek Radio O b s e r v a t o r y  in C a l i f o r n i a  were also c o n s i d e r e d  but did 

not work well with Ar ray DE. as it was b eing f o r m u l a t e d .  D o u b t l e s s  other 

a rr ay s with p e r f o r m a n c e  s i m i la r  to Ar ray D2  c ou ld  be fo und in which some 

other c o m b i n a t i o n  of e x i s t i n g  s it es  is used.

There is s i g n i f i c a n t  d e b at e  as to w h e t h e r  e x i s t i n g  sites s ho ul d be 

used. The e x i s t i n g  site co uld p r o v i d e  t e c h n i c a l  s u p p o r t  and m a n p o w e r  

which helps re du ce  e x p e n s e s  and re du c e the time n e e d e d  for r e p a i r s  

r e q u i r i n g  s k i l l ed  p e r s o n e 1. On the other ha n d*  if an a nt e n n a  is built 

at the s ite of an e x i s t i n g  a n t e n n a *  that e x i s t i n g  a n t e n n a  is no longer 

u se fu l as a part time a d d i t i o n  to the a rray for e x p e r i m e n t s  r e q u i r i n g  

the h ig hes t p o s s i b l e  d y n a m ic  range and s e n s i t i v i t y .  Also* many of the 

e x i s t i n g  sites do not meet the a c c e s s i b i l i t y  r e q u i r e m e n t s  that will be 

p l a ce d  on n e w  Ar ray e l e m e n t s .  For e x a m p l e *  t he r e is a six hour drive 

involved in g e t t i ng  to O U R O  and Gr een Bank in not much bet te r.  An 

a t t r a c t i v e  a l t e r n a t i v e  is to p lace the n e w  a n t e n n a s  n e a r  the e x i s t i n g  

o b s e r v a t o r i e s  in order to o b ta i n local s u p p o r t *  but f a r  en ou gh  away to 

p r ov i d e  i n t er e st i ng  short b a s e l i n e s  for low r e s o l u t i o n  e x p e r i m e n t s  at 

the lower- f r e q u e n c i e s  w here the e x i s t i n g  a n t e n n a s  can op er at e .

One o b s e r v a t o r y  which sh ou ld  have Ar ray a n t e n n a s  n e ar b y is the U L A  

near S o c o r r o *  N e w  Mex ic o.  The U L A  is a very p o w e r f u l  i n t e r f e r r o m e t e r  

with b a s e l i n e s  up to 3 5 km in length and with a n t e n n a s  very s i m i l a r  to 

those p r o p o s e d  for the ULBA. S c i e n t i f i c a l l y *  the ideal U L B A  

c o n f i g u r a t i o n  wo uld cover all b a s e l i n e s  f r o m  3 5  km to the n e a r l y  8 0 0 0  km 

H awa ii  to N e w  E n g l an d  b a s e l i n e  and the s hort b a s e l i n e s  wo uld be near the 

U L A  so that- the c o m b i n e d  i n s t r u m e n t s  w oul d s m o o t h l y  c over all p o s s i b l e  

s pa c in g s.  This is not- p o s s i b l e  w i t h o u t  i n c r e a s i n g  the nu mb e r of 

a n t e n n a s  and the cost- of the U L B A  signif i c a n t l y -  H o w e v e r *  by p l a c i ng

- 3 -



the s ho r t e s t  s p a c i n g s  of the U L B A  near the ULA* some of the i nt e r m e d i a t e  

s p ac i n g s  can oe a c q u ir e a.  ror in 15 r ea so n * tnere is an element, or nr ray 

D2  at S o c o rr o * s o m e w h a t  less than 100 km f r o m  the ULA* and other 

e l e me n ts  of Array D2 are pla c ed  in N e w  M ex ic o  and a d j o i n i n g  states. The 

U L B A  and the ULA* both of which will be N R A O  i n s t r u m e n t s *  can be 

o p er a t e d  in s ev er a l modes: as s e p a r a t e  i n s t r u m e n t s *  as a s e n s i t i v e  U LBI 

i ns tr um en t using the e n t i re  U L A  in ph as ed a rr ay  mode as one U L B A  

e l e m en t * as a s o m e w h a t  h ig h er  r e s o l u t i o n  v e r s i o n  of the U L A  by us ing a 

ne arby U L B A  a nt e nn a a s ^ U L A  e le m e n t  (m ea nw hi l e the U L B A  may be using 

one of the 27 U L A  a n t e n n a s ) *  or as a very p o w e r f u l  c o m b i n e d  i nst ru m en t 

s t u d y i n g  a so ur ce  over many or de rs  of m a g n i t u d e  in a n g u l a r  scale.

A n o t he r  imp or ta nt  f e a t u re  of the U L B A  will be the a b i l it y  to 

o bs er ve  s ou rc e s at low d e c l i n a t i o n s .  E a s t - w e s t  a r r a y s  with r e l a t i v e l y  

small n u mb er s of e l e m e n t s  can be d e v i se d  w hich p r ov i d e  very good 

c o v e r a g e  over a wide ra nge of b a s e l i n e s  for n o r t h e r n  so ur c es .  This is 

the type of array p r o p o s e d  by the C a n a d i a n  Long B a s e l i n e  A rray p r oj e c t  

b e ca us e of the very limited n o r t h - s o u t h  e x t en t of a c c e s s i b l e  t e r r i t o r y  

in Canada. A rr ay s of this type were also p r o p o s e d  in some ea rly U. S. 

array studie s.  P r o v i d i n g  good c o v e r a g e  for low d e c l i n a t i o n  s o u r c e s  is 

much more d i f f i c u l t .  The a n t e n n a s  must be well d i s t r i b u t e d  in two 

d i m e n s i o n s *  g r e a t ly  i n cr e a s i n g  the c o m p l e x i t y  of the c o n f i g u r a t i o n  

s e l e c t i o n  p ro ce ss . While o p t i ma l  one-d imens i o n a 1 g e o m e t r i e s *  such as 

m i n i m u m  r e d u n d a n c y  g e o m e t r i e s *  are k no wn * no o p t i m a l  t w o - d i m e n s i o n a l  

g e o m e t r i e s  have been p r e s e n t e d .  The UL A  l o ga r i t h m i c  wye is a very good 

c o n f i g u r a t i o n  if the a n t e n n a s  must be moved. H o we v e r  the r ad ia l arms 

c o n c e n t r a t e  most of the b a s e l i n e s  along a sm all nu mb e r of ra dia l 

d i r e c t i o n s  in short o b s e r v a t i o n s  leading to n o n - o p t i m u m  beams. With an 

array of f ixed a n t e n n a s  such as the ULBA* such c o n c e n t r a t i o n s  of 

b a s e l i n e s  s hou l d be av oi d ed .

In order to o b s e r v e  low d e c l i n a t i o n  s o u r c e s *  sites well d i s p e r s e d  in 

the n o r t h - s o u t h  d i r e c t i o n  are r e q u i re d.  The longest a v a i l a b l e  

n o r t h - s o u t h  s p a c i n g s  a v a i l a b l e  on U. S. t e r r i t o r y  are f r o m  Ha wa ii to 

A laska and f r o m  P uer t o Rico to N e w  E ng l an d.  The latter b a s e l i n e  is 

s i g n i f i c a n t l y  s h o r t e r  than the fo rm e r but has the a d v a n t a g e  that s o u r ce s  

f a rt he r to the s ou th  can be seen f r o m  N e w  E n g l a n d  than f r o m  Al aska. For 

Array D2* Al as ka  was c h os e n for the n o r t h e r n  s ta t io n . Next* a b a s e l i n e  

with the g r e a t e s t  p o s s i b l e  n o r t h - s o u t h  e xt ent  w it h in  the c o n t i g u o u s  48 

s tates s hould be c ho se n  so there is not a large gap b e t w e e n  the 

H a w a i i -A 1aska b a s e l i n e  and the next s ho r t e r  n o r t h - s o u t h  b a s e l in e.  

S o ut h e r n  Texas and F l o r id a are the s o u t h e r n-mo s t p o s s i b l e  s ites with- 

Texas p r ef e r e d  b e c a us e  it has a drier c l i m a t e  and b e c a u s e  is it c l o s e r  

to the ULA. A s o u t h e r n  Texas s t at i o n  s ho ul d  be c o m p l e m e n t e d  by a_
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s t a t i on  along the C a na d i a n  border. E as te rn  W a s h i n g t o n  or Idaho mo uld be 

p r a i e r r e u  t o r  o p e r a t i o n a l  ana c l i m a t i c  r e as on s but, Lne b a s e l i n e s  to L n a i. 

area and to sites near the U L A  f r o m  Hawaii or f r o m  the N o r t h e a s t  are 

n ea rl y  e q u a i tor n ign d e c i m a t i o n  s ou rc es  ana the u n i f o r m i t y  of c o v e r a g e  

for such a rr ay s is poor. A rough line of sites r u n n i n g  f r o m  n o r t h e a s t  

of the U L A  and en di ng  in North Dako ta  p r o v i d e s  much ba tt er  c ov e ra ge .  

S t a t i o n s  at Los A la m os * Ne w Mexico* D en v er *  C o l o r ad o*  and Gr and Fork* 

North D ak ot a were s e l e c t e d  to pr o vi d e the d e s i r e d  c o v e r a ge . Many o th er  

p o s s i b l e  sites in the S o u t h w e s t  were tried in a se ar ch  for good 

i n t e r m e d i a t e  s p a c i n g s  that interact well with the rest of the a rr a y*  but 

t hose c ho se n s e e m  to be the best. Sites in the N o r t h w e s t *  ra th er  than 

North D a k o t a *  do s e e m  to work well in a rr ays  that include Pu er t o Rico.

Array D E  p r o v i d e s  good c o ve r a g e  of the u-v plane and wo uld be 

a c c e p t a b l e  as a final array c o n f i g u r a t i o n *  a s s u m i n g  the U. S. t e r r i t o r y  

c o n s t r a i n t  is kept. Other U. S. only a rra ys  can be found that are as 

good or maybe even s l i g h t l y  b e tte r* but there is little cha nc e that a 

very much b et ter  a rray can be found. H o w e v e r *  Ar ray D 2 has some 

o p e r a t i o n a l  d i f f i c u l t i e s  that would be nice to av oid and f u r t he r  e f f o r ts  

to find a b et te r  c o n f i g u r a t i o n  will c on t in u e.  The most o b vi o us  p r o b l e m s  

are that the North Da ko t a st a ti on  must be o p e r a t e d  in a r at he r e x t r e m e  

w in te r  e n v i r o n m e n t  (worse that the Al as k a s t a t i o n )  and that the south 

Texas s t a t i on  and some of the ot he r s are not in o p t i m a l  h i g h - d r y  sites 

for o b s e r v a t i o n s  at the h ig h es t  f r e q u e n c i e s .  Also the c o v e r a g e  p r o v i d e d  

by a s t a t i o n  in Pu er to  Rico on low d e c l i n a t i o n  s o u r c e s  and the 

e n h a n c e m e n t  of the c o v e r a g e  that P ue rt o Rico p r o v i d e s  when p o s s i b l e  n ew 

a n t e n n a s  to the south are used is s u f f i c i e n t l y  good that such a s t a t i o n  

s ho ul d  p r o b a b l y  be included in the final c o n f i g u r a t i o n .



T A B L E  I

m \ i \ r l  t i i \ r i ± i N  i C3 O L t r i l ' i r i i V  I

I. All c o n f i g u r a t i o n s  to be s t u d ie d  in the effort to find a final 

c o n f i g u r a t i o n  for the U L B A  will s a t i s f y  the f o l l o w i n g  c o n s t r a i n t s :

A. Ten s ta ti o ns .

B. Most sites on U.S. t e r r i t o r y .

C. M a x i m u m  s p a c i n g  g r e a t e r  than 7 5 0 0  km.

D. M i n i m u m  s p a c i n g  less than E 0 0  km.

E. Two d i m e n s i o n a l  for low d e c l i n a t i o n  co ue r ag e .

F. Short s p a c i n g s  near the ULA.

G. Si tes sh ou l d be as far so uth as p o s s i b l e  for good low 

d e c l i n a t i o n  c o u e r a ge .

H. Inner third p r o u i d e s  good c o u e r a ge .

I. S ites are near good t r a n s p o r t a t i o n  .

J. As many h i g h - d r y  si tes as p o s s i b l e .

K. Sites are near e x i s t i n g  t e c h n i c a l  f ac i l i t i e s .

L. Ar ray int era ct s well with other o b s e r u a t o r i e s  .

1. Eu r o p e .

E. J a p a n .

3. C a n a d a .

4. P o s s i b l e  s o u t h e r n  s t a t i o n s  to be added later.

II. Arra ys  s a t i s f y i n g  each of the f o l l o w i n g  c o n s t r a i n t s  c o n c e r n i n g  

e x i s t i n g  o b s e r u a t o r i e s  will be st ud ie d .

A. Sites at e x i s t i n g  o b s e r u a t o r i e s  where po ss ib l e.

B. Sites near but s e p a r a t e d  f r o m  e x i s t i n g  o b s e r u a t o r i e s  (ones

that will s u r u i u e )  for short s pa ci n gs .

III. Ar ra ys s a t i s f y i n g  each of the f o l l o w i n g  g e o g r a p h i c  const a ints 

will be s t udi ed .

A. A 1 1 sites on U.S. t e r r i t o r y .

B. On e site near Me xi c o City.

C. T wo or three sites in C a n a d a .
D. On e site in M ex ic o and some s ites in C a n a d a .
E. No g e o g r a p h i c  c o n s t r a i n t  on a f e w  sites.

IU. Sites will be located in the f o l l o w i n g  areas in all c o n f i g u r a t i o n s  

that will be s tu d ie d !

A. H aw ai i (Specif ic location w it hi n H aw a ii  not i mp ortant).

B. With in 100 km of ULA.

C. W it hi n E 0 0  km of f ixed site B.

(D. P ue rt o Rico - f e a s i b i l i t y  must be u e r i f i e d )



Su m ma r y of F i g u r e s

F igu re  # Sc a 1e max. 

(km)

Descr ipt ion

S e ct io n I : Array D2 and v a r i a t i o n s .

I-l 10 >000 Ar r a y D 2

M 1 m 1 6 / 0 0 0 Ar r a y D 2 - La rg e scale.

1-3 2 > 0 00 Ar r a y D 2 - I n n e r  po r ti on

iM 1 0 } 0 0 0 Ar r a y D 2 Gr een Bank > J a c k s o n u i l l e  FL

1-5 10 >000 Ar r a y D2 Gr and Fork > S p o k a ne  WA.

1-6 10 >000 Ar r a y D2 B r o w n s u i l l e  -- > La r e d o T X .
1-7 10 >000 Ar r a y D2 A n c h o r a g e  --> Ar e c i b o P R .
1-8 10 i00 0 Ar r a y D2 OURO — > C l a r k La k e t C A .
1-9 10 >00 0 Ar r a y D2 Gr een Bank — > Mich igan .

1-10 10 >000 Ar r a y D2 Ha wa i i and A n c h o r a g e  --> Bonn a m

I-ll 10 y 00 0 Ar r  a y D2 u-u c o u e r a g e  with 10/i b an d w i d t h .

S ec t io n II: Other ar rays.

II-l 10 >000 Array 13 f r o m  C a l t e c h  d es ign  study (Cohen 1980)

11 -2 1 0 1 000 A rray 13 + S o c o r ro  N M  and A re c ib o  PR.

11 -3 10 >000 A r e a s o n a b l e  8 s t a t i o n  array.

11 -4 1 0 ; 0 0 0 A 10 s t a t i o n  a rr ay  that has two Ha wa i i s i t e s .

11 -5 2 f 0 00 Inner p o r t i o n  of II.-4.

1 1-6 10 >000 A s t r o n g l y  c e n t r a l l y  c o n d e n s e d  array.

11 -7 2 > 0 00 Inner p o r t i o n  af IT-6.

11 -8 10 >000 A 10 s t a t i o n  a rr ay  with M ex ic o and N o rt h e r n  Canada

11 -9 10 >000 A 10 s t a t i o n  a rra y of n es t ed  t r i an g le s .

1 1- 10 1 0 ; 0 0 0 A 10 s t a t i o n  with a N - S  line plus other s ites .

11-11 1 0 }0 0 0 A 10 s t a t i on  wye c o n f i g u r a t i o n .

ion III: Ar r a y s based on e x i s t i n g  s t a t i o n s :

III-l 10 >000 5 s t a t i o n  U. S'. N e t w o r k  e x p e r i m e n t .

111 -2 1 0 }0 0 0 7 e x i s t i n g  s t a t i o n s  - t y p i c al  n et w o r k  pi 

exper i m e n t .

us Eur ope

111 -3 10 >000 15 e x i s t i n g  s t a t i o n s  — ma x i m u m *  low freq .  effort.

I I I - 4 10 j0 00 10 e x i s t i n g  U S  sites + Ha wa ii and Puerto Rico.

111 -5 10 >000 The 7 s t a t i o n s  of 1 X 1 - 4  that would work at 1.3 cm.



T A B L E  2 ( C o n t .)

Figur e # Sc a 1e max. 

(km)

Descr ipt ion

Se c t i o n I U ■ Arra ys  using South A m e r i c a n  and P a c i f i c  sites.

IU-1 1 6 * 0 0 0 Ar ray D2 + G a l a p a g o s .

IU-2 16 *000 Ar ray D2 + E a st e r Tsland.

IU-3 16 *000 Ar ray D 2  + G a l a p a g o s  and Eas te r I sl an ds

I U - 4 16 *000 Mutel Array S G - 1 : 10 s t a t i o n s  uuith G a l a p a g o s -

I U-5 16 *000 I U - 4  uuith Quito instead of G a l a p a g o s .  (SQ-2)

IU-6 16 *000 Mutel Array SET-l: 10  s t a t i o n s  with Ea st e r Island.

IU-7 16 *000 Mutel Array SEG-l: 10 s t a t i o n s  with both G al a p a g o s ,  

and Ea st er  I sl a n d -

IU- 8 16 *000 A rray D 2  +■ A r g e n t i n a ^

I U-9 16 *000 A rray D2  + A r g e n t i n a  and Quito.

I U-1 0 1 6 * 0 0 0 A rray of Fig. T I - 4  +- A r g e n t i n a  and Quito.

IU-11 1 6 * 0 0 0 A rray D2  + Itapatinga.* Brazil.

Se c t i o n U : A rray D2 plus other- s it es .

U-l 1 0 * 0 0 0 M ex ic o  City.

U- 2 10 *000 Ac a p u 1 c o .

U - 3 1 0 * 0 0 0 E d m o n t o n *  A lb er ta .

U - 4 1 0 * 0 0 0 Newf o u n d l a n d .

U - 5 10 *000 Y e l l o w k n i f e *  Northwest- T e r r i t o r i e s .

U - 6 10 *000 P e n t i c t o n *  B ri tis h C ol u m b i a .

U - 7 1 0 ; 0 0 0 A l g o n q u i n  Radio O b s e r v a t o r y *  Ont ar io.

U - 8 1 0 * 0 0 0 N e w f o u n d l a n d *  A l g o n q u i n *  Y e l l o w k n i f e *  and Penticton-.

U - 9 16 *000 B o l o g n a *  Italy (Similar- to any E u r o p e a n  s ta t i o n ) .

U - 10 16 *000 Bo nn* Ule s t Ge rma n y ..

U-11 1 6 ; 0 0 0 J o d r e ll  Bank* Eh g l a n d -

U - 12 1 6 * 0 0 0 South Af rica.

U - 13 16 *000 T o k yo *  Japan.

U - 14 1 6 ; 0 0 0 T i d b i n b i l l a *  Australia..

U - 1 5 1 0 * 0 0 0 The p r o p o s e d  C a n a d i a n  Long B a se l i n e  Array.

U - 16 2* 00 0 C e n t e r  p o r t i o n  U-16*..

S ec t io n  U I 5 U L A  plus o t h e r  s:ites-.

U I-1 50 9 e l e m e n t s  of U L A  — every third elemerrt--

UI-2. 2 0 0 U L A  (9 elt) +- So c o r r o

U I - 3 2 > 00 0 U L A  (5 elt) +- Array D2-



T A B L E  3 

S t a t i on  L o c a t i o n s

Abbr . St a tion La t i t u d e Lo n g i t u d <

A E3 U L A  s t at i on  A E 3 3 4 . 0667 1 0 7 . 5 8 6 1

AES A ES 3 4 . 0 3 5 9 1 0 7 . 5 1 6 7

AE9 A E 9 3 4 . 0 0 0 0 1 0 7 . 4 0 8 3

AN 3 A N 3 3 4 . 1056 1 0 7 . 6 2 2 2

AN6 AN 6 3 4 . 1583 1 0 7 . 6 2 4

AN9 A N 9 3 4 . 2 4 4 4 1 0 7 . 6 3 3

AW 3 A W 3 3 4 . 0 6 3 9 1 0 7 . 6 4 4 4

AW 6 A W 6 3 4 . 0 2 7 8 1 0 7 . 7 0 8 3

AW 9 AW 9 33,.9722 1 0 7 . 8 0 8 3

A C A P U L A c a p u L c o *  M ex ic o 17,. 5 100.0

A N C H A n c h a r a g e *  Alask a 61, 150.

A R E C I B O A r e ai b o O b s e r v a t o r y *  Pu er t o Rico 18,. 3 4 3 5 6 6 . 7 5 3 3

A R G E N T O b s e r v a t o r y *  W e s t er n  A r g e n t i n a -32, 69.

A R O * A l g o n q u i n  Radio O b s e r v a t o r y *  Ont. 45,.95 7 8 . 0 7

A T I K * A t i k o k a n *  On t ar i o 48,. 9 4 9 1 . 8 0

B A N G O R Ba n go r*  Ma ine 44,.8 68. 8

B G N A B o lo g n a *  Italy 44,.5 -11.3

B I S M A R C K Bis mark* North Da ko ta 46,. 8 100.8

B L D R B o uL d e r *  C o l o r a d o 40,. 0 0 3 6 1 0 5 . 2 6 1 7

B O I S Bo ise * Idaho 43,. 6 11 6 . 2

B O N N 100 m t e l e s c o p e *  Bonn* West G e rma ny 50,. 3 3 6 0 - 6 . 8 8 4 4 4

B R U L 2 Bro wrrs v i 1 1 e * Texas (sl ig ht ly  inland) 26,. 2 9 8 . 0

C A P E C A N Cape C a n a v e r a l *  F l or id a 28,.5 8 0 . 5

C H U R C H C h u r c h i l l *  M a ni t o b a 58,. 9 9 4 . 0

C L A R K Clark Lake O b s e r v a t o r y *  C a l i f o r n i a 33,.3 11 6 . 2

C O M E * Come By C h an ce *  N e w f o u n d l a n d 47,.36 5 4 . 7 6

D A L L A S Da Lias* Texas 32,. 6 96. 6

D S S 1 4 G o l d s t o n e  D S N  S t at i o n *  C a l i f o r n i a 35,. 2 4 4 4 1 1 6 . 8 8 9 5

D S S 4 3 T i d b i n b i l l a  D SN  S t a t i o n *  A u s t r a l i a -35,.2210 2 1 1 . 0 1 8 7

DUIINGELOO D w i n g e l o o  O b s e r v a t o r y *  N e t h e r l a n d s 52,. 6 2 7 6 - 6 . 3 9 6 7

E A S T E R E a s t e r  Island* Pa c if i c Ocean (Chile) -27, 110.

E D M T E d m o n t o n *  A l b e r ta 54,. 5 11 4 . 0

F D U S F o r t  Davis * Texas (HRAS) 30,. 4 6 7 8 1 0 3 . 9 4 7 2

G A L A P A G a l a p a g o s  I sl and s*  E q u a do r -1,. 0 92. 0

G RF  ALL Great- F alls* M on ta na 47,. 5 1 1 1 . 3

G R F K 2 Grand F orks* North Da ko t a 48,. 0 97. 1

HAU1AII Near- Mona Kea* H awaii 19,. 8 15 5 . 5

H I L O Hilo.*- Ha wa i i 19,. 5 155. 0

* P ro p o s e d  C a n a di a n Long B a s e l i n e  Array S ta t i o n s
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T A B L E  3 Ccont)

Ab b r . St at ion La t i t u d e Long itude

H S T K H a y s t a c k  O b s e r v a t o r y *  M a s s a c h u s e t t s 4 2 . 4 3 1 7 7 1 . 4 0 0 1

H C R K Hat Creek O b s e r v a t o r y *  C a l i f o r n i a 4 0 . 6 2 7 6 1 2 1 , 4 7 3 3

IOWA North L i b e r t y  O b s e r v a t o r y ; Iowa 4 1 . 5 8 0 5 9 1 . 5 7 4 5

ITA I t a p a t i n g a  O b s e r v a t o r y *  B r az i l - 2 3 . 2 4 6 . 5 5

J O D R E L L J o dr e ll  Ba nk* E n g l an d 5 3 . 0 5 1 6 2 . 3 0 6 6

J C K U L E J a c k s o n v i l l e *  F l o r id a 3 0 . 0 0 1 . 8

K A U A I Ka u a i * Ha wa i i 2 2 . 0 1 5 9 . 6

L A S L Los A l a m os *  N e w  M e xi c o 3 5 . 9 1 0 6 . 4

L E T H * L e t h b r i d g e *  A l b e r ta 4 9 . 2 3 1 1 2 . 3 9

L R D O La re do  * Texas 2 7 . 5 9 9 . 5

L U G S Las Ue ga s*  Ne va da 3 6 . 2 1 1 5 . 2

L U N M Las Ue ga s*  N e w  Me xi co 3 5 . 6 1 0 5 . 2

M E X D F Me xi co  City* M ex i co 19. 5 9 9 . 0

M I C H N E W D e x t e r*  Mich. (U of Mich Rad Ast Obs) 4 2 . 3 9 7 9 0 3 . 9 3 5 0

N E W F N e w f o u n d  land 40. 57.

M H A T * M e d i c i n e  Hat* A l b e r t a 4 9 . 2 1 1 1 0 . 0 &

N P L A T North P l a t t e *  N e b r a s k a 4 1 . 3 101.

N R A O Green Bank* West U i r g i n i a 3 0 . 2 5 0 0 7 9 . 0 3 5 0

N RL M a r y l a n d  P o i nt *  M a r y l a n d 3 0 . 3 7 3 9 7 7 . 2 3 3 3

O K L A O k l a h o m a  C ity * O k l a h o m a 3 5 . 2 9 7 . 5

O M A H A O mah a * N e b r a s k a 4 1 . 3 9 6 . 0

O U R O O wens U a l le y  O bs.* C a l i f o r n i a 3 7 . 0 4 6 5 1 1 0 . 2 0 2 4

O N S A L A O nsa la  O b s e r v a t o r y *  S w e de n 5 7 . 2 1 0 4 - 1 1 . 9 2

P E N T * P e n t i c t o n  O bs.* B r i t i s h  C o l u m b i a 4 9 . 3 1 1 9 . 6

P U E B L O Pu e bl o*  C o l o r a d o 3 0 . 3 1 0 4 . 5

Q U I T O Qu it o*  E q u a d o r - 0 . 2 7 7 . 0

S A F R H a r t e b e e s t h o e k * S outh A f r ic a - 2 5 . 7 3 9 3 - 2 7 . 4 4 0 7

S A L E M S alem* Ore g on 45. 0 1 2 3 . 0

S A S K * We s te r n S a s k a t c h e w a n 4 9 . 2 0 1 0 9 . 0 5

S D G O San Di eg o*  C a l i f o r n i a 3 3 . 0 117. 0

S O C O R R O S o c o r r o *  N e w  Me xi c o 34. 1 106. 9

S P K N S p ok a n e *  W a s h i n g t o n 4 7 . 7 117.4-

T O K Y O T okyo* Japan 3 6 . 0 - 1 4 0 . 0

T O P E K A T o pe k a*  K a n sa s 3 9 . 0 9 5 . 7

T U S C T u s c on *  A r i z o na 32. 7 1 1 1 . 0
T U S C N E Near T u s c o n *  A r i z o na 32. 5 11 0 . 5

ULA UL A  Site* N e w  M ex ic o 3 4 . 0 7 9 1^7. 61 8

U L A S W S o u t h w e s t  of ULA* N e w  M e x i c o 3 3 . 4 10fe. 3

W E Y B * W e yb u r n *  S a s k a t c h e w a n 48. 9 4 91. 8

Y E L K N F * Y e l l o w k n i f e *  Nort+iwest T e r r i t o r i e s 6 2 . 7 114. 5

* P r o p o s e d  C a n a d i a n  Long B a s e l i n e  A rr a y  S t a t i o n s



5c & 1 e Mi x 1 mu m i0>000 km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2

* t inic n t I W  3 r r 3 u s Th e 5 c 3. 16 m a x i m u m  is 1 0 > 0 0 0 k m
Figure I-l: Array D2 at the scale a p pr o p r i a t e  for plots of Ub arrays.



Scale M ax i m u m  i 6 >000 km.

H A U A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2

Figure 1-2: Array D2 at the scale a pp r op r ia te  for plots of arrays that use the full size of the Earth. The 

scale m ax i m u m  is 16>000 km.



Scale M a x i m u m  2 /000 km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A 5 L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  

Figure I - 3 : Array D2 showing the coverage out to a m a x i m u m  of 2000 km.



S c i U  MiximUm 10J000 |<m.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  J C K U L E  H S T K  B R U L E

Figure I - 4 : Array D2 with the Green Bank* UU station mowed to J ac k s o n v i l l e  FL. This is a good a l t e r n at i ve  

to Green Bank although the tec hn ic al  support a v ai lab le  at Green Bank would be lost. However it may be useful 

not to use the sites of ex isting ob se ru a to r  ies so that they can be used as a d di ti on s to the array.



SciU Maximum id)000 km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  S F K N  IKJRAtD HST'K B W L 2

Figure 1-5: Array D2 uuith the North D a k o U  s ta tion moO^d to Spokanei W as hi ng to n;  This moOe woUld be 

desirable for climatic and o p e r a t i o n 41 reasons but it produces holes in the co ve ra ge  at the higher 

declinations. A n or th we st  station can be Used in arrays that include Puerto Rico A s tui11 be seen in later



Scale M ax im um  10*000 km.

H A U A 1 1  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  L R D O  

Figure 1-6: Array D2 with the B ro w n s v i l l e *  Texas station moved inland and north to Laredo* Texas. This 

causes a small red uc ti on  in the m a x i m u m  n or th - s o u t h  ba se l in es  at the lowest d e c l i n a t i o n s  but may be 

worthwhile for climatic reasons.



.Scale Ma x im u m 10; 0 0 0  km.'•■"t V

H A W A I I  A R E C I B O  OURO SOCORRO L A S L  BLDR GRFK2 NRAO H S T K  BRUL2

Figure 1-7: Array D2 except that the An ch orage station is rep la ce d with Arecibo. The m a x i mu m  n ort h- so uth  

spacing is shorter than with An ch orage but* at the lowest d e cl in a t i o n s ;  the effect is reduced because of 

projection effects. The m a x i m u m  east-west baseline is a bit longer and Arecibo can see station:, far to 

the south and has a milder climate than Alaska so such an array has adv an ta ge s and should be considered.

As will become apparent later in the disc us sio n of South Ame ri ca n st at ions; an array that includes a site 

in Puerto Rico is much better than Array D2 when used with st ations to the south. The 1 a r e holes in tf. a 

coverage shown here s ho w that if a Puerto Rico site is used; several of the other sites must a 1 o be mok >d 

to obtain good; u n i f o r m  coverage.



-t

Scale M ax i mu m 1 0*000 km.

H A W A I I  A N C H  C L A R K  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2

Figure 1-0: Array D2 with the O U R O  a nt enna moved to Clark Lake in So ut he rn  C a li for ni a.  This move opens up 

some small holes at all d e cl i na ti o ns .  It is likely that if a S ou thern C al if or n ia  site were de si re d) a good 

array could be found with one* but more than Just the O U R O  site must be changed. Clark Lake has existing 

radio a st ronomy f ac il iti es  but is at a very low el ev ation. Other Southern Ca li fo r ni a  sites would probably 

offer a better e n v ir on m en t  and greater ac ce ss i bi li t y.



Scale M a x i mu m  10*000 km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  M I C H N E W  H S T K  B R U L 2  

Figure 1-9: Array D2 with Ihe Green Bank antenna moued to the U ni ve rs i ty  of Mic hi ga n Radio As tr o no m y Obs. 

site. This moue most se ri o us l y affects the high d e c l i na t io n  coverage. As does Figure 1-8* this figure 

d emo ns tr at es  that if one st ation of a good array is moued* others must also be moued in order to m ai ntain



Scale M ax im um  10*000 km.

B O N N  A R E C I B O  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2

Figure X'*i0! Array D2 with the long b as el in es  toward the east rather than the west. Hawaii and Anch ora ge  

have been replaced by Arecibo and Bonn. Such a c o n f i g u r a t i o n  has the adv an ta ge  that there are several active 

ULBI o bs e rv ato ri es in Europe so there would be much local support. However there are s ig n if ic a nt  

d issadvantages ; mostly because of the high latitude of Europe; that make the long ba se l in e s to Hawaii much 

more attractive. The b a se li ne s to Europe are similar in length to those to Hawaii so the r es o lu ti o n is 

similar at high de cl i na ti o ns ;  but the change in longitude is much higher . T he re fo re ; not only loes Europe 

not sea nearly as far south as Hawaii; but the time of mutual v i s i bi li ty  for low d e cl i n a t i o n  so.trees is much 

lower. This leads to the very short u-v tracks seen at d ec l i n a t i o n s  of 18 degrees and lower. ihese short 

tracks are one of the big p ro b le m s faced in current ULBI work.



Scale M a x i m u m  i0>000 km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  

Figure I -11: Array D2 showing the u-v co verage that could be ob ta in ed  if seOeral f r e q u en c ie s  spaced ouer

10 precent of the o bs erving fre qu en cy  were Used. The increase in U-v coverage is very in te resting but there 

will be serious c o m p l ic a ti on s  in dealing with sources whose spe ct ra l index varies with position. Also I he 

technique cannot be used on spectral line sources.



Scale M a x i mu m  1 0*000  km.

H A W A I I  A N C H  O U R O  S A L E M  B O I S  B L D R  D S S 1 4  I O W A  H S T K  L R D O

Figure II-l: Array 13 f r om  the Caltech design study (Cohen 1980). This was the best of the ari ays found in 

the early ULBA design effort. It was derived under the c on st ra i nt  that the short b as elines are in Ca li fo r ni a  

rather than near the ULA. In p e r fo r ma nc e*  it is similar to Array D2* but it does not interact u e 11 with the 

ULA so it will not be seri ous ly  c on si dered.



Scale M a x i mu m  10*000 km.

S O C O R R O  A R E C I B O  H A U 1 A I I  A N C H  O U R O  S A L E M  B O I S  B L D R  D S S 1 4  I O W A  H S T K  L R D O

Figure I I - 2 : Array 13 plus Ar ecibo; Puerto Rico and S oc orro; New Mexico. This is a r e as ona bl y good 12 

array based on Array 13 but with some of the lack of interaction with the ULA cor re ct ed  by adding a .. t a t i o n 

in Socorro and with improve^ long spacing couerage obtained with the addition of Arecibo. Com p« ri so  i with 

Array 13 shows dra ma ti ca  11y ^ a d u a nt ag e  of hauing Puerto Rico for low d ec l in ati on s.



Scale Max imu m 10*000 km.

A R E C I B O  H A W A I I  G R F A L L  H S T K  S O C O R R O  I O W A  L U G S  L U N M

Figure II-3: A good 8 station array derived under the c o n s t ra i nt s  applied to the other arrays. Note the 

sparse and n o n - u n i f o r m  coverage. With the wide range of spacings de sired* some statio ns  must be close 

together so it is not possible to get good u n i f o r m  co verage with this few sites.



Scale M a x i m u m  10*000 km. 

K A U A I  H I L O  S P K N  T U S C N E  U L A S U  L R D O  I O W A  B A N G O R  A R E C I B O  P U E B L O

Figure 11-4= A ten station array that has two sites in Hawaii. This is a r ea son ab ly  good 10 siation array

that is uery diff ere nt  f ro m  Array D2 and Array 13 but that has si mi la r*  although not quite as g c, o d *

p erformance. It shows a po ssible c o n f i g u r a t i o n  using Puerto Rico and shows what might be done if it were

decided that isolated stations (a long way fro m other st at i on s)  are poor for c al ib r at i on  reasons,. I >is is 

not considered a p r o b l e m  using current techn iqu es .



Scale M a x i m u m  2 * 0 0 0  km.

K A U A I  H I L O  S P K N  T U S C N E  U L A S U  L R D O  I O U A  B A N G O R  A R E C I B O  P U E B L O

Figure I I -5: The inner 200 0  km of the array of Figure I I - W i t h  the large scale plots* it i> ea: 

poor aspects of the coverage at short spacings. As can be seen here* this array has re as on a bl y  unit 

coverage at the shorter spacings.

>J to  
o r m

miss



Scale M a x i m u m  10>000 km. 

H A W A I I  A R E C I B O  S P K N  B A N G O R  B R U L 2  U L A S W  I O W A  T U S C N E  F D U S N E W  B L D R

Figure 11-6 = A st rongly c e nt ra lly  cond en se d te n- st a ti on  array. This is a c o n f i g u r a t i o n  that sacraf ices some 

coverage at the longer s pa cings in order to improve the short spacing pe rf or ma nc e.  This may be d e s u a b l a  in 

order to map sources over a wide range of scale sizes. This c o n f i g u r a t i o n  shows what can be done bu it is 

not highly optimized.



Scale M a x i m u m  2; 0 0 0  km.

H A W A I I  A R E C I B O  S P K N  B A N G O R  B R U L 2  U L A S W  I O W A  T U S C N E  F D U S N E W  B L D R

Figure II-7: The inner 2 0 0 0  km of the centrally condensed array of Figure II-6. This showi> tht r el .t iu e ly  

dense couerage in the inner regions.



Scale M a x i m u m  10*000 km.

H A W A I I  B L D R  5 D G 0  S O C O R R O  L A S L  C H U R C H  G R F K 2  A R E C I B O  M E X D F  C A P E C A N

Figure 1 1 -8: A 10 station array that includes stat io ns  in Mexico and Canada. Note the improved p e r . o r ma ne e  

near u=0 for low d ec li n at io n  sources. Use of Mexico is very desi ra ble  because it allows o b s e rv at i on ;  of 

sources further to the south than can be seen f ro m some US sites and because it pro vi de s a good high-dry 

site to replace the s ou thern Texas station needed in all US c o n f i g u ra t io n s.  Canada also h^lps improve the 

no rt h-south c overage for m o de rat ely  low d e cl i n a t i o n  sources al though it is too far north to see the lowest 

declinations. While the latitude of any r ea s on ab l y ac ce ss a bl e  site in Canada is no higher than A l a s k a* it 

is directly north of the main c o n c e n t r a t i o n  of sites in the s o u t h we s te rn  US* giving better interaction with 

those stations. There is also strong interest in ULBI in Canada and a Cana di an  ULBI array may be built.



Scale M a x i mu m  10*000 km.

H A W A I I  Y E L K N F  A R E C I B O  H S T K  S P K N  M E X D F  L A S L  O K L A  N P L A T  S O C O R R O  

Figure II-9: This is a ten station array formed of nested t riangles. It was one of several attempt to 

explore regular ge om etries. The outer tr ia ngl e is Ha wa i i - Ye 1 1 o wk n i f e-Ar e c i b o . Inside this* but off center* 

is H a y s t a c k - S p o k a n e - M e x i c o  City* a tri an gl e that is ‘inverted re lative to the largest one. The inner triangle 

is Los A 1 a mo s-Ok 1 a h o ma C it y -N or th  Platt. A tenth station at Socorro pr ovides short b a se li ne s arid a ie to 

the ULA. The coverage is not bad but the u ni f or m it y would have to be improved to match the better o pt im ize d 

arrays* es pe cially in the short spacings.



Scale M a x i mu m  i 0*000 km.

C H U R C H  G R F K 2  O M A H A  T O P E K A  D A L L A S  B R U L 2  A C A P U L  H A W A I I  A N C H  O U R O  S O C O R R O

Figure 1 1 -1'' - This array consists of a n or t h- so u th  line of sites from  Ch u rc h il j*  to A c ap ul co * hixico

plus 4 stations s t r et c hi ng  east-iuest. The r eg u la r it y  can be seen in the sys terr/3, tic groups of tracks. The 

coverage is poor - there are too many n o rt h -s ou th  b ase li ne s relati ve to east -w es t base li ne s and ther,: are 

big gaps. In gene ra l*  lines of stations are poor because they give a c o n c e n t r a t i o n  of b a s u 1 i n e s a 1 o g the 

line. This is seen in ULA s na p- sho ts  (short o b s e r v a t i o n s )  where there are 6 radial concent, rations o, 

u-v points. The lines of stations are needed at the ULA because the an tennas must be moved to (hang 

conf igurations and the lines minimize the amount of track needed. For the ULBA* there is no suc h 

constraint so a more d i s t r ib u te d pattern of antenna locations is preferred.



Scale M ax im um  i0;000 km.

S T A T  1 ST AT 2 ST  AT 3 ST  AT  4 S T A T  5 ST  AT  S S T A T  7 S T A T  IJ ST  AT a ST  AT 10
Figure 11-11= This array is a 10 station power law wye with the junction of the arms at Socorro and the 

ends of the arms at A n c ho r ag e;  N e w f o u n dl a nd ; and Acapulco. (The station locations are not listed in the 

stations list.) As in the last figure; the effects of the r eg ul ar i ti es  are ap pa re nt  and there are lirge 

gaps at the low d e cl i na ti o ns .  Note the contra st  between the coverage of this wye which ha; arms tha curve 

with the Earth; and the cov er ag e of the ULA (Figure U|-1) ; which has sites that are e ff ec t iv el y  cn a jlane.



HCfvK O U R O  F D U S  N R A O  H S T K

Figure I I I - 1 s The c ov e ra g e of  a U. S. ULBI Ne twork e x p er i me n t that uses the 5 most actiue s t at io ns  and does 

not use a E ur op ea n station. With only 10 b as e li ne s  the co ve ra ge  is sparse. The sites of the s t a t i m s  u,ere 

not chosen with ULBI in mind so the u ni f or mi t y of the cove ra ge  is poor. At high d e c l in at i on s  the 1-rge holes 

due to the 'midwest gap' can be seen. Iowa fills these holes but has poor f r eq ue ncy  coverage and l.ai 

se nsitivity. Without Europe; the re so lu t io n is severely limited by the lack of a Hawaii site.



Sciie M ax i mU m  i0*000 km.

H C R K  O U R O  U L A  F D U S  N R A O  H S T K  B O N N  

Figure I I I ~ 2 : The u -v coverage of seven e xi sting s ta tions that are co mm on ly  used in current ULBI N twork 

ob se rvations at f re q ue nc ie s b e l o w  i0 G H z . Th e U L A  and Bonn have been added io the usul 1 Net wo rk stations 

shown in the last figure b eca us e*  a l th ou gh  they are not full Ne t wo rk s ta tions* they ire Used in d i r g e  

fraction of current e xp e rim en ts . Note the large gaps and the poor n o r t h - so ut h  d i s t ri b ut io n  at low 

declinations. Also note the loss of long sp acings at low d e cl i na t i o n s  that is a result of the high latitude 

Europe. The p e rf o r m a n c e  of some of the ant en na s is poor at f re q ue nc i es  of i0 GHz and higher .



Scale M a x i m u m  10*000 km.

H C R K  O U R O  U L A  F D U S  N R A O  H S T K  B O N N  P E N T  A R O  N R L  O N S A L A  J O D R E L L  I O U A  D U I N G E L O  B G N h  

F igure 111 — 3 s The u-u couerage of a uery large ex pe ri m en t  that might be done with exist in g obseruat jr ies at 

low f requencies (such an ex pe ri m en t has been pro po se d for a source at 4 degrees d ec li na t io n ).  Note tnat there 

are still gaps c or r es p o n d i n g  to the mid western United States and to the Atlantic Ocean. An e xp e ri me nt  of this 

magnitude can only be done at low f re q ue nc ie s (eg 1650 MHz) and only with c o op e ra t io n from many 

o b s e r u a t o r i e s . Ulith current f a ci lit ies * such e x p e r i me n ts  will be rare.



L
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Scale M a xi m um  i0;000 km.

A R E C I B O  H A W A I I  O U R O  H C R K  U L A  F D U S  I O W A  N R A O  N R L  H S T K  

Fig u,r e 111 ~ 4: An array c on s is ti ng of 8 existing U.S. o b s e r v a t o r i e s  plus new ante nn as at Ar ecibo and Ha ujI i i 

(Note that the new Arecibo antenna is at an existi ng  o b s e r va t or y - the current antenna has vcjry limited hour 

angle coverage). The couera ge  is not as u n i f o r m  as the cov er ag e obtained with an o p ti mi ze d array buL ii» uery 

much better that what is c ur re n tl y  available. Note that the w el l -k n ow n 'midwest gap' is filled by tie 

60 foot antenna at Iowa which is being upgraded for use at 5 GHz and maybe higher. The coverage she an here 

could only be obtained at f r e qu e nc ie s  b e l o w  5 GHz (or 10 GHz with poor p e r fo rm a nc e  at some sites).



A R E C I B O  H A W A I I  O U R O  U L A  N R A O  N R L  H S T K

F igure I I I ~ 5 : The c ov erage of the 7 a nt ennas of the array of Figure III-3 that would give useful pi forma nee 

at 22 GHz (eg the H 20 maser f re q ue nc y) . Now the covera ge  is very poor.



Scale M a x i m um  16*000  km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  G A L A P A

Figure IU-l: This is the first of several figures showing what could be gained by using s t at io ns  in South 

America and/or on islands west of South America. This f igure shows the u-v coverage of Array D2 plus a 

station in the Galapagos. The n o rt h - s o u t h  covera ge  is improved d ra m a t i c a l l y  at low d e cl i n a t i o n s  al though 

there is a large gap. That gap can be avoided with a sui ta ble  choice of U.S. s ta tions as will be shown in 

later f igures - the inclusion of a Puerto Rico station seems to be the key. The G al apa go s are ownec. by 

Equador and are serviced by daily flights to Quito.



Seals M a x i m u m  16*000 km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  E A S T E R

Figure IU-2 = Array D2 plus Easter Island. This pr ov id es  very long n o r t h - so u th  b as el in es  but h a v e s  a large 

gap. Easter Island is owned by Chile and is s erviced by several flights a week f rom  Chile.



Scale M a x i m u m  i6 * 0 0 0  km. 

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  G A L A P A  E A S T E R

Figure IU-3: This shows the cove ra ge of Array D2 plus an tennas in the Gala pa go s and on Easter Island. The 

n or t h-s ou th  coverage is signif icantly improved over that of Figure IU-1. Again the gaps can be avoided with 

a suitable choice of North A me ric an  sites. More d is c us si o n of the use of the Ga la p ag o s and Easter Island 

can be found in Mutel and Gaume (1982). South America is much more to the east of North America than most 

people realize and stations on the main la nd  are not as good as station on these islands.



Scale M a x i m u m  16*000 km.

H S T K  O U R O  S A L E M  H A U A I I  U L A  T U S C  B R U L 2  A R E C I B O  G A L A P A  B I S M A R C K

Figure IU-4: Array SG-1 of Mutel and Gaume (1982). This is a 10 station o p ti mi ze d array that uses Lhe 

Ga 1 a p a g o s .



Scale M ax im u m 16*0 0 0  km.

H S T K  O U R O  S A L E M  H A W A I I  U L A  T U S C  B R U L 2  A R E C I B O  Q U I T O  B I S M A R C K

Figuhe IU-5s Array SG-1 (Figure IU-4) with Quito instead of the G al ap a go s  (SQ-2 of Mutel and Gaume). The 

couerage is not as good as with the Ga la p ag o s because of the more e as terly location of Quito bul it is good 

enough that Quito may be pr ef er r ed  for logistical reasons.



Scale M a x i m u m  i 6*000 km.

H S T K  O U R O  E A S T E R  H A W A I I  U L A  T U S C  B R U L 2  A R E C I B O  A N C H  B I S M A R C K  

Figure IU-6: Array SE-1 of Mutel and Gaume (1982). This is basi ca ll y the same array as that shown m  

Figure I U- 4 except that Easter Island is included and the G a la pag os  are not.



Scale Ma x im u m 16* 0 0 0  km.

H S T K  O U R O  E A S T E R  H A W A I I  U L A  T U S C  B R U L 2  A R E C I B O  G A L A P A  B I S M A R C K

Figure IU-7: A r r a y ~ S E G - l  of Mutel and Gaume (19G2). This is a 10 station o pt im i ze d array that inclu :: 5 
both the Galapagos and Easter Island. The coverage at low d e c l i na ti o ns  is very much better- than anytl ng 

that is possible with an Array confined to U.S. t erritory. It may not be r ea li s ti c  to try to put some 

of the original 10 anten na s of the array in such remote locations but the p os s i b i l i t y  of adding such s ations 

later; possibly in c o o p e ra t io n  with the co un tr ie s involved; should be kept in mind.



Scile M a x i m u m  i 6 * 0 0 0  km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  A R G E N T

Figure IU-8-' This plot shows the co uerage of Array D2 plus a station in lUGstcrn A rg entina at a situ that 

is being dev el op ed  for ast ro no my  and has been s ug ge s te d by the A rg e nt i ne s  as a po ssible 1 1 a fot a k UI 

station. The st ation* used without other so uthern s tat io ns *  leaves large gaps and would be poor foi image 

formation. See the next two figures for some pos si bl e fixes.



Scale M a x i mu m i 6 * 0 0 0  km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  A R G E N T  Q U I T O  

Figure IU-9: For this figure* a station in Quito* Eq uador has been added to the array of Figure IU-8. Much 

of the big n or t h - s o u t h  gap has been filled. The major hole is in the n o r t h we s t and sou th ea st  quadrants.

This is the result of the eastern location of South Am erica and shows why Easter Island is preferred. The 

holes might be filled by another sou th er n st ation in the P ac ific * perhaps at an easily a c c e ss ab i e site 

such as Samoa* Fiji* or Tahiti or pe rhaps at some U. S. mi litary base. A us tr a li a  may be too far west 

a lthough it would help.



Scale M a x i m u m  16*000 km.

K A U A I  H I L O  S P K N  T U S C N E  U L A S U  L R D O  I O W A  B A N G O R  A R E C I B O  P U E B L O  A R G E N T  Q U I T O

Figure IU-10: This shows the coverage of a U.S. 10 station array that includes Arecibo (the array of 

Figure II-4) with Quito and Arg en ti na  added. The e as t- we st gaps seen in the last f igure* which are related 

to the similar gaps in Figure IU-3* are gone sh owing that the major p r o b l e m  with South Am er ic an  sites is 

the missing quadrants.



Scale M a xi mu m 16*000 km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  I T A

Figure IU-11: The couer ag e of Array D2 plus an antenna at the o b se ru a to r y at Itapatinga in Brazil. ULBI 

ex pe ri me nt s haue already been done to this station. The co uerage has the same pr oblems and ad ua n ta ge s  as 

the couerages for the st ation in Ar ge ntina. The o b s e r ua t or y  is farther east than the A rg en ti na site so 

the p r ob l em  with the m is sing quadrant is worse. Howeuer » the p re sence of local* interested p er sonel and 

possible support make these sites worth c o n s i de r in g  for an te nn as  that might be used with the array* although 

pr obably not for one of the or iginal 10.



Scale M a x i m u m  10/ 0 0 0 km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  M E X D F

Figure U-l: The co uerage of Array D2 plus a station in Mexico City. A Mexico site adds to the n o rt h -s ou t h 

coverage at low d ec l in a t i o n s  and adds i ntermediate spacings. As d is cu ss e d in the caption of Figure II-8; a 

Mexico site could have s ig ni fi c an t  a du a nt a ge s as one of the or iginal 10.



Scale M ax im um  1 0 * 0 0 0  km,

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  A C A P U L  

Figure U-2: The coverage of Array D2 plus a siaiion in Acapuico. A ca pulco is about as far south as one can 

get in Mexico and it has good t r a n s p o r t a t i o n  so it is a t t ra ct i ve  as a site although it is not a great deal 

from  different f r om  Mexico City.



S e a l s  Maxi mum 1 0 * 0 0 0  km.

H A U A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  E D M T

F i g u r e  U - 3 :  The c o u e r a g e  of A r r a y  D2 p l u s  a s t a t i o n  i n E d mo n t o n *  A l b e r t a .  Ed mo n t o n  i s one of t h e  most  
n o r t h e r n *  l a r g e  p o p u l a t i o n  c e n t e r s  in Canada a l t h o u g h  i t  i s n o t  a l l  t h a t  f a r  n o r t h  of t h e  U . S .  b o r d e r .
Any s t a t i o n s  s i g n i f i c a n t l y  n o r t h  of t h e  b o r d e r  add t o t h e  n o r t h - s o u t h  c o u e r a g e .  Use of Canada has t he 
a d u a n t a g e  of t h e  p r e s e n c e  of i n t e r e s t e d  C a n a d i a n  a s t r o n o m e r s  and l a r g e  p o o l  of  t r a i n e d  t e c h n i c i a n s .  Howe ue r *  
t h e  C a n a d i a n s  haue t h e i r  own a r r a y  p r o j e c t  and t h e  p o l i t i c s  of c o o p e r a t i o n  on a f o r m a l  l eu e l  ar e  no t  c l e a r  at  
t h i s  t i m e .  At  t h e  l e u e l  of  i n d i v i d u a l  s c i e n t i s t s  and e n g i n e e r s *  t h e r e  i s much o n g o i n g  c o m m u n i c a t i o n  and 
c o o p e r a t  i o n .



S c a l e  Maxi mum 1 0 > 0 0 0  km.  

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  N E W F

F i g u r e  U - 4 :  The c o v e r a g e  of  A r r a y  D2 p l u s  a s t a t i o n  in N e w f o u n d 1 a n d . T h i s  s t a t i o n  m o s t l y  adds t o t h e  e a s t -  
west  c o v e r a g e  of a U . S .  a r r a y .  I t  wo u l d  a l s o  add t o  t h e  n o r t h - s o u t h  c o v e r a g e  i f  a P u e r t o  R i c o  s i t e  wer e 
i n c l u d e d  in t h e  UL BA.



S c a l e  Maxi mum 1 0 ; 0 0 0  km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  Y E L K N F

F i g u r e  U - 5 :  The c o v e r a g e  of A r r a y  D2 p l u s  a s t a t i o n  in Ye 1 1 o oik n i f e > N o r t h w e s t  T e r r i t o r i e s .  T h i s  s t a t i o n  i s 
a b o u t  as f a r  n o r t h  as one can go in Canada and have r e g u l a r  t r a n s p o r t a t i o n  and a l o c a l  i n f r a s t r u c t u r e  of 
t e c h n i c a l  s u p p o r t .  The C a n a d i a n  ULB a r r a y  w i l l  p r o b a b l y  haue a s t a t i o n  in Y e l l o w k n i f e  at  t h e  u r g i n g  of t he  
g e o p h y s i c i s t s .  T h e r e  i s a l a r g e  g e o p h y s i c s  s t a t i o n  in t h e  a r e a  t h a t  c o u l d  p r o u i d e  l o c a l  s u p p o r t .  A s t a t i o n  
t h i s  f a r  n o r t h  in Canada wo u l d  make an A l a s k a n  s t a t i o n  u n n e c e s s a r y .



S e a l e  Haxi mum 1 0 * 0 0 0  km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  P E N T  
F i g u r e  U- 6 =  The c o u e r a g e  of  A r r a y  D2 p l u s  a s t a t i o n  at  t h e  r a d i o  a s t r o n o m y  o b s e r u a t o r y  in P e n t i c t o n *  B r i t i s h  
C o l u m b i a .  T h i s  s t a t i o n  does n o t  add s i g n i f i c a n t l y  t o  t h e  n o r t h - s o u t h  c o u e r a g e  of t h e  a r r a y  b e c a u s e  i t  i s 
n e a r  t h e  U.  S.  b o r d e r  as a r e  most  of t h e  s i t e s  in t h e  p r o p o s e d  C a n a d i a n  ULB A r r a y .  Houj euer  i t  i s a d e u e l o p e d  
s i t e  w i t h  l o c a l  s u p p o r t  t h a t  w o u l d  make s e n s e  in a c o o p e r a t i u e  e f f o r t  as l ong as t h e  r e s t  of  t h e  c o n f i g u r a t i o n  
i s c o m p a t i b l e  w i t h  a N o r t h w e s t  s t a t i o n .  The e x i s t i n g  a n t e n n a  at  P e n t i c t o n  has been used f o r  U L B I  in Canada 

and c o u l d  be used w i t h  t h e  a r r a y  at  l ow f r e q u e n c i e s .



S e a l #  Maxi mum 1 0 * 0 0 0  km.

H A U A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  A R O

F i g u r e  U- 7- "  The c o v e r a g e  of A r r a y  D2 p l u s  a s t a t i o n  at  t h e  A l g o n q u i n  R a d i o  O b s e r v a t o r y .  The same comment s  
made f o r  P e n t i c t o n  in F i g u r e  U - 6  a p p l y  t o  A l g o n q u i n  e x c e p t  t h a t  t h e  e x i s t i n g  a n t e n n a  wo r k s  up to 22 GHz and 
may work at  much h i g h e r  f r e q u e n c i e s  by t h e  t i me  t h e  UL BA i s b u i l t  so i t  wo u l d  make a good o b s e r v a t o r y  f o r  
o c c a s i o n a l  e x p e r i m e n t s  t h a t  r e q u i r e  e x t r a  a n t e n n a s .



S c a l e  Maxi mum 1 0 * 0 0 0  km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  A R O  N E W F  Y E L K N F  P E N T

F i g u r e  U - 0 :  The c o v e r a g e  of  A r r a y  D2 p l u s  t h e  f o u r  s t a t i o n s  shown in t h e  l a s t  f o u r  f i g u r e s  -  N e w f o u n d l a n d *  
A l g o n q u i n *  Y e l l o w k n i f e *  and P e n t i c t o n .  The mai n  e f f e c t  i s t o  i n c r e a s e  t h e  d e n s i t y  of t r a c k s  w h i c h  w i l l  l ead 
t o much i mp r o v e d  d y n a m i c  r a n g e  of t h e  maps t h a t  a r e  made w i t h  a l l  of  t h e s e  s t a t i o n s .  The c o v e r a g e  shown h e r e  
w i l l  be s i m i l a r  t o  t h e  c o v e r a g e  t h a t  wo u l d  be p r o v i d e d  be c o mb i n e d  o b s e r v a t i o n s  w i t h  t h e  p r o p o s e d  C a n a d i a n  
ULB a r r a y  and t h e  UL BA e x c e p t  t h a t  f o u r  a d d i t i o n a l  s t a t i o n s  wo u l d  be a d d e d .  T he a d d i t i o n a l  s t a t i o n s  wou l d  
p r o v i d e  s h o r t  and i n t e r m e d i a t e  b a s e l i n e s  as t h e  c o n f i g u r a t i o n  shown i n c l u d e s  s i t e s  n e a r  t h e  ends of t h e  
CL BA.  S e c .  V - t S " .



S c a l e  Maxi mum 1 6 * 0 0 0  Urn.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  B G N A  

F i g u r e  U - 9 :  The c o u e r a g e  of A r r a y  D2 p l u s  a s t a t i o n  in B o l o g n a *  I t a l y  wher e  a d e d i c a t e d  ULB a n t e n n a  is 
c u r r e n t l y  u n d e r  c o n s t r u c t i o n .  T h i s  s t a t i o n  has t h e  a d v a n t a g e  t h a t  i s w i l l  be an e x i s t i n g *  d e d i c a t e d  U L B I  
f a c i l i t y *  b u t  i t  s h a r e s  t h e  p r o b l e m s  of a l l  E u r o p e a n  s t a t i o n s  -  h i g h  l a t i t u d e  and l ow m u t u a l  u i s i b i l i t y  w i t h  
U . S .  s i t e s  f o r  l ow d e c l i n a t i o n  s o u r c e s .



S e a l #  Maxi mum 1 6 * 0 0 0  |<m.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  B O N N

F i g u r e  U - 1 0 :  The c o v e r a g e  of A r r a y  D2 p l u s  a s t a t i o n  at  Bonn* West  Ger many  uihere t h e  w o r l d s  l a r g e s t  f u l l y  
s t e e r a b l e  a n t e n n a  i s now l o c a t e d .  O b s e r v a t i o n s  w i t h  Bonn a r e  h a mp e r e d  by t h e  p r o b l e m s  w i t h  E u r o p e  t h a t  hav e  
been me n t i o n e d  b u t  w i l l  be v a l u a b l e *  e s p e c i a l l y  f o r  h i g h  d e c l i n a t i o n  s o u r c e s *  b e c a u s e  of t h e  g r e a t  s e n s i t i v i t y  
of  t he  Bonn a n t e n n a .



S c a l e  Maxi mum 16. >000 km.

H A U A 1 1  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  E R U L . 2  J O D R E L L

F i g u r e  U 11-  The c o u e r a g e  of A r r a y  D2 p l u s  a s t a t i o n  at  J o d r e l l  B a n k ;  E n g l a n d  wher e t h e r e  ar e  5: e u e r a 1 
e x i s t i n g  t e l e s c o p e s  and t h e  h e a d q u a r t e r s  of t h e  M u l t i - T e l e s c o p e - R a t i o - L i n k e d - I n t e r f e r o m e t e r  ( M T R L I )  wh i c h  
i s t he ma j o r  i n s t r u m e n t  c a p a b l e  of f i l l i n g  t h e  gap in s p a c i n g s  b e t we e n  t he  ULA and t he UL BA.



S c a l e  Maxi mum 1 6 * 0 0 0  km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  S A F R

F i g u r e  U- 1 2 =  T he c o v e r a g e  of A r r a y  D2 p l u s  a s t a t i o n  in S o u t h  A f r i c a  wh er e  t h e r e  i s  an o l d  NASA t r a c k i n g  
s t a t i o n  wh i c h  i s now us ed by t h e  S o u t h  A f r i c a n s  f o r  r a d i o  a s t r o n o m y *  i n c l u d i n g  U L B I .  S o u t h  A f r i c a  i s so f a r  
f r o m  t h e  U.  S.  t h a t  t h e  t r a c k s  a r e  s h o r t  and t h e r e  i s a huge gap b e t we e n  t h e  S o u t h  A f r i c a n  t r a c k s  and t h e  
t r a c k s  f r o m s t a t i o n s  in t h e  U L B A . F o r  t h i s  s t a t i o n  t o be u s e f u l *  s e u e r a l  o t h e r  s o u t h e r n  and* p e r h a p s *  
E u r o p e a n  s t a t i o n s  wo u l d  be ne ed e d  in o r d e r  t o  o b t a i n  more u n i f o r m  c o u e r a g e  .



S c a l e  Maxi mum i 6 * 0 0 0  km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  T O K Y O
F i g u r e  U - 1 3 =  The c o v e r a g e  of A r r a y  D2 p l u s  a s t a t i o n  i n J a p a n .  J a p a n  p r o v i d e s  some l ong  b a s e l i n e s  b u t  does 
not  d r a m a t i c a l l y  h e l p  t h e  o v e r a l l  u - v  c o v e r a g e  of t h e  UL BA.  The l a r g e  l o n g i t u d e  d i f f e r e n c e  b e t we e n  J a p a n  and 
t h e  U.  S.  l i m i t s  m u t u a l  v i s i b i l i t y  j u s t  as in t h e  c a s e  f o r  E u r o p e .  H o we v e r *  an a r r a y  of a n t e n n a s  s c a t t e r e d  
among P a c i f i c  i s l a n d s  i n c l u d i n g  J a p a n *  H a w a i i *  and many o t h e r s  p l u s  w e s t e r n  U . S .  s i t e s  can p r o v i d e  v e r y  
i n t e r e s t i n g  c o v e r a g e  -  much l i k e  t h a t  shown in F i g u r e  I U - 7  f o r  an a r r a y  i n c l u d i n g  s o u t h e r n  s t a t i o n s .



S c a l e  Maxi mum 1 6 / 0 0 0  km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  B R U L 2  D S S 4 3

F i g u r e  U - 1 4 :  The c o v e r a g e  of  A r r a y  D2 p l u s  a s t a t i o n  a t  T i d b i n b i l l a  in A u s t r a l i a  wher e  N A S A ' s  Deep Space 
N e t wo r k  t r a c k i n g  s t a t i o n  i s l o c a t e d .  T he c o v e r a g e  p r o v i d e d  by o t h e r  A u s t r a l i a n  s t a t i o n s  i s s i m i l a r .  
A u s t r a l i a  is t o o  f a r  f r o m  t h e  U . S .  t o p r o v i d e  good c o v e r a g e  w i t h o u t  i n t e r m e d i a t e  s t a t i o n s .



S c a l e  Maxi mum 1 0 * 0 0 0  km.
P £ I' L

P E N T  L E T H  M H A T  S A S K  W E Y B  A T I K  A R O  C O M E  Y E L K N F  H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K

F i g t l f d  U - i 5 :  TH§ c o U e r a g e  of  t h e  A r r a y  D2 p l u s  t h e  p r o p o s e d  C a n a d i a n  L ong  B a s e l i n e  A r r a y  ( C L B A ) .  T he  CL BA 

h i s  e i g h t  s t a t i o n s  in a i i n e a r  e a s t - w e s t  c o n f i g u r a t i o n  a c r o s s  Ca nada p l u s  a n i n t h  s t a t i o n  in Ye 1 l o w k n i f e * 

p r i m a r i l y  f o r  g e o d e d i c  o b s e r u a t i o n s . No t e  t h e  g r e a t  i n c r e a s e  i n t h e  d e n s i t y  of u - u  t r a c k s  when t h e  number  of 

f e t i t i o r i s  i s  r i S a r i y  d o u b l e d .  The nUmber  of  b i s e  l i n e s  h i s  gone Up by n e i r l y  i  f a c t o r  of f o U r .  Wi t h  t h e  

i h c r e a s e d  nUmber  of t r i c k s )  t h e  dyni mi f c  h i n g e  of mi ps  mi de Usi ncj  b o t h  i r r i y s  W i l l  be U e r y  g o o d .  The o u e r i l l  

b o u n d a r i e s  of t h g  U- U c o u e r i g e  of t h e  c o mb i n e d  a r r a y  i r e  s i m i l a r  t o  t h o s e  of A r r a y  D2 a l o n e  s i n c e  t h e  CLBA 

does not  add s t a t i o n s  s i g n i f i c a n t l y  o u t s i d e  t h e  b o u n d a r i e s  of A r r a y  D2.  The r a n g e  of s p a c i n g s  i s i n c r e a s e d  

b e c a u s e  t h e  CLBA has a s h o r t e r  mi n i mu m s p a c i n g  t h a n  A r r a y  D2.



S c a l e  Maxi mum 2 * 0 0 0  km.

firCt/L 2-
P E N T  L E T H  M H A T  S A S K  W E Y B  A T I K  A R O  C O M E  Y E L K N F  H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  

F i g u r e  U - 1 6 :  The i n n e r  2 0 0 0  km of  t h e  c o v e r a g e  of t h e  A r r a y  D2 p l u s  t h e  C L B A .  Not e  t h e  h i g h  d e n s i t y  of 

t r a c k s .  Maps made f r o m  s u ch c o v e r a g e  w i l l  b e g i n  t o  a p p r o a c h  maps f r o m  t h e  UL A i n d y n a m i c  r a n g e  a l t h o u g h  t h e  

UL A s t i i l  has 8 mor e a n t e n n a s  t h a n  t h e  c o mb i n e d  ULB a r r a y s  so t h e y  s t i l l  w o n ' t  be as g o o d .
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S c a l e  Maxi mum 50 km.

A E 3  A E 6  A E 9  A N 3  A N G  A N 9  A U 3  A U G  AUI9 

F i g u r e  U I - 1 J  The c o u e r a g e  of t h e  ULA in t h e  A a r r a y  w i t h  a 
t h i r d  e l e m e n t  a r e  shown so t h e  o u e r a l l  s h ap e  and u n i f o r m i t y  
n o r m a l l y  o b t a i n e d  w i t h  t h e  ULA b u t  t h e  d e n s i t y  of t r a c k s  is

s c a l e  g o i n g  t o 50 km.  O n l y  t h e  t r a c k s  of e u e r y  
of t h e  c o u e r a g e  i s r e p r e s e n t a t i v e  of what  is 
v e r y  much l o we r  t h a n  what  is a c t u a l l y  o b t a i n e d

w i t h  a l l  27 a n t e n n a s .  As can be s een* t h e r e  a r e  c l e a r  a d u a n t a g e s  in n o t  h a u i n g  t h e  g g o g r a p h i c a l l y  i mposed 
c o n s t r a i n t s  t h a t  a f f e c t  t h e  UL BA.



S c a l e  Maxi mum 2 00  km.

A E 3  A E 6  A E 9  A N 3  A N 6  A N 9  A W3  A W6  A U 9  S O C O R R O  

F i g u r e  U 1 - 2 :  The c o v e r a g e  of t h e  same 9 UL A a n t e n n a s  of F i g u r e  U I - 1  p l u s  t h e  S o c o r r o  ULBA a n t e n n a .  T h i s  may 
be a common o b s e r v i n g  mode f o r  e x t e n d e d  r e s o l u t i o n  o b s e r v a t i o n s  w i t h  t h e  UL A .  W h i l e  s u c h  o b s e r v a t i o n s  ar e  
made;  one or  more of t h e  U L A ' s  27 a n t e n n a s  c o u l d  be used t o  r e p l a c e  t h e  S o c o r r o  a n t e n n a  f o r  t he o n g o i n g  
ULBA o b s e r v a t i o n s .



S c a l e  Maxi mum 2 * 0 0 0  km.

H A W A I I  A N C H  O U R O  S O C O R R O  L A S L  B L D R  G R F K 2  N R A O  H S T K  D R U L 2  A E 9  AW9  A N 9 A E 3  AW3

F i g u r e  U I - 3 :  The c o v e r a g e  o u t  t o 2 0 0 0  km of A r r a y  D2 p l u s  5 a n t e n n a s  of t h e  ULA* i n c l u d i n g  t he  end a n t e n n a s  
of each ar m in t h e  A c on f  i g u r a t i o n .  The ULA p l u s  S o c o r r o  c o v e r a g e  shown in F i g .  U I - 2  is o n l y  t h e  d a r k  a r e a  
at  t he v e r y  c e n t e r .  T h e r e  i s a r a n g e  of s p a c i n g s  a r r o u n d  1 0 0 - 2 0 0  km t h a t  i s p o o r l y  s a m p l e d .
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Array Dynamic Ranges

The following procedure was used to determine the dynamic 
ranges for sample arrays for the High Angular Resolution Tele
scope . It is a good method for ranking the quality of a given 
array, but only gives an approximate value for the dynamic range 
that can be actually be achieved.

I Test Source and Data

Dynamic ranges were determined using one of two artifical 
test sources, named DAISY and AMOEBA (see Table 1). For the 
source under consideration, an artifical data file was created. 
This file consisted of observations of visibility amplitude and 
interferometer phase for all times during a twelve hour period 
when the source was visible from at least 3 stations. For all 
positive declinations, this included the full 12 hour period. 
At -06 and -18 degrees declination, observing times were reduced 
to "11.5 and "9 hours, respectively. Artificial noise was added 
to each data point to simulate the noise for the following in
terferometer: 25m diameter antennae, 55% aperture efficiency, 
600 second coherent integration, Tsys of 50 degrees, and 56 MHz 
bandwidth. This implies an actual statistical rms error of 
0.005 Jy (as per MHC). Note that NO systematic errors were in
cluded in the data; this is equivalent to assuming near-perfect 
station calibration.

In the actual command procedures used, for convenience the



noise level was scaled rather than changing the test source 
file. For example, the signal-to-noise ratio equivalent to a
0.5 Jy source (100:1 on zero length baseline) is correctly simu
lated using a 20 Jy DAISY and a statistical error of 0.2 Jy.

All things considered, I feel that DAISY is not a complete
ly adequate test source. The extreme regularity in DAISY tends 
to create problems in gridding and interpolation that make for 
dificulties in measuring the quality of an array. These prob
lems are easily solved, but at the expense of larger amounts of 
computer time because larger (finer) arrays and lower loopgains 
are needed to get the maximum dynamic range. A second problem 
is that DAISY has no large areas of very low, approximately con
stant surface brightness, so that dynamic ranges above "150 may 
become less meaningful. If many more of these dynamic range 
measurements are needed in the future, I suggest that a new 
source be created that is similar to DAISY or AMOEBA, but with a 
much smoother brightness distribution, and larger areas of low 
brightness.

II Beam Determination

Because the half-width of the dirty beam is a function of 
the exact way that the data is gridded into the UV plane, there 
is no "true" restoring beam. As a guide, however, a beam should 
not be too much smaller that X/d . A uniformly weighted, filled 
array will give a FWHM of 1.02 A/d; if a 30% Guassian taper is 
applied to ^ uniform array, the FWHM is 1.28 X/d.



To find the beams used, a dirty beam was produced using un
iform weighting with a 30% Guassian taper. The 50% level of 
this beam was assumed to be elliptical and used to define the 
FWHM and rotation of the restoring beam. The beams used for 
array 13 were found to be comparable to A/d , in both dimen
sions. An alternative procedure for determining the beam might 
be to measure the raw FWHM of the dirty beam (from uniform, 
un-tapered weighting) and then scale that beam up until the 
shortest dimension equaled a factor times X/d ; a typical fac
tor might be 1.0 .

Ill Inversion and Cleaning

For the actual fourier inversion of the data, uniform 
weighting was used to avoid any complications in convolution of 
the map before cleaning. The dirty map was cleaned with the ap
propriate beam (uniform weighting of the UV points). A loopgain 
of 0.4 for 2500 iterations was used for the cleaning? I suspect 
that a lower loopgain (say, ~0.1) and more iterations (~5000?) 
would have given higher dynamic ranges in some cases.

Both sources had the brightest component centered at the 
origin. For the DAISY source, a window 20 mas on a side cen
tered on +5,+5 was cleaned; for the AMOEBA source, the same 
size window was cleaned, but centered on the brightest compo
nent. The large array sizes were needed especially at the lower 
declinations to prevent spurious components from appearing near 
the edges of the clean map. The default XYINT and MAPSIZE were 
used in invert; this resulted in a MAPSIZE of 256 and an XYINT



of 0.198 mas for IDIM=256. For declinations greater than 18 de
grees, IDIM=128 gave results essentially identical to those from 
IDIM=256, and only took "1/6 the elapsed time on the VAX. For 
this latter case, it is necessary to shift the DAISY before 
inversion so that the brightest component lies at -5,-5 mas.

IV Dynamic Range Calculation

The set of delta functions resulting from clean was sub
tracted from the original model, to produce a difference model. 
This difference model was then convolved with the restoring beam 
and plotted. If a perfect map were possible, the difference map 
would be of zero brightness level everywhere. Because of errors 
in the clean map, the difference maps all had positive and nega
tive regions, corresponding to deficits or excesses on the clean 
map. The absolute value of the peak brightness on the differ
ence map was determined (outside of the "core" region on the or
iginal map). Then, the dynamic range for a given map was de
fined as the ratio of the peak brightness of the original map 
(after convolution with the restoring beam) to the peak bright
ness of the difference map.



V Tables

Table Is Test Sources

DAISY:
Flux R Theta Axis Ratio P.

10.0 7.071 -135.0 0.9 1.0 0.0
0.5 5.831 -149.036 1.0 1.0 0.0
0.5 5.099 -168.690 1.0 1.0 0.0
0.5 5.099 168.690 1.0 1.0 0.0
0.5 5.831 149.036 1.0 1.0 0.0
0.5 7.071 135.000 1.0 1.0 0.0
0.5 5.165 -140.752 1.0 1.0 0.0
0.5 3.370 -152.889 1.0 1.0 0.0
0.5 2.010 174.399 1.0 1.0 0.0
0.5 2.172 117.412 1.0 1.0 0.0
0.5 3.660 90.0 1.0 1.0 0.0
0.5 5.165 -129.248 1.0 1.0 0.0
0.5 3.370 -117.111 1.0 1.0 0.0
0.5 2.010 -84.399 1.0 1.0 0.0
0.5 2.172 -27.412 1.0 1.0 0.0
0.5 3.660 0.0 1.0 1.0 0.0
0.5 5.831 -120.-964 1.0 1.0 0.0
0.5 5.099 -101.310 1.0 1.0 0.0
0.5 5.099 -78.690 1.0 1.0 0.0
0.5 5.831 -59.036 1.0 1.0 0.0
0.5 7.071 -45.0 1.0 1.0 0.0

AMOEBA:
Flux R Theta Axis Ratio P.A.

10.000 0.000 0.000 0.800 1.000 0.000
2.500 5.000 0.000 6.000 0.500 90.000
2.500 5.000 30.000 6.000 0.500 120.000
2.500 5.000 60.000 6.000 0.500 150.000
2.500 5.000 90.000 6.000 0.500 0.000

Table 2: Station Lists for Arrays Tested

ray#
13
15

# of Stations Station List
10 Stations 
9 Stations

HNLU,HSTK,ANCH,LRDO,IOWA,DSS13,BLDR,BQISE,OVRO f SALEM 
HNLU,HSTK,ANCH,LRDO,IOWA,DSS13,BLDR,BOISE,PASC



Table 3: Dynamic Ranges for Array 13, for DAISY source
I Declination, Degrees — >
I

Flux I 64 44 30 18 06 -06 -18
10 Jy 1 i 339 266 88

1
2 1 1 327 265 88
0.5 1 1 204 205 206 168 95 66 73
0.2 1 i 103 105 65

I
0.1 1 

1
61 60 38

Table 4: Dynamic Ranges for Array 13 for AMOEI
I1 Declination, Degrees — >
i

Flux 1 64 44 30 18 06 -06 -18
1

0.5 Jy 1 
1

231 155 90

Table 5: Beams for Array 13
Declination Short Axis Long axis Theta
64. .77 mas .80 mas -32. degrees
44. .76 .85 -22.
30. .76 .94 -16.
18. .80 1.07 -13.
06. .85 1.24 -14.
-06. .80 1.52 -10.
-18. .70 2.10 -12.



Table 6: Dynamic Ranges for Array 15 for DAISY
Declination, Degrees —  >

Flux 64 44 30 18 06 -06 -18

0.5 Jy 147 128 177 144 95 78 76

Table 7: Beams for Array 15
Declination Short Axis Long axis Theta
64. .72 mas .78 mas -17. degrees
44. .75 .84 -15.
30. .73 .91 -18.
18. .81 1.03 -17.
06. .82 1.20 -13.
-06. .80 1.49 -10.
-18. .70 1.96 -11.



VI Command Procedures

The following are samples of command procedures that were 
used to determine beams and produce clean maps for array 13. 
Each is more or less self contained,, so that the correct version 
of any particular file is used. To actually measure the peak on 
the difference map, program MODPLOT was used, using the options: 
PIXELS=200 DEGREES LRTB=-15,5,15,-5 and CONTOURS . For the 
AMOEBA source, a window of LRTB=-10,10,10,-10 was used. Both 
sources had the brightest component centered at the origin.

A Beam Command Procedure:
$ ASSIGN [RSS]1364.LOG SYS$PRINT 
$ SET WORKINGSET/LIMIT=256 
$ SET DEF [VLB.RSS.DAISY]
$ ASSIGN/U 1364.LIS FOROO6 
$ ASSIGN/U [VLB]STATIONS.DAT STATIONS 
$ ASSIGN/U [VLB]SOURCES.DAT SOURCES 
$ RUN [VLB]FAKE 

1364.MRG 
DAISY.N03 

RA 00:00:01 DEC 64:00:00 
START=19:00:00 STOP=06:50:00 NUP=3

FREQ 10650 INTEG 600 SOURCE 'DAISY.N03 '
NOCLOSE
STATIONS 'HNLU',
'HSTK1,1OVRO1,'BOISE','ANCH1,'LRDO','IOWA','DSS13','BLDR','SALEM' 
TIMESCALE 40 ERRADD=0.20 /
$ ASSIGN/U [SCRATCH]1364INVP.RSS PLOTOUT 
$ ASSIGN/U [SCRATCH]1364INVL.RSS FOROO6 
$ ON ERROR THEN GOTO END 
$ INVERT/IDIM=256/MAXP=4000 
FROM ' [VLB.RSS.DAISYU364.MRG'
MAPFILE *NL:'
BEAMFILE 'NL:'
CONTOUR=-13,-11,-9,-7,-5,-3,-1,1,3,5,7,9,11,13,50
UVTAPER=.3 0 NOMA?
[■LUX 20 PRINTUV PLOTMAP-IO PLOTBEAM-l.O 
$ RUN [VLB]UVPLOT 
1364.MRG
[SCRATCH]1364.RSS
$ PRINT/NOFEE/NOFLAG/DEL/HOLD/QUE=LPA0: [SCRATCH]1364INVL.RSS,- 

[SCRATCH] 13 6 4INVP.RSS,—
[SCRATCH]1364.RSS,-
[VLB.RSS.DAISY]136 4.BM/NODELETE



? END:
$ SEND TTAO: JOB 136 4 HAS NOW FINISHED



B Invert and Clean Command Procedure:
$ ASSIGN [RSS]136 4.LOG SYS$PRINT 
$ SET WORKINGSET/LIMIT=512 
$ SET DEF [VLB.RSS.DAISY]
$ ASSIGN/U 1364.LIS FOROO6 
$ ASSIGN/U [VLB]STATIONS.DAT STATIONS 
$ ASSIGN/U [VLB]SOURCES.DAT SOURCES 
$ RUN [VLB]FAKE 

1364.MRG 
DAISY.N04 

RA 00:00:01 DEC 64:00:00 
START=19:00:00 STOP=06:50:00 NUP=3

FREQ 10650 INTEG 600 SOURCE 'DAISY.N04'
NOCLOSE
STATIONS 'HNLU1,
1HSTK',1OVRO1,'BOISE*,'ANCH',1LRDO'f'IOWA',1DSS13',1BLDR1,'SALEM*
TIMESCALE 40 ERRADD=0.20 ERRMULT=^0.00 /

$ ASSIGN/U [SCRATCH]1364INVP.RSS PLOTOUT 
$ ASSIGN/U [SCRATCH]1364INVL.RSS FOROO6 
$ ON ERROR THEN GOTO END 
$ INVERT/IDIM=512/MAXP=400 0 
FROM '[VLB.RSS.DAISY]1364.MRG*
MAPFILE '[SCRATCH]MAP1364.RSS'
BEAMFILE 1[SCRATCH]BEAM1364.RSS'
CONTOUR=—5,-3,-1,1,3,5,7,9,11,13,50
FLUX 20 PRINTUV PLOTMAP=20 PLOTBEAM=l.0 /
$ ASSIGN/U [SCRATCH]1364CLNL.RSS FOROO6 
$ ASSIGN/U [SCRATCH]1364CLNP.RSS PLOTOUT 
$ ON ERROR THEN GOTO END 
$ CLEAN/SIZE=256/MAXIT=2500 
BEAM=.77,.80,-32.
LOOPGAIN =0.40 NITER = 2500 
MAPFILE = '[SCRATCH]MAP1364.RSS'
BEAMFILE - '[SCRATCH]BEAM1364.RSS'
MODEL = '[VLB.RSS.DAISY]1364.MAP'
LRTB -15,5,15,-5 PLOTWINDOW 
PRINTRES NORESTORE PLOTMAP /
$ PURGE [SCRATCH]*.RSS 
$ RUN [VLB]MODSUM 
DAISY.N04 
1 .

1364.MAP 
-1.
1364.SUB
N
$ ON ERROR THEN GOTO END
$ RUN [VLB]MODPLOT
DAISY.N04
TTB4
1 0 6 5 0 .

.6
BEAM=.77,.80,-32.
LRTB - 1 5 , 5 , 1 5 , - 5  CONT -1, -. 5 , . 5 , 1 , 1 . 5 , 2 , 2 . 5 , 3 , 3 . 5 , 4 , 4 . 5 r5 , 5 . 5 , 6 , 6 . 5 , 7 ,  
1 0 , 5 0  TITLE  'D A I S Y .N 0 4 ,  DEC64 BEAM, 1364  STA ARRAY1 PIXEL 200 PPRINT /

Y
MODFILE *1364.MAP' TITLE '1364.MAP, DEC64 BEAM, 1364 STA ARRAY' /
Y



MODFILE '1364.SUB1 TITLE 'DAISY.N04-1364.MAP, 1364 STA ARRAY'
LRTB -15,5,15,-5 DEGREES CONT (-8*7.53),
(-7*7.53),(-6*7.53),(-5*7.53),(-4.5*7.53),(-4*7.53),(-3.5*7.53),(-3*7.53), 
(-2.5*7.53),(-2*7.53),(-1.5*7.53),(-1*7.53),(-.5*7.53),
(.5*7.53),(1*7.53),(1.5*7.53),(2*7.53),(2.5*7.53),(3*7.53),(3.5*7.53), 
(4*7.53) ,(4.5*7.53),(5*7.53),(6*7.53),(7*7.53),(8*7.53) /
N
$ RENAME MODPLOT.LIS [SCRATCH]1364PLOT.RSS 
$ RUN [VLB]UVPLOT 
1364.MRG
[SCRATCH]1364.RSS
$ PRINT/NOFEE/NOFLAG/DEL/HOLD/QUE=LPAO: [SCRATCH]13 6 4INVL.RSS,- 

[SCRATCH]1364INVP.RSS,1364CLNL,1364CLNP,- 
1364PLOT,1364.RSS,- 
[VLB.RSS.DAISY]1364.HYB/NODELETE 

$ END:
$ SET PROTECTION=(0:RWED,S :RE,W :RE,G :RE) [SCRATCH]*.RSS 
$ SEND TTAO: JOB 1364 HAS NOW FINISHED



V L B  A R R A Y  M E M O  N o . j V ; i
STUDIES OF ARRAY DYNAMIC RANGES ~~~ 1

I. INTRODUCTION

During December 1981 I did some simulations of 
source-mapping with a 10-station VLBI Array. In all of these 
simulations, I used

1) VLB:FAKE to produce data with random (and, in some 
cases, systematic) errors

2) The standard Caltech mapping package, involving AMPHI 
(when relevant), INVERT, and CLEAN

3) Array 13 (HSTK, IOWA, LRDO, BLDR, BOISE, SALEM, GSTN,
OVRO, ANCH, and HNLU)

4) DECLINATION 64°
(This allowed different results to be more easily 
compared, and also eased the computational requirements, 
as discussed in the Appendix)

The bulk of the simulations used DAISY as a test source, 
but I also did some mapping with a new test source, CEREBRUM 
(see Table 1 and Figure 1).
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II. RESULTS

The dynamic ranges of the maps I made are displayed in 
Table 2. The variation of dynamic range with S/N for the full 
phase, perfect calibration case (row 1 of Table 1) can be 
qualitatively understood. Below ~1 Jy source strength, the 
dynamic range increases rapidly with increasing source strength; 
the S/N ratio is the main limitation to the dynamic range. 
Above ~1 Jy source strength, the dynamic range increases only 
slowly with increasing source strength. This happens because 
holes in the u-v coverage are the main limitation to the dynamic 
range in this regime.

Row 2 of Table 2 shows the results obtained when one goes 
to 24 hour tracks (a <r= 6 4 source is circumpolar at 7 of the 10 
stations). The increase in dynamic range is greatest for strong 
sources, for which the dynamic range is limited by u-v coverage, 
rather than by S/N.

Row 3 of Table 2 gives the dynamic range obtained with 
perfectly calibrated amplitudes, but random phases (i.e. only 
closure phases available). The degradation in dynamic range 
caused by the loss of full phase information is ~10%, except for 
the lowest S/N case, where it is 20% (closure phases are on 
average v r  times noisier than phases; this is an important 
effect at low S/N). The loss of phases reduces the amount of



data (45 amplitudes + 45 phases) by 9, or 10%. The fact that 
this is mirrored so closely in the measured values of dynamic 
range is strong evidence that 1) software limitations are not 
significant at the 0.3% level in these simulations, and 2) the 
RMS measurement of dynamic range is a meaningful one.

Note that a point source starting model was used for all 
the hybrid mapping that went into Table 2.

The results for cases involving amplitude calibration 
errors are less satisfying. Rows 5 and 6 of Table 2 give 
results where small, systematic amplitude errors were 
introduced, in an attempt to simulate 10 GHz data. These errors 
are of three kinds

1) Station-dependent errors, correlated on a timescale of 
~30 minutes. They simulated bad weather and pointing 
problems. For most stations, values of 0-2% were used, 
but they were a bit larger for HSTK and HNLU, and ranged 
from 0-10% for LRDO (corresponding to quite bad weather 
there).

2) Station GAIN errors of 0-2% (the same throughout the 
track)

3) Baseline errors of 0-.4% (simulating the errors of some 
future, well-understood correlator)
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When a hybrid map was made from this data, letting AM PH I 
adjust the phases but not the amplitudes, a dynamic range of 168 
(for S=20 Jy) resulted. When AM PH I was allowed to adjust the 
amplitudes as well as the phases, a much cleaner looking map 
resulted (i.e. , the largest spurious features visible on the map 
were several times smaller than in the previous case). However, 
the relative fluxds of various features were wrong by several 
percent (in particular, the core was ~6% too strong), and a 
simple measurement of D.R. was not possible. When the D.R. 
was measured in the usual way, it came out to be 158. When the 
core flux was allowed to vary relative to the rest of the 
source, the D.R. increased to 207. I feel that even this is an 
underestimate of the quality of the map, but I see no reasonably 
objective way to vary component fluxes outside the core. My 
feeling is that for most purposes (one usually does not wish to 
know component fluxes to 5%), small amplitude errors have only a 
minor effect on the useful information that can be obtained with 
10 station data. For weak (<~.5 Jy) sources, the effect should 
be negligible.

The bottom row in Table 2 gives the results when large 
systematic errors are introduced by FAKE, to simulate data at 
high (~20-40 GHz) frequencies. (I put in time-varying errors 
that at times reached 50% for the worst stations, and station 
GAIN errors of 0-10%). Hybrid mapping converged quickly 
(4 Iterations for a 20 Jy source; 2 Iterations for a .5 Jy 
source) from a point source starting model to a poor map, with 
DR~48 independent of source strength. This value of D.R. is a
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good measure of the quality of these maps, as there are 
(relatively) large, spurious features.

In this case, hybrid mapping has failed, as the resulting 
maps did not produce a good fit to the closure amplitudes. A 
better starting model is needed. Unfortunately, producing a 
good starting model is difficult when there are large amplitude 
errors. 1 think t h a t  mapping, .sour.ces .using, .data with large 
calibration ftrxsna will ho. a major. pcpb.l.gm/. even  with. MiPtU. and 
l H  stations. Hsllsl wqe.1i on  th is. BLOJalem is. needed.

OTHER TEST SOURCES

Hybrid mapping works well on DAISY (and presumable AMOEBA 
as well), since both are dominated by a bright, compact core. A 
point source works well as a starting model. Many, but by no 
means all, sources observed with VLBI are indeed dominated by a 
bright core. The values for D.R. measured for DAISY (and 
AMOEBA) are therefore relevant, but they do not tell the whole 
story. I therefore made up the test source CEREBRUM (Table 1 
and Figure 1), with a complexity akin to that of 3C 84.

The full phase, perfect calibration case for CEREBRUM is 
illustrated in Table 3. The values are comparable to those with 
DAISY, but with a much steeper falloff with decreasing S/N. I 
do not know the reason for this difference.



I had time for only one test of hybrid mapping on CEREBRUM, 
and even it was not completed when I left (the files are in my 
disk area if someone wishes to continue the process). I started 
out with a point source, and ran 6 iterations. At that point, 
the dynamic range was only ~40, with the ratios of the two 
brightest features wrong by 10%. The map was converging slowly 
in the right direction, and with a suffient number (100?) of 
iterations, might have reached the correct solution. However, I 
chose to help the process along, by the following procedure.

I looked at the output map from the sixth iteration, picked 
the top 6 features, measured approximate dimensions and fluxes 
from the map, and made up a model of 6 Gaussian components. I 
then let VLBFIT adjust the component fluxes, shapes, etc. to 
optimize the fit. The resulting model was used as input to 
hybrid mapping. I think that my knowledge of the source did not 
influence me greatly in this procedure, but the fact that 
CEREBRUM is composed of Gaussians means that the procedure 
worked better than it would for a real source. (A large amount 
of effort with model fitting could make up for the non-Gaussian 
nature of a real source)

I then ran 11 iterations of hybrid mapping, until I ran out 
of time (each iteration required 70 minutes of CPU time). The /f p  

map got better with each iteration; the dynamic range increased 
by 20-30 each time, and was 267 on the eleventh iteration. I 
leave it to the reader to guess how high a D.R. could 
ultimately be achieved. Hybrid mapping seems to converge much
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more rapidly when the source is dominated by a bright core.

The enormous computing requirements -for* producing high 
dynamic range hybrid maps provides a strong incentive for 
investigating other techniques (e.g. maximum entropy) for 
producing maps. Reliability tests of MEM mapping programs would 
be very useful.
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APPENDIX: METHODS

I first investigated the dependence of D.R. on CLEAN 
parameters (NITER, LOOPGAIN, map size). I found that for 
<T=64°, 128x128 maps had as large a D.R. as 256x256 maps( This 
is not true for <£*<=18°). I finally decided on NITER=4000, 
LOOPGAIN=.2 as producing the best maps (a smaller value of 
NITER, or a larger value of LOOPGAIN definitely gave poorer 
results). For CEREBRUM, which has large areas of low surface 
brightness, I needed to remove 8000 delta functions (NITER=8000, 
LOOPGAIN=.2). I used a CLEAN window 20 mas on a side, and then 
excluded a strip 2 mas wide around the border, as this contained 
large ridges of emission which I believe to be caused by the 
interaction of the regular features in DAISY with the software 
(a real source would have less regular structure, and the 
problem would not arise).

Subtracting the map from the FAKE source model produced a 
difference map. In the Caltech Array Report we defined the 
Dynamic Range as the ratio of map peak to the peak of the 
difference map (excluding small regions around the bright 
compact components). An alternative method is to take the ratio 
of the map peak to 5 times the RMS of the difference map (again 
excluding small regions around very bright components). I found 
that the two methods agreed fairly well, but I have used the RMS 
method here because 1) it is more objective in the case where



there are spurious features near, but not coincident with, 
bright map components 2) it varies more smoothly with source 
strength, and 3) it is less sensitive to the details of the 
noise in the data (see Table 4 and accompanying description).

For the D.R.’s quoted here, I measured the RMS in a 
+ /-8 mas window centered on the source (see Richard Simon for 
details on how to do this). I then measured the RMS in a square 
box +/-0.6 mas wide, centered on the core, and did a weighted 
subtraction, to obtain a net RMS (I used 16 0 pixels for the 
+/-8 mas plot, and 12 pixels for the +/-0.6 mas plot). For 
CEREBRUM, I used two +/-0.6 mas boxes, one centered on each of 
the two brightest components. The quoted D.R. is the map peak 
divided by 5 times the net RMS.

In cases where full phase information was available, 
absolute position information was retained, and map registration 
was not a problem. For maps made with closure phase, 
registration is a problem. Substantial effects arise when the 
map and FAKE model are misaligned by as much as 0.001 mas. A 
prominent feature appears at the core of the resulting 
difference map, positive on one side, negative on the other. 
When alignment is perfect, there is an alternation of positive 
and negative features distributed along the long axis of the 
beam, within ~0.5 mas of the core. To correct the registration 
problem, I shifted the map until the difference map had the 
appearance of perfect alignment (the shift was typically 
0.005-0.01 mas, and was in PA 45° for DAISY, PA -95° for

Page 9



CEREBRUM). When the map is shifted correctly, the RMS of the 
difference map is nearly at a minimum (I did not adjust the 
shift to minimize the RMS, because this would introduce a degree 
of freedom not present when I measured the RMS of full phase 
maps).

Page 10

For maps made with data possessing calibration errors, it 
was necessary to adjust the flux scales, as well as the 
positions. The simplest way of doing this is to multiply the 
map by a factor which sets the peak of the convolved map equal 
to the peak of the convolved FAKE model.

TABLE 1 
CEREBRUM MODEL

3.000 1.000 180.000 0.300 0.800 17 .000 1
3.000 2.767 49.558 1.700 0.600 70.000 1
0.400 3. 820 -149.690 2.000 0.800 30.000 1
5.000 1.114 -37 .889 5 .000 0.700 10 .000 1
1.000 2.236 116.565 3.000 0.100 100 .000 1
3.000 2.000 0.000 0.500 1.000 0.000 1
2.000 2.324 56.050 6.000 0.500 40.000 1
1.000 0.657 -51.367 1.200 0.500 -20.000 1
0 .600 1.000 180.000 4.000 1.000 0.000 1
1.000 1.993 174.990 8.000 0.950 6.000 1
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RMS Dynamic Ranges for DAISY
Table 2

Full Phase 
12 Hour Tracks
Full Phase 
24 Hour Tracks
Closure Phase 
12 Hour Tracks
Closure Phase 
24 Hour Tracks
Closure Phase 
Small Amp. errors 
(not corrected)
Closure Phase 
Small Amp. errors 
(corrected by 
AMPHI)

Closure Phase 
Large Amp. errors

Source Strength
20_________2__________ .5

311 280 152

480 411 208

278 251 137

184

168

158/20"

47 48



Table 3

Full Phase 
12 Hour Tracks

RMS Dynamic Ranges for CEREBRUM

Source Strength (Jy)
20 2 .5 .2

434 126

Closure Phase 
12 Hour Tracks !>267



Table 4

Scatter in Dynamic Range Measurements

Dec. 64 12 Hour Tracks Full Phase
DAISY

Source Flux (Jy) D.R. (old) D.R. (new)
2 270 + 10 (4%) 279 + 3 (1%)

2 85 + 6 (7%) 7 8 + 2  (2.5%)

D.R. (old) is the old measure of dynamic range (map peak 
divided by peak of the difference map)

D.R. (new) is the RMS measure of dynamic range (map peak
divided by 5 times the RMS of the difference map)

The scatter in dynamic ranges shown above were obtained from 
three independent reconstructions (FAKE, INVERT, and CLEAN) 
for each flux.
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ABSTRACT

A design study of the optimal locations for a ten-station 

array of radio telescopes, using earth-rotation synthesis, has been 

performed. The algorithm used a weighted circular grid of points 
in the transfer function plane. Thirteen arrays of ten stations 

each were analyzed over a range 'of nine source declinations from 

-M+° to +6k°. The results show that there exist many arrays which 

provide good coverage for northern declinations but which are poor 

at southerly declinations. The exact location of an array element 
is generally not critical and can be moved by at least 100 km 

without significantly affecting overall coverage. The replacement 

of one or two northern hemisphere elements with southern hemi
sphere stations (for example, Galapagos Islands and/or Easter 

Island) dramatically improves (u,v) plane coverage at all declina

tions below +3 0° declination, or about three-fourths of the 

celestial sphere.
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1.0 INTRODUCTION

There is now a worldwide network of radio observatories

that regularly schedule joint experiments using the technique of

very long baseline interferometry (VLBl). This technique allows
astronomers to probe the structure of galactic and extragalactic

-3radio sources with the angular resolution of order 10 arcsec 

(l mas), far greater than observations using any other technique.

Currently, there are six U. S. observatories who regularly 

schedule such observations (Hat Creek, University of California, 

Berkeley; Owens Valley Radio Observatory, Cal Tech; Harvard Radio 

Astronomy Station, Harvard; North Liberty Radio Observatory, 

University of Iowa; Haystack Observatory, M.I.T.; and the 
National Radio Astronqmy Observatory). This U. S. VLBI Network, 

as it is called, has an established procedure for submission of 

proposals and regular scheduling of observations. During the 

past few years, these observations have produced many important 

scientific advances such as detailed maps of 'superluminal1 

extragalactic sources and proper motion studies of H^O masers 

in star-formation regions. Recent successful VLBI observations 
at 1+3 GHz and 90 GHz demonstrate very short wavelengths can be 
used, dramatically increasing the angular resolution. This will 

allow investigations which can probe near or at the dimensions 

of the central 'engine1 itself.



There are several fundamental problems with current VLBI 

observations in that the telescopes vary widely in their per

formance (especially at short wavelengths) and their availability. 

Furthermore, the telescopes are not optimally placed for forming 

a 'clean' beam using earth rotation synthesis. Finally, the 

number of telescopes normally available (approximately five or 

six) is generally inadequate to produce maps with sufficient 

dynamic range to reliably detect weak or complex structures. These 

deficiencies have prompted several groups to suggest construction 

of a dedicated array of approximately ten new radio telescopes 

placed at optimal geographic locations. In this report we analyse* 

the problem of optimization of the array element locations and 
suggest a class of array, including two elements in the southern 

hemisphere, which dramatically improve the synthesized beam at 
low source declinations.
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2.0 ARRAY CONFIGURATION STUDIES

Previous studies of the problem of optimal array element 

locations have analyzed both the image plane and transfer function 

(u,v) plane. The former method was used in preliminary reports on 

a dedicated VLB array by groups at Cal Tech and NRAO. One advantage 

of image plane analysis is that the ’figure of merit' for compari

son among different arrays is the dynamic range of the restored 

image, a directly interpreted quantity. A serious disadvantage, 

however, is that any given test image will have a non-uniform 

two dimensional spatial spectrum which may favor certain array 

configurations which happen to be sensitive to the test image's 
spatial spectrum. One can devise test sources with uniform 

spatial spectra over the prescribed resolution range of the array 

but a more direct (and computationally simpler) method is to 

analyze the transfer plane itself. We have chosen the latter 

method.

Previous studies using transfer plane algorithms have been 
restricted to optimization of arrays with fewer elements or with 

some locations fixed. The algorithm itself, however, is similar 

to those of Phillips and Mutel (1977)* Swenson (19T7)> and 
Seielstad et al. (1980).

2.1 The Algorithm for Calculating the
Array Figure of Merit

The algorithm consists of gridding the transfer (u,v) plane 

into a matrix of uniformly spaced grid points spaced at the minimum



required baseline length and computing the distance from each 

grid point to the nearest (u,v) point using the given array.

The u,v distances are then squared and summed for all points in 

the grid. This procedure is repeated for a series of ’standard' 

declinations chosen so that each declination line is centered on 

an annular strip of equal area on the celestial sphere. Since 

the angular resolution is inversely proportional to spatial 

frequency (approximately baseline length), an inverse radial 

weighting (R was applied to each term in the sum. The 'u-v' 
tracks, i.e., the (u,v) plane coverage for each baseline using 

earth-rotation synthesis, were computed as discrete points using 

a given integration time per unit. The grand 'figure of merit' 

for an array is the sum over declination of the individual sums 

for each declination. The figure of merit, being a measure of 

the 'holes' in the transfer plane coverage, is inversely propor

tional to the effective dynamic range of a 'uniform* source 

brightness (as discussed above).

We have convected the computer figures of merit to dynami 

range by taking the reciprocal and scaling by a factor which 

forces agreement with the actual dynamic ranges computed for a 

sample source using the D-2 and CIT-13 arrays.

The range of grid points to be analyzed depends on the 

design resolution of the array. Since a rectangular grid 
arbitrarily favors (u,v) coverage along certain position angles 

(~ ± h5° and ± 1 3 5 °), a circular boundary was chosen with the
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maximum baseline length as radius. Furthermore, we used the same 

circle for computations at all declinations, in spite of the well- 

known fact that continental U. S. baselines give highly flattened 

(u,v) tracks at low declinations. To compensate for this with 
elliptical boundaries, for example, would unfairly bias the analysis 

toward higher declination coverage.

2.2 Array Design Parameters
We chose the following values for the parameters discussed

above:

Grid Spacing: 100 km
Radius of Grid Circle: 6000 km
Integration Time per

(u,v) Point: 5 min
Number of Stations: 9 or 10

Declinations: -30, -18, -6, +6,
+18, +3 0, +J+U, +6H

2.3 Computational Considerations
The algorithm is very computer-intensive. A typical analysis 

of a single ten station array at all nine declinations with the 
above parameters took about 1^ hours of CPU time on a VAX 11/780 

computer. The program used to calculate the (u,v) tracks was 

adopted from the program HAZI, which is part of the Cal Tech VLBI 

software package. The final program, called DAZI, is executable 

on a VAX computer and is available from the authors as a listing 

or on tape.
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3-0 RESULTS

We have analyzed thirteen ten-station arrays including CIT-13 

(Cal Tech study) and D-2 (NRAO study). The location of the stations 

for each array is tabulated in Table 1. The effective dynamic range 

for each array as a function of declination is plotted (Figures 1 

and 2) and is tabulated in Table 2. In addition, in Figure 3 we 

have plotted the actual (u,v) plane coverage for array SEG-1 and 

for D-2 at four representative declinations (+UU°, 6°, -30°, -hk°). 

The dashed circle on each plot indicates the radius 6000 km within 

which the analysis was made.

There are two clear results of the analysis. First, for 

arrays which are located entirely on U. S. soil (including Puerto 

Rico), there are a large number with about the same overall dynamic 

range (D-2, CIT-13, N - l — N-7)» This implies that the precise 
location of any single array element is unimportant to an uncer
tainty of at least one grid cell spacing (^ 100 km) and probably 

larger. An exception is the location of array elements on the 
shortest spacings since inverse radial weighting makes the location 

of those elements critical. In general, however, it appears that 

locations can be chosen to favor existing sites, nearby airports, 

etc., where appropriate.
The second result is that continental U. S. arrays all give 

very poor coverage at low declinations, but that the replacement 
of only two array elements with southern hemisphere locations can



dramatically improve the total array response. This is clearly 

seen in both the dynamic range plots (Figures 2 and 3) and in 

the (u,v) tracks shown in Figure U which compare a good U. S.

'only1 array with an eight-station element U. S. array plus 
elements in the Galapagos Islands and Easter Island. The southern 

array (denoted SEG-1 in this report) is better than CIT-13 at all 

declinations less than +3 0°, i.e., in 751o of the total celestial 

sphere. The difference is even more striking when galactic plane 

studies are considered, since almost all of the galactic disk 
interior to the sun is below +30° declination. The differences 

are very great at low declinations; for example, the CIT-13 array- 

is very nearly one dimensional at -3 0° (near the galactic center), 
whereas the SEG-1 array has excellent two dimensional coverage and 
contains more than 1 .5 times as many points.

3.1 Alternative 'Southern' Arrays

The locations of the two southern hemisphere elements is 

critical--there appear to be no other nearby alternatives. The 

entire South American mainland is too far to the east relative to 
the North American continent to give uniform two-dimensional 

coverage. (The tracks are 'tilted' along p.a. ~ k^° and give 

poor coverage along -*+5°*) Stations in Tahiti, New Zealand, 

Pitcairn Island, etc. are all much too far west and also give 

'tilted' arrays.
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We have also investigated the possibility of adding only a 

single southern hemisphere station (in case either the Galapagos 

Islands or Easter Island locations present insurmountable problems). 

The resulting arrays are labeled SG-1 and SE-1, respectively, and 

are included in Figures 2 and 3. Note that in each case the 

continental U. S. stations were readjusted to optimize the entire 

array. This was done by trial-and-error and it is likely that the 

arrays could be improved further.
Inspection of figures and companion tables indicates that 

the Galapagos Islands site is substantially more important than 

the Easter Island site for arrays containing only one southern 

hemisphere station. The overall dynamic range for the SG-1 array 

is 86$> that of the SEG-1 array, while the SE-2 array (Easter 

Island only) gives an average or 7^  that of the SEG-1 array.
Arrays containing either site, however, give substantially 

better (u,v) plane coverage than any northern hemisphere array.



11

APPENDIX

Geopolitical Data for Galapagos and Easter Islands

Galapagos Islands (Ecuador)

Location:

Size:

Population:

Topography:

Logistics: 

Other:

91° W, -2° S; 650 miles vest of 
Ecuador

2
3,029 mi (13 large is'lands)

3000 (estimate, 1970)
Mostly lava, dense vegetation on 
upper slopes; volcanic mountains 
up to 5000 feet

Regular air service from Quito to 
Isabela (largest island)

During World War II, U. S. maintained 
an air base there; since abandoned. 
There has been a satellite tracking 
station there since 19&7 *

B. Easter Island (Chile) 

Location:

Size:

Population: 

Topography:

Other:

109° W, 27* S; 2200 miles vest of 
Chile
k6 square miles

1600 (estimate, 1970)
Mostly low-lying grasslands

Chile has declared the island a 
historical '~>nument. The optical 
facility CTlO ( )
has been operated on Chilean soil 
since and could provide a useful
comparison for cost and logistics 
projections. In 1981 the average 
costs of on-site staff at CTIO and 
KPNO vas about the same.



Location Abbreviation Latitude Longitude

Anchorage, Alaska ANCH 6l.O 150.0

Arecibo, Puerto Rico ARECIBO 18.3 66.8

Big Pine, California OVRO 37-0 118.3
Bismarck, North Dakota BSMK 1+7-0 1 01.0

Boise, Idaho BOISE 1+2 .7 116.0

Boulder, Colorado BLDR 1+0 .0 105.3
Brownsville, Texas BRVL 2 6 .0 91.k

Colorado Springs, Colorado COSPR 38.8 10I+.9

Easter Island EASTER -2 7.O 109.0

Fort Irwin, California DSS13 35.1 116.8

Galapagos Islands GAL - 0.9 89*5
Grand Forks, North Dakota GFRK 1+7.9 9 7.2

Green Bank, West Virginia NRAO 38.3 79-8
Hawaii HAW 19-8 1 5 5 ". 5
Honolulu, Hawaii HNLU 21.3 157.8
Ketchikan, Alaska KECH 55.5 131.5
Laramie, Wyoming LARA 1+1 .2 105.6

Laredo, Texas LRDO 27.5 99-0
Las Cruces, New Mexico LASC 32.1+ 107*0
Miami, Florida MIAMI 2 6 .0 ■8 1 .0

New Orleans, Louisiana NWOR 3 0 .0 9 0.0

North Liberty, Iowa IOWA 1+1.6 91.6

Phoenix, Arizona PHNX 33.1+ 1 12.0

Salem, Oregon SALEM 1+5 .0 123.0

Sante Fe, New Mexico SAFE 35*6 105.9
Sioux Falls, South Dakota SUFL ^3.5 96.7

Socorro, New Mexico VIA 31+. 1 107.6

Tucson, Arizona TUCSON 32.1+ 1 1 1.0

Westford, Massachusetts HSTK 1+2 .1+ 71.5
West Coast, Ecuador QITW 0 .0 8 0 .0

Quito, Ecuador QITO - 0 .2 78.5



ARRAY STATIONS

D-2 HSTK ovro
SAFE BLDR

CIT-13 HSTK OVRO
LRDO BLDR

N-l HSTK OVRO
TUCSON IARA

N-2 HSTK OVRO
BOISE IASC

N-3 HSTK OVRO
COSFR IARA

N-U HSTK OVRO
COS PR LARA

N-5 HSTK OVRO
COSFR IARA

n -6 HSTK OVRO
PHNX LARA

N-7 HSTK OVRO
IASC ‘BLDR

SG-1 HSTK OVRO
TUCSON BRVL

SE-1 HSTK OVRO
TUCSON BRVL

SEG-1 HSTK OVRO
OUCSON BRVL

SEG-2 NRAO OVRO
TUCSON BRVL

SQ-1 HSTK OVRO
TUCSON BRVL

SQ-2 HSTK OVRO
IUCSON BRVL

ANCH HNLU VIA
GFRK BRVL NRAO

ANCH HNLU IOWA
BOISE DSS13 SALEM

ANCH HAW VIA
AREBICO KECH SUFL

ANCH HAW VLA
ARECIBO IOWA MIAMI

ANCH HAW VLA
ARECIBO GFRK MIAMI

ANCH HAW LASC
ARECIBO GFRK NWOR

ANCH HAW VLA
ARECIBO LRDO MIAMI

ANCH HNLU VLA
ARECIBO KECH SUFL

ANCH HNLU VLA
ARECIBO SUFL KECH

SALEM HAW VIA
ARECIBO GAL BSMK

EASTER HAW VIA
ARECIBO ANCH BSMK

EASTER HAW VLA
ARECIBO GAL BSMK

EASTER HAW VLA
ARECIBO GAL BSMK

SALEM HAW VIA
ARECIBO QITW BSMK

SALEM HAW VLA
ARECIBO QITO BSMK



Table 1. Dynamic Range of Thirteen Ten-Station Arrays

Array D-2 CIT-13 N-l N-2 N-3 N-I4 N-5 N-6 N-7 SE-1 SG-1 SEG-1 SEG-2

Dec 6k° 537 1+61 5I+2 U09 502 1+87 1+87 5U7 5C7 1+79 503 1+26 1+12

kk° 1+23 366 379 355 370 39b 38i+ 372 351 353 38̂ + 31b 297

oON~\ 269 2U1 287 292 292 251 30b 276 2jb 262 3ll+ 257 253

18° 269 1U9 198 198 198 19I+ 20 6 180 176 210 262 216 210

6° 106 106 120 125 128 127 123 110 111 ll+8 179 166 171

-6° 77 7b Qb Qb 86 86 82 76 77 121 ll+5 1U9 151

-18° 50 51 6l 60 60 62 59 57 52 93 131+ 156 ike

oOK"\1
1 50 3k 1+3 ^5 1+3 *+5 bl bl 72 91+ ll+o 139

-kk° 18 19 21 25 23 22 27 21 lb ^5 ^5 68 63

Total 63 61+ 75 79 78 77 82 72 61 119 139 163 161

Total (ex
cluding 

-1+1+°)
93 81 109 110 110 111 111 103 102 150 189 198 115



Table 2. Dynamic Range of Thirteen Ten-Station Arrays Normalized to SEG-2 Array

Array D-2 CIT-13 N-l N-2 N-3 N-U N-5 N-6 N-7 SE-1 SG-1 SEG-1 SEG-2

Dec 61*° 131 112 132 100 122 118 ill 133 123 117 122 10U 100

it it” 1U2 12U . 128 119 125 133 130 126 118 119 129 106 100

o o 106 95 113 115 115 99 120 109 108 10b 12b 102 100

OCOr— 1 77 71 9b 95 9b 92 98 86 Qb 100 12b 103 100

6° 62 62 70 73 75 7b 72 6b 65 86 105 97 100

-6° 51 h9 56 56 57 57 55 50 51 80 96 99 100

-18° 3U 35 hi hi bl b2 hi 39 39 6b 92 106 100

oOKA1 2b 25 31 33 31 32 33 30 30 52 68 101 100

-1+1+° 2 6 28 31 36 3b 33 39 31 21 67 66 100 100

Total 39 bo b6 b9 b8 b8 51 bb 38 7*+ 86 101 100

Total (ex
cluding 

-bb°)

bQ bj 56 56 57 57 57 53 53 77 97 102 100
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VLB ABEAY MEMO Ko.__2

ANTENNAS FOR THE VLBI ARRAY 

John W. Findlay 

06-09-80

1. Introduction

The purpose of this note is to try to give the performance specifica

tion for a 25-meter diameter antenna which would fully satisfy the needs of 

the VLBI array and not be too expensive nor too difficult to build.

When the performance specification is clear, it can be used to ask:

(a) What existing antennas have a performance which approaches, 

or equals, the specified performance

(b) What sort of engineering and costs might be involved in 

upgrading existing antennas?

(c) If the cost differential seems large, should this present 

performance specification be somewhat downgraded? If so, 

where, and to what extent?

2. A Specification

(a) General

The following specification is derived from a much-condensed version of 

the VLA antenna specification, as given in the original RFP-VLA-01 and in 

subsequent modifications to that document. It is assumed that the Az-El 

antenna is the correct choice. The VLA performance specifications have been 

upgraded in several places. The environmental effects paragraph is written 

as if the antenna were fully exposed. Perhaps, however, some thought 

should be given at the early stages to a radome-enclosed antenna for use at
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sites with high winds. Much of the rather formal material in RFP-VLA-Ol has 

been omitted. If it becomes needed, it can be used at a later stage.

(b) The Antenna Design

(i) The antenna may resemble one of at least two concepts— the 

VLA antenna which is a "king-post" design or a ’’wheel and 

track" antenna. Either concept would be acceptable in the 

VLBI array design.

(ii) The antenna will be one of about 10 identical antennas situated 

on various sites in North America. The climatic conditions at 

the various sites will be different. However, in defining the 

environment, possible conditions at most sites have been 

included.

(iii) The antenna shall be an elevation over azimuth configuration 

with a 25-meter diameter solid surface of revolution as the main 

reflector. The observing system to be used shall be both 

Cassegrain and prime focus. Use of a Cassegrain observing 

system shall be considered the normal mode of operation, but 

provision for removal of the secondary reflector and 

installation of a receiver for operating as a prime focus 

instrument will require a clear opening of approximately A feet 

diameter at the apex of the feed legs symmetrical about the 

reflector axis. (See paragraph 3(a) for details.)
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(e) Mechanical parameters 

Diameter - 25 meters 

Focal length - 9 meters 

f/D - 0.36

Sky coverage - Elevation +5° to 125°

Azimuth + 270°

Observing System - Cassegrain or prime focus.

The reflector system will be "shaped" so that increased 

aperture efficiency in the Cassegrain mode will result. The 

highest frequency to be used in the prime focus mode will be 

800 MHz and the main reflector shaping will not be so severe 

as to prevent this use.

Operational Frequencies -

Cassegrain mode - 1.35 GHz to A3 GHz 

Prime focus mode - Up to 800 MHz 

Reflector - The reflecting surface shall be a surface of revo

lution composed of individually adjustable, doubly curved 

solid surface aluminum panels. These panels must withstand 

either a 20 lb/sq. ft uniform load or a concentrated load of 

250 lb over a 6 inch square.

Panel Gap - The spacing between panels shall be nominally 

2.0 mm with a tolerance of 0.75 cm.

Axis Alignment -

Azimuth axis to plane of telescope base -13 arc seconds 

Orthogonality azimuth to elevation -18 arc seconds
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Orthogonality reflector axis to elevation - 18 arc seconds 

Subreflector axis to reflector - alignment of the subrefLec

tor will be accomplished by an ALII furnished adjustable 

mounting mechanism. The structure at the apex of the feed 

legs must, however, locate the center of the opening coin

cident within 0.1 inch and the axis of the opening 

parallel within 30 arc seconds to the axis of the reflector.

Counterbalance - Overbalanced to allow the antenna to return 

to zenith with no drive power under no wind, no ice, no snow 

conditions.

Drive Requirements - Azimuth and elevation drives shall have a 

capability of driving the antenna at a velocity of 80° per 

minute in azimuth and 20° per minute in elevation, with the 

reflector in any attitude under the specified operating 

conditions. Azimuth and elevation drives shall drive the 

antenna at sidereal tracking rates with an accuracy as spec

ified in paragraph 2(e)(ii) below.

(d) Operating conditions

General - The antennas will be exposed to the elements at various 

sites, some of which may be as high as 8000 feet above mean sea 

level. The antennas are to be designed for a life expectancy of 

20 years. No damage to the operating components of the antennas 

must occur due to airborne sand or dust or accumulation of frozen 

or liquid water. It is expected that the antennas will be operated 

remotely for periods of a few hours. There may be no one in 

attendance during such periods.



Precision operating conditions (POC) - The antenna must give its 

specified POC performance when the environment and the telescope 

structure are no more harmful to precision operation than the 

following:

Ambient air temperature lies in the range -10° C to +25° C.

The rate of change of ambient air temperature is no greater 

than +  2° C per hour.

No parts of the telescope structure differ in temperature by 

more than 2.5° C.

The relative humidity is between 0 and 50%.

The wind at 12 m elevation is no greater than 6 m/sec, with 

gusts no greater than + 1 m/sec superimposed.

There is no snow load, no ice and no rainfall.

Normal operating conditions (NQC)

The antenna must continue to operate under "normal" operating 

conditions. The performance to be expected under these conditions 

will be less accurate than under POC. The required performance 

is not specified for NOC since experience shows that, if POC per

formance is met, NOC performance is acceptable. Normal operating 

conditions are defined as:

Ambient air temperature -30° C to +40° C.

Relative humidity 0 to 98%.

Rain rate - no greater than 5 cm/hour.

Ice and snow load - none.

Wind at 12 m elevation, 18 m/sec with gusts of + 3 m/sec 

superimposed.
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Moving to stow and in the stow position

Slew to stow - The antenna shall be capable of being slewed to 

the stow position in winds of 60 miles/hour with all exposed sur

faces of the structure coated with 1 cm radial thickness of ice. 

The slew rate may fall to 10°/minute.

Slew to dump snow - The antenna shall be capable of dumping snow 

by slewing at 20°/minute to any position 5° above the horizon 

with a wind of 25 miles/hour blowing from any direction and with 

an original uniform snow load in the reflector of 4 lbs/ft . No 

damage or overload shall occur to either structure or drives. 

Survival - The antenna is to be designed to survive in the zenith 

position in wind6 of 110 miles/hour with 1 cm of radial ice on 

all exposed surfaces or when loaded with 20 lbs/ft snow. When 

loaded under these conditions, yield stresses of materials shall 

not be exceeded and no permanent deformation shall occur. Stow 

brakes shall be provided capable of holding the antenna in the 

zenith position when subjected to the design survival loading.

(e) The antenna performance

(i) Surface accuracy. Under the precision operating conditions 

(specified in 2(d) above), the RMS of the best-fit reflector 

surface shall be no greater than 0.45 mm. Under these same 

conditions the peak deviation of the surface from the best- 

fit surface shall not exceed 1.5 mm.

(ii) Pointing errors. The pointing error is defined as the dif

ference between the commanded position of the antenna and
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the position of the main beam of the reflector. The 

repeatable pointing error is due to gravity deformation, axis 

alignment error, encoder offset, bearing runout and similar 

errors. The nonrepeatable pointing error is due to wind 

forces and gusts, acceleration forces, effects of tem

perature differences and temperature changes, encoder 

resolution, servo and drive errors, and random errors.

The repeatable pointing error for this antenna shall not 

exceed 3 minutes of arc.

The nonrepeatable pointing error is divided into two types of 

error with different statistical behaviour.

The first type of nonrepeatable errors behaves correctly, in 

a statistical sense, with errors changing in magnitude and 

sense within times of up to a minute. Such errors average 

out fairly well in observations taken over several 

minutes. Nonrepeating errors of this type, under the pre

cision operating conditions (see 2(d) above) shall not 

exceed 7 arc seconds. This figure shall be derived by 

making the RSS of all error contributions with the antenna 

in any attitude and while tracking a source at the spe

cified tracking rates. The values of individual errors 

which contribute to the RRS error budget should be RMS 

values wherever these can be determined. It may only be
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possible in some cases, such as the wind-induced distor

tions of the reflector, yoke, alidade and tower, to iden

tify the reflector attitude and wind direction which gives 

the greatest error (the "worst case"). One half of such 

"worst case" error values should be used in the RRS error 

budget.

The second type of nonrepeatable pointing error is that 

which usually results from thermally induced distortions of 

the antenna structure. These errors have time constants 

typical of the times over which serious temperature changes 

or temperature differences occur. These times may lie be

tween several minutes and a few hours.

It is possible to reduce the effects of such errors on the 

pointing by thermal control, thermal insulation or by 

measuring and allowing for thermal effects. After such 

efforts have been made the antenna must, under the precision 

operating conditions (see 2(d) above) suffer no nonre

peatable pointing errors of this type which exceed 7 arc 

seconds in magnitude.

(iii) Slewing mot i o n . Slewing motion is defined as rapid move

ment of the antenna about either axis simultaneously or 

independently. The antenna shall be capable of driving at 

a rate of 20°/minute of time about the elevation axis and 

80°/minute above the azimuth axis in winds to 45 

miles/hour with the reflector in any attitude. It shall
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be possible to slew each axis independently while the 

other axis is stationary or moving at the tracking rate or 

to slew both axes simultaneously.

In the slewing mode the antenna shall be capable of accel- 

erations of 0.25°/second about both axes.

(iv) Tracking m o tion. The antenna shall be capable of tracking 

a stellar source at the azimuth and elevation rates which 

correspond to the sidereal rate for the star position. The 

cone of avoidance near the zenith when in the tracking 

mode shall have a half-angle less than 2.5°.

3. General Requirements

(a) Feed legs and apex. The feed leg supports shall be designed to 

support either a subreflector of 2.5 m diameter, weighing 

approximately 800 lbs, or a prime focus feed of approximately the 

same weight. The feed legs shall also be designed to support a 

cable weight of 8 lbs/foot on each leg. The apex structure shall 

be so designed that a clearance of 18 to 24 in. (with 18 in. 

preferred) exists between the bottom of the apex structure and 

the focal point of the main reflector. Its configuration shall 

be such that an opening of approximately 48 in. diameter exists 

on the centerline of symmetry for the location and attachment of 

adjustment mechanism and support of the prime focus feed. The 

feed legs and apex structure, including a 2.5 m subreflector, 

shall not cause RF blockage in excess of 6 percent of the total 

aperture area.
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(b) Vertex equipment room and feed mounts. An approximately cir

cular roon of 78 sq. ft area, having an inside diameter of 

approximatley 10 ft 0 in. by 7 ft 6 in. height for mounting of 

feeds and equipment shall be provided by the antenna 

manufacturer. The floor of this room shall be parallel to the 

ground with the antenna pointed at zenith and shall be a minimum 

of 8 ft 0 in. below the vertex of the antenna. This room shall 

be provided with the following features:

Mounting provisions for up to five 2 ft x 2 ft x 7 ft floor 

mounted racks with a total weight of 2000 lbs.

An access door or hatch for access by personnel and for means 

of installing racks by use of hoist.

Thermal insulation and air conditioning to provide 23° C + 1° C 

(74° F + 2° F) temperature control with an interior heat 

input of up to 3 kW. No specific humidity conditions are 

required.

The roof of the building shall contain a removable mounting 

ring for the mounting of feeds. Dimensions of this ring shall 

be determined in the design stage, but it is anticipated that 

it will be approximately 8 ft 0 in. in diameter.

4. Conclusion

There are many further details in the VLA specification dealing with 

foundations, the waveguide run, power supplies, brakes, limit switches, 

e t c . , which do not seem needed yet in this document.
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SUMMARY

A new 25-m telescope design for the. Very Long Baseline Array project 

is proposed. It is an instrument specifically designed for wavelength 

X = 7 mm. Except at the most unfavorable condition when the sun is shining 

on one part of the tower, the pointing error due to wind or temperature 

is sufficiently small for the short wavelength observations. The design 

concept is similar to the proposed 25-m mm-wavelength telescope: an al.-az. 

instrument supported by a wheel and track tower, with the elevation bearings 

located at a large distance apart, so that the thermal and wind pointing 

characters are intrinsically better than the compacted design. The dish 

structure is light in weight, simple in geometry, and consists of mainly 

two types of steel tubings, suggesting that it might be relatively inexpen

sive to build. There is a large space behind the vertex for the instrument 

cabin. With some further design effort, it might be possible to keep this 

cabin stationary in elevation motion.



A TELESCOPE DESIGN FOR THE VLBA PROJECT

In 1967, S. von Hoerner pointed out the natural limits defining the 

best accuracies which radio telescopes could achieve through the means of 

"conventional" designs. He also stated that, in order to exceed those 

limits, one must use homologous optimization to overcome the gravitational 

limit, and use environmental controls to overcome the thermal limits. A 

quick review of this thesis showed that it is possible to design a 25-m 

diameter radio telescope to operate satisfactorily in wavelengths of 6 mm 

to 7 mm range without the extra investments in design optimization and envi

ronmental control. Of all existing 25-m radio telescopes in this country, 

the VLA de&ign is the best in terms of operating wavelength. But the demand 

on the proposed VLBA telescope is about a factor of 2 more than the VLA 

telescope can provide. Hence, in order to have telescopes capable of o b 

serving in wavelength \ = 7 mm, a new design is needed.

There are two concurrent thoughts for the VLBA 25-m telescope design. 

The first is to use the existing VLA telescope basic structure and upgrade 

the surface plates and setting accuracies; the second is to have an entirely 

new design.

This report advocates the second approach, and proposes a new 25-m 

telescope design with better surface and pointing, which could be built with 

a cost less than the VLA telescopc.

To compare with the VLA telcscopc design, the new design has about 

30% less in gravity distortion, and about a factor of 3 less in thermal 

pointing. It could be less expensive to build by virtue of its simplicity
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in design and light weight. Again, in comparison with the VLA design, it 

has about 80% less in structural joints, 70% less in structural connections, 

and 40% less in weight. The dish structure consists of only two major types 

of steel tubing; both are standard catalogue items (there are some items, 

such as feed supports, elevation gear, etc., which would require special 

design efforts).

Figure 1. Two views of the proposed 25-m VLBA radio telescope. It is an 

al.-az. instrument, with the azimuth motion determined by a tower on wheels 

travelling on a circular track. It is designed to observe effectively 

in wavelengths X - 7 mm during part of the day time with the normal thermal 

wind conditions. The vertex room, not shown in the drawings, is located 

below the vertex, betx^een the two elevation bearings.
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Figure 1 shows the two views of the proposed telescope with its tower 

structure. The design concept is influenced by the proposed 25-m mra-wave- 

length telescope, but the design is entirely new. The analytical model is 

done in detail, showing the acceptable gravitational distortion behavior 

and its ability to withstand heavy snow and high wind. The thermal and 

wind analyses are taken from the 25-m mm-wavelength telescope studies. These 

two telescopes have identical optical arrangements and overall physical 

dimensions. The thermal and wind behaviors should be similar. These analyses 

will be made in the future if the effort is justified.

The design provides a large space, approximately A meters in diameter 

and 2 meters high, to house the receivers in the Cassegrain system. The 

access to the vertex room should be easy due to the simple design of the 

base structure. With some further design effort, the room could be kept 

stationary in elevation motion.

To account for the surface plate thickness and adjustment screws, a 

distance of 200 mm is allowed between the parabolic surface and the structure.

In spite of its better surface and pointing characters, this new 

design would still be a pointing-limited instrument. In a typical sunny 

day, a four- to five-hour period during which the thermal condition is most 

unfavorable, the observations in A = 7 mm would be possible only with a 

reduced efficiency. The peak thermal pointing is estimated to be about 

15 arcsec, 25% the HPBU at A = 7 mm, when the sun heats up half of the 

tower structure, with the other half in the shade. It is the tower which 

contributed most of the thermal pointing problem. Insulation of the tower 

would reduce this problem if the short wavelength observations are needed 

during the daytime.
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THE ERROR BUDGET

Item RMS Surface Error

Surface Plate 0.28 mm

Fabrication 0.20 mm
Temperature, dead wt. 0.20 mm

Deflection, etc.

Measuring and Setting 0.20 mm

Back-up Structure 0.27 mm

Dead weight 0.20 mm
Wind 0.10 m m
Temperature 0.10 mm
Construction error 0.10 mm

RSS Total 0.44 mm

Item

Worst situation 
noon, clear & calm 

sunny day

Average 
0800 2100 hr 

sunny, no wind

Windy night 
2200 0700 hr 
clear sky

Clear evening 
2200-0700 hr 

calm

Servo and all 
corresponding 

error

4.0 sec 4.0 sec 4.0 sec 4.0 sec

18 mpd wind — — 7.1 sec —

Temperature
effects 13.9 sec 10.0 sec 0.5 sec 0.5 sec

RSS Total 14.5 sec 10.8 sec 8.1 sec 4.0 sec
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T H E  S U R F A C E  E R R O R

The Back-up Structure's Gravitational Distortion

From the budget table, the surface distortion due to the gravity 

effects should be kept less than 0.20 mm rms. The two-step analysis, 

with the structure in stow position (g=-z) and in horizontal position 

(g=+y), showed the following results.

Table II. The departure from a paraboloid due to the gravity 
effects on the back-up structure.

Back-up str. rms surface dx dy dz <+>x <f>y AF
position error — mm - xlO-5 rad mm

Zenith (g = -z) 0.26 mm 0 0 -6.06 0 0 +2.87

Horizon (g = +y) 0.26 ram 0 -1.19 0 - 5 L  0 0

The Calibration

If the telescope surface plates are set at zenith position 0, the 

total surface error H($,0) at any zenith position 4) has the following 

expression:

H(d>,0) = / H 2 (cosd) - cos0) 2 + H 2 (sin<+> - sinO)2 (1)
z y

where H = 0 . 2 6  mm, H = 0.26 mm from Table II. Arbitrarily, the setting 
z y

position is chosen at 40°. Then, the surface error due to gravity effects
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at each zenith position is predicted and listed in Table III.

Table III. The departure from a paraboloid due to gravity effect 
alone, but adding an advantage of setting the surface 
at 40° zenith angle.

Zenith angle Surface distortion from the back-up 
(degree) structure 

_______________________________________________________(mm)_____________________

0 0.18

10 0.14

20 0.09
30 0.05
40 0.00
50 0.05
60 0.09
70 0.13
80 0.18
90 0.22

rms error = 0.13 mm

Note that the gravity effect over the range of 90° is 0.13 rms after the 

calibration; it is smaller than the budget allows. The data in Table III 

are plotted in figure 2 as the solid line. The dotted line is the corre

sponding distortion curve of the VLA telescope, included for comparison 

purposes. The rms error of the VLA structure after the calibration in the 

same way is 0.21 mm. The proposed VLBA design is 38% better.



Figure 2. The distortion of the surface due to the weight of the back-up 

structure as the telescope tilts. The distortion is calibrated away at 

zenith angle of 40° by setting the surface plate to a'perfect" paraboloid. 

The dotted line is the VLA design, included for comparison purposes.

The Temperature Effects on the Structure

1) Temperature data - Two kinds of temperature data are required for the 

study of the thermal effects on the structure: temperature difference (AT) 

between any parts over the structure, and the time derivative of ambient 

air temperature (T). Based on the past collections of these data, the 

highly stylized thermal data over a period of 24 hours are shown in figure 

It is considered representative for a normal, typical cloudless day.



Figure 3. a) AT = Vertical temperature difference for the telescope structure, 

b) T = The derivative of ambient air temperature.

2) Surface deformation due to 1° C temperature difference on the structure - 

Quoted directly from the analytical results of the 25-m mm-wavelength 

telescope studies, the result is summarized in Table IV. It is assumed 

that the telescope is not equipped with a temperature measuring device 

during operation, and that the defocusing effect is not adjusted away, 

but the telescope is calibrated before each observation.
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Table IV. Influence of thermal gradient o n  the back-up structure 

without focal adjustment.

Loading Surface error dx dy dz cfiy AF
— mm — 10“̂ rad mm ■ ■ ---  ■—...... ■■ r-- 1 — ~ --.■■■■■ ...

AT » 1° C 0.016 mm 0 0 - 0 . 0 1  0 0
z

AT = 1° C 0.000 mm 0 -0.02 0 -0.1 0
y

Taking half of the peak value (0.016 mm/°C) as the rms value, the surface 

error induced by a temperature difference of 1°C over the structure is

rms (Az) = 0.008 mra/°C (2)

3) Surface deformation due to l°C/hr change of ambient air temperature - 

Again, since this part of the analysis was not done, the closest information 

available is from the analysis of the 25-m mm-wavelength telescope. It 

is well justified for its similarity in size and design criteria. The 

new design consists of only 2 types of tubing, with the difference of wall 

thickness of A mm, which is within the design criteria (A.8 mm) of the

mm-wavelength telescope to keep the thermal time constant less than 30
\

minutes. Table V shows the analytical data.

Table V. Influence of T effect on the back-up structure without 
focal adjustment.

Loading rms surface error dx dy dz (|>x (J>y AF
— m m — 10~5 red. mm

T = 1°C/hr 0.0A0 mm 0 0 +0.013 0 0 0
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Or,
rins(Az) = 0.04 0 mm/°C/hr (3)

4) Surface error due to the combined temperature effects over a 24-hour 

period - Figure 3 represents the AT on a structure and variation of 

ambient air temperature on a ’typical day with clear sky. The temperature- 

induced surface error is a combination, based on these data and those 

analytical results given in equations (2) and (3). The following table, 

shows the hour by hour surface error on such a typical day.

Table VI. Temperature effects on the surface on a typical day.

. combined surface 
Hour | AT | x8pm/°C |t | x 40 error (mm)

18 2.3 18 4.2 168 0.17

19 2.1 17 4.0 160 0.16
20 1.8 14 3.0 120 0.12
21 1.4 11 1.8 72 0.07
22 1.1 9 1.0 40 0.04

23 0.9 7 0.9 36 0.04

24 0.8 6 0.9 36 0.04

1 0.8 6 0.9 36 0.04

2 0.8 6 0.9 36 0.04

3 0.8 6 0.9 36 0.04
4 0.8 6 0.9 36 0.04

5 0.8 6 0.9 36 0.04
6 0.8 6 0.9 36 0.04
7 0.8 6 0.9 36 0.04
8 1.9 15 1.0 40 0.04

9 3.3 26 2.0 80 0.08
10 4.4 35 3.5 140 0.14
11 4.9 39 4.7 188 0.19
12 5.0 40 4.8 192 0.20

13 5.0 40 3.8 152 0.16
14 5.0 40 2.4 96 0.10
15 4.7 38 1.4 56 0.07
16 4.0 32 1.4 56 0.06
17 3.3 26 2.7 108 0.11

In summary:

rms(Az) = 0.10 mm 
pk (Az) = 0.20 mm (4)
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Structural Deflections D u g  to an 18 mph Steady Wind

The wind loadings are computed on the 25-m telescope design. Five 

cases with different wind directions were analyzed, and the results are 

listed in Table VII. The wind data were based on the wind tunnel test 

results published by JPL in 1962 (Internal Memorandum CP—4, "Load Distri

butions on the Surface of Paraboloidal Reflector Antenna” by Normal L. Fox).

Table VII. Effects on telescope surface due to an 18 mph 

steady w i n d .

Angle of Attack_________ RMS Surface Error

0° 0.02 mm
60° 0.05 mm
90° 0.01 mm

120° 0.02 mm
180° 0.03 mm

The averaged surface error over a range of 180° elevation angle is

rms (Az) = 0.03 mm (5)

Surface Deformation Due to Construction Inaccuracy

Studies were made on the effects of fabrication tolerance, or the 

builder's inability to assemble a structure exactly as the plan called 

for. This is a practical problem, causing the telescope to differ from 

the analytical model by a distance. As a result, the surface accuracy 

also is affected. Analytical cases were made to simulate this problem.
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A case for the proposed 65-m telescope wa 

mis-located in a random direction with a 

case for the proposed 25-n telescope was 1 

progressively increased from'ground level 

direction, up to maximum values of 9 mm. 

on the surface are small.

Table VIII. Effect on the surface

Case Study____________________________

On 65-m telescope, with joints 
randomly mis-located up to 
6 mm maximum.

On 25-m telescope, with joints 
randomly mis-located, and 
progressively worse 
as a function of distance from 
ground level, up to 9 mm maximum.

; made so that all joints were 

»eak value up to 6 mm. Another 

lade with the geometry error 

in a random way in magnitude and 

Both cases showed that the effects

due to construction inaccuracy. 

Effect on the Surface

0.03 mm rms 

0.01 mm rms

For this 25-m design, the error contribution due to constructional 

error adapts a value of 0.0 i mm rms. The results in Table VIII shows that 

even for a precise instrument like the proposed nun wavelength telescope, 

the usual industrial practice is sufficient for the construction.

The Surface Plates

Referring to the error budget, a rms error of 0.20 mm was allowed 

for the fabrication tolerance, and another 0.20 mm for the deflections due 

to temperature and its own weight.

A review of surface plates of similar kinds showed that the demands 

of the plates are reasonable according to today’s standard in both accuracy 

and size. Table IX summarizes the data on various plates.
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Table IX. Surface plates of various designs.

Description Surface Area of Unit Wt. Tolerance
Each Plate (m2)_____ kg/m2________ rms

ESSCO plate for the
U-Mass 14-m telescope. 2.36 10 0.10 mm
Al. skin and rib
construction.

ASI deform, subreflector
of fiberglass. Al. honey- 7.90 10 0.19 mm
comb epoxy construction.

RSI plate for VLA tele
scopes. Al. skin-rib 3.27 0.38 mm 

construction.

Proposed VLBA plate. 4.42 10 0.20 ram
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V

i

Figure A. The surface plate arrangement shown in one quadrant. Each plate 

is supported at the four corners and at its mid-span. The adjustment 

screws, shown in dots, are arranged depending on the available supports 

from the back-up structure. There are 132 plates, and 788 adjustments in 

total. All adjustments are done behind the plates.

A proposed surface plate arrangement is shown in figure A. Gaps of

1 to 1.5 mm should be provided between plates. The arrangement of adjustment 

screws, shown as dots, is also suggested. The suggested surface plate is
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large in size (about 1.6 m x 3.0 m) so that mid-span supports are needed 

to reduce the plate thickness without causing large dead weight deflections. 

Unlike the usual corner supports, the mid-span supports are located at the 

edge in some cases, and in the. middle in other cases. These might add to the 

fabrication difficulties, but simplify the back-up structure design. All 

adjustments are done on the back side of the plates, made possible by the 

relatively simple and unobtrusive structure underneath.

It is suggested that the plates be fabricated of fiberglass epoxy

aluminum honeycomb construction. This kind of reflecting surface is common 

among the military and communication industries. It is light in weight, 

with a high stiffness-weight ratio. The 140-foot’s deformable subreflector 

shows no noticeable sign of deterioration after two years of exposure to the 

environment plus constant flexure when used. On the other hand, it is 

suggested that an experimental plate should be made some time in the future 

to reassure the fabrication technique, accuracy, adjustment method, and 

the durability of the plate.

Measuring and Setting of the Parabolic Surface

The measuring and setting accuracies of ±0.20 mm required for a 25-m 

diameter telescope require no further research or development effort. A  

review of the existing measuring techniques used on various telescopes 

showed that the given demand is a reasonable and attainable one. If the 

new technique of stepping method is developed into a working version, the 

measuring error could be reduced by a factor of 4, or to ±0.05 mm.
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Table X. Surveying method used on various telescopes.

Telescope Method Accuracy

140-foot Stepping method 0.40 mm

36-foot Stepping method 0.05 mm

25-m VLA Theodolite, tape 0.46 mm

25-m Raisting Range-angle 0.20 tnra

34-m Werthoven Range-angle 0.20 mm

Proposed 65-m Range-angle 0.13 mm

Proposed 25-m Stepping method 0.04 mm

Proposed 30-m Laser interferometer 0.05 mm

Proposed 15-m Laser interferometer 0.02 mm

The most attractive approach for the telescope would be the stepping 

method. The more conventional way of using pentaprism and tape could be 

considered as an alternative. The error of ±0.20 mm allowed for the measuring 

is a pessimistic one if the stepping method is used.

Once again, it is interesting to review the telescope’s surface error 

by including all the contributions (shows as the solid curve in figure 5) 

over the range from zenith to horizontal positions. The VLA telescope 

structure with upgraded plates and better setting accuracies is shown as 

the dotted curve in figure 5. As far as the surface accuracy is concerned, 

the VLA design is an acceptable one.
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Figure 5. The telescope surface error under no temperature effects and 

no wind loading. Even with the combined temperature or wind error of 

10 ym rms included, the change of the curve would be very slight. The 

solid curve denotes the behavior of the new design, and the dotted one 

corresponds to the VLA design.
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THE POINTING ERROR

The Wind Pointing

The following analytical results on the tilts of the beam caused by 

wind were based on the detailed studies of the exposed 25-m mm-wavelength 

telescope. These results are considered acceptable because of the similarity 

of the two telescope designs, plus their identical towers. The wind data 

were based on the wind tunnel tests published by JPL in 1962 (Internal 

Memorandum CP-4, "Load Distributions on the Surface of Paraboloidal Reflector 

Antenna" by Norman L. Fox). Five wind loading conditions were computed and 

the results are summarized in Table XI. All studies were made with the 

elevation and tower structures, as separate problems.

Table XI. The mechanical deflections and optical tilts of beam 
under 18 mph wind conditions on the reflector alone.

- r Mechanical Deflections 
Angle of ___________________________________________________
attack

Am am As as aT
(deg) (mm) (sec) (mm) (sec) (sec)

0 +0.076 +0.4 0.0 0.0 -1.6
60 -0.457 -4.8 +0.241 +18.2 -0.6
90 -0.330 -0.4 +0.278 +21.0 -1.4

120 -0.762 -4.0 +0.241 +18.2 -1.1
180 0.0 0.0 0.0 0.0 -1.0
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Table XI (ctd.)

4.n»le of Corresponding Optical Beam Tilts 

attack ______________________________________________________________

(deg)
Am 

( sec)
am

(sec)
As

(sec)
as 

( sec )
Sum

Mech. 
deflection 
of tower 

(sec)

Resultant 
beam tilt 

(sec)

Abs. value 
analytical 
results of 
VLA (sec)

0 - 1.2 +0.7 0.0 0.0 -0.5 -1.6

’ ■ 

-2.1 16.0
60 +  7.2 -8.6 +3.5 -1.6 +0.5 -0.6 -0.1 12.4
90 + 5.2 -0.7 +4.1 -1.9 +6.7 -1.4 +5.3 *

120 +12.0 -7.2 +3.5 -1.6 +6.7 -1.1 +5.6 10.8
180 0.0 0.0 0.0 0.0 0.0 -1.0 -1.0

*

where

Am = lateral shift of the main reflector

am = rotation of the main reflector

As = lateral shift of the subreflector

as = rotation of the subreflector

aT = rotation of the tov/er

* = data not available

J. Ruze formulated the tilts of the beam due to the optical characters 

and the mechanical deflections of the telescope parts. It was discussed in 

detail in his paper ("Small Displacements in Parabolic Reflectors”, MIT, 

Lincoln Lab., Feb. 1, 1969). A summary of these formulas is included in 

Appendix 1 for reference.

It could be summarized from the above table that the 25-m telescopes’ 

beam tilts in a steady 18 mph wind in the following ways: 

rms (18 mph wind pointing) = 4 . 1  sec

peak(18 mph wind pointing) = 5.6 sec
(6 )
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The Temperature Pointing

The detailed analysis on the 25-m mm-wavelength telescope produced

the mechanical deflections on various parts of the structure due to a

unit thermal gradient across the dish structure. These results are listed

in the following table. The results were then further expanded into the

corresponding RF beam tilt according to J. R u z e’s formulas given in

Appendix 1. The following results represent only one idealized thermal

gradient case: a AT across the aperture of the telescope between two extreme 

points.

Table XII. The deflection of the dish structure with the supporting 
point held undeformed.

Lateral shift of the main reflector Am = -0.022 mm/°C
Rotation of the main reflector am = -9 x 10“ rad/°C or

-0.19 sec/°C

Lateral shift of the subrelfector As = +0.056 iran/°C

Rotation of the subreflector as = +1.7 sec/°C

Referring to Table VI, the temperature difference over a 24-hour 

period on a typical sunny day can be separated into the following cases: 

Case 1: AT (peak) = 5.0°C day, noon

Case 2: AT (avg. over 0800-2100 hr) = 3.6°C day, average (7)

Case 3: AT (avg. over 2200-0700 hr) = 0.8°C night, avg

From Appendix 1, Table XII, and equation (7), the beam tilt Ox on the 

reflector alone is as follows:



Case 1: Gp = 3.A sec rms peak

Case 2: 0p = 2.A sec rms daytime average (8)

Case 3: 0-p = 0.5 sec rms nighttime average

Additionally, the analysis of the tower structure yielded the following 

results:

aT = 2.1 sec/°C (9)

By combining (7) and (9), the mechanical deflections aT on the tower alone 

are:

Case 1: aT = 10.5 sec peak

Case 2: aT = 7.6 sec day, average (10)

Case 3: aT = 0 sec night

During a calm evening, the temperature difference on the structure 

appears to lie in a vertical direction due to the air temperature stratifi

cation. Hence, Case 3 produces no differential deflection on the tower's 

bearing supports, but could still affect the dish structure since the 

dish is most unlikely in stow position.

The thermal pointings of the telescope could then be summarized and listed 

in Table XIII.

Table XIII. Thermal pointing of the telescope during a typical sunny day

Beam tilt Beam tilt , . ,
r a qP , . ,,n.\ C o m b i n e d

dish structure (8) tower structure (10)_______

Peak, at noon, worst case 3.A
Average during day (0800-2100) 2.A 
Average during n i ght(2200-0700) 0.5

10.5
7.6
0

13.9 sec 
10.0 sec 
0.5 sec
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Steven Spangler’s measurement on the tilt of yoke on the VLA 

structure showed at the peak (AT = 5°C) , the amount of tilt was 50 arcsec, 

compared with the corresponding 10.5 arcsec tilt. The worst thermal 

pointing of the VLA telescope is about 5 times higher.



APPENDIX 1

Pointing Error of Cassagrain System for the 25-m

The pointing error of a Cassegrain System is a combination of bear 

tilting caused by

1) Lateral shift of the best fit paraboloid Am, the tilt

of beam is

e = ~ ( b d f ) (i)
Am fm

2) Rotation of the best fit paraboloid am, the tilt of beam

is

6 = + (1+BDF) am (2)
am

3) Lateral shift of the subreflector AS, causing the tilt of

beam,

6as = + <B D F > f  - r> (3>

4) Rotation of the subreflector aS causing a tilt of the beam

0 = -2 x BDF x aS x -p- (4)
as fm

5) Lateral displacement of the Cassegrain receiver and its cor

responding tilt of beam,

0 = -BUF (5)
Ap L fm



The geometry and the sign convention arc shown in the following

figure:

K r

f-~
•T< I

\j—6*-
/

Y
vrH i « i .. %
‘ > -rA/i.

^ f •
r;c? icc-f

fm = 10,500 m m  

fs = 589.3 mm 

L = 9,310.7 mm 

BDF= 0.8

\
\

lOr/t \

With the given geometry and equation (1) through (5), the combined 

tilt of beam is as follows, with displacement in mm and sec.

e = e. + e + e + e%_ + eAn
T Am am as AP AS

= -15.695 (Am) + 1.8 (am) + 14.702 (AS) - 0.09(aS) - 0.993(AP)



APPENDIX 2 - WEIGHT OF VARIOUS COMPONENTS

Estimated weight of the 25-m VLBA Telescope

Elevation structure

Surface plate 5,800
Back-up structure 54,600
Counter weight 10,500
Subreflect and focal adj. 1,000

Subtotal

Azimuth structure

Tower 
Elev. brg. 
Elev. drive 
A z . drive

Subtotal

37,300
500

1,800
1,800

71,900 Kg

41,400 Kg

113,300 Kg 

(250,000“*)



j VLB ARRAY MEMO No. 27

Size of Antenna Elements for the VLB Array

K. I. Kellermann

During the past few months, several people have pointed out the 
sensitivity limitations of the VLB Array, and have questioned the choice 
of 25m as the element size. This problem is particularly accute for 
spectral line observations.

Our original specification of 25m for the antenna size was predicated 
on the assumption that the array would use a modified VLA type antenna, 
and that the cost of any modification to the dimensions would be incommen
surate with th.e increased collecting area.

Since that time, our thinking has evolved toward a completely new 
wheel and track design, although we have somewhat arbitrarily retained 
the 25m size. Using normal scaling laws, the collecting area of a 25 meter 
antenna would be 44% greater at the expense of a 63% increase in cost.
W. Y. Wong has suggested that for "suitably small" deviations, the correct 
scale factor might be considerably less, since the only significant increase 
is that due to the increased cost of materials.

Because both the cost of a 25m WYW antenna, and the appropriate scaling 
factor are uncertain, it is probably appropriate at this time not to consider 
the antenna dimensions as fixed. Although I suspect in the end we will still 
end up with 25m, at a very minimum this will have to be more thoroughly 
justified in terms of cost-performance tradeoffs.

7/16/81





ir-toroffice

To:

From:

Subject:

National Radio Astronomy Observatory
Very Large Array
December 4, 1981

H. Hvatum 

W. Horne

VLBI ~ Cost Estimate Antennas

Price of VLA type antenna purchased in 1982 for delivery in 1983.

Estimated 1977 price $916.5K
Improved performance costs 60.0*
(Panel acc., feed legs, yoke str.,Ins. & Shielding)

$976. "5*"

Escalation 1977 - 78 6.5%
7 8 - 7 9  8 %
79 - 80 12 %
80 - 81 12 %
81 - 82 10.5%
82 - 83 10.5%

176 %

K

Making the cost of one VLA type antenna = 976.5K X 1,76 = 1718.6* 
Plus tooling cost 114.4^
Engineering cost 585.0"

(1) Five Antennas delivered in 1983
1718.6 X 5 X .935 = 8,034.5K

Tooling 114.4K
Engineering 585.0K

$8,734.0*

(2) Five Antennas delivered in 1884
5 X .935
TOTAL = $17,612.0K

1718.6 X 1.105 X 5 X .935 = 8,878.0K

Table VI - 1

(1) Feed mounting ring (vertex cover) 12.5K
(2) Subreflector and support structure 22 K
(3) Focus and rotation mount (lateral adj.) 24.5K
(4) Electrical installation 4.0K

Total each antenna 63.0K



AGE 2
VLBI ~ Cost Estimate Antennas

VI - 7 Site Development. (I'm not sure where all these amounts 
in the February '81 report came from but some of them are quite 
low while others are fairly accurate).

I haven't had time to review extensively a lot of the operating costs 
but certainly staff costs have been increased by excalation as well as 
materials and supplies.

Utilities were underestimated in my opinion in the original estimate 
by about 50% (I estimate 60 KtfA for each site with a 150 Kl)f\ demand).

Travel was underestimate^ also but with tightened travel restrictions 
I couldn’t f i l u e s s  at what the figure should be but remember 
we are talking about i0 wide spread sites.

Note that the 1981 operating cost for Tucson (1 telescope site, 1 office 
site, considerably less equipment, no management fee, much smaller staff) 
is budgeted at 980.0K per year,

(a) Site acquisition
(b) Control Building (1400 ft.2 X $70/ft.2)
(c) Telescope Fndns'
(d) Emergency Generator & Controls
(e) Roads
(f) Power Installation
(g) Water Supply and Disposal 
(_h) Furniture
(i) Maintenance equipment

25k
98k
48k

10K
CK

20k
262<
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N a t i o n a l  Radio  A s t r o n o m y  Ob s e r v a t o r y
G r ee n  Rank.  W e s t  Vi rg i n i a

August 22, 1980

To: H . Hva t utn

! VLB ARE > No.
From: K. I. Kellermann

Subject:

On the attached sheet is a summary of my understanding of the VLBA 
antenna construction program resulting from a discussion between Peery, 

H o m e ,  Wong, and myself on August 20.

I assume that you will integrate this with schedules for the design, 
construction, installation and testing of the antenna electronics, site 
development; Processor, design, prototype, construction and testing; maser 
procurement; record system design (?), construction and testing; computer 
acquisition and software development; and initial part time observing.

WYW wishes to construct a model of his antenna element. I think that 
this is a good idea. He has suggested getting a student to do the con
struction following his design plans. Recognizing the impracticality in 
hiring someone for this task, can we either purchase the model at a pre
negotiated price, or pay someone for his services in the same way we would 
pay someone to paint an antenna or cut the grass? WYW estimates a total 
price of ^ $400 including materials and labor.

KIK/bbs

Enc.

xc: B. Peery
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X a t i (»i w i ] Ka< 1 i«> A s t r o n o m y  Obs e rv a to r y  
Char l o t t e sv i l l e .  Vi rg in ia  

July 17, 1980

To: Bill Horne 

From: Woon-Yin Wong

Subject: Balsa-wood-core Test Plates VLB ARRAY MEMO No.—9

Fiberglass-epoxy-balsa-wood-core sandwich construction might be an 
inexpensive way to build the proposed VLBI antennas' surface. The 
demanded accuracy of 0.007 inch rms is within the working tolerance 
of firms producing reflectors. The approach of using balsa wood 
core has been proven economical (it is about 10 times less than the 
al. honeycomb core, better in bonding, and more plentiful in 
supply). If it's also proven thermally well behaved and structurally 
stable, then it might be a good alternative to the stretch-formed 
al. plate. It would be reassuring if this approach reprecates the 
mold. It is important to evaluate its behavior under various 
environmental conditions. I suggest we order two or more plates 
for our evaluations in Green Bank.

ASI of California would like to give it a trial. They will use one 
of their existing molds and fabricate the plates with a nominal 
cost of $300 each. They agreed to provide a realistic cost estimate 
for the 25-M VLBI antenna surface after the experiments. They will 
allow NRAO people to make measurements of the mold in the shop to 
evaluate the reprecation. Then the plates will be sent to Green 
Bank for further studies. The test plates would be 10' X 4', 
elliptical in shape. The core is about 2 inches thick. There 
will be 6 tie-down points on the back.

Please review my suggestion and please inform me as to what should 
be the next step.

W-YW/lc

cc: M. Balister 
J . F i nd1 ay 
H. Hvatum 
K. Kellermann 
B. Peery



K E U T F E L  O ESSCr t  C O .

O  1!

§ ’|~: 

V  7-1—  

3  C — -

~ T ‘

r r

— - m -

G 7 8 9 1

^  1
n

p
N

3  7

> a(?)

±

- ... - r ^

• • r
V

L £ -  

_8_

I -

J i5 -

! V I

(T) - !

‘ft

» • i

h !

' i

i:.i
: i : 
- T .

3 4/oq

JLL
4 b G 7 8 0 ]

-i I

• t. I ! i

w'rth'

i-! t i

I '! ' i i
4-r":

( l < > )

.U.LL
1 > ! I

I I

i I

sCl

: k ( 3 )

ftchno/ocjLj Co si

(I) E S K O  / u . m a s s
(z) P h U c o  F o r d  /&S-rn

(3) lY\<xchint Spechl+U Co-~Cos-{ -fqcfo
(4) fierondJrooic Fbra / z s - ^ n  

(?) S R C / 1 5 -m

(6) . . 7/nsle.lj lab, /z *V 3™ W irror
ft)  S. V H o e r n c r  /  6 5 - lm . .  .

( 8 )____$• V  Hoerber V ? 6 . 9  ..

( V  .... . . .VLA/zs- tv , ...................................
Qo) M l P l F R / 3 0 - i n
00 Quail PQoz! /V) German u
( I Z )  H a r - n \ P ( 4 - J - £ ,  / Z ^ ^ r n
•I • “L'.i. i’ ' ' ■

r
- 7

T

ii:r

: 1 
V p

\ ^ r& )

• l .

TTIT
■Ji*

.: !  11. 

.III,:.

f & .  41

k )  m r  ;;1

i li

,■ i
U ~ J .

i i M 
: i i .

' W s

4 —

X

i l -
i ! i !

iil!

®i

■icchtrioho (y'fCCSi

m - i n

In)

" l " !  i i

T;l-i

1! i

-i-

*1*000/ ^  ■ 7 m 7- *loj)oo/m

-1 
9

- r 7

r—i-“K, 
' I

“7

6 i 8 y

U dj \ C in



r ^ ~ ^ R R Y  m e m o  m •—o = ^ y u /u  in,
LO oo) G-

->'))}

l  ^ind/hCj  Oicnv d l l  th<£ /Vi fc r  (,-{('cy\ 5 c n  t A ' J
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C O O R D I N A T E S
P OI  NT

1 4 7 . 8 2 0
2 0 . 0
3 1 6 6 . 0 0 6
4 11 7 . 3 8 4
5 0 . 0
6 2 8 1 . 0 2 9
7 2 5 9 . 6 3 7
8 1 9 8 . 7 1 8
5 1 0 7 . 5 4 5

1 0  • 0 . 0
1 1 39 I . 3 7 4
1 2 3 7 2 . 2 1 9
1 3 3 1 6 . 6 2 8
1 4 2 3 0 . 0 h 4
1 5 1 2 0 . 9 4 1
16 O . O
1 7 4 9 6 . 2 9 7
1 5 4 7 9 . 3 8 6
1 9 4 2 9 . 8 0 6
2 0 3 5 0 . 9 3 5
2 1 2 4 8 . 1 4 9
2 2 1 2 0 . 4 5 1
2 3 0 . 0
2 4 1 9 3 . 6 7 6
2 5 7 2 . 9 5 5
2 6 4 3 9 . 8 7 9
2 7 2 3 2 .  3 e2
2 P 3 1 9 . 4 2 6
2 *3 1 6 2 . 3 1 2
3 C 9 0 . 4 4 4
3 1 1 9 3 . 6 7 6
3 2 0 . 0
2 3 4 3 9 . 8 7 9
3 0 . 0
3 5 3 0 7 . 0 8 7
3 6 2 1 7 . 1 4 2
3 7 0 . 0
3 e 0 . Q
39 0 . 0
4 0 0 . 0
4 1 3 0 7 . 0 8 7
4 2 0 . 0
A 3 2 8 3 . 7 1 3
A A ? 1 7 . 1 4 2
'* 5 1 1 7 .>> 16

t
i\X

0 . 0 6 . 6 3 0 .
4 7 . 8 2 0 6 . 6 3 0

0 . 0 - 8 . 5 0  8
1 1 7 . 3 8 4 - 8 . 5 0 8
1 6 6 . 0 0 6 - 8 . 5 0 8

0 . 0 - 3 9 . 3 1 7
1 0 7 . 5 4 5 - 3 9 . 3 1 7
1 9 8 . 7 1 8 - 3 9 . 3 1 7
2 5 9 . 6 3 7 - 3 9 . 3 1 7
2 8 1 . 0 2 9 - 3 9 . 3 1 7

0 . 0 - 8 3 .  790
1 2 0 . 9 4 1 - 8 3 . 7 9 0
2 3 0 . 0 4 4 - 8 3 . 7 9 0
3 1 6 . 6 2 8 - 8 3 .  790
3 7 2 . 2 1 9 - 8 3 . 7 9 0
3 9 1 . 3 7 4 - 8 3 . 7 9 0

0 . 0 - 1 3 9 . 6 3 9
1 2 8  . 4 5 1 - 1 3 9 . 6 3 9
2 4 8 . 1 4 9 - 1 3 9 . 6 3 9
3 5 0 . 9 3 5 - 1 3 9 . 6 3 9
4 2 9  . 8 0 6 - 1 3 9 . 6 3 9
4 7 9 . 3 8 6 - 1 3 9 . 6 3 9
4 9 6 . 2 9 7 - 1 3 9 . 6 3 9

7 2 . 9 5 5 6 0 . 4 6 2
1 9 3 . 6 7 6 6 0 . 4 6 2

9 0 . 4 4 3 - 2 8 . 5 4 7
1 6 3 . 3 1 2 7 . 4 7 5
3 1 9 . 4 2 6 - 2 8 . 6 4 7
3 3 2 . 3 3 2 7 . 4 7 5
4 3 9 . 8 7 9 - 2 8 . 5 4 7

0 . 0 6 0 . 4 6 2
1 9 3 . 6 7 6 6 0 . 4 6 2

0 . 0 - 2 8 . 5 4 7
4 3 9 . 8 7 9 - 2 8 . 5 4 7

0 . 0 9 2 .  5 2 0
2 1 7 . 1 4 2 9 8 . 4 2 5
3 0 7 . 0 8 7 9 2 .  5 2 0

0 . 0 9 8 . 4 2 5
0 . 0 40 5 . 5 1 2
0 . 0 - 4 9 2 . 1 2 6
0 . 0 9 8 . 4 2 5

3 0 7 . 0 3 7 9 8 . 4 2 5
0 . 0 2 1 5 . 9 4 1
0 . 0 3 1 5 . 5 6 7
0 . 0 30 2 .  130

tl W |
u. rj^c uv |

O M E G A * l  
X Y L

0 1 0
1 0 0
0 1 0
0 0 0 
1 0  0
0 1 0
0 0 0
0 0 0
0 o o
1 0 0 
0 1 0  
U 0 0 

0 0 0
0 0 u 
0 0 0
1 U 0 
0 1 0  
0 0 0
0 U 0 
0 0 0 
0 0 0 
0 0 0
1 0 0 
0 0 0
0 0 u 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0
1 1 1 
1 1 1 
1 1 1 
1 1 1 
0 1 0 
0 0 0 
1 0 0 
1 1 0 
1 1 0 
1 1 0 
0 1 0  
1 0 1 
0 1 0  
0 1 0 
0 1 0

m  mui^ii
u.tuut

L O A D I N G  ANO W E I G H T  ON 4 Q U A D R A N T S

S T R A I  N T S 1
1

» MEGA * 2  1 OME GA
1

= 6  • I P O I N T MU H AF
X Y I 1 

1

X Y I 1 
1

L O A D S X

0 1
1

0 1 1 0
1

1 1 7 9 . 0 0 2 0 . 0 1 . 0 0
0 1 I 1 1 0 0 1 7 9 . 0 0 2 0 . 0 1 . 0 0
0 1 0  | 1 0 1 1 1 1 9 . 2 0 2 0 . 0 1 . 0 0
0 0 0 1 0 0 0 1 2 3 8 . 4 0 4 0 . 0 I . 0 0
0 1 1 1 1 0 0 I 1 1 9 . 2 0 2 0 . 0 1 .00
0 1 o 1 1 0 I  1 9 9 . 3 0 2 0 . 0 1 . o n
0 0 0 I 0 0 0 1 1 9 8 . 7 0 4 0 . 0 1 . 00
0 0 o I 0 0 o 1 1 9 0 . 7 0 4 0 . 0 1 . 0 0
0 0 0 1 0 0 0 I 1 9 8 . 7 0 4 0 . 0 1 . 0 0
0 1 1 1 1 0 0 1 9 9 . 3 0 2 0 . 0 1 . 0 0
0 1 o 1 1 0 1 1 1 1 2 . 6 0 2 0 . 0 1 . 0 0
u 0 o 1 0 0 o 1 2 2 5 . 2 0 4 0 . 0 1.  00
0 0 o 1 0 0 0 I 2 2 5 . 2 0 4 0 . 0 1 . 0 0
0 0 0 I 0 0 0 I 2 2 5 . 2 0 4 0 . 0 1 . 00
0 0 0 I 0 0 0 I 2 2 5 . 2 0 4 0 . 0 1 . 0 J
0 1 1 1 1 0 o 1 1 1 2 . 6 0 2 0 . 0 1 . 0 0
u 1 o 1 1 0 1 1 53 . 0 0 2 0 . 0 1.  00
0 0 o 1 0 0 o 1 1 0 6 . 0 0 4 0 . 0 1 . 0 0
0 0 o 1 0 0 o 1 1 0 6 . 0 0 A 0 . 0 1 . 00
0 0 o I 0 0 o I 1 0 6 . 0 0 4 0 . 0 1 . 0 0
0 0 o 1 0 0 o 1 1 0 6 . 0 0 4 0 . 0 1 . 0 0
u 0 0 I 0 0 0 1 1 0 6 . 0 0 4 0 . 0 1 . 00
u 1 1 1 1 0 o 1 5 3 . 0 0 2 0 . 0 I . 0 0
0 0 o I 0 0 o i 0 . 0 4
0 0 o 1 0 0 0 1 0 . 0 4
0 0 o i 0 0 0 I 0 . 0 4
u 0 o i 0 0 o 1 0 . 0 4
u 0 o 1 0 0 o 1 0 . 0 4
0 0 0 I 0 0 o I 0 . 0 4
0 0 0 I 0 0 0 1 0 . 0 4
1 I 1 1 1 0 1 1 0 . 0 0
0 1 1 1 1 1 1 1 0 . 0 0
1 I 1 1 1 0 1 i 0 . 0 0
0 1 1 1 1 1 1 1 0 . 0 0
0 1 o 1 1 0 1 1 0 . 0 2
u 0 o 1 0 0 0 t 0 . 0 •t
0 1 1 1 1 0 0 1 0 . 0 2
0 1 1 1 1 0 1 1 0 . 0 1
1 I 1 1 I 1 1 1 5 7 7 6 . 6 9 1
0 1 1 1 1 0 1 1 5 0 0 . 0 0 1
u 1 o 1 1 0 1 1 0 . 0 2
i I 1 1 1 0 1 I 0 . 0 2
0 1 0 I 1 0 1 1 0 . 0 2
0 1 o 1 1 0 1 1 0 . 0 2
u 1 o i 1 u 1 1 0 . 0 2



AR
1 1 
1 P C I M  | 
1 1 
1 1

N
U

1
R 1 
C 1 

1

1
L | 

f '

A R E A
DA 

I N %

1 1 1 -
1

31 3
1

0 . 2 3  | 1 1 9 . 1 5  1 1 . 3 4 0 . 0
2 1 1 - 61 3 0 . 2 9  | 1 1 9 . 0 8  | 1 . 34 0 . 0
3 1 6 - 111 3 0 . 2 8  | 1 1 8 . 9 7  | 1 . 3 4 0 . 0
4 1 1 1 - 17| 3 0 . 2 R  | 1 1 8 . 8 6  | 1.  34 0 . 0
5 1 2 - 51 3 0 . 2  8 1 1 1 9 . 1 5  | 1.  34 0 . 0
6 1 5 - 101 3 0 . 2 8  | 1 1 9 . 0 3  1 1 . 3 4 0 . 0
7 1 1 0 - 16! 3 0 . 7 8  | 1 1 8 . 9 7  | 1.  34 0 . 0
8 1 1 6 - 231 3 0 . 2 8  | 1 1 8 . P6 | 1 . 3 4 0 . 0
9 1 1 - 4 1 4 0 . 2 q | 13 7 . 2 9  | 2 . 6 8 U . 0

10 1 2 - 4 1 4 0 . 2 8  I 1 3 7 . 2 9  | 2 .  68 0 . 0
1 I 1 3 - 71 4 0 . 2 8  | 1 4 5  . 08 | 2 . 6 8 0 . 0
12 1 4 - 71 4 0 . 2 8  | 1 4 5 . 8 3  | 2 . 6 3 0 . 0
1 3 1 4 - 81 4 0 . 2 8  | 1 1 9 . 0 8  | 2 .  60 0 . 0
1 4 1 4 - M 4 0 . 2 8  | 1 4 5 . 8 8  | 2 . 6 0 0 . 0
15 1 5 - 91 4 0 . 2 8  | 1 4 5 . 8 8  I 2 • 60 0 . 0
16 1 6 - 12! 4 0 . 2 - 3  | 1 5 7 . 3 6  | 2 . 6 8 0 . 0
I 7 1 7- 121 4 0. 2- 1  1 1 2 1 . 7 9  | 2 . 6 8 0 . 0
i e 1 7 - 131 4 0 . 2 8  | 1 4 2 . 2 4  | 2 .  68 0 . 0
19 1 8 - 131 4 0 . 2  8 | 1 2 9 . 0 5  | 2 .  68 0 . 0
20 1 8 - 14 1 4 0 . 2 8  | 1 2 9 . 8 5  | 2 .  68 0 . 0
21 1 9 - 141 4 ( 1. 28  | 1 4 2 . 2 4  | 2 .  68 0 . 0
22 1 9 - 151 4 0 . 2 8  | 1 2 1 . 7 9  | 2 . 6 8 0 . 0
23 1 1 0 - 151 4 0 . 2 8  | 1 5 7 . 0 6  | 2 . 6 8 0 . 0
24 1 1 1 - 1SI 4 0 . 2 8  | 1 6 5 . 4 2  | 2 .  68 0 . 0
25 1 1 2 - 13| 4 0 . 2 8  | 1 2 1 . 0 3  | 2 . 6 9 0 . 0
yo 1 1 2 - 191 4 0 . 2 8  | 1 5 0 . 3 9  | 2 .  68 0 . 0
c'7 I 1 3 - 191 4 0 . 2 8  | 1 2 7 . b0 | 2 . 6 8 0 . 0
2 0 1 1 3 - 201 4 0 . 2 8  | 1 3 7 . 5 2  | 2 . 6 8 0 . 0
29 1 1 4 - 20| 4 0 . 2 8  | 1 3 7 . 5 2  | 2 .  68 0 . 0
30 I 1 4 - 211 4 0 . 2 8  1 1 2 7 . 5 0  | 2 .  68 0 . 0
31 1 1 5 - 2 11 4 0 . 2  8 | 1 5 0 . 3 9  | 2 . 6 8 0 . 0
32 1 1 5 - 221 4 0 . 2 8  | 1 2 1 . 0 8  | 2 . 6 8 0 . 0
33 1 1 6 - 221 4 0 . 2 8  | 1 o 5 . 4 2  | 2 . 6 3 0 . 0
34 1 1 - 21 4 0 . 2 8  | 6 7 . 6 3  | 2 . 6 8 0 . 0
3 5 1 3 - 41 4 0 . 2 0  | 1 2 7 . 0 6  | 2 . 6 8 0 . 0
36 I 4 - 51 4 0 . 2 8  | 1 2 7 . 0 6  | 2 . 6 8 0 . 0
37 1 6 - 71 4 0 . 2 8  | 1 0 9 . 6 5  | 2 . 6 8 0 . 0
30 1 7 - 81 4 0 . 2  8 | 1 0 9 . 6 5  | 2 .  68 0 . 0
39 1 e - 91 4 0 . 2 3  | 10 9 . 6 5  J 2 .  68 0 . 0
4 0 1 9 - 10| 4 0 . 2 3  | 1 0 9 . 6 5  | 2 . 68 0 . 0
4 1 1 1 1 - 12| 4 0 . 2 1  | 1 2 2 . 4 5  | 2 . 6 3 0 . 0
42 1 1 2 - 131 4 0 . 2 8  | 1 2 2 . 4 5  1 2 . 6 8 0 . 0
43 1 1 3 - 141 4 0 . 2  8 | 1 2 2 . 4  5 | 2 . 6 8 0 . 0
4 4 i 1 4 - 151 4 0 . 2 ^  | 1 2 2 . 4 5  | 2 . 6 8 0 . 0
45 1 1 5 - 161 4 0 . 2 8  | 1 2 2 . 4 5  | 2 .  68 0 . 0
46 1 1 7 - H I 4 0 . 2  8 | 1 2 9 . 5 6  | 2 .  68 0 .1)
4 7 1 I 3 - 19 I 4 0 . 2 8  | 1 2 9 . t> 6 | 2 . 6 8 0 . 0
43 1 1 9 - 20\ 4 0 . 2 8  | 1 2 9 . 5 6  | 2 . 6 8 U . 0
<.9 l 2 0 - i l l 0 . 2 8  | 1 2 9 . 5 6  I 2 . 60 0 . 0bO \ 2 1 - 22 I o . ? *  \ 1 2 9 . 5 6  I 2 .  60 0 . 0

S T R E S S
• MAX . l / R Q

1 1 3 4 5 6 S T R E S S

0 . 5 7 0 . 3 6 0 . 0 5 1 . 3 5 0.  29 0 . 0 1 . 3 5 R 8 0 . 1 1
0 . 5 5 0 . 4 5 0 . 0 5 1 . 2 9 0 . 4 7 0 . 0 1 . 2 9 8 8 0 . 1 1
0 .  29 0 . 2 8 0 .  02 0 . 6 6 0 .  54 0 . 0 0 . 8 3 08 0 . 0 8
0 . 2 3 0 . 1 8 0 . 0 2 0 . 5 7 0 .  3 6 - 0 . 0 0 . 5 9 80 0 . 0 6
0 . 7 0 0 . 0 0 . 0 5 1 . 5 4 0 . 0 0 . 3 0 1 . 5 4 88 0 . 1 3
0 . 6 1 0 . 0 0 . 0 5 1 . 3 9 0 .  0 0 . 4 7 1 . 3 9 nn 0 . 1 2
0 . 4 2 0 . 0 0 . 0 3 0 . 0 6 0 . 0 0 .  55 0 . 9 7 88 0 . 0 9
0 .  34 0 . 0 0 . 0 3 0 .  73 0 . 0 0 . 3 7 0 . 7 3 0 8 0 . 0 7
0 .  55 - 0 . 1 9 0 . 0 4 1 . 1 9 - 0 . 2 8 0 .  19 1 . 1 9 1 02 0 . 1 2
0 . 4 5 0 . 1 3 0 .  04 1 . 0 4 0 . 2 1 - 0 . 2 6 1 . 0 4 102 0 .  1 1
0 .  29 - 0 . 0 8 0 . 0 2 0 . 6 5 - 0 .  14 0 .  59 0 . 9 0 1 0 8 0 .  10
0 . 4 2 0 . 5 2 0 . 0 3 0 . 9 4 0 . 7 0 - 0 . 4 2 1 . 2 4 1 08 0 . 1 3
0 .  74 0 . 0 2 U . 0 6 1 . 6 2 0 .  04 0 . 0 3 1 . 6 2 08 0 . 1 3
0 . 4 * - 0 . 2 6 0 . 0 3 0 . 9 7 - 0 .  46 0 . 6 7 1 . 2 5 1 0 8 0 . 1 3
0 . 2 9 0 . 3 9 0 . 0 2 0 . 6 5 ' 0 . 6 3 - 0 . 1 3 0 . 9 4 108 0 . 1 1
0 . 0 3 - 0 . 0 6 0 . 0 1 0 . 1 6 - 0 . 0 7 0 . 5 4 0 . 6 2 1 1 7 0 . 0 9
0 . 6 6 0 . 4 0 0 . 0 5 1 . 4 8 0 . 6 2 0 .  20 1 . 4 8 9 0 0 . 1 2
U .  06 - 0 . 2 4 0 . 0  0 0 . 1 3 - 0 .  30 0 . 4 4 0 . 6 0 106 0 . 0 8
0 . 2 7 0 . 3 7 0 . 0 2 0 . 5 5 0 .  58 - 0 .  23 0 . 8 9 96 0 . 0 9
0 . 2 4 - 0 . 1 3 0 . 0 2 0 . 5 1 - 0 .  24 0 . 5 6 0 . 0 5 9 6 0 . 0 9
0 . 0 7 0 . 2 8 0 . 0 0 0 . 1 5 0 . 4 7 - 0 .  29 0 . 6 2 1 0 6 0 . 0 8
0 .  70 0 . 2 3 0 . 0 5 1 i54 0 .  18 0 . 6 1 1 . 5 4 9 0 0 . 1 3
0 .  12 0 . 3 2 O . 0 1 0 . 2 3 0 .  56 - 0 . 0 5 0 . 6 8 1 1 7 0 . 10
0 . 0 8 - 0 . 0 5 0 . 0 1 0 . 2 4 - 0 .  04 0 . 4 2 0 . 5 0 123 0 . 0 9
0 .  14 0 . 2 2 u . 0 1 0 . 3 0 0 . 3 8 - 0 . 3 9 0 . 6 0 9 0 0 . 0 7

- 0 . 0 0 - 0 . 1 1 0 . 0 0 0 . 0 3 - 0 .  15 0 . 2 2 0 . 2 7 112 0 . 0 5
0 . 3 7 0 . 2 7 0 . 0 3 0 . 8 4 0 . 4 2 - 0 . 0 8 0 . 8  4 9 5 0 . 0 0
0 .  03 - 0 . 0 9 0 . 0 0 0 . 0 7 - 0 .  17 0 . 26 0 . 3 4 102 0 . 0 5
0 .  10 0 . 0 7 0 . 0  1 ' 0 . 1 8 0 .  28 - 0 .  16 0 . 4 2 102 0 . 0 6
0 . 4 0 - 0 . 0 2 0 . 0 3 0 . 9 0 - 0 . 0 8 0 . 4 1 0 . 9 0 ° 5 0 . 0 9

- 0 . 0 2 0 . 1 1 0 . 0 0 - 0 . 0 0 0 . 2 3 - 0 . 1 5 0 . 3 0 1 1 2 0 . 0 6
0 .  2o - 0 . 3 1 0 . 0 1 0 . 4  8 - 0 . 3 9 0 . 3 9 0 . 8  1 9 0 0 . 0 0
0 .  0 7 0 . 2 5 0 . 0 1 0 . 2 2 0 . 4 2 - 0 . 0 4 0 . 4 9 1 23 0 . 0 9
0 .  02 0 . 2  5 0 . 0 5 1 .  53 0 .  1 7 0 .  19 1 . 5 3 50 0 . 0 9
0 . 4 3 0 . 2 8 0 . 0 3 0 . 8 7 0 .  38 0 . 9 1 1 . 4  1 94 0 . 1 3
0 .  35 0 . V U 0 . 0 3 0 . 7 5 0 .  89 0 .  39 1 . 3 1 94 0 . 12
0 . 3 6 0 . 2 8 0 . 0 3 0 . 3 5 0 . 2 7 0 . 5 2 0 . 9 4 81 0 . 0 8
0 .  41 0 . 3 3 0 . 0 4 0 . 9 7 0 .  37 0 . 4 9 1 . 0 3 01 0 . 0 8
0 .  32 0 . 4 8 0 . 0 3 0 . 0 3 0 .  47 • 0 .  38 0 . 9 3 81 0 . 0 8
0 .  25 0 . 4 9 0 . 0 3 0 . 6 9 0 . 4 9 0 . 2 8 0 . 8 2 81 0 . 0 7

- 0 . 4 2 0 .  O 6 - 0 . 0 2 - 0 .  76 0 . 0 6 - 0 . 0 6 0 . 7 6 91 0 . 0 7
0 . 2 d 0 . 1 ^ 0 . 0 3 0 . 3 2 0 . 2 8 0 . 7 4 1 . 0 6 91 0 . 1 0
0 .  2 J 0 . 4  2 0 . 0 3 0 . 7 2 0 .  49 0 . 5 1 0 .  94 91 0 .0<i
0 .  08 U . S 8 0 . 0 3 0 . 5 2 0 .  70 0 .  27 0 . 0 3 91 0 . 0 8 '

- 0 . 5 8 0 . 0 1 - 0 . 0 3 - 1 . 0 0 - 0 . 0 7 0 . 0 5 1 . 0 0 91 0 . 0 9
- 0 .  30 0 . 0 8 - 0  . 0 0 - 0 . 3 3 0 . 2 4 0 . 3 7 0 . 7 5 96 0 . 0 8
- 0 .  33 0 . 0 2 - 0  .  0 1 -0 .46 0 .  to 0 . 4 2 0 . 7 9 96 0 . 0 8
- 0 . 0  J O .  J U O . 0 2 0 . 2 1 0 .  53 0 .  56 0 . 8  6 96 0 . 0 9
- 0 .  u U .  »U 0 . 0 2 0 . 1 6 0. 54 0. 54 0 . 8 8 96 0 . 0 9
- O .  Oi 0. 4<r - u . 0 2 - U .  91 0 .  40 0 . 1 6 1 . 0  7 «?6 0 . 1 0

T •

0 . 0 2  - 2 . 0 3
o. . -* a

“  *1#,,.0.9 8: 96 *‘|' 0.10?
n v f  i u u  i ■ o . 16"
2 . 0 5  | 7 7  | 0 . 1 5
n.Mg| ->T|



- 5 0 - + - - M — 4 L J 2 . . 2 R  1 1 ? 9 . 5 A  1 2 . 6 8  1 0 . 0  1 1 - 0 . 5 6 n .  \
5 2 | L - 2 A | 4 0 . 2 T  | 1 1 1 . 7 4  | 2 . 6 8  | 0 . 0  | 1 0 . 0 2 0 . 0 1
S3 1 3 - 2 4 1 4 0 . 2 8  | 1 0 4 . 1 4  I 2 .  6 8  | 0 . 0  | 1 - O . O J 0 . 0 3
54 | 4 - 2 A | 4 0 . 2  0 | 1 1 2 . 0 3  | 2 . 6 8  | 0 . 0  | 1 - 0 . 0 5 - 0 . 0 1
55 I 6 - £ 41 4 0 . 2  3 1 1 5 1 . 3 6  | 2 . 6 8  | 0 . 0  ! 1 - 0 . 1 5 - 0 . 0 6
56 | 7 - 24| 4 0 . 2 8  | 1 2 4 . 5 1  | 2 . 6 8  | 0 . 0  | 1 - 0 . 1 6 - 0 . 0 7
57 | 8 - 24 1 4 0 . 2 8  | 1 6 0 . 6 2  | 2 . 6 8  | U . O  | 1 - 0 . 3 9 - 0 . 1 9
58 1 2 - 251 4 0 . 2 8  | 1 7 1 . 7 4  | 2 . 6 8  | 0 . 0  | 1 0 . 0 1 - 0 . 9  0
59 | 4 - 25 1 4 0 . 2 8  | 1 1 2 . 0 3  | 2 . 6 8  | 0 . 0  | 1 0 . 0 6 0 . 1 2
6 U | 5 - 25 1 4 0 . 2 8  | 1 0 4 . 1 4  | 2 . 6 8  | 0 . 0  1 1 - 0 . 0 3 - 1 . 7 6
61 I 8 - 25| 4 0 . 2 3  1 1 6 0 . 6 2  1 2 . 6 8  | 0 . 0  I 1 - 0 . 1 2 0 .  36
6 2  | 9 - 2 5 1 4 0 . 2 8  | 1 2 4 . 5 1  | 2 .  68 | 0 . 0  I 1 - 0 . 1 1 0 . 2 1
63 I 1 0 - 251 4 0 . 2 9 | 1 5 1 . 3 6  I 2 . 6 0  | 0 . 0  | I - 0 . 1 4 - 1 . 1 1
6 4 j 6 - 2 6 1 4 0 . 2 8  | 1 8 3 . 1 1  | 2 . 6 8  | 0 . 0  | I 0 . 1 6 - 0 . 0 5
65 | 1 1 - 2 4 1 4 0 . 2 8  | 1 1 6 . 5 5  | 2 .  60 | 0 . 0  | 1 - 0 . 1 3 - 0 . 0 6
66 | 1 2 - 26 | 4 0 . 2 8  | 9 2 . 5 2  | 2 . 6 8  | 0 . 0  I 1 0 . 5 4 0 . 0 0
67 | 1 7 - 26 1 4 0 . 2 8  | 1 5 3 . 9 6  | 2 . 6 3  | 0 . 0  I 1 - 0 . 1 7 - 0 . 0 6
68 | 1 8 - 26| 4 0 . 2 8  | 1 2 3 . 8 3  | 2 .  68 | 0 . 0  1 1 - 0 . 2 5 - 0 . 0 9
69 | 1 9 - It 1 4 0 . 2 8  | 1 9 3  . 1 7  | 2 . 6 3  | 0 . 0  1 1 0 .  19 0 . 2 4
70 I 6 - 27| 4 0 . 2 8  | 17 7 . 4 8  1 2 . 6 0  1 0 . 0  1 1 - 0 . 2 6 0 . 0 6
71 1 7 - 2 7| 4 0 . 2 8  | 1 0 2 . 9 1  | 2 . 6 8  | 0 . 0  I 1 0 . 0 5 0 . 0 0
72 1 8 - 2 7 1 4 0 . 2 8  | 1 4 5 . 9 8  | 2 . 6 8  | 0 . 0  | 1 . 0 . 0 5 - 0  . U- t
73 1 1 2 - 27| 4 0 . 2 8  | 1 0 8 . 2  2 | 2 . 6 8  | 0 . 0  | 1 - 0 . 8 9 - 0 . 0  0
74 | 1 3 - 27| 4 0 . 2 8  | 1 1 4 . 1 5  | 2 . 6 0  j 0 . 0  | 1 - 0 . 2 1 0 . 1 4
75 1 1 9 - 27| 4 0 . 2 8  | 1 9 5 . 7 8  | 2 . 6 8  | 0 . 0  1 1 - 0 . 2 9 0 . 0 1
76 | 8 - 28 1 4 0 . 2 8  | 1 7 1 . 0 4  | 2 . 6 8  | U . O  | 1 0 .  12 - 0 . 0 7
77 | 1 3 - 26| 4 0 . 2  8 | 1 0 5 . 0 6  | 2 . 6 8  | 0 . 0  I 1 0 . 0 1 - 0 . 1 5
78 | 1 4 - 231 4 0 . 2 8  | 1 0 5 . 0 6  | 2 .  68 | 0 . 0  I 1 - 0 . 1 6 0 . 1 7
79 | 1 9 - 28 1 4 0 . 2  8 | 1 7 2 . 0 0  | 2 . 6 8  | 0 . 0  | 1 - 0 . 3 3 - 0 . 3 4
80 | 2 0 - 2 £ 1 4 0 . 2 8  | 1 1 9 . 6 0  | 2 . 6 0  | 0 . 0  1 1 - 0 . 2 0 0 . 0 1
8 1 I 2 1- 28 | 4 0 . 2  8 | 1 72 . 0 0  I 2 . 6 8  | 0 . 0  I I - 0 . 6 4 0 . 1  0
82 | 8 - 29| 4 0 . 2 8  | 1 4 5 . 9 3  | 2 . 6 8  | 0 . 0  | 1 0 . 0 1 - 0 . 0 4
83 I 9 - 29| 4 0 . 2 3  | 1 0 2 . 9 1  | 2 . 6 8  | 0 . 0  | 1 0 . 0 0 - 0 . 0 6
84 | 1 0 - 29| 4 0 . 2 8  | 17 7 . 4 8  | 2 . 6 8  | 0 . 0  | I - 0 . 1 6 - 0 . 5 2
85 | 1 4 - 29| 4 0 . 2 3  | 1 1 4 . 1 5  | 2 . 6 8  T 0 . 0  1 1 - 0 . 0 4 - 0 . 1 4
66 | 1 5 - 29| 4 0 . 2 8  | 1 0 8 . 2 2  | 2 .  68 | 0 . 0  I 1 - U . 8 0 - 0 . 9 1
87 | 2 1 - 2 9 | 4 0 . 2 8  | 1 9 5 . 7 3  | 2 . 6 8  | 0 . 0  | I - 0 . 1 8 - 0 . 3 1
88 | 1 0 - 201 A 0 . 2 8  | 1 8 3 . 1 1  | 2 . 6 8  | 0 . 0  1 1 0 . 0 5 0 . 2 4
89 | 1 5 - 20 1 4 0 . 2 8  | 9 2 . 5 2  i 2 . 6 0  | 0 . 0  | I 0 . 4 6 0 . 0 2
90 | 1 6 - 201 4 0 . 2 8  | 1 1 6 . 5 5  1 2 . 6 8  J 0 . 0  | 1 - 0 . 1 9 - 0  . 4 0
91 I 2 1 - 301 4 0 . 2 8  | 1 9 3 . 1 7  | 2 . 6 3  | 0 . 0  1 1 0 . 3 2 0 . 2 3
92 | 2 2 - 20| 4 0 . 2 8  | 1 2 3 . 8 8  1 2 .  68 | 0 . 0  | I - 0 . 3 1 0 . 0 7
9 3  I 2 3 - 2 C j 4 0 . 2 8  1 1 5 3 . 9 6  | 2 . 6 8  | 0 . 0  1 1 - 0 . 2 0 - 0 . 7 1

~ i  j 2 4 - 21 1 2 0 . 2 3  r f c . S j  | “  I'. £>B "| ,1-" t ) . o  I I - 0 . 0 3 0 . 0 0
95 | 2 i  - 25 1 4 0 . 2 3  J 1 7 U . 7 3  | 2 . 6 3  J 0 . 0  I 1 1 . 1 1 0 . 4 5
96 | 2 5 - 22 1 2 0 . 2 8  | 7 2 . 9 5  | 2 . 6 8  | o . u  I 1 1 . 4 1 0 . 0 0
97 | 2 4 - 27| 4 0 . 2 3  | 1 7 3 . 8 1  | 2 . 6 8  | 0 . 0  | I 1 . 3 9 0 .  j  J
98 | 2 5 - 291 4 0 . 2 8  | 1 7 3 . 8 1  | 2 . 6 8  | 0 . 0  I 1 1 . 3 5 1 . 3 3
99 | 2 6 - 23 1 2 0 . 2 8  I 9 U . 4 4  | 2 . 6 8  | 0 . 0  | I - 0 . 0 4 0 . 6 2

10 0  I 2 6 - 2 7| 4 0 . 2 8  | 1 3 4 . 7 7  | 2 . 6 8  | 0 . 0  I 1 - 0 . 8 1 0 . 4 5

— =D • J  7. . _ 0 .1 2  J _ 0 . 9 8 _ 9 6 n f i n
- U  . 0 2 - 0 . 2 3 - 0 . 0 4 - 1 . 0 4  | 1 . 0 6 1 28 F o . 1 6
- 0 . 0 1 - 0 . 1 4 0 . 0 2 - 2 . 0 3  1 2 . 0 5 77 0 . 1 5
- 0  . 0 1 - 0 . 1 4 - 0 .  26 0 . 3 3  | 0 . 4  7 83 0 . 0 5
- 0  . 0 1 - 0 . 3 8 0 . 0 3 - 1 . 3 4  I 1 . 4 9 1 1 2 0 . 1 6
- 0 . 0 2 - 0 . 4 9 . 0 . 0 2 0 . 2 8  1 0 . 4 9 9 2 0 . 0 6
- U  . 0 3 - 0 . 8 4 - 0 .  3 0 0 . 5 3  | 0 , 9 9 1 1 9 0 . 1 3
- 0 . 0 2 - 0 . 2  4 - 1 . 0 6 - 0 . 0 3  I 1 . 0 7 1 2 8 0 . 1 6
- 0 . 0 0 0 . 0 2 0 .  37 - 0 . 2 2  | 0 . 4 9 83 0 . 0 5
- 0  . 0 1 - 0 . 1 4 - 2 . 0 4 0 . 0 2  I 2 . 0 7 77 0 . 1 5
- 0  . 0 2 - 0 . 4 3 0 .  56 - 0 . 2 7  | 0 . 7 4 1 1 9 0 . 1 1
- 0 . 0 2 - 0 . 4 2 0 . 2 8 0 . 0 2  I 0 . 4 2 92 0 . 0 5
- 0 . 0 1 - 0 . 3 6 - 1  . 3 5 0 . 0 4  | 1 . 4 9 1 12 0 . 1 6

0 . 0 1 0 . 3 6 - 0 .  0 7 0 . 2 7  | 0 . 4 5 1 3 6 0 . 1 0
- 0  . 0 2 - 0  . 4 6 - 0 . 0 6 - 0 . 5 3  | 0 . 7 2 86 0 . 0 7

0 . 0 4 1 . 2 2 0 . 0 4 0 . 9 7  | 1 . 5 1 ' 6 B 0 . 1 0
- 0 . 0 2 - 0 . 5 5 - 0 .  12 - 0 . 8 8  ! 1 . 0 6 I  14 0 . 1 3
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VLBA Memo No P. J. Napier 8/26/80

A Possible Feed System For the VLBA Antenna

Introduction: This memo describes a possible feed system for the VLBA antenna 
which will allow operation of the antenna at 330 Mhz, 610 Mhz, 1.4-1.7 Ghz, 2.2 
Ghz, 5 Ghz, 8.85 Ghz, 10.7 Ghz, 15.4 Ghz, 22 Ghz and 43 Ghz. There are three 
main features of the design:

(1) Remote Operation. Since it is important to minimize the operating 
manpower at the antennas it is important that frequency changing 
require a minimum of hardware changes on the antenna. An offset 
Cassegrain reflector geometry, similar to the VLA, is proposed, 
with all feeds between 610 Mhz and 43 Ghz inclusive located at 
the secondary focus. Frequency changes over this frequency range 
will simply require rotation of the subreflector about the main 
reflector axis, as is done at the VLA. The reflectors will be 
shaped for high efficiency. The 300 Mhz feed will be located at 
the primary focus. It can be located on axis if the subreflector
is removed, or off axis, at the edge of the subreflector, if reduced 
performance is acceptable.

(2) Large Subreflector. A much larger than usual subreflector is 
proposed. This will reduce subreflector diffraction loss at the 
lower frequencies and allow all feeds to be smaller, simpler to 
design and less expensive. The reduced feed size will allow the 
feeds to be arranged in a smaller circle around the main reflector 
axis so that the circular cross polarization problem, present in 

the VLA antennas, is reduced. Also the smaller feeds will prevent 
the subreflector being in the near field of the feeds. A 3.66 rri 
diameter subreflector is proposed.

(3) Dual Frequency F;ee£s. Since 9 frequencies must be accommodated
at the Cassegrain focus, dual frequency feeds are used whenever possible 
to make more efficient use of space. The dual frequency feeds will 
also be valuable for special experiments such as verifying general 
relativity by measuring apparent source movement during occultatioi}

The Feed Elements: The high performance dual frequency feed recently deve
loped by JPL (Williams and Withington, 1979; Williams ®t al, 1979) 
is suitable for the 1.55/5.0 Ghz, the 2.2/8.8 Ghz, the 10.7/22 Ghz 
and the 15.4/43 Ghz frequency ranges. The JPL and VLBA sub
reflectors subtend very nearly the same angle (32.7 and 30.5 
respectively) so that an almost identical design, scaled for frequency, 
can be used. This dual frequency feed works on the principle that when



the length of a horn of fixed flare angle is made sufficiently long,
the increasing phase error in the horn aperture prevents the radiation

pattern from getting any narrower and the beamwidth of the horn is
determined only by the flare angle. If a dual frequency horn is
operated in this "beamwidth saturation" mode at both frequencies, its
radiation patterns will be very nearly the same at both frequencies.
The second feature of the JPL design is that at the lower frequency
the horn corrugations are in the range X to X , whilst at the upper

IT Y
frequency they are in the range X (2N-l)/4 to X(2N/4) where N=2 or 3.

For the 600 Mhz feed it is proposed to use a single ring of 600 
Mhz helices. This feed is chosen because, for a given maximum aperture 
diameter, an annular aperture distribution has the narrowest beam

width of any circularly symetric distribution. This is therefore the 
smallest possible feed. Although the spillover efficiency is low, 
this is made up for by having cryogenics available at the Cassegrain 
focus. If a room temperature receiver were used at the prime focus 
it is estimated that the system temperature would be 1.78 times the 

system temperature of a 600 Mhz cryogenic receiver.

The 300 Mhz feed at the prime focus will be a scalar or Claven 
feed with total aperture efficency approximately 50%. If it is located 1.83m 
off axis at the edge of the subreflector a gain loss of 2dB can be 
expected and coma aberation will increase the first sidelobe level by 

10 dB.

Proposed Feed Layout. Figures 1 and 2 show the proposed Cassegrain Geometry 

and feed layout.

System Performance. The shaped reflector system should provide uniform 
illumination in the aperture of the main reflector with a -14dB 
illumination on the edge of the subreflector. This will keep the 
low frequency feeds to a manageable size and allow an almost direct 
scaling of the JPL dual frequency feed design. The shaped main re
flector should not give significant gain loss at 300 Mhz. For this 
reason the difference between the shaped main reflector and its best 
fit parabola should not exceed 1.8cm .rms (for the VLA this difference 
is 0.97 cm rms). The main reflector surface accuracy will be .044 cm 
( X at 43 chz). A reasonable goal for the subreflector accuracy is 
0V^01‘2cm, giving a combined surface rms of .046 cm. Table 1 shows the 
aperture illimination efficiency and the surface accuracy efficiency 
to be expected across the range of observing frequencies.

(b) Subreflector Diffraction Table 1 gives estimates of the energy lost 
due to subreflector diffraction with a - 14 dB edge illimination on 

the subreflector (Rusch, 1963)

(c) Spillover Efficiency Table 1 gives estimates of the fraction of the 
feed energy incident on the subreflector. For the dual frequency feeds 
these are taken from (Williams and Wittington, 1979) and for the

600 Mhz feed they are computed from the theoritical radiation pattern 
of a circular array of 20 helices, each helix having 15 turns



(d) Blockage. A reasonable goal for total blocked area, including the 
blockage of the 3.66 m diameter subreflector is 7%. This gives a 
blockage efficiency of .86 in a uniformly illiminated reflector.

(e) Phase Efficiency The nominal phase center of the Cassegrain geometry, 
as shown in fig 1, is 1.7 m in front of the main reflector vertex.
Since the dual frequency horns have their phase centers at their 
throats, it will be necessary to refocus the subreflector. With
a Cassegrain magnification of 5.2, this should not result in sign
ificant loss of phase efficiency.

(f) Sidelobes. A 25 m circular aperture with uniform illimination and 
or 3.7 m., diameter circular blockage at its center has a first 

sidelobe level of -.13.7 dB. Feed leg blockage will increase this 
further at some angles. However, for most VLBI observations, this 
high first sidelobe level is not expected to be a problem. The VLA 
antennas have sidelobes of this level.

(g) Polarization. Since the feeds of t h i s’VLBA antenna are somewhat closer 
to the main reflector axis than they are on the VLA antenna, the 
circular polorization problem present on the VLA antennas (Napier and 
Austinec, 1977) will be slightly reduced. A separation between the 
circularly polarized beams of 0.047 beamwidth can be expected. In 
general this should not be a problem since most VLBI sources will be 
confined to the antenna axis. At the highest observing frequency point
ing problems', will cause a circular polarization uncertainty of 
approximately 3%.

Frecruenay Esurf .. Eillum Ediff Espi^ E Block Ephase Emisc Etotal

600 Mhz 1.0 .95 .87 .64
i'

.86 .98 .95 .42

1.5 Ghz 1.0 .98 .92 .90 .86 .98 .95 .65

5.0 Ghz .99 .99 .96 .90 .86 .98 .95 .68

10.7 Ghz: .96 .99 .99 .90 .86 .98 .95 .68

22 Ghz .84 .99 .99 . 90 .86 .98 .95 .59

4 3 Ghz .50 .99 .99 . 90 .86 .98 .95 .35

Table 1. Predicted Feed Performance 

Esurf = Surface Accuracy Efficiency 

Eillum = Aperture Illimination Efficiency 

Ediff = Subreflector Diffraction Efficiency 

Espill = Feed Spillover Efficiency 

Eblock = Blockage Efficiency 

Ephase = Phase Efficiency

Emisc = Efficiency due to miscellaneous effects eg VSWR efficiency, loss in the 

feed and its window.
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A REVISED PROPOSAL FOR A FEED SYSTEM FOR THE VLBA ANTENNA
P. J. NAPIER 1/11/82

INTRODUCTION

In a previous report a concept for a feed system for the VLBA antenna 
was presented. Further study of the problem has shown several deficiencies 
in this concept. The Jet Propulsion Lab dual frequency feed has 
insufficient bandwidth to support both 21cm and 18cm (H and OH) observations 
from a single lower band output. Also, because of the phase error needed in 
the aperture, the feed aperture is relatively large. This, together with 
the complicated waveguide network needed for the lower band port makes the 
the feed expensive. Finally, significant development work would be needed 
to make the feed work at frequencies where the ratio between upper and lower 
frequency bands is different to the prototype JPL S and X Band. In this new 
proposal, instead of the JPL dual frequency feed, individual corrugated 
horns will be used for each frequency with dual frequency capability being 
obtained, where j^ecessary, by ^sing dichroic reflectors of the type 
developed at JPL and the VLA . A second problem with the previous 
proposal was the design goal of keeping the 610Mhz feed at the Cassegrain 
focus. Further study has shown that the helix-array feed would have lower 
efficiency than expected due to mutual coupling problems and would cause 
aperture blockage for the other Cassegrain feeds. In this proposal the 
610Mhz feed will be permanently mounted in the middle of the subreflector. 
The subreflector drive mechanism and the feed legs will be designed to allow 
the subreflector to be driven up until the 610Mhz feed is sufficiently close 
to the primary focal point.

Modifications to the original proposal^ are detailed below.

The Cassegrain Geometry.

The proposed shaped Cassegrain geometry is show in Figure 1. A large 
subreflector of diameter 3.18m is used to keep the feeds and feed circle as 
small as possible. The geometry is optimized so that aperture blockage due 
to the subreflector and feed system are equal. The feeds are arranged in a 
circle of radius 85cm around the main reflector axis, with the secondary 
focal point being 1.67m in front of the main-reflector vertex. The 610Mhz 
feed is located at the center of the subreflector and the 327Mhz feed is 
mounted at the side of the subreflector.

The Feed Elements

A circle approximately 0.5m in diameter in the middle of the 
subreflector is shadowed by the subreflector itself. A 610Mhz feed, of 
either the Clavin or crossed double dipole type, can be permanently located 
in this area without significantly effecting the performance of the 
cassegrain feeds. The subreflector will have to be capable of moving 
axially to place the phase center of the 610Mhz feed within 10cm of the 
prime focal point, to reduce defocussing loss to less than 5%.

. The |eed for 18 to 21cm wavelength will be a hybrid-lens feed of the 
VLA type , scaled to provide the smaller aperture needed to illuminate the 
subreflector which subtends an angle of +13.1 . The feeds for the 7



frequency bands from 13cm to 0.7cm wavelength will be corrugated horns all 
scaled exactly according to wavelength from the same design. This approach 
has the advantage of low risk, since the design of corrugated horns is well 
established . The corrugated horn has high performance in terms of 
spillover efficiency and cross polarization. The prototype feed design 
gives the following parameters; phase error in aperture 0.2X, horn aperture 
6.04X, horn length 19.2X, corrugation depth 0.25X, corrugation width 0.2X, 
corrugation period 0.25X, number of corrugations 76. This horn has a 14dB 
taper at the edge of the subreflector with a spillover efficiency of 9 3%.
The table in Figure 1 shows the outside dimensions for the horns. All horns 
have their apertures in the same plane. The 1.3 cm and 0.7cm wavelength 
horns feed into the same cryogenic dewar requiring the 0.7cm feed to be 
stretched to the same length as the 1.3cm feed using single mode circular 
waveguide. All other Cassegrain feeds will feed directly into their own 
dewars allowing the orthomode junction to be cooled for best noise 
performance. Circular polarization will be obtained by using a quarter-wave 
waveguide phase shifter of the VLA L Band type for the lower frequency bands 
and quasi optical quarter-wave plates of the Greenbank type at the higher 
bands. For the higher bands, the feeds will be mounted directly onto the 
cryogenic dewars. The Cassegrain vertex room will be designed to provide 
convenient access to the higher frequency dewars which will be approximately 
3.8m above floor level.

Dual frequency operation will be provided for the 13cm and 3.6cm 
wavelength feeds using a combination of dichroic and ellipsoidal reflectors. 
If dual frequency operation between frequency bands higher than this is 
needed, there is room around the feed circle to provide for additional 
reflectors.

System Performance

Since the 610Mhz feed is at the prime focus the shaped main reflector 
must deviate from a parabola by as little as possible. The VLA shaped 
geometry produces uniform illumination from an 11.5dB illumination taper on 
the edge of the subreflector. The VLA main reflector deviates from a 
parabola by 0.97cm rms. The VLBA antenna will be more shaped to produce 
uniform illumination from a 14dB subreflector taper. The deviation from a 
parabola is not known for the VLBA antenna, but a reasonable design goal 
would be 1.2cm rms. This will result in a gain loss of 9% at 610Mhz which 
is bearable. Table 1 shows the expected feed performance for all bands.
The low phase efficiency for the 327Mhz feed results from its off-axis 
location. If this efficiency is unacceptable, it can be manually mounted on 
the subreflector whenever 327Mhz is scheduled.

The spillover efficiencies in Table 1 are reasonable goals for the 
prime focus feeds. The 1.5Ghz feed spillover is estimated from VLA 
experience and the spillover efficiencies for the corrugated horns are taken 
from Reference 5.

The subreflector support structure should be designed to minimize 
blockage. A total blocked area of 7%, including the blockage of the 3.18m 
diameter subreflector is a reasonable goal. With this much blockage the



worst first sidelobe level should^be approximately -15dB (the estimate of 
-13.7dbm in the previous proposal was too pessimistic).

As described in the previous proposal^ the circular polarization 
performance of the antenna will be degraded by the assymetric geometry. 
Circular polarization measurements will be made even more difficult because 
the feeds themselves are circularly polarized.

Cost

The proposed feed system has been costed based on VLA experience.

It is assumed that all feeds will be designed and developed in house and 
built in quantity by outside machine shops. This is a safe approach since 
all feed components have been previously built at NRAO either at the VLA or 
at Greenbank. Testing will be done on a rented antenna range by the VLBA 
Feed Engineer.

Development Cost: Build 1 prototype of each feed at
twice the production cost.

3 Man Years Engineering 
% Man Year Drafting

Construction Cost:
327Mhz Feed 
610Mhz Feed 
1.5Ghz Feed 
2.2Ghz Horn 
5.0Ghz Horn 
8.4Ghz Horn 

10.7Ghz Horn 
15Ghz Horn 
22Ghz Horn 
44Ghz Horn 

Polarizers 
Dichroics
Windows, Waveguides etc.
Pattern Measurement, VSWR Test

Amortize $150K development over 10 ant 
Cost per antenna

During construction need 1 feed engr full time.
Subreflector cost: Budgetry estimate from Milliflec Inc.,
NRE and NRT 
Each subreflector

Refrences
1. P. J. Napier, "A Possible Feed System for the VLBA Antenna, "NRAO 

VLBA Memo No. 22, August 1980.
2. D. A. Bathker, "Dual Frequency Dichroic Feed Performance," Proceedings 

26th Meeting Avionics Panel, AGARD, Munich, Germany, November 26-30, 
1973.

50 K 
20 K

2
2
13
11.7
3.6
1.8
1.8
1.5
1.5
1.5 
8

10
4

10
72.4
15_
87.4K

$K
150



S. Weinreb, M. Balister, S. Maas, P. Napier, "Multiband Low-Noise 
Receiver for a Very Large Array, IEEE Trans., MTT-25, Nov 4, April 1977, 
pp 243-248.

J. J. Gustincic, P. J. Napier, "A Hybrid Lens Feed For The VLA," Digest 
of the IEEE International Symposium (Stanford: IEEE Antennas and 
Propagation Society) p361, 1977.
B. Thomas, " Design of Corrugated Horns, "IEEE Trans., Vol 
AP-26, No 2, March 1978, pp 367-372.



| Frequency Esurf Eillum E Diff Espil E Block Ephase E Misc E Total

i
| 327Mhz .97 .78 1 . 0 .78 .86 .63 .95 .31
* 6 lOMhz .91 .78 1 . 0 .78 .8 6 .95 .95 .47 j
 ̂ 1.5Ghz 1 . 0 .95 .90 .85 .86 .98 .95 .58 ;
I 2.3Ghz 1 . 0 .99 .93 .93 .86 .98 .95 .69 i

5Ghz .99 .99 .95 .93 .86 .98 .95 .69 j
j 84Ghz .98 .99 .98 .93 .86 .98 .95 .71 !
' 10.7Ghz .96 .99 .99 .93 .86 .98 .95 .70 j

15Ghz .92 .99 .99 .93 .8 6 .98 .95 .67 t
! 22Ghz .84 .99 .99 .93 .86 .98 .95 .61 j
j 44Ghz .50 .99 .99

L .-93
.86 .98 .95 .36 j

Table 1. Predicted Feed Performance 
Esurf = Surface Accuracy Efficiency 
Eillum = Aperture Illumination Efficiency 
Ediff = Subreflector Diffraction Efficiency 
Espill = Feed Spillover Efficiency 
Eblock = Blockage Efficiency 
Ephase = Phase Efficiency
Emisc = Efficiency due to miscellaneous effects eg VSWR efficiency, loss in the 

feed and its window.
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To:

From:

Subject:

N a t io na l  Radio  A s t ro n o m y  O b se rv a to ry  
C har lo t te sv i l l e ,  V irg in ia

K. Kellermann

Jan uary  1 1 , 1982

VLB ARRAY MEMO No. 5  X

VLBA Proposal

Front End System

We have considered several types of low-noise front ends to satisfy 

the sensitivity requirements. Appendix I covers this comparison in some 
detail. Table I summarizes the proposed front end type and performance 
for the various proposed VLBA frequencies.

In order to obtain the minimum possible downtime for any observing 
frequency, we are proposing to package individually each GASFET front 
end in its own dewar. Cooled dual polarization waveguide transitions 
will be integrated into the dewar to minimize the added noise due to 
loss between the feed and GASFET amplifiers. This technique of cooling 
the dual polarization transitions has been successfully used by other 
radio astronomy observatories over relatively narrow bandwidths. NRAO 
is currently supporting development of a wide band dual polarization 
transition which is ideally suited for the wider bandwidths needed by 
the 1.55 GHz front end. This plan will result in 6 cooled GASFET receiver 
packages, each with its own refrigerator, mounted on the end of its 
respective feed horn.

The two maser receivers will be mounted on a single 4K refrigerator. 
Since the 22.2 and 43 GHz feed output flanges are close together, this 
will not result in a loss in performance due to long input lines. The 
use of a common 4K refrigerator and dewar will result in a cost saving 
of approximately 50k$ per antenna.

NRAO has developed a 43 GHz maser which is currently being used 
by Haystack Observatory. The system noise temperature is 90K including 
a contribution from the radome at that site. We are proposing that the 
43 GHz front end be single channel due to lower maser gain, higher pump 
power requirements and lack of a suitable low-noise second stage, 
compared to the 22 GHz maser which will be dual channel. If a second 
channel is considered of great importance, some development would be 
required to overcome the current shortcomings.

•k
to be written by Craig Moore.



K. Kellermann January 11, 1982

Figure 1 shows the proposed receiving system components that will 
be in the vertex cabin. The IF output frequency bands will lie in the 
range 250-1500 MHz. Since 9 frequencies are dual polarization and 
43 GHz is single, there will be 19 IF outputs. These signals will go 
to an IF switching matrix to connect the front ends in use to the 4 IF 
input distributor in the record terminal.

A phase calibrator consisting of frequency pickets with 5 MHz 
spacing will be placed at the vertex to radiate into the Cassegrain feeds. 
This system will permit calibration of the delay through a complete 
receiver channel. The vertex phase calibrator will be optimized for 
the S and X-band frequencies but will possibly be useable up to 22 GHz.
A solid state noise source will be coupled into each feed horn with 
nearly equal intensity at the two polarizations. The added noise 
intensity will be approximately 3 times the system temperature — strong 
enough to allow the system to be used as a noise adding radiometer with 
25% duty cycle for periodic pointing checks. The noise intensity will 
also be reduced to approximately 1 0 % of the system temperature for 
measurement of source and system temperatures.

Cryogenic System

The front end system proposed for the VLB array requires one 4K 
refrigerator and six 20K refrigerators per antenna.

We are proposing to use CTI Model 350CP refrigerators; these have 
a 3W load capability and similar reliability as the larger CTI Model 1020 
unit used at the VLA and other observatories. The 3W load capability is 
sufficient and the smaller unit is significantly cheaper than the 1020 
unit. We also propose to use three CTI 1020 style compressors to drive 
the six 20K front ends. If one compressor fails, at least four of the 
six front ends can be kept cold; electrically controlled valves can be 
used to interchange compressors and receivers to keep the required 
frequencies operational.

The 4K refrigerator used to cool the two masers would be the JPL/NRAO 
Joule-Thompson circuit on a CTI 1020 refrigerator. This system is now 
marketed by CTI and Cryosystems, Inc. The reliability of these 4K systems 
is close to that obtained with the 20K systems.



TABLE I

Frequency
GHz

Instantaneous
Bandwidth

1'lHz
Front End 

Type
Physical

Temp

Receiver 
Noise Temp

Antenna 
Noise Temp

1986 System 
Noise Temp Notes1981 1986

0.33 30 GASFET 300 40 30 35 65 Prime

0.61 60 GASFET 300 45 30 30 60 Prime

1.55 400 GASFET 20 1 2 9 20 29 Cassegrain

2.3 250 GASFET 20 15 1 1 20 30 Cassegrain

5.5 1 , 2 0 0 GASFET 20 20 17 20 37 Cassegrain

8.4 800 GASFET 20 30 20 20 40 Cassegrain

10.7 1 , 0 0 0 GASFET 20 35 25 20 45 Cassegrain

15.4 1 , 0 0 0 GASFET 20 55 40 25 65 Cassegrain

2 2 . 2 120 Maser 4 10 10 35 45 Cassegrain

43 70 Maser 4 35 30 40 70 Cassegrain

*Noise due to atmosphere, antenna spillover and feed losses.
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FRONT END COSTS

Cryogenic Costs

20K Cryogenics
Refrigerators 6 x 6K 
Compressors 3 x 8K

4K Cryogenics
Refrigerator and Compressor

Helium Lines
4K and 20K systems

Materials $k

36
24

50

20

Labor 
(Man Months)

Total Cryogenics 130k

300K Front End Costs

327 and 610 GASFET?s Dual Pol. 4 X IK 4 2
Local Oscillator 2 X 0.5K 1 2
Mixer IF Amplifier 4 X 0.25 1 2
Labor 19

Total 300K Front Ends 25k

20K Front End Costs

Dewars, input lines, etc. 20 6
GASFET Amplifiers at 1.55, 2.3,

5.5, 8.4, 10.7 and 15.4 GHz
6 frequencies x 2 polarizations 12 6

Local Oscillator System 20 9
Mixer/IF 1 2
Labor 66

Total 20K Front Ends 130k

4K Front End Costs

Dewar, input lines, etc. 20 6
Masers 22, 43 GHz 20 12
Solid state and klystron pumps 20
Local Oscillator System 10 6
Mixer/IF 10
Labor 76

Total 4K Front Ends 156k

Miscellaneous

IF Switching matrix 5

System noise calibration 15
Phase Calibration 15
Power Supplies, etc. 10

Total Miscellaneous 45k

TOTAL FRONT END SYSTEM PER ANTENNA 486k





N a t i o n a l  R a d i o  A s t r o n o m y  O b s e r v a t o r y  

( ’h a r l n t U ' s v i l l e .  V i r g i n i a

Frum:

Subject

NRAO has built 4 K-band masers for use in receivers for Green Bank and 
Tucson. The most recent masers have approximately 500 MHz bandwidth, 30 dB 
gain, and are tunable over the 18-26 GHz frequency range. The JPL prototype 
for these amplifiers has operated on the 140' very reliably for two years 
and users have been enthusiastic about its performance.

Development work on a 40-50 GHz maser started two years ago. A single 
stage prototype amplifier has been successfully tested and a four stage 

version is currently being fabricated in Green Bank and will be tested 
shortly. The reliability of this maser is expected to match that obtained 
with the K-band maser.

It is anticipated that in a year or so that solid state sources will 
be available with sufficient power output and electronic timing range to 
replace BWOs and klystrons that are usually used to pump masers in this 
frequency range. When this occurs the maser reliability will be determined 
by the reliability of the cryogenics. Experience at Green Bank has shown 
that generally speaking the reliability of 4K systems is comparable to that 
of 20K systems. Since 4K systems are now widely used at Green Bank on the 
1 4 0’, we should get a lot of reliability data under operational conditions 

over the next few y e a r s .

K. K e H e r m a n August 15, 1980

M. Balister

Masers and VLBI Array

VLB ARRAY Ivn ^ r n l J T

MB/jm





VLB A ('RAY H^MO No. J 5 A

C. Moore 
6/22/82

APPENDIX I 

FRONT-END SYSTEM

A number of front-end configurations were considered for the VLB Array re

ceivers. During the course of these deliberations a general design philosophy 

emerged that is felt will insure a low percentage of down time in a semi-attended 

operation staffed by personnel not expected to be highly skilled in the operation 

and maintenance of microwave and cryogenic equipment. We have attempted to 

achieve reliability through simplicity of design and a high degree of modularity. 

The resultant commonality of spare parts will reduce operating costs and the 

initial acquisition cost will be lower than for a system featuring redundant 

sub-systems to achieve reliability. The proposed design calls for mounting the 

dual polarization receivers for each frequency on a separate closed cycle re

frigerator (CCR). This facilitates the low noise objective by permitting each 

receiver to be mounted in close proximity to the appropriate feed horn, elimi

nating transmission line runs to a single large receiver dewar as in the VLA. 

Additionally, it permits integration of the polarization separating orth-mode 

junction and the throat section of the feed horn onto the cryogenic refrigerator, 

thus reducing the noise contribution of these components. The low cost of 

GASFET amplifiers makes this approach affordable.

Because of feed considerations the two lowest frequency receivers must be 

located near the prime focus of the antenna. We have considered both uncooled 

and cooled GASFET amplifiers as well as cooled varactor upconverters followed 

by a cooled C-band GASFET as receivers for these frequencies. The later system 

would be similar to one implemented for the NRAO 140-foot and 300-foot telecopes 

in Green Bank. This system currently offers 40 K system temperature with a 10 K
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receiver temperature over the frequency band of 300 to 400 MHz. A second band 

from 500 to 750 MHz is covered with 60 K system temperature and a receiver 

temperature of 20 K. Noise temperatures in the galactic plane are, of course, 

higher. System noise, if implemented on the VLB Array, would probably by 10 

to 15 K higher because of losses in the transmission lines required to link the 

single receiver dewar to the feeds located outboard of the subreflector on the 

support legs. Since the bandwidth offered by upconverters is not needed by the 

VLB Array at these frequencies, GASFET amplifiers at each frequency are more 

cost/performance effective. Cooled GASFETs are estimated to provide 30 and 60 

MHz bandwidth at 327 and 610 MHz center frequency, respectively, and a receiver 

temperature using present technology of 10 K, reducing in 1986 to 7 K. The re

ceiver for each frequency could be mounted on a separate CCR and located with 

the appropriate feed, thus offering an ultimate system temperature with 1986 

technology of 42 and 37 K, respectively, exclusive of any noise contribution 

from the galactic plane. Uncooled GASFET amplifiers are estimated to increase 

the noise temperature at each frequency by 23 K with 1986 technology.

The uncooled amplifier configuration would be the least costly to acquire 

and maintain. Cooling both receivers on separate refrigerators would add $30 K 

in material and 3 man-months in labor to the front-end cost estimate. Dual chan

nel upconverters/C-band GASFET amplifiers for these two frequencies mounted on 

a single CCR would increase the front-end cost estimate by $30 K in material 

and 5 man-months of labor.

The galactic noise at 327 MHz ranges from ^ 100 K to ^ 1000 K in the region 

± 10° around the galactic plane. The extragalactic component elsewhere in the 

sky is ^ 15 K, which is included in the system temperature estimate. Comparable 

positions at 610 MHz are 4 to 5 times smaller [5]. Since VLB experiments at these 

frequencies are usually done with sources outside the galactic plane, the receiver
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noise temperature improvement would not be masked by galactic noise for any ap

preciable number of observations. However, increased sensitivity at these wave

lengths is not considered sufficiently important to offset the increased costs of 

front-end acquis:tion as well as mechanical considerations for higher load bear

ing prime focus support legs and prime focus access by cryogenic maintenance 

personnel.

Ruby masers are the lowest noise microwave amplifiers available. Consid- 

eration of these devices for the shorter wavelength receivers is summarized 

in Table 1-1. Experimental performance obtained by the Jet Propulsion Labo

ratory with traveling wave masers (TWM) is indicated for 2.3, 8.4, and 15.4 

GHz [1], Experimental performance for NRAO reflected wave masers (RWM) are 

included at 22.2 GHz and 43 GHz [2], Performance at other frequencies is 

extrapolated from these values. The projected improvement in TWM performance 

by 1986 arises from use of a superconducting material as a printed comb struc

ture. This dramatically lowers the forward loss, thus reducing the noise 

temperature and allowing a tighter pitch slow wave structure for increased 

bandwidth and tuning range. The half wave printed comb slow wave sturcture, 

pioneered by JPL, provides a considerable increase in bandwidth and tuning range 

over the conventional quarter wave comb structure TWM. The RWM, pioneered by 

JPL/NRAO at 22 GHz [3], offers the widest tuning range and broadest bandwidth 

of any maser yet reported [4]. The RWM maser could be built at lower frequen

cies, but the input circulator loss would result in a receiver temperature 2 to 

3 times that of a TWM. Obviously, masers could meet the tuning range required 

from L-band (400 MHz range to cover 21 and 18 cm molecular lines) on through 

2-cm wavelength with receiver temperatures 1 / 1 0  to 1/25 of that projected for 

a cooled GASFET amplifier. System temperatures would improve by 30% to 60%.
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It is highly desirable to be able to use the frequency synthesis techni

que to "fill-in" the u-v coverage of this array. This requires the receivers 

to have a center frequency range of 1 0 % of nominal and be switchable over this 

frequency in an integration period (on the order of 1 second or less). This 

requirement precludes the use of masers at most VLB Array frequencies because 

the tuning rate is limited by the superconducting magnet to several seconds, 

and the instantaneous bandwidth will be less than that shown in Table 1-1 be

cause of limitations of the microwave pump source. The only possible exceptions 

would be at L-band and at S-band, where the pump frequencies are low enough to 

provide the projected bandwidth of 200-250 MHz. A further disadvantage of 

masers is the acquisition cost. The cost increase to replace one cooled GAS

FET receiver with a dual channel maser would be approximately $50 K in materials 

and 5 man-months in labor. For these reasons masers are only proposed for use 

at the two shortest wavelengths where the noise temperature improvement is sig

nificant enough to warrant the added cost and the loss of the u-v "fill-in" 

technique is accepted. Also, masers for these two frequencies have already 

been developed by NRAO, so no additional development costs will be incurred.

We have also considered upconverter/maser type receivers for the microwave 

frequencies. This type receiver offers maser-like receiver temperatures with 

wider bandwidth and tuning range than masers alone. NRAO has implemented an 

upconverter/maser receiver for the 140-foot telescope at Green Bank which 

achieves system temperatures in the range 30 K to 60 K between 4.6 and 25 GHz. 

The system employs three upconverters and a single K-band maser mounted on a

4.5 K CCR. The four frequency bands have instantaneous bandwidths of 300 to 

500 MHz and tuning ranges of 2.5 GHz to 7 GHz.

Table 1-2 is a comparison of receiver temperatures for upconverter/K-band 

maser type receivers, masers and cooled or uncooled GASFET amplifiers. Although
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the low noise temperature is attractive, the versatility of the upconverter/ 

maser receiver requires complexity in the hardware implementation which has 

the disadvantage of high operating cost because of the need for skilled per

sonnel to operate and maintain such a system. Additionally, the tuning speed 

and bandwidth preclude using the frequency synthesis technique for u-v "fill- 

in" at all but the L-band and S-band frequencies.

We can consider including upconverters at either of these frequencies on 

the same CCR with the dual channel K-band maser. The Q-band, K-band, and 

either S-band or L-band feeds could then be located near enough to one another 

to make the transmission line losses at the lowest frequency not excessive.

The increased acquisition cost for such a system compared to the separate 

cooled GASFET amplifier would be $20 K in material and three man-months of 

labor. Such a system would only provide about 20% improvement in system tem

perature, which is not considered enough to offset the increased operating 

cost due to the lower reliability of such a complex receiver. By comparison, 

the reduction in acquisition cost of not cooling any one of the dual-channel 

GASFET receivers is estimated to be $15 K in material and 1.5 man-months of 

labor. This would result in a doubling of the system temperature at L-band, 

rising to three times at 2 cm. The system performance improvement in this case 

justifies the increase in complexity and costs.

For these reasons the proposed receiver complement consists of uncooled 

GASFET amplifiers near the prime focus for 327 MHz and 610 MHz, cooled GASFET 

amplifiers at the Cassegrain focus for six receivers between 21 cm and 2 cm 

and reflected wave ruby masers for the two shortest wavelengths of 1 . 2  cm and 

0.7 cm. Table 1-3 compares the cost increase to replace any of those receivers 

with the lowest noise alternative. Although the system temperature improvement 

in most cases is significant, the acquisition cost increase is also significant
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except for the prime focus frequencies of 327 MHz and 610 MHz. The development 

of traveling wave masers for the other frequencies would also require a size

able engineering effort, which is not included in the cost column of Table 1-3. 

Additionally, there is always the risk that the projected performance objective 

will not be achieved in the allotted time when such a significant advance in 

state of the art is attempted. It should also be pointed out that the lowest 

noise alternative considered here would preclude use of the u-v "fill-in" 

technique of frequency synthesis at all frequencies higher than 2.3 GHz. This 

is due to the limitations of bandwidth and tuning speed of the masers.
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TABLE I-l

Experimental and Estimated Performance of Ruby Masers at the VLB Array Frequencies

Frequency

(GHz)

Maser
Type

Tuning
Range

(GHz) .1

Bandwidth 

(MHz) Cl)

Receiver
Temperature

(Kelvin)

Experimental 
System 

Temperature 
(Kelvin) (4̂ -

1986
System

Temperature
(Kelvin)

1.55 TWM 0.1 (0.4) 40 (200) 3 (1) 21

2.3 TWM .2) 0.1 (0.5) 40 (250) 2 (1 ) 13.5 (2j

5.5 TWM 0.5 (1.5) 100 (300) 3 (1) 21

8.4 TWM /2) 0.5 (2.0) 110 (300) 3.5 (1) 19.5 (2 ,

10.7 TWM 1.5 (3.0) 180 (350) 4 (1) 21

15.4 TWM (2) 2 (4.0) 20 (400) 9 (1.5) 27 (2)

2 2 . 2 RWM (3) 7 500 10 (7) 50 <3) 42

2 2 . 2 TWM (4.0) (500) (2 ) 37

43 RWM '3 6 250 35 (30) 90 (3) 70

43 TWM (3.0) (500) (5) 45

NOTES: (1) Independent of pump source limitations
(2) JPL Experimental Performance of Traveling Wave Maser [1].
(3) NRAO Experimental Performance of Reflected Wave Maser [2] [4].

(4) Includes noise due to transmission lines, antenna losses and atmosphere.
( ) Values in parenthesis are 1986 projected performance with superconducting half-wave 

printed comb structure.



TABLE 1 -2
Noise Temperature for Various Types of Receivers at the VLB Array Frequencies

1 ' - 

Frequency 

(GHz)

Receiver Noise Temperatue (Kelvin)

Additional*
Noise

(Kelvin)

GASFET 
at 300 K

GASFET 
at 20 K

Upconverter/
K-Band
Maser

Ruby
Maser

0.33 40 (30) 10 (7) 35**

0.61 45 (30) 10 (7) 30**

1.55 50 (40) 1 2 (9) 5 3 (1 ) 20

2.3 60 (50) 15 (1 1 ) 5 2 (1 ) 20

5.5 90 (70) 20 (17) 5 3 (1 ) 20

8.4 130 (1 1 0 ) 30 (20) 10 3.5 (1 ) 20

10.7 170 (140) 35 (25) 10 4 (1 ) 20

15.4 280 (170) 55 (40) 15 9 (1.5) 25

2 2 . 2 470 (200) 130 (60) 10 10 (2 ) 35

43 ------ (800) ------ (20 0) 35 (5) 40

* Noise due to atmosphere, antenna spillover, and feed losses.

** Exclusive of noise in the galactic plane.

() Values in parentheses are 1986 projections.



TABLE 1 -3
Cost/System Temperature Improvement Summary for Lowest Noise Alternative Relative to 

Proposed Front-End System at the VLB Array Frequencies

Frequency
Proposed
System

Temperature

Lowest
Alternate
System

Temperature

(Kelvin)

Cost Increase over Pro
posed System to Achieve 

Lowest Temperature

System
Temperature
Improvement

(GHz) (Kelvin)
Material

($)
Man-Months

(Percentage)

0.33 *75 (65) *45 (42) 15 K 1.5 40 (35)

0.61 * 7 5 (60) *40 (37) 15 K 1.5 47 (38)

1.55 32 (29) 23 (2 1 ) 50 K 5 28 (28)

2.3 35 (31) 22 (2 1 ) 50 K 5 37 (32)

5.5 40 (37) 23 (2 1 ) 50 K 5 43 (43)

8.4 50 (40) 24 (2 1 ) 50 K 5 52 (48)

10.7 55 (45) 24 (2 1 ) 50 K 5 56 (53)

15.4 80 (65) 34 (27) 50 K 5 58 (58)

2 2 . 2 45 (45) 45 (37) None None 0 (18)

43 75 (70) 75 (45) None None 0 (36)

* Exclusive of noise in the galactic plane.

() Values in parentheses are 1986 projections.

Note: The lowest noise alternate precludes the frequency synthesis u-v "fill-in" at 
all frequencies higher than 2.3 GHz.



VLB ARRAY MEMO No._ ,
NATIONAL RADIO ASTRONOMY OBSERVATORY 

Green Bank, West Virginia

MEMORANDUM January 19, 1982

To: M. Balister

From: C. Moore

Sub j : VLBA Proposal - Front-End System: VLB Array Memo No. 52

In light of recent developments, I have a few suggested changes to 
the front-end write-up.

(1) In writing the appendix it becomes clear that cooled 
prime focus receivers at 327 and 610 MHz are a cost- 
effective approach — 35% to 40% improvement in sen
sitivity at only 8% cost increase. I think we should 
think about this some more.

(2) Since the local oscillator is included in the front-end 
cost, I think we should discuss it here in the write-up. 
By L0 I mean the phase-lock oscillators or multipliers, 
not the H-maser frequency standard. If you have no ob
jections, I will write a paragraph for insertion next
to the noise/phase cal paragraph.

(3) Since the block diagram has changed to eliminate the 
610 MHz mixer, I think the cost headings under 300 K 
front-ends should read:

Of course, if we elect to change to cooled receivers here, 
then a heading of "Dewar input lines, etc." would have to 
be added as well as changes to the cryogenic costs.

(4) Table I should have the four temperature columns labeled 
as units of Kelvin. Also, antenna noise and system 
noise for .33 and .61 GHz should have a double asterisk 
(**) notation: Exclusive of galactic noise.

327 and 610 MHz GASFETTs Dual Polarization .. 4 x 1 K

Weatherized Package 

Buffer Amplifiers . 4 x 0.25 K

2 x 0.5 K

CRM/cjd
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NATIONAL RADIO ASTRONOMY OBSERVATORY 

Charlottesville, Virginia

January 15, 1982

MEMORANDUM

TO: B. Clark
K. Kellermann 
S . Knowles (NRL)

FROM: S. Weinreb/C. Moore

SUBJECT: Local Oscillator System Draft

Attached is a draft of the local oscillator system write-up for 
your critique.

Attachments

cc: A. Rogers (Haystack)



NATIONAL RADIO ASTRONOMY OBSERVATORY 

VLBA PROPOSAL 

Craig R. Moore 

January 13, 1982

Local Oscillator System

The requirement to operate at wavelengths shorter than 1 cm and with 

long coherent integrations for maximum interferometer sensitivity places 

severe requirements on the stability of the frequency standard(s) employed.

The statistics of the stability of frequency and time standards is best ex

pressed as the 2-sample Allan variance, [1] and is plotted as a func

tion of the integration period, x. The square root of the Allan variance of 

a hypothetical frequency standard is plotted in Figure 1 to show the four re

gimes of noise characterized by the slope on a log-log plot. Figure 2 shows 

the square root of the Allan variance for various state-of-the-art frequency 

standards. The data for quartz, rubidium and cesium standards are taken 

from manufacturers' catalogs. The passive hydrogen maser performance, both 

experimental and projected, is taken from Walls and Howe [2] while the active 

hydrogen maser experimental data was published by Rueger [3] and the staff of 

SAO [4]. The superconducting cavity stabilized oscillator performance comes 

from work by Stein [5].

The coherence of a VLB interferometer is related to the observing frequency 

and to the Allan variance of the frequency standards used. This relationship 

is different for each of the four noise regimes of Figure 1. Rogers and Moran

[6 ] have investigated this relationship and calculated a coherence function for 

several of the frequency standards shown in Figure 2. A portion of their re

sults are plotted in Figure 3 to show the loss of coherence with increases in 

integration time and observing frequency for the case of a two element inter

ferometer utilizing two active hydrogen masers, or two rubidium frequency
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standards. It is obvious that each element of the proposed array must have a 

frequency standard with stability comparable to a hydrogen maser if observa

tions at 22 and 43 GHz are to be useful.

The above analysis considered only the effect of instability of the fre

quency standard on the coherence. Ionospheric and atmospheric phase fluctua

tions will affect the received signals and result in loss of coherence as well. 

Ionospheric fluctuations dominate at wavelengths longer than 15 cm while atmos

pheric fluctuations, due mainly to tropospheric water vapor, limit coherence of 

shorter wavelengths. Rogers and Moran [6 ] have attempted to estimate the Allan 

variance of the atmospheric fluctuations and their values are plotted in Figure

2. From this it is seen that for coherent integrations less than 104 seconds, 

interferometers employing active hydrogen masers will be limited by ionospheric 

and atmospheric fluctuations and not by the performance of the frequency 

standards.

Currently, active hydrogen masers are in widespread use in VLBI for radio- 

astronomy, astrometry and geodesy. The newer units developed at NASA/Johns 

Hopkins Applied Physics Lab (NR) and at the Smithsonian Astrophysical Observa

tory (VLG-11) are a significant advance both in performance and in field reli

ability. OSA, Oscilloquartz in Switzerland, has developed an active hydrogen 

maser and is currently building several units for customers in Europe. Sigma 

Tau Standards Corporation of Tuscaloosa, Alabama is developing, with Air Force 

support, a small, active hydrogen maser which has the potential for considerable 

cost reduction with, it is hoped, only a modest reduction in performance from 

that of the large units. In addition, Hughes Research Laboratories, Malibu, 

California is developing a space qualified hydrogen maser for use on one of the 

NAVSTAR Global Positioning Satellites.
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In the past there has been concern about the use of hydrogen masers in 

VLB interferometer systems relative to rubidium or cesium beam standards be

cause of initial cost, difficulty in maintenance or repair, and susceptibility 

to environmental effects which limited long-term (> 3 hour) stability. With 

all of the development activity noted above, these disadvantages have been, 

and will continue to be, reduced in importance.

Another device under development is the Superconducting Cavity Stabilized 

Oscillator (SCSO) which can give an order of magnitude improvement in phase 

stability over an active hydrogen maser out to several hundred seconds. How

ever, the SCSO is not stable over longer time scales and must be locked to 

another frequency standard in order to be useful for high sensitivity experi

ments. The SCSO is a laboratory device at present which is inherently suscep

tible to mechanical shock and vibration and must be cooled to near the X point 

of He4 . As such, the real cost, performance, and reliability in the field have 

not been demonstrated. A single SCSO is being evaluated at Owens Valley Radio 

Observatory and is expected to give valuable information on their suitability 

as a frequency standard for independent oscillator interferometers.

We have also considered the use of a direct round trip phase link using a 

geostationary satellite. Several successful experiments have already been per

formed using the Hermes [7] and ANIK-B [8 ] satellites with encouraging results. 

In addition, the European Space Agency ECS satellite is being used by Dutch 

radio astronomers as part of a program aimed toward developing a phase-stable 

link to join radio telescopes in the UK, The Netherlands, Germany, Sweden, and 

Italy to form a truly phase-stable array. A major problem in implementing a 

geostationary satellite phase link is the motion of the satellite which intro

duces phase shifts of up to 106 turns per day. However, it seems that this can
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be satisfactorily cancelled by using a two-way link [7], The problem of differ

ential dispersion in the up and down link frequencies can be mitigated by em

ploying one of the newer satellites with the 12/14 GHz link frequencies. The 

problem of atmospheric phase fluctuations will remain, however.

The cost of a suitable satellite circuit is not well established, nor, in 

fact, is there a straightforward mechanism for the use of satellite transponders 

with one’s own ground equipment. All of the exerpiments to date have used ex

perimental satellites, and it is not clear if a satisfactory solution can be 

found to the full time use of a satellite phase link. We note also that all of 

the previous experiments have used radio telescopes already available at the 

site for the up and down links. While the requirements on the ground station 

to support a satellite phase link are not excessive, the cost of acquisition 

and maintenance of the necessary ground stations is not negligible.

For these reasons we consider a hydrogen maser at each array element as 

the best method at present of obtaining a stable local oscillator system. We 

shall, however, continue to follow the progress of the Canadian-American ANIK-B 

and Dutch ECS experiments, and at the same time explore the cost and avail

ability of other suitable satellite facilities.
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VLB ARRAY MEMO No. b S
NATIONAL RADIO ASTRONOMY OBSERVATORY

HYDROGEN MASER COST ESTIMATE

Craig Moore 

January 28, 1982

Cost estimates for acquisition of active hydrogen masers have been ob

tained from three sources. A detailed cost estimate was prepared for NRAO 

by Johns Hopkins University Applied Physics Laboratory (APL) to supply ten 

complete masers of the design presently being built for NASA/Goddard. APL 

does not wish to sell or estimate costs to supply units without the receiver/ 

synthesizer, i.e., the physics package only. In support of the NRAO VLBA de

sign study, the Smithsonian Astrophysical Observatory (SAO) supplied a cost 

estimate via letter dated 1 July 1980 for single and lot of 10 quantities of 

their VLG-11 maser with and without the receiver/synthesizer. These costs 

were updated via a telephone conversation on 20 January 1982 to reflect the 

cost in 1982 dollars. Oscilloquartz S.A., a unit of Asulab S.A. of Switzer

land, has offered NRAO a price (in Swiss francs) for a single hydrogen maser 

with or without the receiver/synthesizer. (See VLBA Memo No. 10.)

These cost estimates are summarized in Table 1. The estimated cost for 

NRAO to build the receiver/synthesizer is $18 K in material and 8 man-months 

of labor for a total unit cost of $40 K. The last column reflects this cost 

addition to the estimates for the physics package only. The wide spread in 

estimates makes it difficult to decide on a cost to use for the VLBA. The 

APL cost estimate is in line with current contract prices to NASA (APL to God

dard and SAO to JPL) for hydrogen masers, but NASA documentation requirements 

are known to be more extensive than those required by NRAO.
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TABLE 1

Cost Summary for Hydrogen Maser (in 1982 dollars)

Supplier

Unit Cost
Minimum 
Total 
Cost 

Lot of 10 
Complete 
Masers

One
Complete
Maser

Lot of 
10

Complete
Masers

One
Physics
Package
Only

Lot of 
10 

Physics 
P k g . Only

APL (NR) ...........

SAO (VLG-11) ......

Oscilloquartz .....

^$415 K

$275 K* 
(510 K Fr)

$405 K 

^$310 K ^$315 K

$170 K* 
(310 KFr)

^$210 K

$4050 K 

^$2500 K

$2100 K*

* Exchange rate: U.S. $ 0.5414 = 1 Swiss franc per Wall Street Journal
22 January 1982.



NATIONAL RADIO ASTRONOMY OBSERVATORY 
Green Bank, West Virginia

MEMORANDUM January 20, 1982

To: VLBA Working Group

From: R. Mauzy

Subj: Hardware Cost Estimate for Receiver Section of H-Maser
Frequency Standard

Attached is a cost estimate, for hardware, for a receiver section of 
an H-maser frequency standard.

REM/cj d

Enclosure



H-MASER FREQUENCY STANDARD 

COST ESTIMATE OF RECEIVER PARTS

Item Cost

Crystal oscillator 5, 1, 0.1 MHz .. HP 1 0 5 A ........... $5,000
Or basic unit, 10 MHz only ........  HP 1 0 8 1 1 A ........  (1,000)

Synthesizer, Wavetech-Rockland 5100 ....................  3,500

Low noise amplifier, 1420 ................................  1,000

Filters, 1420, 20.4, 1400, 100 ........................... 500

Mixer-preamp, 1400 .........................................  1,000

IF amplifiers and 20 MHz mixer ..........................  100

Phase detector and lock circuits ........................  100

5 MHz Buffers ...............................................  100

5-100 Multiplier and amplifier ..........................  500

5-20 M u l t i p l i e r ............................................. 50

100-1400 Multiplier and amplifier ....................... 1,000

100 MHz Buffers ............................................. 200

TIC Unit .....................................................  100

Couplers and isolators ....................................  1,000

Power supplies .............................................. 2,000

Batteries and charger .....................................  400

Rack, slides, hardware, etc............................. . . 1,000

Total ......................................................... $17,550

This estimate is based on the receiver installed in SAO maser 
VLG-10A, S/N P3, and does not include any labor.



VLB ARRAY MEMO No. 30

A SINGLE CARRIER SATELLITE LO SYSTEM

B. G. Clark 

August, 1981

Although there are a great many schemes for round-trip LO 

stabilization which could be used via a satellite, they would in 

general use two fairly narrow carriers separated by a large frequency L 

difference, with the LO information encoded on the phase difference 

between the two carriers. It is aesthetically more pleasing to use 

the satellite system carrier itself to be the main phase carrier. A 

scheme for doing so is given here.

It is presumed that the satellite is a simple transceiver - that 

is, a signal at frequency u> is received by the satellite, mixed with a 

signal u)gt + (j>s , and retransmitted. iug is a moderately stable 

oscillator, of known frequency, such that copies can be reproduced at 

the master station and outstation. For convenience of notation we 

take U)g to be a multiple 0 of u)q , i.e. u>s = The block diagram of

the system is given in the figure. Although the diagram is drawn for 

a partly digital implementation, the system could be made entirely 

analog by encoding the phases on a low carrier frequency instead of 

digitizing them. There are considerable advantages to implementing 

the digital version. Whichever is used does not affect the analysis 

below. The analysis reproduces only the phase terms, the proper 

expression is implicitly the exponential of i times that given. 

Synthesizers are assumed to be perfect; that is, they simply multiply 

the signal frequency and phase by some factor (a for the offset



synthesizer and {3 for the u)s synthesizer). This causes all lobe

ambiguity problems to be ignored, for the moment. All line lengths

are assumed to be zero, except for the distances from the satellite to

the Master station (L ) and outstation (L,). These two paths are
o 1

assumed to be pure delays.

In the analysis below, the phase terms are numbered with numbers 

corresponding to those on the diagram.

Master Oscillator

V  (1)

Outstation Oscillator

u)Qt + (2)

Master Carrier radiates , ^
U)Qt t y (3)

Outstation radiates ;

I
(ui t  + < j). ) ( l  + a ) = u i t  + u » t  + <b- + ad), (4 )

o Yl o p Tl Y l

Master transmission received at satellite

u) t - L u> (5)
o o o

Outstation transmission received at satellite

u) t ■+ u> + + a<b, - u) L, -u) L, (6)
o p T1 T1 o 1 p 1

Transceived master signal

u)t + u > t - L u )  + 6 (7)
o s o o s

Transceived outstation signal

u)t + u)t + u)t + (j)- + ad), - u) L. - uj L. + <b (8)
o p s 1 1 o 1 p 1 Ts

Master signal received at master station

w t  + u ) t - 2 u ) L - u ) L + d >  (9)
o s o o s o Ts

Master signal received at outstation

u ) t + u ) t - u ) L  u> L, - u) L, + d> (10)
o s o o o l s l  s

2



Outstation signal received at outstation

u>t + u)t + u)t + <b, + ad), - 2uj L - u) L. - 2u) L. + d) (11) 
o s p Y1 Y1 o o  s i  p l Ts

Transmit/Receive mixer output, master station

U ) t - 2 i u L  - u)L + d> (12)
s o o s o s

Transmit/Receive mixer output, outstation

U) t - 2UJ.L- - iu L, - 2u) L. + <i> (13)
s 1 1  s i  p l Ts

u»s synthesizer, master station

8 u) t = u) t (14)
o s

u)s synthesizer, outstation

0 CuJot+01) = u)gt + (15)

Phase detector output, master station

2u) L + U) L = <j> (16)
0 0  s o  Ts

Phase detector, outstation

2u) L. + u) L. + 2u) L. - (J) + 8<t>_ (17)
o 1 s i  p i  s rYl

The delay is inserted so that the items presented to the subtractor

represent samples of the same <j>s . This removes dependence on

stability of the tranceiver oscillator.

Phase subtractor output, outstation

(2u> +u) ) ( L  - L . )  -  2u> L, - P<t>, (1 8 )
o s  o l  p i  1

Master/Local mixer, outstation

u> t  + <j>- + atj), + u) (L  - L . )  - 2u) L. (1 9 )
p 1 Y1 o o 1 p i

Main phase detector, outstation

<t>. + u> (L -L1) - 2uj L. (20)1 o o 1 p i

Phase multiplier, outstation

“o W  - 2+p (21)

Phase difference - Servo input, outstation 

^1 2+p + 2wpL l 2+P

3



The order of magnitude component stabilities necessary to achieve an 

oscillator locked to 3 ps (operation at 50 GHz) are given below.

To simplify the design of the system, it would appear advan

tageous to have fixed frequency channels in the receiver; that is, u^ 

should be large enough that the residual doppler of the satellite

would not permit confusion of the signals at uj and u) +  uj . This
o o p

suggests a  >10 ^ . For a ten station array, spacing the uj^ (different

—6 —5
for each station) by 10 uj means the maximum uj is 10 uj . To hold

P P o

the second, unwanted, term in the servo input (expression (22)) to 3 

p s , requires an a priori knowledge of to 300 n s , about the state of 

the art in satellite orbit determination. However, the term degrades 

gracefully, introducing a diurnal phase term looking much like a 

position error, and accurate satellite astrometry need not be done 

except for astrometric experiments. The satellite tranceiver oscil

lator must be stable over the time of operation of the phase detector - 

a few times greater than the offset signal period - ~10 ^ . Any old 

crystal oscillator should do this.

The stability of the servo loop is only assumed if it has a 

bandwidth several times smaller than the reciprocal of the round trip

path to the satellite, say 1 Hz. The outstation oscillator must

-12
therefore have an intrinsic stability of ~ 3xl0 on a 1 second 

timescale. This sounds a bit too good for a simple crystal, and a 

rubidium or superconducting cavity controlled oscillator would be 

needed. The latter is especially attractive if affordable, and the 

removal of any requirement for stability over periods longer than one 

second may make it so. The servo could even be implemented as a part 

of the temperature controller, simplifying the design of that 

component.

4



This system has a greater dependence on remote site oscillator 

stability than the conventional, two-rail, system which removes the 

tranceiver oscillator phase by presuming it to be the same on both 

rails, rather than, as in this system, by feeding both the remote and 

local oscillator signals through it. However, an oscillator of this 

stability range is desireable at the remote station anyway as a back

up for the satellite link. The narrow loop bandwidths will also 

likely make this system "fussy" to deal with. This must be weighed 

against the operational advantage of needing only a single band 

through the satellite.

Lobe ambiguities have been steadfastly ignored throughout this 

document. This is fine so long as the system is in continuous 

operation and so long as the satellite velocity is a priori known to 

an accuracy of a few inches per second or so. Given this, phases may 

nicely be carried past one turn, and processing proceeds undisturbed. 

Any little glitch however - especially loss of power to the micro

processor which does the digital operations or a glitch in the 

satellite position predictor - will cause the system to drop one or 

more loops of the primary reference frequency (the satellite carrier, 

presumably at L or S band). The SCCO would be capable of remembering 

the phase of the carrier for a few seconds, but I anticipate a major 

effort to meet a reasonable goal of, say, having the system run for a 

week without a phase jump.

It is interesting to note that the total bandwidth requirements 

of this system (~20 KHz) are only slightly greater than one telephone 

channel.

5
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VLB ARRAY MEMO No. 28

Tape Recording Systems for the VLB Array 

K. I. Kellermann

The recording system currently planned for the VLB Array is based on the 
MKIII VLB system. Many of the design parameters of the MKIII system were 
based on the use of bandwidth synthesis necessary for the accurate measurement 
of group delay. This results in a very flexible, but costly system which 
allows different frequency bands to be independently recorded on separate 
narrow band tracks. It is not clear whether the MKIII design, which is now 
about 7 years old, is still optimum for an instrument intended primarily for 
radio astronomy aperture synthesis work. In particular, it may be more simple 
and less expensive to use broadband recordings. While the recorder itself may 
be more expensive than the Honeywell instrumentation recorder, the associated 
electronics are considerably more straightforward and less costly.

Although the broadband recirculating correlator currently being considered 
for the Array can be used with the multi-track MKIII system, a less complex 
system would have a signle high rate bit stream inputed to the high speed 
correlator. Multifrequency spectral line data could be multiplexed into the 
single bit stream.

The use of broadband recordings has the further advantage, that the 
whole i.f. correlator system then becomes very similar to that of the VLA, 
resulting in an obvious ease of simultaneously using all or parts of both 
instruments.

Suitable broadband recorders may soon become commercially available.
One possibly suitable recorder is the AVRX (Advanced Video Recorder Experimental) 
system being developed by Ampex for unspecified military use. The preliminary 
specifications of the AVRX recorder given below are based on a presentation 
by Alan Schulze of Ampex, given at JPL.

Recorder: 

Bit Rate:

BER:

Rotary head (6 heads)

Total — 116 Mbits/sec 
Data — 107 Mbits/sec

10~5 to 10 6 

10~7 to 10~8 with Error Correcting Code

Record time: 60 minute

Tapes: 0.8 mil x l11 x 1600 ft tape in cassette 10" x 7" x 1-5/8"

Track Spacing: 1.67 mil

Track width: 1.2 mil

Bit Density: 23 x 10^/sq inch
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Tape Speed: 5” ips

Rewind Speed: 150" ips

Cost: $7OK
$100K with ECC

Tape Cost: $100 to $175 per cassette

The areal bit density and cost per bit of the AVRX System is comparable 
with the projected improved MKIII system or MKII VCR system, and a factor of 
20 better than the present MKIII system. Due to the shorter tape, however, 
recording time is limited to 1 hour. Apparently the cassette dimensions are 
sufficient to hold a 2400 ft reel, so that 90 minutes playing time is possible 
A further improvement of a factor of 2 may be possible if we can accept a 
higher BER. This would bring the recording time to within a factor of two of 
the improved MKIII System.

Another problem with the AVRX System is the lack of a variable speed 
(bandwidth) capability. This results in an inefficient use of tape for 
spectroscopy, and the inability to process spectroscopic data faster than 
real time.

The AVRX System does not have a read-after-write capability, but has 
what Ampex calls a CONFIDENCE HEAD. This fixed head samples data one track 
at a time and the resultant pulses used to continuously monitor the recording 
performance as well as automatically optimizing the drive level.

Ampex expects to demonstrate the AVRX system to potential customers in 
August 1981. Production units are expected to be available in late 1982.

Also under development at Ampex is a 750 Mbit (Super HBR) machine.
This machine will write 9 to 18 simultaneous helical scans on 2 inch tape which 
runs at 30 ips. Projected cost is ^ $300 K and product availability is expected 
in mid-1983.

7/16/81



VLB ARRAY MEMO No. 7?-/?
R. Escoffier 

6/17/82

I. The Array Record System

The digital output of the I.F. samplers at each antenna must be stored for 

post observation shipment to the VLBA processor where correlation with data from 

all the antennas will take place. This storage will be on magnetic tape with 

wide band digital tape recorders required at each antenna for storage and similar 

units at the processor required for playback.

The maximum bit rate of 200M bps produced at each antenna and the need to

observe for 24 hours a day sets the upper limit on the antenna record system

1 ̂
data rate and storage capacity at 200M bps and 2 x 10 bits/day. The need to 

record data at this high rate and in this volume with a minimum of operator 

intervention over 24 hours puts difficult requirements on the record system.

The two systems most investigated to meet the VLBA record system requirements 

are those systems already used in VLBI experiments, the MK II and MK III VLBI 

recorders.

The MK II system uses consumer type video cassette recorders (VCR's) modified 

to record digital data. These systems have proven reliability records and are 

inherently inexpensive.

The MK III system uses broad band instrumentation recorders that can take 

data at up to a 224M bps rate. This recorder is a 28-track machine which will 

require digital division of the four 50M bps bands into the 28 up to 8M  bps 

recorder tracks.

Neither type recorder, however, is directly applicable to the VLBA. The 

MK II system suffers from low bandwidth (4M bps per recorder) while the MK III 

system will record only about 7.5 minutes of full bandwidth data on a 9200-ft. 

reel of 1 inch tape. Work at various institutions is proceeding, however, to 

improve both systems. A MK II recorder has been made to work at a data rate
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of 12M bps and NRAO is investigating recording up to 12.5M or 16M bps on these 

recorders and a high density moving head system is under design for upgrading 

the recording volume per reel of the MK III recorder.

Of these two possible recorders, NRAO proposes to use the less expensive 

MK II recorder in building the VLBA, keeping in mind possible improvements in the 

MK III recorder and other wideband recorders before actual VLBA development begins.

At a data rate of 12.5M bps, each antenna will require eight recorders to keep 

up with a 100M bps data rate output of the samplers. Lower sample rates can be 

handled by dropping recorders off line or by increasing the bits per sample. Eight 

recorders will produce up to 48 four-hour tape cassettes per day per antenna. To 

reduce the bookkeeping required to keep this many tape cassettes straight and to 

reduce operator intervention to a minimum, NRAO proposes to develop, for the VLB 

Array, a rack based recorder system using eight video cassette recorders plus one 

floating spare in an integrated rack assembly (see Figure 1). This rack will have 

a rack based automatic cassette changer plus a rack based cassette storage area, 

all under control of a central microprocessor. The tape storage area will be a 

dismountable bin which can be shipped, cassettes in place, to the correlator for 

processing. Two such racks will be used per antenna so that 100% redundancy is 

provided when operating at the normal 100M bps rate. The maximum 100 MHz band

width, requiring 200M bps storage, will be accommodated by using both racks 

simultaneously and accepting the lower reliability. A similar rack based playback 

system at the processor will complement the antenna record system requiring only 

insertion of the cassette-loaded bins to process one day's worth of observations 

for a given antenna. Cassette changes, recorder operations, data synchronism, 

automatic spare recorder replacement for a defective unit, etc. will all be done 

under microprocessor control requiring a minimum of operator intervention.





-3-

The sampler outputs at any antenna will be recorded on the various tape 

recorders in 10,000 bit swatches with each swatch having its own time code and 

check sum encoded. By breaking the data into such swatches, the four I.F. 

bands can be multiplexed between the various recorders whereby one-eighth of 

any I.F.'s data will be recorded on any given machine. Such an arrangement will 

require little digital circuitry to produce and to unscramble and yields a more 

graceful recorder system failure sequence, since a failure of one recorder will 

then result in loss of 1/8 of each I.F.'s data rather than eliminating a large 

percentage of one I.F.’s data.

II. Playback System

The playback system will be, like the record system, based on consumer type 

video cassette records. Rack based playback stations, each with 8 playback 

recorders plus one floating spare, a rack wide automatic cassette changer, and 

a central cassette storage bin will be required to service the antennas of the 

VLBA. The cassette bin, which holds one d a y’s worth of observational results for 

one antenna at 100M bps sampling, will be loaded into a playback rack where 

cassette shuttling, recorder operation, recorder time synchronism, etc. will be 

controlled by a central microprocessor. Since the order of the cassettes in the 

bins will have been under software control at each antenna, little bookkeeping 

will be required to keep the large number of cassettes produced by the VLBA in 

their proper order. Twenty such racks will be provided at the processor to allow 

processing of 10 antennas’ data at a 200M bps data rate in one pass. Fourteen 

of these racks will be used in supporting a 100M bps, 14-antenna observation.

Although 126 recorders will be required at the processor to support a 14-antenna 

array, a more or less modular rack design as above should make the operational 

process at the correlator more reasonable. The inexpensive nature of the cassette
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recorders will also make sparing, both at the rack level and at the individual 

recorder level, economical.

The playback cassette units could be modified to play back at a speed 10 to 

15% higher than the record speed, allowing some processing time edge over the 

observing time. This edge will help reduce the possibility of tape backlogs 

accumulating due to correlator usage delays and inefficiencies. Except for this 

possible modification to the cassette recorder servo electronics, there will be 

no difference between an antenna recorder rack and a playback rack.

III. Recorder/Playback System Cost Estimate

A) Recorders

Each antenna will require one recorder rack plus one spare rack 

plus 10% spares of individual video cassette recorders and electronics. The 

table below estimates the recorder system cost per antenna:

20 video cassette recorders $ 16k

2 recorder racks with electronics 43k

spare rack electronics 4k

$ 63k

B) Playback

Twenty playback racks, plus two spares, will be required at the 

processor. These 20 racks will allow processing of a 10-antenna, 100 MHz bandwidth 

observation. To process a 14-antenna, 50 MHz observation, only 14 of these racks
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are used. The table below estimates the playback system cost, including a 60-day 

supply of tape cassettes, bins and spares:

218 video cassette recorders $ 175k

22 playback racks with electronics 429k

spare rack electronics 45k

spare recorder parts (heads, etc) 45k

60-day tape supply 380k

60-day cassette bin supply 75k

$1,321

C) Development and Construction

The tables below summarize the development cost and man-power 

and the construction man-power required for the VLBA record/playback system.

Development

Item Cost Man-Months

Home video recorder upgrade $ 12k 12

Automatic cassette changer 8k 8

Read/write electronics 3k 4

Rack microprocessor control 4k 4

System interface 2k 4

Documentation - 6

$ 29k 38

Construction

Item Man-months

Home video recorder modifications 20

Automatic cassette changer 15

Rack electronics 12

Rack integration 6

53
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IV. Recorder/Playback System Alternatives and Comparisons

Various methods were considered in investigating how to get the remote 

antenna data to the processor for correlation for the VLBA. The most attractive 

method, real time transmission via satellite or land lines, is not practical at 

this time because of high cost and there seems only a slight chance at this time 

that direct transmission of VLBA data will ever be economically practical.

However, this option, possibly using NRAO’s own satellite, will be kept open.

Of recording mediums presently available or projected, only magnetic storage 

seems to be practical because of data storage density, storage medium cost, and 

storage medium reusability. Thus, most of the investigation for a VLBA data 

transmission system centered on magnetic tape recorders.

Tape recorders studied include wide band instrumentation recorders 

(specifically the MK III recorder), modified consumer type video recorders 

(specifically the MK II recorder), analog and digital television recorders, 

and projected high density digital recorders.

The television recorders suffer at present from high cost, lack of specifications 

(for digital TV), and the universality of 90 minute reel/cassette record times.

The array construction and operational costs of 5 possible remaining systems 

are summarized in Table I. These five recorder systems include:

1) The Ampex AVRX wide band digital recorder.

2) A MK III instrumentation recorder using movable heads to yield a 12-times 

increase in tape bit density (i.e., 336 tracks across the 1" tape).

3) A MK III instrumentation recording using movable heads to yield a 36-times 

increase in tape bit density.

4) A MK III instrumentation recorder using movable heads to yield a 20-times 

increase in tape bit density.

5) Multiple consumer type video cassette recorders (VCR) modified to record 

12.5M bps.
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It should be noted that none of these possible record systems have been 

demonstrated as yet, although the Ampex AVRX recorder has been demonstrated 

in a breadboard stage.

The chart is based on the following:

1) The processor will have the following number of playback stations,

AVRX 16

All MK III 16 

VCR 22

allowing 14-antenna, 100M bps, or 10-antenna, 200M bps operation for 

all approaches except the AVRX. The AVRX system was considered too 

expensive to extend to 200M bps. In addition, all MK III systems will 

require extra operator time, not shown in the chart, for additional 

antenna visits and for extra tape changes at the processor to support 

200M bps operation. The VCR system will require additional operator 

time to load two tape bins per antenna per day.

2) Operational cost is based on the operation of 10 antennas at 100M bps 

assuming that this will be the most common mode of operation.

3) Automatic cassette changers for the AVRX and VCR recorders are assumed.

4) Multiple MK III recorders are required at each antenna to allow 12 hours 

between tape changes. The resulting 2 tape changes per day at each 

antenna and the 3 to 8 tape changes per day at the processor result in 

the increase in operator time shown. No redundancy in antenna recorders 

is provided and recorder failures will result in additional antenna visits 

per day.



Moving Head Moving Head Moving Head 
Ampex AVRX MK III (12X) MK III (36X) MK III (20X) 12.5 Bit VCR

Recorder and electronics cost/array 
(including spares)

$5 ,956 k $3 ,116 k $2 ,002 k $2 ,556 k $1 ,496 k

60-day tape supply $1 ,950 k $1 ,248 k $ 415 k $ 750 k $ 486 k

60-day shipping container supply $ 75 k $ 60 k $ 20 k $ 30 k $ 75 k

TOTAL CONST. COST $7 ,981 k $4 ,424 k $2 ,437 k $3 ,336 k $2 ,057 k

Maintenance cost/yr. $2 ,200 k $ 103 k $ 103 k $ 103 k $ 158 k

Tape cost/yr. $ 23 k $ 30.4 k $ 10 .1 k $ 18 k $ 15 k

Tape shipping cost/yr. $ 237 k $ 246 k $ 82 k $ 152 k $ 138 k

TOTAL OPERATING COST $2 ,460 k $ 379.4 k $ 195.1 k $ 273 k $ 311 k

Operator time/yr.
(in man years)

2.3 5.4 4.8 4.9 2.3

Technician time/yr. 
(in man years)

0 .1 0 .1 0 .1 0.1 1.5

TOTAL OPERATING MANPOWER 
(in man years/year)

2.4 5.5 4.9 5.0 3.8
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W E S T F O R D ,  M A S S A C H U S E T T S  01886

8 February 1982 Area Code 617

692-4764

TO: K.I. Kellerman

FROM: Alan E.E. Rogers & Hans Hinteregger 

SUBJECT: Comments for VLBA design group

1) Receiver block diagrams (VLB memo No. 48)

S/X system should be compatible with the NASA system covering the following 
frequency range:

X-band 8.1 - 8.6 GHz RCP
S-band 2.2 - 2.3 GHz RCP

In addition receivers should have high image rejection (>50 dB) and have 
delay calibration. I suggest a first L.O. frequency of 2.02 for S-band and 8.08 
GHz for X-band. Or numbers in memo No. 52 which look fine.

2) Recording systems (VLP memo No. 44)

We suggest that Tables 1 and 2 be changed to include 2 MK III options. MK
III (X12) which is what we have proposed to NASA and a MK III (X36) which is 
what we consider to be the upper range of track density for MK III. In addition 
we suggest that the MK II upgrade options be 8 , 12 and 16 Mbit as 20 Mbit is 
much too optimistic. Relative feasibility should be judged on the basis of a 
similar transition density (37.5 Kfci for MK III A) and SNR margin for both 
systems (both X12 and X36 MK III seek to maintain a 23 db worstcase broadband 
SNR). We enclose a revised table 1 for the MK III (X12) upgrade in which we 
have great confidence along with projected numbers for X36.

operated under agreement with 

MASSACHUSETTS INSTITUTE OF TECHNOLOGY



Id-Hiri: price 

Head price

Tape price '82 

Data rate

Record time

10rbits/reel 

Pounds/10^ ̂ bits 

10 bits/sq inch 

Ave. head life

Ave. tape life

x c : R. Escoffier 
C. Moore

TABLE 1

Moving head 
MK III (X12)

35K$

3.5K$

260$

112 Mbit (224 Mbit 
double speed

3.0 (4 .0) hr

120 (180)

81 (60)

10

10.000 - 40,000 
hrs

probably no limit 
>500 passes

Moving head 
MK III (X36)

35K$

3.5K$

260$

112 Mbit (224 Mbit 
double speed)

9(1 2) hr

360 (540)

27 (20)

30

10,000 - 40,000 
hrs

probably no limit 
>500 passes

Comments

32 track stack, 
same head used for 
record and reproduce

120 IPS on 
9200' length reel

10 lb/reel

( ) 20 m thick tape = VHS

samples now, available '83 
(1 2 ,000' length on 14" reel)

NRAO
NRAO

20208 MEM04:E C :59



V t f A HR AY MEMO No.
NATIONAL RADIO ASTRONOMY OBSERVATORY 

Green Bank, West Virginia

MEMORANDUM June 10, 1982

To: VLB Working Group

From: R. Lacasse

Sub j : Data Digitization Electronics, Draft 2

This memo supercedes VLBA memos 57 and 60.

System Description

The function of manipulating the four wideband IF signals from the Vertex Cabin 
into four bit streams suitable to the recorder is performed by the Data Digiti
zation Electronics (DDE). A few miscellaneous functions, as discussed below, 
are also performed by the DDE. As shown in Figure 1, the DDE consists of an IF 
Processor, four IF to Video Converters, a Sampler, Delay Calibration, Time of 
Day Clock, RS232 Distributor, and 5 MHz Distributor. The design is based on the 
Mark III system, modified for fewer converters with wider bandwidths, and with 
the data formatting and quality monitoring left to the recorder electronics.

As shown in Figure 2, the IF Processor has four IF inputs in the band from 300 
MHz to 1500 MHz. Each of these inputs is frequency translated, with 10 kHz 
resolution, such that the lower edge of the band of interest is at 500 MHz.
This section of the DDE is best implemented in the Vertex Cabin, to avoid send
ing wideband signals through long lengths of cable and then having to deal with 
the resulting frequency dependent cable attenuation.

As a result of the frequency agility of the IF Processor, the Video Converters 
can be relatively simple. Primarily, they frequency translate the outputs of 
the IF Processor to baseband, using fixed 500 MHz oscillators, and single side
band networks. The Video Converters also provide IF level setting attenuators, 
and selectable output bandwidths of 25 MHz, 12.5 MHz, 6.25 MHz, 3.123 MHz, 1.56 
MHz, 0.78 MHz, 0.39 MHz, 0.19 MHz, and 0.10 MHz. Video, IF, and LO power levels 
are monitorable.

The Sampler produces one-bit, 2 level samples of the filtered, baseband data at 
a maximum rate of 50 Mbps. The sampling clock is derived from the 5 MHz refer
ence using phase-locked techniques; oversampling is easily accomplished for the 
narrow bandwidths. Both the sampled data streams and the sampling clock are 
transmitted to the recorder. A Time-of-Day Clock output is also transmitted to 
the recorder.

The Delay Calibrator in the DDE is the same as that used in the Mark III system 
with the exception that it also includes a self-contained counter and communica
tor module. The Delay Calibrator provides a 5 MHz reference to the Vertex Phase 
Calibrator System, and also measures the round trip delay in the 5 MHz reference 
cable.
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Communication to the host computer is implemented as in the Mark III system: 
each module includes an RS232 transceiver which is assigned an address on an 
RS232 link. A module responds according to a well defined protocol when it is 
addressed. Thus, all significant functions in the DDE are remotely controllable 
and/or observable.

Hardware costs are broken down in Table 1, and manpower requirements in Table 2. 

Comparison with Existing MKIII System

The Data Digitization Electronics (DDE) must handle up to four, 25 MHz wide, IF 
signals to produce data at up to 200 Mbits/sec. A system permitting unattended 
operation for at least 24 hours is also very desirable, to minimize operating 
costs.

The existing MKIII system, with a few modificaitons, would be suitable for this 
application. The modifications include an IF distributor upgraded to handle 
four IF's and automated video converter patching. They also include Video Con
verter and Formatter modifications appropriate for the bit rate specification. 
Also, the recorder must be upgraded for a factor of 10 or 20 increase in bit 
density. The first two modifications are technically straightforward. Work at 
two institutions is in progress to realize the third modification. Multiple re
corders are required to accommodate 24-hour unattended operation. Using 12,000 
foot reels of tape instead of the standard 9,200 foot reels, and assuming a fac
tor of 20 improvement in density, four recorders would be required for 24-hour 
operation. With only a factor of 10 improvement in density, eight recorders 
would be required.

The DDE, as proposed, is similar to the MKIII system in basic architecture. 
However, a cost savings is realized by using fewer video converters (four) with 
broader bandwidth (- 25 MHz). A further cost savings is realized in the IF 
distributor since patching to various permutations of 14 video converters is 
not required. The appropriate IF signals are routed directly to the video con
verters by the IF switching matrix in the Vertex Cabin. For purposes of compari
son this system is dubbed MKIII.1.

Cost of alternative recorder implementations is covered in another section. 
Therefore, a cost comparison of only the electronics required to translate 
four IFTs into four bit streams is covered here. This comparison is detailed 
in Table 3. The significant differences are the following. A 29 K savings 
is realized in Video Converters in the MKIII.1 system since four instead of 
fourteen are required. The MKIII.1 system includes a Formatter in the re
corder, so all that is required in the DDE are a Sampler and Clock. The 13 K 
for the MKIII IF Distributor includes the cost of the upgrade mentioned above. 
Both systems require an IF Processor to switch the nineteen receiver IF’s into 
four and to select the band of interest from the broadband receiver output.
The MKIII.1 IF Processor is more expensive since it includes some of the func
tions of the MKIII IF Distributor. A Decoder is included in the MKIII.1 re
corder, and so is not included in this cost estimate.

A fair comparison must also include manpower and spares costs. These are de
tailed in Tables 4 and 5, respectively. Table 4 shows that the MKIII.1 design 
effort time is more than compensated by the reduced assembly and test time.
Spare costs are similar.

RJL/cjd
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Data Digitization Electronics Hardware Cost Breakdown

TABLE 1

Item Cost

IF Processor .....................................  $36 K

IF to Video Converters .........................  13 K

Sampler ...........................................  2 K

RS232 Distributor ...............................  1 K

Delay Calibrator ...............................  3 K

Rack, Power Supplies, Connectors, etc........  10 K

5 MHz Distributor ...............................  2 K

Total .............  ..............................  $67 K

TABLE 2

Data Digitization Electronics Manpower Requirements

Item
Time

(Man-Months)

Design and Document .......... .............  15

Order .......................... .............  1

.............  8

Total 24
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Cost Comparison of MKIII and MKIII.l Data Digitization Electronics

TABLE 3

MKIII MKIII MKIII . 1

$ 42 K $ 13 K

Formatter ............................... 6 K — "k

. ** 1 K

. kk 1 K

IF Distributor ......................... 13 K —

IF Processor ............................ 28 K 36 K

Delay Calibrator ....................... 2 K 3 K

1 K —

5 MHz Distributor ...................... 2 K 2 K

Rack, Supplies, Connectors, etc...... 11 K 10 K

4 K — k

TTY Distributor ........................ 1 K 1 K

Totals ................................... $110 K $67 K

* Part of recorder.

:k-k Part of formatter.
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TABLE 4

Comparison of Manpower Requirements for the MKIII and MKIII.1 Systems

Item
Time (Man-Months)

MKIII MKIII.1

Design and Document .........................  2 15

Procurement .......................... .......  1 1

Assembly and Test (per unit) ...... .......  15 8

Total (one unit) .................... ........  18 24

Total (ten units) ................... .......  153 96

Comparison of Spares

TABLE 5 

Costs for MKIII and MKIII.1 System

Item MKIII MKIII..1

Video Converter ........... $ 3 K $ 3.2 K

Formatter .................. 6 K —

Sampler .................... — 1 K

Clock ....................... — 1 K

IF Distributor ............ 13 K —

IF Processor .............. 28 K 36 K

Delay Calibrator .......... 2 K 3 K

Counter .................... 1 K —

5 MHz Distributor ........ 2 K 2 K

Supplies, Connectors, etc. 3 K 3 K

Decoder .................... 4 K —

TTY Distributor ........... 1 K 1 K

Total ....................... $63 K $50.2 K

Assembly and Test Time (Man-Months) .... 22 20
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ALTERNATIVE DATA COMMUNICATION SYSTEMS

G. W. Swenson, Jr.

All existing VLBI systems use broadband magnetic tape as the communication 

medium between telescopes and central data processor.

A fundamental difficulty with the tape recording system is the lack of 

information in real time concerning the performance of the individual tele

scopes and peripheral equipment. Frequently a subtle failure of a minor yet 

vital component will be unrecognized until after tape processing has commenced, 

perhaps weeks or months after the observations. Such occurrences have resulted 

in much wasted observing time and scientific and technical effort. Program 

changes during an observing session, based on preliminary examination of the 

correlated data, are frequently desirable; such changes are impossible with the 

VLBI systems currently in use.

The postobservational tape processing usually requires considerably more 

time than the observing itself, especially for multibaseline sessions, and so 

the amount of scientific labor involved in an experiment is inordinately large. 

Furthermore, the time interval between the observing session and the production 

of processed data can run to several months. Large amounts of magnetic tape 

are involved in a major observing program, and there are thus significant logis

tical problems.

Short-baseline interferometer systems, whose antennas are interconnected 

by guided-wave transmission systems, suffer from none of the disadvantages 

mentioned above. The contrast in efficiency and convenience with current VLBI 

systems has led to consideration of suitable long-distance, broadband communi

cations media for VLBI use. These include dedicated microwave radio links, 

the continental television network, and communications satellites, all of which



could permit real-time, long-baseline interferometry, although they are 

apparently much more expensive than the magnetic tape system.

No substantial study of a dedicated, terrestrial, microwave-link communi

cation system for a VLBI network has been made; it seems obvious from super

ficial considerations of the economics, politics, and frequency-management 

problems involved that there is little point in considering this medium as a 

solution to the data communication problem. While terrestrial microwave 

systems well serve intemediate-baseline interferometer systems, of the order 

of one hundred kilometers or so, they do not provide an attractive possibility 

for the transcontinental or intercontinental network.

An initial inquiry into the characteristics of the network television 

transmission system operated by the American Telephone and Telegraph Long 

Lines division suggests that it would provide a technically feasible communi

cation medium for VLBI. It is widespread throughout the country, and methods 

are in practice for real-time transmission from locations (such as football 

stadiums) other than established studios. Presumably the same services could 

be extended to radio observatories. It is apparent that many redundant tele

vision transmission channels are available as insurance against failure; these 

could conceivably be used for scientific purposes on a second-priority basis 

if suitable tariffs could be negotiated.

The television network has some serious disadvantages, of course. The 

chief one is its limited bandwidth. While the most widely-used VLBI system 

(Mark II) at present uses television format and bandwidth, there are strong 

motivations toward much broader bandwidths, and new VLBI systems are utilizing 

such bandwidths. There are also questions of phase and time-delay stability 

which are potentially troublesome. In any case, the television network has not 

presented an attractive-enough alternative to the magnetic-tape system to have 

merited intensive attention by the VLBI community, although^ its potential has 

been recognized.

-2-
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Probably the most promising communication medium for a transcontinental 

VLBI network is the optical fiber system, which has been developed to the 

point at which it offers outstanding technical advantages. Ultimately, it is 

possible that a national optical fiber network will be established to supple

ment or supplant the existing microwave, coaxial cable, and satellite communi

cation system. At that time, adequate bandwidth at low-enough cost should be 

available through the commercial network to serve a national VLBI network.

This situation probably will not be realized for many years, perhaps decades.

In the interim, a dedicated fiber-optic system is clearly economically 

infeasible for scientific use.

The final possibility for real-time VLBI data transmission is the com

munication satellite. While the real costs of such a system are undoubtedly 

comparable with those of the media discussed above, particularly if space in 

the radio frequency spectrum is considered as an economic good, satellite 

communications systems are frequently subsidized by national governments for 

reasons of policy. Hence, from the point of view of the user the satellite 

often appears to be the most economical broad-band, long-distance transmission 

medium.

To test the feasibility of satellite VLBI, a group of U.S. and Canadian 

radio astronomers (Yen, Kellermann, Rayhrer, Broten, Fort, Knowles, Waltman, 

and Swenson, Science 198 289, 21 Oct. 1977) utilized donated time on the 

experimental CTS (Hermes) satellite to conduct interferometer observations on 

baselines between Algonquin Park, Ontario, and Green Bank, West Virginia, and 

Owens Valley, California, respectively. The experiment was successful. 

Real-time fringes were routinely obtained on both baselines, using an effective 

bandwidth of 10 MHz. A total of over 150 sources were observed, of which 

approximately 25 percent exhibited fringes in real time. No determined attempt
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was made to extract fringe information on the remaining sources by post- 

observational processing. Such an effort would have almost certainly been 

successful in many cases. Promising results were also obtained in the trans

mission of precise time signals over transcontinental baselines, a technology 

of central importance to VLBI. Experimenters of the U.S. Naval Research Lab 

and the Canadian National Research Council are continuing these time- and 

phase-transmission experiments with another satellite.

The CTS VLBI experiment involved transmission from the remote radio 

telescope to the satellite and thence to the correlator at Algonquin Park.

The signal from the local telescope was sent directly to the correlator. The 

signal from the remote telescope was thus delayed by approximately 0.25 second 

in addition to the delay resulting from the geometry of baseline and source- 

direction. The differential delay was equalized by passing the local signal 

through a digital delay line, probably the most elaborate one ever built, 

which aligned the two bit streams to an accuracy of 0.05 microsecond before 

presenting them to the correlator.

In a satellite system specifically designed for multistation VLBI, all 

telescope signals would be transmitted to the processing station via the 

satellite, thus eliminating the largest part of the differential delay. The 

delay-line problem is thus relatively minor. Present-day satellite technology 

is perfectly capable of accommodating eight telescope channels of approximately 

30 MHz bandwidth each (European Space Agency, Phase A Study on satellite VLBI, 

Document No. SC1(80)1, Paris, February 1980). Whether the attendant frequency 

allocation problems could be solved is an open question. The European Space 

Agency has planned a satellite-assisted VLBI system involving existing tele

scopes in eight countries, with a proposed completion date of 1985.

Should the United States wish for political reasons to provide a 

geostationary communication satellite for astronomical use, it is technically



feasible to do so, and such a facility would greatly expedite the establishment 

and operation of a VLBI network. In the interim, particularly if real costs 

are a major consideration, magnetic tape appears to be the most practical 

communication medium. A satellite communication system could be added at any 

t'irr.e in th-i operating life of a VLBI network without a major reconversion of 

existing facilities, by adding the uplink transmission facilities at the radio 

telescopes and the downlink reception facilities at the processing center.

If such an evolution is a reasonable possiblity, it would be well to plan the 

processing center in such a way as to minimize retrofitting of delay lines, 

correlators, data buffers, etc.
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1. The VLBA Playback Correlator System

The basic correlator systerr. specifications are given below. This is 
followed by a detailed discussion of one way to meet these specifications 
and then by a very brief discussion of alternatives. Of particular 
difficulty in setting the specifications is deciding on just what the 
requirements are for spectral line observations. The VLB observations of 
the maser sources can impose as great a load of data processing 
requirements as anything in radio astronomy. Indeed, if one were to try 
to get all the information possible out of an observation, the data 
processing requirements quickly rise into the realm of the absurd. The 
correlator specifications below are a compromise, meant to cover most 
cases of astrophysical interest without driving the correlator costs 
beyond reasonable bounds. In this connection, it should be noted that it 
would not be unreasonable for the correlator to spend one or two percent 
of its time replaying line observations, if this would halve the size of 
the required correlator.

Unfortunately, exactly how one states the specifications depends to 
some small extent on how one eventually ends up implementing the device. 
In the specification section following, the line system specifications 
are stated in the form most natural for the recirculating implementation 
discussed following. If a non-recirculating system eventually is 
chosen, a slight alteration in the form of the specifications as well as 
in their content would result (there is no way we would build individual 
hardware for 4096 line channels).

1.1. Correlator Specifications

The correlator interfaces to the tape recording system. Each 
station of the array will have a corresponding 'station' in the playback 
system. That is, the playback system will have a set of recorders of 
identical type to those of the record system at the station to play back 
that station's data. The correlator specifications therefore begin with 
the specifications of the tape recording system.

In addition, as discussed above, the playback processor should 
support the desireable feature of being able to add observations trom 
other observatories to those of the dedicated array, for better Cu,v) 
coverage or for more sensitivity. It is sufficiently desireable to do 
this that we believe that a 14 station processor should be built. This 
would permit real-time reduction of the dedicated array and four 
additional observatories. In addition, for normal operation of the 
dedicated array alone, it allows four spare playback stations, which can 
be switched in in case of failures, considerably smoothing out the 
maintenance requirements of the playback processor. This extra 
capability in the playback processor increases the cost only by the 
station recorders and electronics; as is discussed below, the extra 
correlator capacity is needed to handle the spectral line case.



1.1.1. Continuum correlator specifications

The requirements on the continuum processor are primarily set by the 
size of the field of view to be syntnesized by the array. This sets two 
requirements--the number of delay channels needed and the frequency with 
which data must be recorded for further processing. We have adopted a 
specification of a field of view l” radius, 2” diameter. The diameter of 
the earth is approximately 42 ms. The delay range necessary to 
synthesize a 2n field is thus 42 ms times 2" (expressed in radians) or 
0.4 microseconds. An additional allowance must be made for a possible 
clock error. For a dedicated array with continuing coherence checks, it 
would seem quite feasible to keep track of clocks to an a priori accuracy 
of 0.3 microseconds. Thus the total delay range needed by the processor 
is about 1 microsecond.

The field of view also determines the required rate of recording of 
the correlation function. This relationship also involves the frequency 
of observation. The desired relationship is 

B F S T « 1
where B is the longest baseline length in nanoseconds, F the observing 
frequency in GigaHertz, S the field of view in radians, and T the 
integration time, also in radians. In more practical units, for a 2" 
diameter field of view, a 42 ms baseline, and avoiding only serious 
effects (of order ten percent) of too long integration gives 

T < 30/F
where T is now in seconds. Since we want to work to frequencies of at 
least 25 GHz with this field of view, and preferably 50 GHz, we must be 
prepared to dump the correlator at intervals of 1, or even 0.5 seconds.

We may now summarize the specifications for the continuum operation 
of the playback correlator as follows:

Number of bit streams per station: 4

Bit rate per stream: 25 MBits/second (lOOMBits aggregate rate)

Polarization processing: All four cross products of two pairs of
bit streams.

Simultaneous delay range: 1 microsecond (32 channels at 40 ns/'channel) 

Number of stations: 14

Integrator dump rate: Selectable from 0.5 to 30 seconds.

Derived quantities
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Number of baselines: 91

Number of complex quantities to be calculated per baseline 
and delay channel: 8

Number of complex quantities to be calculated per baseline: 256.

Length of each complex quantity: 4 bytes

Number of bytes output per correlator dump: 93184 bytes

Maximum output data rate: approx 200 kbytes/second

In the implementation discussed below we have

Number of physical complex correlators per baseline: 64

Number of simple real correlators: 11648

1.1.2. Line observation specifications

As Mentioned above, it is easily possible to think up astronomically 
reasonable requirements which place quite unreasonable demands on the 
correlator system. The specifications which are set down here are 
distinctly compromises --they are things which one might, very often want 
to do, and carry no implication of being a "worst case".

Since the line system is a greater strain on the system than the 
continuum system, the first compromise to come to mind is to reduce the 
number of stations from 14 to the 10 stations of the dedicated array. 
Reducing the number of baselines from 91 to 45 immediately halves the 
number of correlations to be done.

It is necessary, or at least extremely desireable, to be able to 
process simultaneously full polarization information in two separate 
bands (for instance, two OH maser transitions).

It is necessary to process simultaneously a band at least as wide as 
12.5 MHz (160 km/second for water masers).

Resolutions of 0.5 km/sec are necessary at both water vapor and at 
OH (40 kHz and 3 kHz respectively) .

A single band (no polarization processing) should be processable 
with better than 1 km/sec resolution for a width exceeding 150 km/s at
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both water vapor and OH masers.

The correlator (and, of course, the recording systems) should be 
able to operate in the following modes: A) Two bands, two IFs per band, full 
polarization processing.
B) One band, full polarization processing (two bit streams are idle).
C) Four bands, no polarization processing
D) Two bands, no polarization processing (two bit streams are idle).
E) One band (three bit streams are idle).

It is interesting to note that surplus recorder capability is 
available in modes B, D, and E above. An interesting use for this 
capability would be to allow three level sampling. This would give a 
higher signal-to-noise ratio for these cases by a factor of nearly 1.3 
for minimal extra cost. Using the special purpose integrated circuits 
developed for the VLA automatically provides this on a chip basis; the 
extra cost in the correlator is only the wiring to carry the second bit 
to the chip. The extra cost at the antenna would be the provision of a 
three level sampler and the switching logic to turn it on when needed.

The observation of water masers can quickly lead to requirements 
beyond all reasonable bounds in total data output rate. It is commonly 
the case that the total extent of the masing region exceeds 10,T on the 
sky, and that the ratio of feature width to the whole velocity width of 
the masing region exceeds 1:500. To maintain a 10M field of view at 23 
GHz would require a dump time of 0.2 seconds. 500 complex correlations 
per baseline gives a total data output rate of 450 kBytes/second. This 
output rate could be handled (barely) by a high density tape drive (6250 
bytes per inch) running at an average speed of 75 inches per second. It 
is doubtful that the correlator computer system could sustain this data 
rate, and it is clear that any reasonable data processing system would 
take several times slower than real time to process it (even super 
computers ca n’t do all that much to a byte of data in the 2.2 
microseconds before the next one arrives). For this and similar 
practical reasons, we arbitrarily specify that the data output rate 
should not exceed 400 kBytes/second, and tnut the maximum number of 
channels per baseline of interest is 4096 (4096 complex numbers for each 
of 45 baselines will amount to 0.75 to 3 MBytes of storage, depending on 
how it is managed; in any case, it is a practical and manageable amount 
with current technology).

These specifications are summarized below.

Number of stations: 10

Number of frequency channels: Variable, 32 to 4096 

Number of IF channels per station: selectable--l, 2, or 4 

Maximum data rate per channel: 25 Mbits/sec
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Maximum data output rate: 400 kBytes/sec

In the following section a possible correlator design will be 
discussed, based on the VLA correlator technology. This is a 
recirulating design, which runs all multipliers at their maximum rate all 
the time. Therefore, the number of frequency channels that can be 
generated is dependent on the incoming data rate. Specifically, in the 5 
possible observing modes discussed above, we have the following table for 
number of spectral channels for the various possible sample rates. Sample Band-
A B C D E
Rate width numb res ]numb res numb res numb res ;numb res

MHz each
band

kHz kHz kHz kHz kHz

25 12.5 32 391. 64 198. 64 198. 128 98. 256 49.

12.5 6.25 64 98. 128 49. 128 49. 256 24. 512 12.

6.25 3. 12 128 24. 256 1 2 . 256 1 2 . 512 6 . 1024 3.

3.12 1.56 256 6 . 512 3. 512 3. 1024 1.5 2048 0.76

1.56 0.78 512 1.5 1024 0 .76 1024 0. 76 2048 0.38 4096 0.19

0.78 0.39 512 0.76 1024 0 .38 1024 0.38 2048 0.19 4096 0.10

0.39 0. 19 512 0.38 1024 0 .19 1024 0. 19 2048 0.10 4096 0.05

0. 19 0.10 512 0. 19 1024 0 .10 1024 0. 10 2048 0.05 4096 0.02

1.2. Implementation

The correlator specified above is a rather large one, at least in 
terms of correlators currently on line, if not in terms of correlators 
designed. The only correlator of this size in current production work is 
the VLA correlator. A larger correlator was prototyped for the NASA SETI 
project, but it is not in current production. It therefore seems most 
conservative to design the correlator using the VLA technology and 
philosophy. Since it has been done, and works well, one can set out to 
design a correlator of this size with reasonable confidence that it will 
work when complete. Other designs have not been attempted in this size, 
and may require more extensive design and prototype work.

Although the correlator is a relatively straightforward design and 
construction project, the tape recording system is much less so. It is 
enevitable that modifications will be made in it based on field 
experience. It seems very desireable to have the correlator itself 
independent of such changes. A well designed interface between the tape 
system and the correlator system does make them quite independent. The 
concept of having the playback system provide four bit streams at 25 
Mbit/sec each, and having validity bits with well defined properties 
would lead to an interface sufficiently simple for both sides to work to 
that the independence could be maintained. The importance of this is 
that the correlator can be built in its entirety from the beginning, a 
substancial saving in money over having to build a prototype correlator
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system to get the initial field experience which will surely be necessary 
for the recording system.

An additional impetus toward the VLA correlator philosophy is given 
by simple cost considerations. A look at the total costs of recently 
constructed correlators seems to indicate that the cost is proportional 
to the number of channels, and nearly independent of speed. It is 
therefore reasonable, for correlators large enough to justify the rather 
large design effort of the controllers, to run all multipliers at the 
maximum possible rates. This rate is, for the VLA correlator technology, 
100 Mbits/sec. Even for the continuum case, a recirculating correlator 
running at this rate requires four times fewer hardware multipliers than 
a simple correlator running at 25 MHz, and is therefore expected to be 
substancially less expensive. The contrast in the spectral line case is 
even greater.

The playback correlator system consists of the following component 
parts: 1) The tape playback systems (one per station)
2) The bit stream handlers (one per station)
3) The baseline handlers (one per baseline)
4) The channels
5) The hardware controllers
6) The computer system

1.2.1. The tape playback systems

The tape playback system is discussed above, together with the 
recording systemswhich it essentially duplicates. The additional 
equipment required at playback time is only a buffer, to remove the 
mechanical variation in the playback rate, and a delay control, to that 
the bits are removed from the various tapes in synchronism.

1.2.2. The bit stream handlers

The interface to the correlator proper is four bit steams at a 25 
Mbit/sec rate, with one or more validity bits. It might be worthwhile 
having several validity bits which can be handled slightly differently 
down-stream. For instance, it might be worth having separate bits for 
recorder checksum error and an antenna generated error flag (eg, antenna 
still slewing). On the other hand, it is possible to conceive doing with 
only one flag.



The bit stream handlers as part of the correlator consist of the 
recirculators, phase extrapolators, and delay controls. Fringe rotation 
is normally done in VLB interferometers by multiplying one of the two bit 
streams going into the correlator by a three level (-1,0,+1) signal. Two 
three level signals displaced by 90 degrees of phase are used. This is 
the equivalent of an analog mixer. The desired function is a single 
sideband mixer, and the sideband is selected by performing the 
appropriate operations on the two correlator outputs to reject the 
unwanted sideband of the fringe frequency. Since the single sideband 
mixer is not completed until after correlation, it is not practical to 
perform the mixing operations on the bit streams from each antenna 
separately. The cross frequencies of the fringe rates are not completely 
rejected, and a cost in signal- to-noise ratio is incurred. Therefore, 
fringe rotation must be done on a baseline by baseline basis. However, 
This can be simplified as much as possible by having an antenna based 
calculation of phase, which is transmitted to each baseline. The 
baseline equipment would then difference the two antenna phase signals to 
give the baseline phase. This is worthwhile because the phase 
calculation is a rather more complicated affair than it would be for a 
simple correlator. The recirculators are playing the data back at 
several times real time, and the fringe rotators must be speeded up by 
the same factor, and must be reloaded with a new initial value each time 
the recirculators are reinitialized.

The fringe rates encountered in VLB interferometers are at moderate 
rates--an earth-diameter baseline at 44 GHz gives a maximum fringe rate 
of 130 kHz. Simple TTL circuitry can be used in the fringe function 
extrapolators. Appropriate buffers for their rates and initial values 
can be loaded by the control microprocessor. It is probably worthwile 
having a hardware delay extrapolator as well as a hardware fringe 
function extrapolator. The maximum delay rate on an earth baseline 
interferometer is about three microseconds per second, or one bit (25 
Mbits/sec) in 12 microseconds. This would be doable by a fast 
microprocessor, but there is one additional complication. Since the 
delay is applied in unit steps of one bit, it is not possible for a 
multistation processor to delay the bit streams on an antenna basis; to 
do so means that the maximum correlator induced delay error is one bit 
time, rather than the desired half bit time. Therefore, the decision one 
the last bit of delay must be made on a baseline basis, in the same way 
that fringe rotation must be done on a baseline basis.

If one has a hardware delay extrapolator, it is reasonable to add 
its fractional bit outputs to the fringe extrapolator. This will mean 
that phases track the fringes at the band center frequency when the phase 
rotator is initialized with parameters suitable for the signed sum of 
local oscillators, and that nothing further up in the system need know 
about the "fractional bit" of delay. Since the system is large and 
complicated, doing this at the hardware level will remove a likely source 
of error.

The recirculators themselves are simply a memory, which are filled
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at the 25 MBit/sec basis record system rate, and dumped at the 100 
MBit/sec correlator system rate, to give maximum utilization of the 
correlator hardware.

There are several ways to use recirculators, and it is not clear 
which will be most advantageous. The one suggested here is that a 
separate recirculator be provided for each of the four 25 MHz bit 
streams. In the continuum mode, the correlator can perform four 
opperations in the time taken for the recirculator to refill with new 
data. These could be to compute the polarization parameters of the 
radiation. That is if there are two left hand polarized IFs, LA and LB, 
and two right handed, RA and R B , a single section of the correlator could 
compute the four products from two antennas (1 and 2) RA1'VRA2, LA1*LA2, 
RA1*LA2, and LA1*RA2. These four products carry the intensity and 
polarization information at the band (MA M) from which these two IFs 
arise.

1.2.3. The baseline equipment

As mentioned in the preceeding section, there are several devices 
which must occur on a once-per-baseline basis. These are: 1) The phase rotator.
2) The plus or minus one bit extra delay.
3) A correlator channel to keep track of attempted correlations.
4) Logic to OR the flags from the two antennas involved.
5) A multiplexor to achieve the reconfiguration between the basic 

14 station continuum configuration and the 10 station line 
configuration.
The phase rotator conventionally used in VLB correlators is a three 

level multiplication, in which the 0 level is present 1/4 of the time, 
and +1 and -1 are present 3/8 of the time each. This device has a loss in 
signal-to-noise ratio of about 4 percent, but its simplicity recommends 
it. The phase rotator then consists of a subtractor of the two phase 
values from the two antennas in question (four bits appears to be 
enough), and a one-of-eight decoder. Two of the eight lines suppress 
correlation and three invert one of the bit streams going into the 
correlator.

Although it should be possible, in principle, to calculate from the 
initial values just what the duty cycle of the correlator is, in 
practice, it is not easy to get right, and it would appear that an 
additional channel per baseline to get this number exactly (it is needed 
exactly because the correlator channels are up-counters. and therefore 
have a large bias which must be subtracted) would save a large amount of 
effort elsewhere.
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1.2.4. The correlator channels

The VLA correlator channels are implemented in specially designed 
integrated circuits. One custom circuit incorporates multipliers, the 
other the fast integrator. The fast integrator holds the results of the 
integration for one recirculator full of data. At the end of a 
recirculator cycle, the fast integrator adds its contents to the main 
correlator memory (a rather conventional semiconductor memory) and is 
cleared for the next recirculator buffer.

As discussed above, there are several ways to use recirculators. In 
the implementation suggested here, the physical correlators are used to 
make a complex correlation (that is, with two orthogonal fringe functions 
applied) on a single pair of bit streams for 32 lags. Although the 
correlator is running with a 100 MHz clock, the bit streams were 
originally sampled with a 25 MHz clock, so the spacing of the lag 
channels is 40 nanoseconds. The four recirculations are used to 
calculate the four cross products of two pairs of bit streams (that is, 
two bit streams from each antenna). These four cross products carry the 
polarization information of the correlated radiation (they are linear 
combinations of the four stokes parameters).

There are actually four bit streams from each antenna, so the 
correlator channels and baseline equipment mentioned above must be 
duplicated in its entirity for the second pair of bit streams .

Let us now repeat the litany of numbers. For each delay channel there is one 
complex physical correlator,

or two simple real physical correlators.
For each baseline and bit stream pair there are 32 delay channels,

32 complex physical correlators, 64 real physical correlators.
For each baseline there are two bit stream pairs, totalling 64 

complex correlators or 128 simple correlators.
There are 91 baselines, giving a grand total of 5824 complex 

correlators, or 11648 simple correlators.
In addition, there are the duty cycle correlators, two complex 

correlators per baseline, 182 complex or 364 simple correlators in all.

For spectral line use it is also desireable to have autocorrelation 
spectrometers on each of the incoming bit streams. This probably 
requires only 32 real correlators per antenna. Recirculation should take 
care of synthesising the number of needed channels and of processing all 
four bit streams. Thus 320 additional real correlators are necessary for 
the autocorrelation function for spectral processing of the 10 antenna 
spectral line array (in practice we would probably put them on all 14 
stations to allow convenient spectral processing of the 14 station array 
with half the number of channels per baseline discussed above).
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The correlator proper is probably controlled most conveniently by a 
fast, bit slice microprocessor, as is done in the VLA correlator. This 
in turn must be controlled by, and pass data to, a more general purpose 
computer, which will do the necessary geometric calculations to provide 
fringe rates and starting phases, and which will format the data in 
convenient forms for post correlation processing.

The geometric calculations are not particularly ornerous, but must 
merely be done with a reasonable degree of care. To track fringes 
smoothly on a long baseline, at 50 GHz requires an accuracy of about 34 
bits. To attain this requires about 40 bits internal computation width. 
There is no problem in attaining this in any modern minicomputer. Again, 
to track fringes smoothly on a long baseline requires that the fringe 
phase be updated about every 0.1 seconds. Calculating the geometry of 
the fourteen station array will take only a few percent of this time on 
any modern minicomputer, if the calculation is properly organized.

The data handling is a bit more severe in its requirements. As 
mentioned above, Output data rates of up to 400 kBytes/second may be 
encountered. This carries the strong implication that input data rates 
will be at least as great (in a well ordered world computers perform data 
reduction, not data expansion). To handle this, and to resolve 
gracefully the inevitable bus contention problems, the computer should 
be specified with an agregate I/O bandwidth of at least 2 MBytes/sec.

Perhaps the most computation intensive chore of the correlator 
computer is to convert from lag spectrum to cross correlation spectrum in 
the spectral line case. The FPS AP120B array processor does longish 
fourier transforms at the rate of about 500,000 output points per second. 
However, since the fourier transform is being used to complete the 
quadrature mixer, half the output spectrum is empty, and thus a single 
FPS AP120B processor is fairly well matched to performing this chore with 
an output data rate of 400 kByte as discussed above.

1.2.5. The correlator computer

1.3. Alternative approaches

There are many ways to design a correlator. The most obvious is to 
do without the complication of the recirculating design. This requires 
four times the number of physical correlators. It does do away with a 
complex part of the controller, as well as the recirculators themselves. 
Constructed in similar technology, one would expect the non
recirculating design for a correlator of this size to be two to four 
times more costly than the recirculating design discussed above. Its 
only chance of being
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economically competitive is if it can be more highly integrated. The 
difference between a 100 MHz clock rate and a 25 MHz clock rate, at which 
the non-recirculating design runs, may make the difference in being able 
to use Schottkey logic rather than the ECL logic, and thus enable another 
factor of two or four in density on a specially designed circuit. It 
does not seem like a profitable approach to implement with standard 
integrated circuits. One implementation of a three level correlator with 
standard circuits requires two j-k type flip-flops and three gates. 
Integration for 10 seconds at a 25 MHz clock requires an additional 27 
stages of binary counter. With conventional MSI integrated circuits this 
is nine packages with a total power dissipation of approximately 0.6 watt 
(assuming conversion to CMOS after the first counter stage). Thus the 
entire correlator would amount to over 400,000 ICs drawing over 8000 
amperes of power at 5 volts.

A second approach of rather more interest is that planned for the 
large correlator on the Nobeyama interferometer array. In this approach, 
the incoming bit stream is fourier transformed into individual frequency 
channels, and the channels are then multipied together and accumulated to 
give a correlated power spectrum, just what you want for the spectral 
line case. For use as a continuum processor, one would generate, say 
spectral channels of width 780 kHz which are narrow enough that the 
possible clock errors and delay range do not reduce the amplitude of the 
fringes. One can then do a fourier transform back into lag space, to be 
able to discard lags not of interest. A complete design of such a device 
has not been made, so the cost and operating properties are now well 
known, but some remarks on the subject are made below.

It is a property of the fourier transform that the number of points 
going into the transform is equal to that coming out. That is, the data 
rate is not changed by the fourier transform. There is a minor 
exception--for economy of tape bandwidth use, the incoming bit streams 
are two-level or three-level signals. The output cannot also be 
similarly truncated without the loss of significant information. It is 
probably sufficient to add one additional significant bit for every two 
levels of FFT butterfly, plus about two guard bits. Thus, an eight bit 
output would probably suffice for a 4096 channel spectrometer.

A second increase in the data to be handled comes from the fringe 
rotation. The most natural way to handle fringe rotation is to apply a 
phase to the incoming bit streams. This makes each sample a complex 
number, rather than a simple real number, doubling the amount of data to 
be handled thereafter, essentially the same doubling encountered in the 
lag domain correlator in the application of two orthogonal three level 
fringe functions.

The advantage of the fourier transform correlator is that the one- 
per-baseline equipment becomes very simple. It is simply a few high 
speed multibit multipliers. For instance, eight eight bit complex 
multipliers per baseline that run at 25 MHz will extract the four 
polarization parameters from two pairs of orthogonally polarized bit
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streams of 25 MHz each.

Because of the general usefulness of the FFT algorithm, a 
considerable effort has been devoted to hardware implementations. 
Certainly, real-time transforms of 8 bit precision and 25 MHz rates have 
been implemented. The question is simply whether such devices are 
economical for the VLB correlator, which would contain 56 of them.

Thus, the hard part of the correlator would be implemented in 56 
high speed fourier transform devices and 2912 eight bit high speed 
multipliers. This impressively low device count suggests that this 
approach may be economically effective. However, these devices are 
relatively complex, especially considering the speed with which they 
must operate.A detailed design and costing must be done on such an 
approach. Further investigation, while obviously necessary, may disclose 
serious problems. Therefore, the cost information in this proposal is 
based on the more conservative assumption that the correlator will be 
based on the VLA correlator philosophy and technology.
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VLB CORRELATOR COST--NOT INCLUDING PLAYBACK TAPE SYSTEMS

ITEM Components Manpower
SK ' assmb de

Interface--tape system to correlator 3 1 1
R e c 1rc u 1 ator s 39 3 2
Fringe and delay extrapolators 35 4 3
Fringe r o t a t o r s / 1ast bit d e 1 ay/mu 11 1 piexor 27 3 1
Mu 11 1p 11ers 286 3 1
Autocorrelators 32 1 1
Integrators 48 2 1
Buffer memory for Integrators 48 2 0
System controller and programming 15 2 36

SUBTOTAL -- CORRELATOR HARDWARE 533 20 45

PC Boards--development and fabrication 88 0 0
Power s u p p l 1es 68 l 1
Racks, Cables, mlsc hardware 40 i 2

SUBTOTAL -- SUPPORT HARDWARE 196 2 3

Computer CPU w. 2 MByte memory, 100 MByte
Winchester disk, 800/1600 BPI, 45 Ips 
tape for software maintenance,
operating software licenses 182 1 1

Magnetic tape, 2 drives 6250 BPI, 125 Ips’ 67 0 0
Array processor, 64 kWords data memory 73 1 1
Terinlnals-4 text, 1 graphic 10 0 0
Cabinets, power, furniture 10 0 0
P rog r a m m 1ng 48

SUBTOTAL -- COMPUTER 342 2 38
*

Hardware systemwide design/checkout 4 8
Astronomical design/checkout B 4

SUBTOTAL -- SYSTEM INTEGRATION 12 12

GRAND TOTAL 1071 36 1 10

Labor Is distributed roughly as follows:
Technltlan 2.5 man years
Advanced tech/eng 1neer 3
Engineer 2
Programmer 4
Scientist 1

BY: B. Clark 
1/29/82
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VLBA CORRELATOR DESIGN

Martin Ewingr 2/4/82

The purpose of this document is to present some estimates of the 
size and cost of a VLBA correlator based on the JPL/Caltech Block 
II system.

This system uses Mark III tapes (28 tracks) and will run at 8 
Mb/s. Notice, therefore, that the total bit rate (224 Mb/s) and 
bandwidth (112 Mhz) capability is double that of the VLA-based 
proposal (VLBA Memo #61). Only about 20% in cost would be saved 
by cutting back to 112 Mb/s, since the total number of lag 
channels must remain constant. We therefore keep the full Block
II processing rate in most of these estimates. (Excess processor 
capacity is highly desireable to reduce logistical bottlenecks.)

We choose 12 stations as a reasonable compromise between redun
dancy, network extension capability, and cost. Cost for this 
design has the following station dependency:

Cost ~ N + 2 * N**2 (N = no. of stations)

if the number of lags per baseline is held constant, or,

Cost ~ N + 0.8 * N**2

if the total number of lags is kept constant.

We analyze four cases of correlators that might be built:

- Block II, enlarged to 12 stations, 8 lags/baseline/ 
track continuum, 112 frequency channels/baseline 
spectral line

- Block II, 12 stations, 32 lags/baseline/track 
continuum, 448 frequency channels/baseline

- Block II, 12 stations, 32 lags/baseline/track 
continuum, 448 frequency channels/baseline, with gate 
array technology

- Block II, 12 stations, 64 lags/baseline/track 
continuum, 448 frequency channels/baseline, with gate 
array technology, only 14 tracks at 8 Mbs each.

1. Enlarged Block II

We begin by estimating the parts count for a correlator using 
exactly the Block II design, with the following exceptions:

12 stations, 66 baselines 
32 lag channels per baseline
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This design is largely completed? it makes heavy use of LSI ICs 
that have become available in the past 1-2 years.

The following tables summarize the integrated circuit (IC) usage 
and power consumption of the Block II (current design)•

STATION-ORIENTED ELECTRONICS

IC count Power
"ECL" Front-end 450 160
Delay buffering 1200 500
Phase Calibrator 620 275
Station Controller 60 25
Station Phase Gen. 175 75

2505 1035

BASELINE-ORIENTED ELECTRONICS (per

Cross-corr. 2400 1050
Corr. Controller 60 25
Corr, Phase Processor 175 75
Corr. Sig. Processor 175 75
Fringe Proc. (Tensor) 500 160

3310 1385

2. Block II, Quadrupled Lags

Of the baseline-oriented components in Block II, only about 1/3 
are actual lag-channels. That is, a 32-lag version would have 
only 4*(l/3)+2/3, or twice the number of ICs per 3-baseline 
group. This option is called "4 X Block II" in the table below. 
It provides "full" spectroscopic capability of at least 448 
frequency channels per baseline,

3. Enhanced Block II Design

The economics of the Block II approach for a large correlator 
improve considerably with the state of the art in VLSI (very 
large scale integration) technology. In fact, a 30 - 50% com
pression of the correlator chip count has become feasible in the 
last months with the introduction of a larger capacity PAL (pro
grammed array logic) chip.

In making a final, "best-guess" estimate of the cost of the real 
VLBA correlator following these design principles, it is neces
sary to estimate the level of 1985 VLSI. We feel that the fol
lowing projections are conservative.
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We anticipate that a custom gate array in the range 4,000 - 
10,000 gates will be available and will be the optimum choice for 
a Block II-style implementation in the near future. One-time 
charges of $30,000 - $40,000 are likely for mask layouts. We 
assume the total IC count in the lag-dependent sections of the 
correlator will be reduced by a factor of 4. The gate arrays 
will cost about double per chip compared to the ICs currently 
used.

The overall effect would be to reduce chip count by 73 K and re
duce parts cost by $350 K. Other cost savings due to generally 
falling prices of memory and other LSI components may be 
expected, but are not included here.

4. Gate arrays with reduced total bit rate.

(This example is most directly comparable with the VLA-based 
design.)

Nearly half the station-dependent circuitry is eliminated, as 
are parts of the baseline-dependent components. Since the total 
number of lag channels is constant (due to spectral-line require
ments) , the same savings are available from gate-array technolo
gy.

ESTIMATES

We derive the following estimates for a 12-station correlator 
using the Block II parallel LSI techniques. If we use a fairly 
conservative overall estimate of $10 per IC including printed 
circuit packaging, power supplies, etc., we arrive at the 
hardware costs indicated. (The gate array design includes an 
adjustment that allows for the relatively higher price expected 
for the gate arrays themselves.)

Labor
System IC count Parts $ Constr. Devel.

1. Block II, 8 lags/bsl/track 103 K $1,030 K 4 MY 1 MY

2. 4 X Block II (32 lags) 176 K $1,760 K 7 MY 3.3 MY

3. 4 X Block II (32 lags,
gate arrays) 103 K $1,270 K 4 MY 4.3 MY

4. Block II (14 tracks, gate
arrays,
64 lags/bsl/track) 68 K $ 950 K 3 MY 4.6 MY
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Development labor includes printed circuit layouts, prototyping, 
gate array design, microcoding, mechanical design, and docu
mentation, as required.

Construction labor includes clerical, mechanical, integration, 
and test functions.

CONTROL COMPUTER

A VAX-11/780 computer operating in a general-purpose timesharing 
mode serves as the control computer for the Block II. This is 
possible because of the substantial computational power residing 
in the correlator itself. Geometry, phase calibration, and tape 
control are all performed in Block II's microprocessors. Coher
ent integrations, bandwidth synthesis, and first-stage fringe 
analysis are handled in the "Tensor" processors (one for every 3 
baselines) that contain hardware FFT systems, large buffers, and 
M68,000 control computers.

We estimate that a single, dedicated VAX system will be adequate 
for the 12-station, quadrupled Block II correlator. Such a sys
tem would include 2 MByte memory, dual 6250 bpi tape units, and 
600 MB disk capacity. Existing Block II software will be ade
quate for continuum observing. (A VAX computer is required to 
make use of this software.) Substantial new programming will be 
needed for spectral line work. Estimates are given in the fol
lowing table.

COMPUTER ESTIMATES 

Hardware (VAX-11/780 with peripherals): $370 K

Software: Systems Programming 
Spectroscopy

1 MY 
4 MY



Page 5

CONCLUSIONS

The cost of a "conventional" VLBI correlator architecture is at 
least competitive with the alternative VLA-based design. The 
Block II/Mark III system offers 112 MHz bandwidth at record time 
or 56 MHz with twice-real-time playback rate. Adaptations of the 
Block II design could be made to work with other channelization 
parameters, with some parts-count savings# but with some rede
sign required.

In particular, correlator option 4 would be compatible with the 
7-tape 16 Mb/s/tape cassette system now being proposed.

The Block II incorporates full recorder controls, deskewing and 
delay buffering, phase calibration, and fringe processing. Many 
aspects of its design derive from its principle application to 
geodesy and bandwidth synthesis. Relatively little, however, is 
to be gained by changing the design to eliminate the generality 
of the bandwidth synthesis capabilities.

Full spectroscopic and polarization capabilities (4 correlations 
per frequency) are provided in the "4 X Block II" design.

The cost attractiveness of Block II"s "LSI-parallel" approach 
compared to the VLA recirculating technique can be expected to 
improve as VLSI's density grows faster than ECL's speed.





Multiple Processor Sites for the VLB Array

K. I. Kellermann

At the recent NRAO Users 1 Committee, the possibility of operating 

two Array Processing Centers was briefly discussed. The idea of having 

two processing centers originally arose as a result of discussions with 

Caltech scientists who are apparently interested in operating a "continuum 

only" Processing and Image construction center on the West Coast, in much the 

same spirit as the various proposed Regional VLA processing centers.

The advantages of operating two processor systems may be summarized 

as follows:

1) If the NRAO continues to operate a major VLA reduction center in 

Charlottesville, then Charlottesville also becomes a strong candidate for 

our VLBA Processing Center, and the existence of a West Coast Processing 

facility may be attractive to users from that area.

It is expected that the computer systems at the two Processors 

will be similar, although not necessarily of equivalent size. Software 

will be exchanged, and a real time link will facilitate transfer of 

computing work loads from one site to the other. A modest start to this 

approach has already been made with the Caltech and NRAO VAX computers.

It may be argued with some force that it would be more efficient 

to concentrate all of the computing facilities and personnel at one site.

But science does not necessarily progress by having the most efficient 

organizational structure. The intangible benefits of a healthy (presumably 

friendly) competition and the influx of ideas from multiple concentrations 

of skilled scientists should not be discounted, and would diversify the 

scientific input, as well as allow for greater flexibility in development 

of software. Indeed the operation of two or more processing centers



might, to some extent, reduce the concerns about concentrating VLB 

facilities at one institution.

2) If, as appears increasingly likely, the record-playback system 

is based on broad band recorders, we may lose the option of playing back 

spectroscopic recordings faster than real time. Then, due to inevitable 

Processor down time and required replays, either an infinite backlog 

would build up, or it would be necessary to limit the Array to part-time 

operation.

3) A prototype 3-station Processor is currently being built at 

Caltech-JPL, using a number of new innovations not present in the Haystack 

MK III system, whose design is already more than 6 years old. It is 

relatively straightforward to expand the Caltech-JPL processor to 9 or 

perhaps more stations. This would make available an interim Array Processor 

to be used with a combination of existing and new antennas, and would

take the pressure off NRAO to have the final Processor, which may be of 

a fundamentally new design, ready before the completion of the entire 

array.

The construction and operation of a second Array Processing Center 

does not come for free. I estimate that a modest 10 station, continuum 

only Processor might cost 2 to 3 million dollars and would cost about

0.5 million per year to operate. Ideally, a University-operated processor 

would be financed through ordinary grant procedures, but more realistically, 

it might have to come from the Array funds, and the relative advantages 

would have to be weighed against other items such as reducing the number 

of elements to 9. At least to some extent, however, some outside processing 

and computing facilities are already being developed independent of the 

Array facility, so the additional costs necessary to upgrade to a full 

user operation may be less than indicated above.

7/24/81



VII. P O S T  P R O C E S S I N G





VLBI array Computer Useage

W. C o t t o n  a n d  J. B e n s o n  

3 July 1980

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

Both computing hardware and data  analysis are developing sufficiently rapidly 
th a t accurate predictions for the computing needs of the VLB array are not possible. 
This report will, instead, examine the requirements of a ten antenna array on 
computing facilities currently available in Charlottesville.

II. P O S T - C O R R E L A T I O N  P R OC E S S I N G.

A. Continuum

1) In the current Charlottesville system the first post-correlation step is to cor
rect the data for pecularities in the processor and to pre-average the 0.2 second 
integrations from the correlator to several seconds in order to reduce the volume 
of the data. In newer correlators such as those at Cal-Tech and Haystack much of 
this step is done on-line by the correlator/computer. In Charlottesville this is done 
in the IBM 360.

2) Following pre-averaging is the fringe fitting step which results in the estimates 
of the complex correlation coefficient, group delay and fringe delay rate from 
data coherently for several minutes. This step is also done in the IBM 360 in 
Charlottesville.

3) After fringe fitting the data is edited, removing bad data.

4) Current practice is to calibrate the correlation amplitudes to Janskys using 
measured system temperatures and antenna sensitivities. Except in certain phase 
referencing experiments phase calibration is considered hopeless at this stage and 
is ignored.

5) Finally the phases are iteratively calibrated and the map produced by a 
technique known as self calibration or hybrid mapping. In this technique the current 
model of the source (CLEAN point components or the initial guess) is used to 
calibrate the phases relative to an arbitrary position in the sky. This technique 
makes use of the fact that the number of calibration phases needed is N -l and 
the number of observed phases is N (N -l)/2  where N is the number of antennas 
involved. Similar amplitude calibration is also possible and likely necessary for



1.3 cm observations. For VLBI observations this step is currently done on the 
Charlottesville VAX using the Cal-Tech VLBI package but in the future the VLA 
package will almost certainly be used. Thus the Fred Schwab’s self-calibration 
program was used for timing purposes for this report.

B. Spectral Line

1) frograin t)feCO£)tC preavef&ges the correlator output.

2) Program AVERAGE corrects clock drifts, residual phase delay rates and makes 
instrumental phase corrections; then averages both the cross and auto correlations.

3) Program BOG transforms the auto correlations to obtain source spectra and 
then corrects auto and cross correlations for effects of the bandpass

4) Program CVEL corrects the data for the Earth’s motion.

5) Program CAL calibrates the cross correlations using the total power spectra 
obtained from the autocorrelations.

6) Program PHSREF calibrates phases relative to a reference feature.

7) Program SWAMP, used in editing the data, displays coherent fits to each 
spectral channel; usually used several times.

8) Programs SWAMP,JANET and DUNE produce a fringe rate map prior to 
aperature synthesis.

After the above programs are run, the data are fully calibrated and can be 
analysed by VLA spectral line software.

III. C o m p u t i n g  r e q u i r e m e n t s

A. Continuum
Computing requirements for various stages of processing were determined from 

timing the processing of sample data in the appropriate computer. Correction, 
preaveraging and fringe fitting were done in the IBM 360; the CPU time require
ments for these steps are shown in Table 1.

Table 1
Continuum: pre -  Mapmaking (IBM 360 CPU times)

Step Baseline hour Array hour ( 10 ant.)
correction and
preaveraging 0.80 min. 36.1 min.
fringe fitting 0.45 min. 20.5 min.

Total 1.25 min. 56.6 min.

2



Editing and initial amplitude calibration use so little CPU time th a t their re
quirements are negligible compared to the uncertainty in the other steps and are 
thus ignored. However, editing and calibration are the stages which require the most 
user interaction and are normally repeated several times. If in the future amplitude 
calibration is done using VLA software initial amplitude calibration may become 
nontrivial in the computing budget ( see the self calibration description for a crude 
estimate of the time requirements).

To determine the time requirements for self calibration, a VLA data  set using 10 
antennas with 35,763 data points was used. This is approximately tha amount of 
data in 12 hours of 1 minute integrations from a ten antenna array. For this test, 
Fred Schwab’s self calibrations program was used to do both amplitude and phase 
self calibration. The REAL run times for the MODCOMP were recorded and the 
results are sumarized in Table 2. For comparison IBM 360 CPU times for the same 
mapping and CLEANing tasks are also shown in Table 2.

It is not clear how many iterations through the self calibration procedure will be 
necessary for 10 antenna data but 10 is probably a safe guess.

TABLE 2
Continuum: Mapping and CLEANing

Step MODCOMP real time IBM 360 CPU time
Maping 256x 256 cells 5.5 min. 6.2 min.
CLEAN 127x 127 500 comp. 8.3 min. 8.2 min.
Self calibration 17.2 min.
(full complex)

Total (1 pass) 31.0 min.

Per source (10 passes) 310. min.
=  5.2 hrs.

B. Spectral Line.

The CPU time required for programs 1-8 were determined from sample data 
processed on the IBM 360. These results are sumarized in Table 3.

3



TABLE 3
Spectral Line: pre-M apmaking (IBM 360 CPU times)

STEP Baseline hour Array hour
DECODE 0.80 min 36.0 min
AVERAGE 0.52 min 23.4 min
BOG 0.21 min 9.5 min
CVEL 1.64 min 73.8 min
CAL 0.48 min 21.6 min
PHSREF 0.83 min 37.4 min
SWAMP > 0 .7  min > 31 . min
SWAMP,JANET,DUNE 0.11 min 5.0 min

TOTAL 5.29 min 237.6 min 
=  4.0 hr

Since VLA spectral line software is not yet available an estimate of the computing 
requirements must be made from the continuum test. The mapping and CLEANing 
could be done as for continuum maps but separately for each frequency channel. 
In the following estimates 256 spectral channels were assumed; Table 4 shows these 
estimates.

TABLE 4 
Spectral line: MODCOMP real time

STEP MODCOMP real time
Map making (256 x  256x 256 ) 1408. min =  23.5 hr
CLEAN (127x  127x 256 ) 500 comp. 2125. min =  35.4 hr

Total 3533. min =  58.9 hr
=  2.5 day

IV.  H a r d w a r e  a n d  S o f t w a r e  D e v e l o p m e n t .

A. Continuum
If VLA software is used for editing and calibration then no independent software 

development past the fringe fitting stage will be necesary. The speed of the cor
relator correction, pre-averaging and fringe fitting could be improved up to a factor 
of 10 with the use of an Array Processor. In view of the large amount of CPU time 
required for these steps, an Array Processor would appear to be vital. In addition, 
the development of more sophisticated calibration and fringe fitting techniques may 
be able to take advantage of the large number of baselines to make substantial im- 
provments in sensitivity over the current techniques. However, such techniques are 
likely to signifigantly increase the computing requirements.

The MODCOMP self-calibration programs described above make limited use of 
an array processor. These programs will undoubtedly be improved; for instance,

4



an experimental version of a CLEANing program of the type designed by B. Clark 
did an equivalent CLEAN to the one described in Table 2 in 1.4 min. MODCOMP 
real time.

B. Spectral Line
Many of the programs described in Section II could be adapted to use with 

an array processor, reducing the enormous computing load. Past the calibration 
stage VLA software will be completely adequate and no independent development 
is necessary. Since spectral line mapping and CLEANing for VLA data produce 
similar problems it is likely th a t a more efficient method than the one discussed 
here will be developed.





Appendix to VLBA Memo # 4  Computer Useage : 
or How much is that in real money?

W. C o t t o n  a n d  J. B e n s o n  

28 August 1980

The purpose of this appendix is to update VLBA memo # 4  and to state the 
estimated post-correlation computer requirements. As in all such estimates, the 
numbers quoted here should be viewed with some skepticism.

I. C o n t i n u u m  F r i n g e  F i t t i n g .

The values given in VLBA memo # 4  in Table 1 were based on Mk II values and 
are not entirely relevant to the VLBA. Estimates of Mk m  fringe searching are 
based on values obtained from A. Rogers at Haystack from their experience with 
the Mk in correlator. One example:

8.5 min of data searched, 2 sec preaveraging, 14 tracks
Disk I/O  =  40 sec
mostly FFT search =  120 sec.
search window =  0.8 Hz and 0.5 microsec.

The figures given above were based on a firmware FFT which does a full complex 
1024 point FFT in 200 millisec.; the advertised time for the same operation on an 
FPS array processor is 6 millisec. A crude conversion of the above values to the 
useage on a machine with an array processor is 0.25 CPU-Hr /  baseline hour; or 
11 such systems to keep up with the processor. It should be noted that the time is 
80% disk I/O . This requirement can be reduced in several ways: 1) the fringe search 
window can be restricted and data preaveraged for longer times. If the amount of 
I/O  can be reduced by a factor of 10 then one computer plus array processor will be 
sufficient. 2) In the case of strong sources, either the amount of data recorded can 
be reduced and/or only a subset of the data used for the fringe search.



II. U S E A G E  R E Q U I R M E N T S .

In order to estimate the amount of computing required Table 1A uses the values 
given above and in VLBA memo #4 . The requirements are expressed in units of a 
minicomputer (such as a VAX) with an array processor.

Table 1A
Total Computer Useage Requirments

Process No. Minicomputer +  AP
Cont. pre-mapping 1
Cont. mapping 0.5
Spectral pre-mapping* 1
Spectral mapping* 1
Total 3.5

* Spectral line observations assumed 20% of the time.

2
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To. VLB Array Meeting - Computer Subgroup

From: R. C. Walker, B. Burns

S’jl.itfct: Computer Needs

There will be an informal discussion of the VLB Array 

computer needs after dinner on Monday, September 15. The 

time and location will be determined earlier on Monday. The 

discussion should be limited to 10 or 15 people actively 

involved in VLBI hardware and software development.

The attached documents summarize our current ideas on 

the magnitude of the post-processing computer needs and 

present a possible plan for the computer hardware for the 

a r r a y .

Distribution:

J. Ball 
T. Clark 
M. Ewing
B. Leslie
T. Pearson

M. Reid
A. Rugers
N. Vandenberg
A. Whitney
J. Benson
W. Cotton
K. Kellerman

RCW/nw



VLBI ARRAY COMPUTER NOTES

The computer effort is divided into four areas:

1) Antenna and recorder control

2) Correlator control

3) Post-processing

4) Array control

In specifying and pricing hardware we have used DEC equipment. 

DEC is useful for beachmarking because they carry a line of equipment 

from LSIs up thru VAX and because many people understand the various 

DEC components. If we were building the array today, DEC, ModComp 

and HP all would be very strong contenders. Other manufacturers 

equipment would be considered also.

1) Antenna and Recorder Control

Plan A - use three LSI ll/23s (128K byte memory each), one 

for antenna control and communications, one for the tape recorder 

control and one for the complete on-line back-up. This latter 

system may be switched in place of either of the other two.

Cost is $27K each plus some interface and communications 

equipment. Total cost per antenna = 3 x 27 + 19 ~ $100K.

Plan B - use single PDP 11/44 (256K byte memory) to control 

the telescope and recorder. Remote diagnostics via telephone are 

available on this machine. On-site spares at each antenna are 

included in price. There is no redundant system in this case. 

Cost is $7 3K plus interface and communications equipment. Total 

cost per antenna ~ S100K.



For computer/telescope interface we plan to use either CAMAC or 

a similar serial systeir.. An 1C:IA0 designed system, like that used at 

the VLA is also a possibility. This will reduce the number of virc-.- 

required between the computer and various parts of the antenna and 

electronics system. It should also make computer switching easier 

for the ease where a redundant computer is used. Cost for the 

CAMAC crate controller is included in the interface equipment 

priced above.

It is felt a stripped down antenna/recorder system should be 

located in the central array control center for ongoing development 

and for simulation to give telescope support personnel technical 

support. If plan A is used this might amount to an additional 

LSI 11/23. If plan B is used, this support might instead come 

from the hardware used for either array control or post-processing.

In any case, no funds are specifically budgeted. If an 

additional LSI 11/23 is required there are sufficient funds in the 

antenna/recorder budget.

Estimated software effort = 5 man years.

2) Correlator Control

It is not clear exactly what is required here since the 

correlator is not yet designed. Ken has guessed $150K for control 

computer which is included in correlator budget. There are also 

trade-offs, for example: whether an external array processor or 

a homemade device is used.

The software estimate is 10 man years.



3) Post-Processing ' -

Post processing estimates are in units of VAXs (each VAX 

assumed having an array processor). This is a strange unit but 

is useful because people have a feel for it. Obvious gains in 

technology will be made in this area over the next few years; 

larger VAXs, good alternatives, CPUs with built-in array 

processors, optical disks, etc. It is felt however, that the 

trend toward more sophisticated processing techniques will 

balance the gains in hardware technology. In capacity, we feel 

about 3 1/2 times the above VAX capacity is required (see 

attached summary of current VLB post-processing program run 

times and extrapolation to the needs of the a r r a y ) . The 

estimated hardware cost for a possible setup with the required 

capacity is as follows.

2 systems:

VAX with 2 meg memory $21OK

(basic package including disk and tape drive)

Array processor (64K bytes) 90K

Printer 10K

Terminals 10K

2nd tape drive (high density) 35K

Extra disks (3 spindles) 60K

Misc. 2OK

$435K

1 system:

Include above $435K

Additions] 2 meg memory 33K

V i d eo d i s k 4 OK



Opt ical disk 4 0

G r e y  s c a i t  d i s p l a y 5 OK

$598K

Add 10% for price changes effective in late 19S0 ($147K) . 

Prices should rcflect Jan. '81 pricing. Total = S1600K.

Manpower estimates for the post-processing is estimated 

at 5 man years. This is low but it is felt much software 

originally developed for VLA processing can be used.

4) Array Control

The array control computer communicates with each 

telescope. If separate telescope and recorder control computers 

are used (2 LSI ll/23s) the communication is with the telescope 

control. If a single PDP 11/44 is used for both telescope and 

recorder control, it also handles the communications. For the 

array control computer we envisage a PDP 11/44 with 512K byte 

memory. No redundant system is used but this machine supports 

remote diagnostics and the price of spare parts is included.

The system resembles pretty much a standard control system and 

is priced at $150K. 5 man years software effort is estimated.

Summary

Total computer budget (not including correlator control

computer):

Antenna hardware $ 1 . 0  m

Post-processing hardware 1 . 6  m

Array control hardware . 1 5m

Software (25 man years/overhead)

To tal $3.55m





December 31, 1981

To: U L B A  Study Group

From: R. C. Walker

Subject: Data s t o r a g e  r e q u i r e m e n t s  for the U L B A

The amount of s t o r a g e  space r e q u i r e d  for a U L B A  data set is 

a f u n c t i o n  of s e v e r a l  v a r i a b l e s .  Rather than trying to provide 

t ables sh o w i n g  the e f f e c t s  of these v a r i a b l e s *  I will give the 

e q u a t i o n s  for the number of bytes nee d e d  for both s p e c t r a l  line 

and c o n t i n u u m  o b s e r v a t i o n s  as a f u n c t i o n  of all r e l e v a n t  p a r a m e t e r s  

A f e w  sample cases will be e v a l u a t e d .

The number of bytes in a data set is given by!

U Bytes = 3 6 0 0  w H B C ✓ t

where-' w = Number of bytes per c o m p l e x  data point

( M i n i m u m  4* p r o b a b l y  much more. U L A  export 

format uses 48 for u j v j w >4 p o l a r i z a t i o n s  and 

b o o k k e e p i n g .  Fewer are needed for s p e c t r a l  line 

as u j v j w  and b o o k k e e p i n g  can be s h a r e d . )

H = Hours of data in o b s e r v a t i o n  (typical 10)

B = Number of b a s e l i n e s  (probably 45)

C = Number of delay or s p e c t r a l  c h a n n e l s  (see below) 

t = I n t e g r a t i o n  time in s e c o n d s  (see below)

The number of c h a n n e l s  in the c o n t i n u u m  case is d e t e r m i n e d  by 

the delay range needed for the d e s i r e d  field of v i e w  and by the 

u n c e r t a i n t i e s  in the clocks. Note that the field of v i e w  may 

be set by the degree of u n c e r t a i n t y  in the a priori source pos i t i o n  

rather than the size of the source. This should not n o r m a l l y  be a 

p r o b l e m  b e c a u s e  acc u r a t e  p o s i t i o n s  can be found very q u i ckly with 

the ULA. The number of c h a n n e l s  r e q u i r e d  by the field of v iew is:

C = 6 . 4 6 E - 5  1 b x

where: l = length of longest b a s e l i n e  in km (usually 8000)

b = b a n d w i d t h  in MHz (up to 50)

x = m a x i m u m  offset f r o m  phase center for good data,

in arc s e c onds (typically 0.1 to 1.0)

The number of chan rife Is r e q u i r e d  by the u n c e r t a i n t y  in the ; 1

C = 2 b T
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where: b = b a n d w i d t h  in MHz

T = clock u n c e r t a i n t y  in m i c r o s e c  (usually 0.25)

The total number of c h a n n e l s  is the s u m  of the abous :

C = 6 . 4 G E - 5  1 b x + 2 b T

For s p ectral line data* the number of c h a n n e l s  is d e t e r m i n e d  by 

the de s i r e d  v e l o c i t y  range and r e s o l u t i o n .  If the number of c h a n n e l s  

is fixed by the c o r r e l a t o r *  it p r o b a b l y  will haue a m a x i m u m  value of 

512. If the c o r r e l a t o r  is of a r e c i r c u l a t i n g  d e s ign* the number of 

cha n n e l s  could be very large a l t h o u g h  we should not a t t empt to su p p o r t  

p o s t - p r o c e s s i n g  of absurd cases.

The inte g r a t i o n  time will u s u ally be set by the need to avoid 

time a v e rage s m e a r i n g  for s o u r c e s  in the field of view. To give an 

idea of the m a g n i t u d e  of the p r o b l e m *  the fringe period for an object 

one arc second away f r o m  the phase center for o b s e r v a t i o n s  at 22 GHz 

( r e a sonably common H2 0  maser case) can be as short as 4 . 8  seconds.

To avoid s m e a r i n g *  the i n t e g r a t i o n  time should a l l o w  several points 

per fringe period. A large amount of space could be saved by making 

the average time a f u n c t i o n  of b a s e l i n e  length but that p o s s i b i l i t y  

is not included in the f o l l o w i n g  formula. The longest safe 

i ntegration time is given by:

t = S .5 E 5  / ( x f 1 p )

where: x = The m a x i m u m  offset f r o m  the phase center for good data.

This u s u ally will be set by the a-pr ior i's alt h o u g h  in 

many s p e c t r a l  line s o u rces it will be set by the 

s e p a r a t i o n s  of f e atures, 

f = F r e q u e n c y  (GHz)

1 = M a x i m u m  b a s e l i n e  length in km (usually 8000) 

p = The m i n i m u m  number of points per fringe (5?)

The above for m u l a e  can be c o m b i n e d  to give a c o m p o s i t e  formula 

for the number of bytes needed:

U bytes = .00423 w 1 B f b H x p ( 6 . 4 S E - 5  1 x + 2 T )

( c o n t i n u u m  case)

or: = 4 . 2 4 E - 3  w l B f H x p C  (line c3.se )
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Note the d e p e n d e n c e  on the square of the b a s e l i n e  length and the field 

of v i e w  in the c o n t i n u u m  case as long as the number of c h a n n e l s  is not 

set by the k n o w l e d g e  of the clocks.

The table a t t a c h e d  to this memo shows s e v e r a l  cases of interest.

In g e n e r a l ;  the data sets are a f e uj times larger than full track UL A  

data sets with the e x c e p t i o n  of the e x t r e m e  H 2 0  s p e c t r a l  line case.

That case is cl e a r l y  too large to be r e a s o n a b l y  s u p p o r t e d  so I suggest 

that we not try. O b s e r v a t i o n s  of so u r c e s  such as H E O  in O R I O N  will have 

to be done with very much less than full tracks and full r e s o l u t i o n .

I suspect that most of the sc i e n c e  in such o b s e r v a t i o n s  can be o b t a i n e d  

with more modest o b s e r v a t i o n s .  The r e q u i r e m e n t s  for the modest H2 0  case 

are still very large but not impossible. The number of 6 E 5 0  bpi tapes 

r e q u i r e d  is s i m ilar to the number of 1600 bpi tapes used in H2 0  ULBI 

e x p e r i m e n t s  in the past and the data set is only 4 times the size of a 

large s p e c t r a l  line U LA data set that might be p r o d u c e d  when the c u r rent 

channel limi t a t i o n s  are overc o m e .

-3-

I am not sure ho w  we should deal with the disk space r e q u i r e m e n t s . 

The above i n f o rmation indicates that we should be p r e p a r e d  to deal 

with q u a n t i t i e s  of data s o m e w h a t  larger than what the UL A  genera t e s .

For c o n t i n u u m  o b s e r v a t i o n s ;  this should not be a s e r ious p r o b l e m ;  

e s p e c i a l l y  since the t a b u l a t e d  data set sizes are those r e q u i r e d  before 

fringe f i t ting only. The s p e c t r a l  line case p r e s e n t s  more of a p r o b l e m ;  

a l t h o u g h  it is a p r o b l e m  that will have to be faced for the ULA too.

Mark Reid a d v o c a t e s  storing all of the data on disk (after c o n s i d e r a b l e  

trouble using tapes with a very large H 20 U L B  e x p e r i m e n t  he is n ow 

w o r king on). This could r e q u i r e  as much as 100 g i g a b y t e s  of disk which 

is e x c e s s i v e  no w  but may not be in a few years. I can think of 

several ways to be clever and reduce this r e q u i r e m e n t  d r a m a t i c a l l y  

but h i s t o r y  has shown that we always think of ways to increase the 

r e q u i r e m e n t s  too.

One area where I s u s pect that our 

U L B A  is easier than the U LA are still 

of the U L B A  for s n a p - s h o t  o b s e r v a t i o n s  

i n t e gration will not be nearly as good 

b a s e l i n e s )  so I suspect that a larger 

invs 1 v £ long tracks; or at least sever 

so there will be fewer maps per unit o 

less input data for each map which red 

are an important part of the c o m p u t i n g  

will be s o m e w h a t  offset by the n e e ̂  for 

for c o n t i n u u m  data. Note that; except 

iterative s e l f - c a l  will not be needed f

initial i m p r e s s i o n s  that the 

correct is in m a pping. The cov e r a g e  

c o n s i s t i n g  of a single short 

as that of the UL A  (B times fewer 

p e r c e n t a g e  of the o b s e r v a t i o n s  will 

a 1 scans at d i f f e r e n t  hour angles; 

b s e r v i n g  time. Also there will be 

uces the s o r ting and g r i d d i n g  which 

load with large data bases. This 

many iterations of s e l f - c a l i b r a t i o n  

for the r e f e r e n c e  c h a n n e l ;  the 

or s p e c t r a l  line data.
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VLBA DATA BASE SIZES

Ps r a u e t e r s :
W I Bytes per visibility record. -estimate Includes u , v , w, t i; , b e ,2 1 i .•< , sto! 2 3  {* .= .-eni': :.srs
L 1 Maximum baseline in km.
B i Number of baselines.
F 1 Frequency in GHz
L'W 1 Bandwidth in MHz.
H I Hours of data per baseline.
X I Maximum offset from center of field.
P 1 Minimum points per fringe period.

Results to be calculated in subroutine:
C 1 Number of channels (fixed for line) - for continuum, set by c’slay v/in^cv
CU 1 Number of channels used (allows for clock uncertainty - us.jal’y . 2 5  micr^seo )
T ! Integration time. Set by smearing. Will not exceed specified max 1 mi-n.
MBYTES ! Megabytes required.
MVIS ! Millions of visibility records.
TAPES i Number of 6250 bpi tapes (180 Megabytes).

Comment W L B F BW H X P C CU T m o y t r; s 1IVI i TAPES

Mod e r a t e  con t i n u u m  case 42 8000 45 10 .5 28.00 10.0 0..20 5 ,.0 3. 15. 1.0.03 1B1.03 5 ?..,. 4 - ? F.5S

Extreme c o n t inuum case 24 8000 91 43.0 56.00 10.0 0 .. 20 5..0 6 . 31 . 2.47 979.5;?-; 40,.8,2 5. 44

!;ot spots 42 4000 35 1 .6 28.00 10.0 2 ,.00 5 ..0 14. 26. 13.29 Itf5.5.f3 2 ,.51 2 0.59

F,~ke data tests 24 8000 45 5 . 0 28.00 10.0 0..04 5,.0 1 . 1 . 121.24 0.321 0 ,.013 a . 00

r'odorate H 20 case 10 8000 45 22 .2 0.00 10.0 1 ,.00 5,.0 256. 256. 0.9G 433/7.816 .002 24 .06

t:' M 2 0  case 10 8000 45 22 .2 0.00 10.0 15..00 5 .0 512. 512. 0.03 .129'.: 24. 477 1 2 c> ? .. 4 1 7 721 . 80

OH case 10 8000 45 1 .6 0.00 10.0 2 ,. 0 0 5 . 0 512. 512. 6.64 1 2 4 8 . 5 2 4 124,. 8 5 2 6.9 4

.A c:. Vinuum case - expo r t 4 8 3 5 3 5 1 5 .0 50.00 10.0 10.. 0 0 5 .0 1 . 1 . 2 0.05 ? 4 . 3 :‘,D a t.7 7 x'. 19

VLA K 2 0 case 10 3 5 3 5 1 22 . 2 0.00 10.0 2 ..00 5 . 0 256. 256 . 30.00 1078.27 2 1.07 .. 8 7 5.99



(DRAFT 1)

VLBI ARRAY POST PROCESSING REQUIREMENTS 

R. D. Ekers 

February 3, 1982

1. Changes to Concepts in the VLBA Design Study Report Section 4B.

This is a summary of the differences which have led to an expansion 
of the required post processing system.

(a) Expansion over current VLBI Processing.

In the continuum the main difference is the assumption that there 
will be a significant amount of wide field mapping, and work on weak 
sources where the a priori position is not known to better than a few 
tenths of a second. Both of these set a similar requirement. Eg to map 
a half of second field of view at 5GHz would require eight channels for 
bandwidth synthesis and twelve seconds averaging time. The processing 
times given in the present report were based on one channel of continuum 
data with about one minute averaging time. Hence we have more than an 
order of magnitude increase in the post processing requirement for this 
particular case.

In the line case the main difference is the larger expection for 
the total number of channels which will be processed (see VLBA Memo 
#47). Such higher expectations are justified given the scope of the 
VLBA project compared with current practice but this can set almost 
impossible requirements on the post processing system. The extreme H^O 
case produces a 130 G Bytes of data in a one day observation. This 
exceeds the maximum output ever expected from the VLA by a factor of 
30, so to be realistic the proposal can't include this kind of 
observation. The maximum line output data rate specifical for the 
correlator is 400 Kbtes/sec (VLBA memo #61). This gives 14 Gbytes of 
data in a 10 hour observation.

The computer system changes in the following table give a maximum 
storage of 10 Gbytes. It can handle the moderate H^O case and the OH 
case in VLBA memo #47, but it still cannot store an entire line 
observation at the maximum correlator output rate. This data would 
still have to be dumped on tape and reread for full processing.

(b) Algorithm complexity.
It is sometimes argued that the decreasing cost per unit of 

computer power with time will alleviate the post processing problem. 
However present experience indicates that this will be insufficient to 
offset the expansion in the complexity of algorithms which are being 
developed. Examples:

1) There has been two orders of magnitude increase in the 
complexity of problems on which the clean algorithm is being used since 
its introduction in the 1970’s, in the same period the cost per cpu 
cycles has gone down by a factor_________________.



2) Algorithms to provide an error analysis of CLEAN maps, (or 
results of other restoration algorithm) are not being implemented 
because of the excessive requirements on computer time.

3) Self-calibration requirements are increasing because sources of 
greater complexity are being analyzed, and the increased sensitivity of 
telescopes is making it possible to decrease the time constant for the 
self-calbration averaging.

4) Other restoration algorithms such as maximum entropy, optimum 
deconvolution method, regularization, are likely to come into use. These 
will require more computer power than CLEAN.

5) Completely new techniques, such as Cornwell’s proposal to 
handle bandwidth synthesis on a source of varying spectral index, are 
being considered.

(c) Software
In order to minimize operating costs and to improve long term 

flexibility it is necessary to have an environment in which one can 
write high level and well structured software. This requirement can be 
nicely met by the VAX type systems provided they have plenty of memory 
space and provided we do not depend two heavily on the array processors 
or other special purpose hardware.

(d) Comparison with VLA post processing computers.
The estimated cost of the current VLA System excluding 

synchronous computers is about $7.5M. Of this $6M is hardware and $1.5M 
is software. As a useful comparison for the cost of software development 
for the VLBA it might be useful to point out that the current AIPS 
system has cost about $0.5M. It is unlikely that the VLBA development 
will be much less than that.

The proposed VLBA post processing system is then about half what 
we now have at the VLA which certainly does not seem excessive.
(e) Outside support.

In order to make this processing problem tractable it is necessary 
to assume that there will be significant use of outside post processing 
systems by some users. This is becoming increasingly true in the case 
of the VLA as there are now 6 large systems being used in the 
Universities to reduce VLA data.
(f) Correlator intelligence

For some types of observations, eg small continuum sources 
dominated by a point component, an intelligent correlator can make at 
least an order of magnitude reduction in the data rate by using delay 
and fringe rate windowing. This is important because it enables a lot of 
good science to be done with an insignificant post processing load but 
unless the majority of VLBA observing is of this type this will not 
change the post processing requirements.

The use of digital filtering in the processor, as suggested by 
Ewing, could reduce data requirements on the post processor by a factor 
of 2 to 3 compared with the estimates in VLBA Memo #47. This effects 
all observing programs so it is an important function in determining the 
post processing load.
2. A Proposed Post Prosessing System.

The following table lists the components of the post processing 
system showing the differences between the proposal in the VLBA design 
study and our current thinking. It is an attempt to specify a system



which assumes that an observer is likely to have visibility data in the 
computer for about three days, that there is one moderate H^O user, two 
easy line users, two wide field continuum mapping users and any number 
of simple continuum users. The RM05 disks with removeable packs are 
added to give additional cost effective mass storage on the assumption 
that users will not need to access all the data all the time.

RDE/er



TABLE 1. VLBA POST PROCESING SYSTEM

4 Vax-11/780
2 M byte memory

4 Additional 2 Mbyte memory

6 TU78 high density 
tape drives

4 RP07 disks with controller 
(500 Mbyte non removable)

8 Additional RP07 disks drives

2 RM05 removable disk drives 
with controllers (256 Mbyte)

14 Additional RM05 disks drives

40 Disk packs

4 Array processors 
(38 bit 64K words)

2 Printers (600 1pm)

12 CRTs (9 text, 3 graphics)

2
2 I S  image displays

1 Video disk
(Escofier design)

Optical disk
(Mass storage)

Misc

Software

COMPONENT_____________________ CHANGE

Increase from 3 to 4.
(Tape drives and mass 
store listed separately)

Extra memory on all systems

Increase from 3 to 6 
no low density drives

Increase total of directly 
accessible storage to 
10 Gbytes

Add removable disks to 
provide additional 10G Bytes 
of mass store without 
tape I/O

Increase from 3 to 4

Decrease from 3 to 2 
(Use DECNET)

Same

Increase from 1 to 2 

Instead of commercial

Same

Same

Same

COST 

1000 K

80

200

150

200

100

500

40

300

30

30

140

20

40

50

320

3200 K



VLB ARRAY MEMO No.

June 30, 1982

POST PROCESSING COMPUTER CONFIGURATION 

R. Ekers

VLBA Memo No. 18a (Cotton and Benson) gives execution times for the 
various stages of data reduction. Assuming that the array is used for spec
troscopy about 20 percent of the time, we estimate that a total computing 
power equivalent to 4 VAX-ll/780’s each with an array processor and 2 mega
bytes of additional memory will be required to handle the post-processing 
need. A possible post-processing computer configuration is shown in the 
figure. The two parallel systems are used to double throughput without 
increasing user interaction, and to increase overall reliability by pro
viding two complete data processing routes. A heavy spectral line user 
with very large demands on capacity could be given one entire system and 
would not have to negotiate for resources with the astronomers sharing the 
other system. The DECNET link is provided to give flexible use of peripherals 
on either machine and to simplify the software development for both machines. 
The second VAX in each half of the system is essentially the same as the VAX 
based post-processing system (AIPS) which has been developed for the VLA.
This part of the system would run software identical to the VLA software.
Any VLBA specific functions would be developed in the first VAX system, 
without interaction with the development of other post-processing software.
The use of disks which can be switched between the two halves of each system 
provide the extremely high data rate needed to move from the first to the 
second VAX without delay or additional overhead. This is also the point at 
which some astronomers will transfer to their own post processing systems 
by use of the high density tape recorders. The system provides ten GBytes 
of directly accessible storage on non-removable disks and an additional 
ten GBytes on removable disk packs without the need for tape I/O. A further 
increase in the mass storage may be possible using optical disks. Image 
display systems on each post-processing VAX are similar to those used in 
VLA post-processing systems. These are coupled to the image storage units 
(currently under development at NRAO) with the capability of storing up to 
256 5122 images.

For the VLA the total spectral line capacity will depend on the capacity 
of the pipeline computer system still under development. It achieves high 
capacity by use of A P’s, pipelined processing in mini-computers, and use of 
low level software. Since software development costs for this type of system 
are very high compared with the hardware costs, and since the development 
time is long compared with the time scale for hardware evolution, this 
solution is not ideal for the VLBA. Even greater computing capacity may be 
eventually needed to handle the full spectral line capability of the VLBA. 
However, commercial development of parallel processing systems (or subsystems) 
should eventually provide a better route to the higher computing capacity.





jO-'v: r f m a r k s  aroiit th*' s k u s  i t i v i t y  o f  a p  a p  t  j al.t-y c ' OHRPKr*r  Apt-ay

j l . s o m p  simpl ifying issunnt Ions , j V X ^  V  i. : : 1  -C.
a r r ay  consists of m + 1 antennas.

I
Ati LO's have constant phase tor the c o he r en ce  time Tc. They 
then ta<e a fivinq lean*

The LO Phases assume one ot e n os s i b l e  values. (This assumption,
_ a l t h o u g h  sillv on the face of It, Is P r o b a b l y  not tar wroni),

® T h e  sum of the frinae v i s i b i li t ie s is Gauss ia n  distribute^. (This 
a s su mption,  ait ho uq h re asonabl e on the face of it wav he seriously in 

| e  rror.).

All a n t e n n a s  have equal sensit ivity,

J y o u ,  God, and the An.) have an aQ r eement  that a result Is to he b e li e ve d  
If and onlv if its n r o h a b i l l t v  of a r i s in g  from chance Is less than .

■ mproved assertion:
®  The best you can do is make all po s si b le  as s umptio ns  about
^ i n s t r u m e n t a l  nhase* and Dick the best look inq one,

|[T. point source s e n s i t i v i t y

A, Integration time =Tc.

|  There are n an tennas wh os e phases m ay take one of p values,
i .w-refore, there are

^  p o s s i b l e  as su mp t io n s.  ^i
Let us them, and s^e if the source  is det ected,

I
hat do we me*n by de tected?  That the sum of the v i sibil it ie s has 
ch an c e of less than £  of a ri s i n q  by chance, No rm a li z in g b y  the 

rms of a co he re n t array  under the same con di ti on s# the dis tr ib ut i on

I
t the sum of the visi b il i ti es  is

■nr e  1

ILet us make the as sy mt ot i c a o n r o x i m a t i o n  to the error function:
✓ ?  _ x ,7'

|  / >
Then Jthe c o nd i ti on  for d e te c ti o n ls_%

I  , * _ J ____  > ' r  £  ^

®  Q. y ^ v '  *

(
here the first factor is the num ber of trials, the second is 
v  ̂ n r o b a h i l i t v  of an e x cu rs ion of the lim it in g amount in each

' 1 .
|  r e a s o n a b l y  larqe N it is clear that

, J



That is# that t.hf4 n a r t f a n v  coherent array is 7 s 'A; t i?(*s l*»ss 
s e n s i t i v e  than the c o he r e n t  vers io n of the sane array.

2 , I n t e a P ration time >>Tc.

Can v?e P la y the samp a^me, T'akina a new set of assu^t Ions about 
each  c o n e r e n c e  time? Fi rst note that this is a ’’hard" algorithrn-~ 
it ca n no t be imolementprf In practical hardware. Second# no*’* that 
if you do implement it, there are fundamental diff ic u l ti e s.
The n in b e r  of trials to be made are

/■}4 A\
e

w h e r e  M is the total l n t e o r at l on  time t divided ty Tc.
The e q u i v a l e n t  of e a u a t i o n  4 above Is

X  “*■

How ever# the s e ns i t i v i t y  in a slnqle co h erence  interval is also

f J T / :

You have q a in e d nothi.no by tryina to use the whole integ r a ti on  time.

T f J „ some s p ec u la ti o ns  about s en s it i vi t y to ext en de d sources.

M a p p i n g  e x t e n d e d  sources has an e xt ra o r d i n a r y  pro perty. U su al l y 
God e m p l o y s  the most e f f e c t i v e  Dos s lb l e st rateqy to keep you from 
f i n d i n g  out what you want to know. Not so in this case. He tries 
as ha rd as p o 5 sihle to keeo you from makino a map at all, as di scussed 
in the s e ction  above, but once you have made a map, say of the s t r o n g e s t  
po int In the field, then the rest of t h e f i e l d  has the SNR of a 
c o h e r e n t  arravl You can self-cal, and find out about all that 
i n t e r e s t i n g  low level stuff.

The above remark: applies n i ce l y to the case of a field do m in a t e d  by 
a s t r o m  point. What about the more usual case of a co mp l ex  source 
with lots of strong p o in ts ?  Let us co ns ider the case in which we 
have be en a i v P n, oerhaps hv a fairv Godfather* an almost correct mao 
of ttje source, a n d  v;e wish to improve it. Su ppose we look at each 
c o h e r e n c e  interval. Then we c a n  ca lc u la t e for each a n tenna In turn, 
the e x p e c t e d  v i s i H t i e s with each other antenna, in cases of poor 
SNR, the o b vious thlna to do is to c or relate the o b s er ve d  and exp ec ted 

v i s i b i l i t i e s .  , \

A ? '  O
wh ere is the ex p ec t e d  and 'J0 the ob served vi s ibility ^ it is
this number, for t h e e x t e n d e d  case, which must be^of ord^r ]/a7  ^
This is the output of a c o n c e p t u a l  array co n si s ti nq  of the a nt enna  ̂
to be c a l i b r a t e d  ^ p e r at in q  as an i nt er fe romete r a Q a i n s t all the . •
oth ers in the s v s t- e ?r, o p e r a t i n q  as a phased a r r a y , o p t i m a l l y  tapered 
for the s o ur ce  d i s t ri bu t io n .



If we do not h * v e a f M  r v Codf^t. her, we shall he a bit >'or?e off,
T ^eculfltp that  In thp w o r st  c o s p ,  f n  r d ^ t e c M n o  the t • 1 n <■: in the 

t place, need a d et e ct io n on thp co nc eptual arrav c r n s i s t i n o  
o*. the antenn* to he c a l i b r a t e d  In an i n t er f er om e te r  a o a i n s t  the 
rest of the array, opr ra ti nq as »^ h a s ftd array* The practical 
c as e sho ul d fall sonipwhere in between. ^ ^ *.. >.• . -/

The araiiment for i n e x t e h s i b i 1 itv of in te q ra ti o n beyond the coherence 
time d e v e l o p e r  above cannot be e xt en d ed  to the ext en de d source case. 
Th e re  is a potential for a small inc re ase in s en si t iv i ty  after 
i n t e a r a t j n a  lonqer. I off hand do not b el ie ve it to be of Practical 
I m p o r t a n c e .

IV. A trivial rem ar k about phase c a li b ra ti o n.

Yes, It can, $nd is betna done. O ut s id e of the stupendous practical 
d i f f i c u l t i e s  (mostly of soft w ar e  g e ne r at i on ) of doing this on a reaular 
basis* there ? s a fundam en ta l li mi tation. The mot io n of the earth 
is k n o w n  only to about one part in 4 ,#00,000, Therefore the calibra to r 
must be withj.n a about 000 b e a m w i d t h s  of the unknown.
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Global Fringe Search Techniques for VLBI

F r e d e r i c  R . Sc h w a b  a n d  W i l l i a m  D. C o t t o n

National Radio Astronomy Observatory*

June 1982

ABSTRACT. The usual fringe search technique for VLBI is a correlator- 
based method. Here, more sensitive, global techniques are presented, 
ones yielding simultaneous solutions for all of the delay and fringe rate 
parameters. The number of parameters required for delay and rate com
pensation for an n element array is reduced from n 2 — n to 3n — 3. Two 
methods are given: one is based on the Fourier transform; the other is a 
least-squares technique. These techniques may be viewed as variants of the 
self-calibration/hybrid mapping techniques which already are in widespread 
use.

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

Very Long Baseline Radio Interferometry (VLBI) usually involves the use of 
an independent tim e standard at each of the widely dispersed array elements, 
and, ordinarily, the consequent clock error is the major source of uncertainty in 
determining the time at which a wavefront arrives at a given antenna. Among  
other sources which contribute to this uncertainty are differences in the atmos
pheric phase path lengths over the antennas, and errors in the assumed geometric 
model (i.e. errors in the baseline determination). Commonly, the cumulative er
ror is greater than the reciprocal of the recorded bandwidth, and this error, if 
uncorrected, may well cause complete decorrelation of the signal. In addition, 
the cumulative “clock error” (which now we take to include the other sources of 
error mentioned above) is sufficiently variable with tim e that it severely limits 
the length of the tim e intervals over which coherent averaging of the data can 
be performed. Standard practice is to correlate the signals from each pair of 
antennas over a range of time lags, and then to determine the difference in the 
“clock errors” (delay) and the difference in the first tim e derivative (fringe rate)
—  using the data from one pair of antennas, only, for each solution for these 
parameters. The tim e intervals are chosen to be short enough that the “clock 
error” may be assumed approximately linear.

Here we present, as an alternative to the standard correlator-based fringe 
search technique, a global technique which yields a simultaneous solution for 
all of the delay and fringe rate parameters. For each baseline, each delay or 
rate parameter splits into two components, ascribable to two individual anten
nas. Since, in an n element interferometer array, each antenna may be a part of

*The National Radio Astronomy Observatory (NRAO) is operated by Associated Universities, 
Inc., under contract with the National Science Foundation.
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n — 1 interferometer pairs, a common component of error is present in the obser
vations on the various baselines involving any given antenna. It is worthwhile, 
therefore, in cases of low signal-to-noise ratio (S /N ), to solve simultaneously, 
using observations from all baselines, for these antenna-based effects. W ith a 
global technique of this sort, the total number of parameters necessary for delay 
and rate compensation can be reduced below the number required by the stan
dard technique (the reduction is from n2 — n  parameters to 3n — 3). A  global 
technique obviates the requirement that there be relatively strong fringes on 
every baseline to be processed. Also, the technique preserves the phase closure 
relations satisfied by the data. Conversely, the closure properties are disturbed 
any time that the standard technique is applied.

The global technique may be viewed as a variant of the self-calibration/hybrid  
mapping techniques (Readhead et. al. 1980, Cotton 1979, and Schwab 1980) 
which are in widespread use in aperture synthesis data reduction, inasmuch as 
the basic assumption on which this new method is based (see eq. [1 ], below) 
is the same. Other common features are that the global fringe search method 
requires an initial source model; and that, in combination with a Fourier syn
thesis program and a deconvolution algorithm (e.g. CLEAN), it may be applied 
iteratively to generate successive approximations to the radio source brightness 
distribution.

Following a description of the standard approach to fringe search, two global 
fringe search techniques are outlined below. The first global method that is 
described is a least-squares (LS) approach. The second, a Fourier transform (FT) 
method, is a straightforward generalization of the standard technique. The LS 
method requires good starting guesses but is more flexible than the FT method. 
In initial tests, a hybrid algorithm has been used, combining both of the global 
techniques. The FT method is used to generate starting guesses for the LS 
algorithm.

II. T h e  S t a n d a r d  A p p r o a c h

Assuming that the correlator responses have been transformed to  the tim e and 
frequency domain (t ,  u), and that n antennas comprise the interferometer array, 
the standard approach to  fringe search can be described as follows. V isibility  
observations Vij ( tk ,vi)  on the i - j  baseline (1 <  i <  j  <  n) at tim es tk, k =  
0, ..., nt, and at frequencies vi, 1 =  0 , . . . ,  n v , are related to the true source 
visibility Vij{t, v)  according to

^l) Vl)Qji^ky Vl) Eijkl (1)

where the antenna effects (clock errors, atmospheric effects, etc.) have been ab
sorbed into complex-valued functions gq(t, i/), and where the observational errors 
e are sufficiently small and well-behaved. Each g can be written as gq(t, v)  =  
a q(t, u)exp[i ipq(t ,  u)\ (ipq is called the antenna phase  of antenna q). Equation 
( 1 ) is the model relation which is exploited by the usual self-calibration/hybrid
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mapping techniques. (Properly speaking, the ) are not really samples
of the first term in the right-hand side of eq. [1 ]; rather, they are averages of 
this term, over some neighborhood of ( t k ,u i ). This fact may be ignored for pur
poses of the present discussion.) Thompson (1980) and Thompson and D ’Addario 
(1982) present rigorous analyses of the effect of hardware electronic design con
siderations upon the validity of this model; further analysis is given in (Clark 
1981). The so-called “phase closure” and “amplitude closure” relations follow by 
taking logarithms of ratios of equation ( 1 ), substituting into the relation antenna 
indices chosen to define a closed path among the antennas.

Although the aq are functions of time and frequency, it is assumed that they 
change slowly enough that gq( t ,w ) =  a^expfz?//^, u)\, with aq constant over the 
(t, i^-interval of the fringe search. Also, |T/y| is assumed to be constant over the 
relevant interval. Then, to first-order,

Vij(tk, ui) ~  aia3Vij{tQ, is0)exp{i[{ipi — v0)]}

d(lpi -  +  <Pij) ^  ,
(tk — to)

(io.t'o)

(vi — i/o)
(to,Vo)

exp jz
dt

d(u>i — xjjj +  6lJ)

du

(2)

where <fiij =  arg 
The quantities

d t
and Tij =

d v
(3a, b)

which are called, respectively, the fringe rate and the delay for baseline i - j  at 
(t0, v o), can be estim ated by searching for the location of the maximum modulus 
of the Fourier transform F*j(r, r ) of the distribution Fij(t ,  u)  defined by

Fij(t,  " ) =  W - i h -  t0), Vo)}Vtj ( tk, i/[), (4)
0 < k< n t 
0< l< ra„

where 8 is the two-dimensional Dirac delta function (i.e., the distribution with  
the property that 5(r, r) =  1 ).* Furthermore,

Fij{rij, Tij) ~  ciiajVijito, ^ o ) e x p — i/jj){t0, t'o)]}. (5)

The quantities and Tij (actually, estim ates thereof), then, are the product of 
the standard fringe search technique. They allow one to  produce phase-corrected

*In practice, one doesn’t compute Fij directly, but rather a discrete approximation to it—via 
the FFT algorithm—, and then interpolation yields the parameter estimates.
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Vij{tk,  isi)exp{ — i[(tk — t0)rij +  — v0)rtj]} (6)

which, to the extent that the first-order model (eq. [2]) is valid — and that 0 ^  
is nearly constant — , can be averaged coherently over time and frequency. Note 
carefully, though, that the technique does not separate the d i p /d t  and d ^ / d t  
components of the rates, nor the d'tp/du and d fp /du  components of the delays, 
as one might wish.

Following the fringe search, the corrupting influence of the quantities 
a y 1exv[— i'ipq(to,i/o)] =  f7~ 1(^o, ^o) is removed in post-processing by the self
calibration/hybrid mapping techniques.

The major disadvantage of the standard approach is that relative^  high S /N  
(i.e., small e) is required on each baseline in order to obtain reliable estim ates of 
all the Tij and r^. The obvious approach toward a fringe processing m ethod for 
the low S /N  regime is to try to separate the antenna-based components ^§f-\{tQ,y0) 
and of the fringe rates and the delays by means of some simultaneous
solution over all baselines. Obviously, the source phase <pij cannot be separated 
into antenna-based components — so a source model approximating Vij,  is 
required, a la self-calibration/hybrid mapping, in the two global fringe search 
m ethods described below.

III. A L e a s t -S q u a r e s  A p p r o a c h

Here, given a source model V  approximating "V, above, we consider the problem 
of least-squares estim ation of the antenna-based components of fringe rate and 
delay. Simultaneously we wish to estim ate the gq{t0,i/Q). The antenna-based 
parameters are the aq, the antenna phases o =  iiq{to,uo), the antenna rates 

rq =  and the antenna delays Tq =  ^ F |( t 0|I/0). Define

Eijki  =  exp{2'[(^io -  4>jo) +  (r» -  r3)(tk -  t 0) - f  (r, -  Tj){ui -  j/0)]}. (7)

We shall fit the ensemble of observations in the ( t , i/)-sample space to the model

Vij{t, v)  =  aia,jVij{t, u)Ei jki  noise. (8)

Since only pairwise differences of the ^ ?0, the rq, and the rq appear in the model, 
we shall settle, in the absence of other assumptions, upon estim ating 4n — 3 
parameters, om itting ippo, r p , and t p for some choice p  of “reference antenna.” 
Thus, if we set ippo =  rp =  t p =  0, then we estim ate antenna phase, fringe rate, 
and delay with respect to the phase, rate, and delay at antenna p.  A  least-squares 
formulation of the problem, then, is to minimize the functional

S(x) =  \v i ] ( t k , v i ) —  a l a j V ij { t k , i / i ) E t j k i\2 . (9)
0< k< n t 1 < i < j < n  Gijkl 
0 < l< n v

observations
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Here, x is the (column) vector of unknown parameters, x =  c o l'(o i,. . . ,  an , 
■ , tpnO,r i , . . ■ , r n , T i , . . .  , r n), the prime denoting that antenna p’s 

parameters (except for ap) are omitted; and a^jkl is an estim ate of the variance 

of
One might choose to minimize, instead of S , the functional

—  with an appropriate redefinition of the weights (this form may be preferred 
when data storage is at a premium); or, if it were assumed that a q =  1 for every

where the aq have been deleted from the vector x of unknowns; or, if there were 
a desire to neglect the amplitude information

far, in the attem pt at a practical implementation of the LS method, only the 
form S 3 has been employed.

Additionally, one might choose to incorporate prior knowledge of the 
parameters: for example, one might tabulate a running mean m Tq of solutions 
for each antenna’s fringe rate rq, along with an empirical measure of the r.m.s. 
scatter o Tq about this running mean. If one were then to assume a Gaussian 
prior distribution M ( m Tq, a  ̂ ) for r q, one would add to S  the “penalty” term

Similar terms would be added for the other parameters. (Cornwell and W ilkinson 
(1981) advocate just such a Bayesian approach in ordinary self-calibration/hybrid  
mapping). Or, if there were simply a desire to constrain the estim ates of some 
parameter to a given interval, one could add to S  a differentiable penalty function  
which is small over the given interval and which rises sharply at its boundaries. 
Either of these techniques would serve to reduce the variance in the parameter 
estim ates — at the expense of increased bias, over and above the bias inherent in 
the basic nonlinear LS approach. Preliminary tests of the method indicate that 
constraints are not required in cases of moderate S /N  in order for the method 
to behave sensibly; but, since often there is good prior knowledge, the present

-IVij{tk, ̂ i)/Vij(tk, l/{) — diCijEijkil2 (10)
k,l i< j  lJkl

S aW  = E E - T ~ l V i A h . v i y V i j i h . v , )  -  E ijkl|2, ( 1 1 )
k,l i< j  GiJkl

k,l i< j  °f jkl

where 0^ =  arg%j,  and where, again, the aq have been deleted from x. Thus

S3(x) =  |exp{*[0 fi(ffc, vi) — <f>ij{tk, ^;)]} — Eijki\2 , ( 1 2 )
1. 1 G i i k lk,l i< j  °f jkl

(13)

?7̂ P
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implementation of the m ethod does allow the use of prior distributions for the 
rq and the r9.

S  typically has many local minima, as well as other critical points. One can 
reasonably expect that a standard iterative minimization algorithm, starting 
with a reasonable initial guess, reliably and efficiently should be able to locate 
some local minimum. Locating a starting point for which a global minimum  
will be the point of attraction of the algorithm is more difficult. However, 
secondary minima of S  ought to be spaced in fringe rate and delay roughly like 
the m axima of the cosine transforms of f ( t )  =  Ylk  w K k) S( t— tk~\~tQ) and g{v) =  

w*(l)8(is — o) whenever the variance estim ates are separable functions of 
k  and I; i.e., whenever (Jijki =  GijIy/w^(k)w*(l) .  In tests w ith model data, this 
observation has improved the success rate of the algorithm substantially when 
started with arbitrary initial guesses. But a more fruitful approach is to use a 
generalization of the standard method of § II in order to generate the starting 
guesses. This scheme is described in the next section.

A  detailed description of an algorithm which has proven effective in solving 
the LS problem, as formulated above, is given in the Appendix.

IV. A G e n e r a l i z a t i o n  o f  t h e  S t a n d a r d  A p p r o a c h

As in the least-squares minimization of S3, let us discard the amplitude infor
mation but retain the phases, 0 and 0. Then, to estim ate the i)q0, the rq, and 
the Tq (but not the aq), a global Fourier transform approach analogous to the 
standard approach is easily derived.

For simplicity of exposition, assume that antenna number 1 has been chosen 
as reference antenna; i.e., p =  1 . Define the distributions

D ki{t, v)  =  8[t — (tk — t 0), u — {ui  — Vq)\. (14)

Then the location of the maximum modulus of the Fourier transform of the 
distribution

F i 2{t, v)  =  Y i  D ki(t, ^)exp{?[(012 -  <pi 2 )(tk, Vi)]} (15)
k,l a \2kl

provides an estim ate of r2 and r2, and the argument there is an estim ate of 
1P20. By the phase closure relations (cf. Readhead et. al. 1980), 0 12 — <pi2 =
013 — 013 — 023 +  023 +  noise. In general, for j  ^  1,2, define

F l j 2{t, v)  =  J 2  - 2— D ki{t, ^)exp{?'[(0iy -  4>xj -  d 2j +  02j ) ( t k , vi)}}. 
k,l -T ° 2jkl

(16)
Since the differences 0 — 0 occurring in F \ 2 and in the are all independent 
(apart from whatever scheme was used to derive the model) the Fourier transform
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of F  — F 12 +  12j=£i 2 ^  f t  y [elds’ *n general> better parameter estim ates than 
any one of the F _ ^  alone.

Paths like 1 -3 -4 -2 , with functions F \ j k 2 defined analogously to those above, 
provide further estim ates of r2, r2, and rp2o- F 1342 is not independent of F 132 and 
F 142, although it incorporates new data from the 3 -4  baseline. So it is not clear 
how to sum all of the F _ ’s together with properly chosen weights. Nevertheless, 
one can adopt an ad hoc weighting scheme. For an arbitrary choice p of reference 
antenna, the paths to antenna I which incorporate at least partially independent 
phase differences can be enumerated as:

(p-0; (p-j-0, j =  j^p,l;

and (p - j - k - l ), =  1 , . . . ,  n -  1 , k — j  +  1 , . . . ,  n, j , k ^ p , l .
As in the standard fringe search technique, one would, in implementing this 

method, compute a discrete approximation to F  — via the FFT algorithm — , 
rather than F  itself. Given prior knowledge of the fringe rates and the delays, 
it would be straightforward to constrain the parameter estim ates by doing a 
restricted search for the maximum modulus of F . It is not readily apparent how 
the method could be generalized to provide estim ates of the aq.

The global FT algorithm is well-suited to implementation in a high-speed array 
processor.

V. D is c u s s i o n

A hybrid global fringe search algorithm has been implemented within the AIPS 
interactive data reduction system. The FT m ethod is used to provide starting 
guesses for the LS algorithm. In the LS routine, the functional S 3 is minimized. 
The weights l / a ^ kl are chosen to be proportional to the product W{Wj of two 
“antenna weights,” tim es the square of the modulus of the model visibility, 
\Vijki\2- Thus, baselines on which the source is heavily resolved are given small 
weight. A  data editing capability based on goodness-of-fit to the model (eq. [8]) 
also has been incorporated. Typically, the FT method provides good enough 
parameter estimates for the LS algorithm to converge in 4-6 iterations. A  priori 
knowledge of the fringe rates and the delays often is good enough that there is 
no difficulty in locating a global minimum of S.

As an alternative to the LS algorithm, one could use instead an £1 minimization 
method, in order to reduce the sensitivity to wild data points. This approach, 
whose application to ordinary self-calibration/hybrid mapping is described in 
(Schwab 1981), readily could be adapted to the problem at hand.

The global fringe fitting technique offers a number of substantial advantages 
over the standard baseline oriented fringe fitting method. Among them  are:
1) By its very nature, the new m ethod forces closure of the derived instrumental 
delays and rates, whereas the standard technique, in general, does not preserve 
delay and rate closure.
2) When, as is common, there are great differences in the sensitivity of the 
antennas comprising the VLBI array, the global technique allows the use of data
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on baselines which by themselves are much too insensitive for baseline fringe 
fitting to succeed.
3) For any given array, the global technique lowers the threshold for minimum  
detectable point source flux density.
4) Global fringe fitting offers a simple way to process polarization observations, 
as the delays and rates for each I.F. in use can be determined from the parallel- 
polarized correlations, and then they can be applied to the cross-hand polarized 
correlations. This removes the requirement that the source be detectable in the 
cross-hand polarized channels.
5) The global fringe fitting technique allows the mapping of sources whose size 
is not small compared to the delay resolution on every baseline. This follows 
because the source structure information can be used in an iterative procedure to 
remove the effects of source structure before fitting for antenna delays and rates. 
The source then can be mapped in each frequency channel separately, and the 
resulting maps averaged. The larger delay beam of the narrow band frequency 
channels becomes the lim itation, rather than the delay beam corresponding to the 
full bandpass. Since the frequency resolution can be set arbitrarily by changing 
the numbers of delays correlated, the effective delay beam can be made as large 
as desired.
6) The increased sensitivity of the global fringe fitting technique allows the use of 
shorter solution intervals than can be used for baseline fringe fitting. Hence, the 
actual variations of delay and rate are better approximated by the linear model 
(eq. [2]), than they are in the standard technique. In most cases this results in 
more accurate phase correction of the measured correlations.

A p p e n d i x

In this section, S denotes whichever functional of § IE, S, Si, S2, or £ 3, is to be 
minimized, x is the corresponding column vector of unknown parameters. W ith  
n antennas, there are N  =  An — 3 parameters unless S2 or $3 has been selected, 
in which case N  =  Sn  — 3. Let VS(x) denote the gradient of S evaluated at 
x; i.e., VS(x) =  c o l ( ^ - , . . . , ^ r) ; and let H(x) denote the Hessian m atrix of S 

(  a '  \ N  N
at x; i.e., H( x )  =  ( dxt$x ) ■ ^  general> S  ^as many critical points —  local

minima, local maxima, and saddle points. At any critical point x , VS(x ) =  0. 
A t a local minimum, H(x*) is positive semidefinite (i.e., all of its eigenvalues 
are nonnegative), and at a proper local minimum (i.e., when all parameters are 
well-determined), H(x*) is positive definite. At a local maximum, H  is negative 
semidefinite (i.e., none of its eigenvalues is positive), and at a saddle point H  is 
indefinite (i.e., it has some negative and some positive eigenvalues). Away from 
a critical point, — V5(x) points in the direction of steepest descent in the sense 
of the standard Euclidean metric >/(x — y)T(x — y). For any positive definite 
N  x N  matrix G, — GV.S'(x) is also a steepest descent direction — steepest in the 
sense of the metric \J{x — y)TG‘(x — y) derived from the inner product xTGy.
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Clearly, because of the multitude of local m axima and saddle points, we require 
a descent algorithm. One would not generally choose, though, to step in the 
direction of steepest descent in the sense of the Euclidean metric because such a 
strategy can lead to arbitrarily slow convergence. But whenever H( x )  is positive 
definite, — H ~  1(x)V5(x) is a steepest descent direction. And steps taken in this 
search direction will converge eventually at a quadratic  rate in the neighborhood 
of any proper local minimum of S  (cf. Ortega and Rheinboldt (1970) or Murray

Because of the special structure of our problem, a simple variant of N ew ton’s 
method for root-finding, applied to the equation V5(x) =  0, is practical. A  
variant is required because we want the algorithm to converge upon only one 
type of critical point — a local minimum. The reason that the structure is 
special and that N ew ton’s m ethod is practical is that, when N  —  3n — 3, each 
observation, since it involves only two antennas, and, therefore, at most six 
unknown parameters, contributes to at most six elements of V S , to at most 
six of the diagonal elements of H ,  and to at most 15 subdiagonal elements of 
the (symmetric) matrix H .  Furthermore, all of these contributions are easy 
to compute. When Ar =  An — 3, the contributions are to at most 8 , 8 , 
and 28 elements, respectively. For many other problems, N ew ton’s method 
is impractical because each observation may involve all of the parameters and 
because analytic second order derivatives of the model may be very difficult to 
obtain.

The raw form of N ew ton’s algorithm is: Given an initial guess x(0), 
at the k ^  iteration form the new parameter estim ate =  x ^  —
c t h H ~ S ( x ^ ) ,  where a k >  0 is chosen so that S (x ^  +  1)) <  S (x ^ ) .  
The difficulty is that H ~ x (and equivalently H ) must be positive definite in 
order for — H ~ 1V S  to be a descent direction. Hence, any tim e that iJ ( x ^ )  
has nonpositive eigenvalues, we shall wish to replace it by H ( x ^ ) ,  where H  is 
positive definite, and in some sense close to H .  One means of doing so, known 
as Greenstadt’s modification (Murray 1975, p .59), is to compute the eigenvector 
expansion of H ,  H  =  YlZ=i ^ i y iy l > w ith v* orthonormal, and modify it slightly 
so that, for some small e >  0,

(On a t digit base /3 machine, e «  f 3~ 1 is an appropriate choice, since positive 
eigenvalues smaller than this cannot easily be distinguished from other eigen
values that are close to zero). Then the search direction is given by

(1972)).

\ j  if Xj >  e 
e otherwise.

(17)

- H
—  i

(18)
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Note that v ? V S  is a scalar — the dot product of the normalized eigenvector 
of H  with V S .

A  rough block diagram of an implem entation of the LS algorithm is shown 
in Figure 1. The subroutine DSICO of the LINPACK package (Dongarra et. al. 
1979) is used to factor H ,  H  =  U D U T , with U  unit upper triangular and D  
a diagonal matrix. Using this factorization, DSIDI. also taken from LINPACK, 
tallies the number of positive, negative and zero eigenvalues of H .  When H  
is positive definite, the subroutine DSISL of LINPACK is used to compute the 
search direction d* =  — H ~  1(x^ ')V S (s^ *).

W henever DSIDI reports that there are nonpositive eigenvalues, Greenstadt’s 
modification is applied. The subroutine TRED2 of the EISPACK package (Smith  
et. al. 1976) is used to reduce H  to tridiagonal form, via similarity transforms. 
Then IMTQL2, also of EISPACK, is used to compute the eigensystem by the im
plicit QL method. The implicit QL algorithm is quite forgiving of bad parameter 
scaling — say, if the parameters are defined in units in which the fringe rates are 
orders of magnitude different from the antenna phases — this can lead to eigen
values of widely varying magnitude. Once the eigensystem has been computed, 
the search direction is given by d k =  — H  (x W )V S (x ^ ) .

Finally, a coarse search is made in the direction d*, for an satisfying 
S ( x ^  +  at/fcd*) <  S ( x ^ ) .  Close enough to a proper local minimum, the choice 
a k =  1 will do. We set x ^ ^ 1) =  -f- test for convergence, and perform 
another iteration, if necessary. The theoretically predicted quadratic rate of 
convergence near a proper local minimum frequently has been observed in the 
initial tests of the algorithm.

Because the first and second derivatives of the model function are entirely 
straightforward to compute, the expressions for V S  and for H  have been om itted  
here.

Preliminary results have shown this method to perform well, but other im
plementations of the LS algorithm would do as well or better. In particular, 
an alternative method of modifying indefinite H  could speed up the algorithm  
significantly, since the eigen-decomposition is relatively expensive. The al
gorithm given here could be implemented in a high-speed array processor, at 
a moderate expenditure of human effort.
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Figure 1. Rough block diagram of the LS algorithm.
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VLB ARRAY MEMO No. 5 1

NATIONAL RADIO ASTRONOMY OBSERVATORY 
Charlottesville, Virginia

January 12, 1982

MEMORANDUM

TO: R. Burns
B. Clark
K. Kellermann
K. Sowinski
A. Shalloway

FROM: S. Weinreb

SUBJECT: VLBA Proposal - Monitor and Control Chapter

A draft of the Monitor and Control chapter for the VLBA proposal is 
attached.

Our costs are 2 or 3 times the CalTech estimate for this portion of 
the system. Let's have another look at our numbers and discuss this 
with C.I.T. people.

I believe the 350k$ for redundant site computers should be lumped 
into a total spares inventory. There are other portions of the system 
which are probably less reliable than the computer (servo, hydrogen 
maser focus and polarization) that will not have an on-site backup.
I doubt we would lose more than a few days per year per antenna due 
to CPU failures. Can we arrange it so that the system will run on 
one disk drive if the second one fails? (Two are included in the 
system; two more in the redundant system.)

Attachment



DRAFT

VLBA Proposal 

January 1, 1982

Control and Monitor System

The overall concept of the Control and Monitor System is a central control 

center linked by telephone lines to control and monitor each antenna. Typical 

categories of information required or supplied by an antenna along with typical 

data rates are given in Table I. The data rates are comfortably low, of the 

order of 100 bps; an antenna could be controlled and monitored with a 2400 bps 

dial-up telephone line with large margin for future growth and error correction. 

The low data rate also allows low cost buffering of data in a memory for operation 

during a communication failure. In addition, data processing at the antenna will 

further reduce data rate requirements. For example, instead of sending an antenna 

position every 10 seconds, a position and duration of observation can be sent to 

a local computer which then updates the antenna at the required rate.

The distribution of computing power between central control and antenna is 

an interesting but not particularly crucial question. It would be possible to 

give the central computer direct control and monitor capability of every bit at 

the antenna with minimal data processing at the antenna. This minimal data 

processing would include error checking, immediate action for some severe 

out-of-limits conditions, equatorial to azimuth-elevation coordinate conversion, 

and memory-buffering of the data link in the event of a communications failure. 

However, the system which is favored is one with a small computer at each antenna 

linked through commercial computer-network software to the central computer. The
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local computer program would be loaded via the phone link from the central 

control computer. This system has the advantage of great flexibility and the 

use of proven computer-network software.

A block diagram of a proposed remote system is shown in Figure 1. The 

data-sets are general purpose analog and digital input and output units which 

link to the local computer via a single serial-transmission twisted-pair cable.

Each data-set is located close to the equipment it commands and monitors to 

minimize wiring. Units similar to those used on the VLA or a CAMAC adaptation 

will be used. The data verification buffer is a 2M bit RAM memory which is 

loaded with L.F. data while observing a high-flux unresolved source; the memory 

is then unloaded through the telephone link (taking 7 minutes at 4800 bits/sec) 

and correlated with similar data from another antenna to verify system coherence.

The antenna computer will be a 16-bit processor with 128k byte memory, CRT 

display, slow printer, keyboard, and two 10M byte disks. The communications 

modem will be of a advanced type which allows error checking and automatic 

switch-over to a dial-up line in the event of failure of the dedicated line.

A dedicated 4-wire communications line with 9600 bps capability in each 

direction is proposed. As many as three antennas may share one leg of the link 

so three 2400 bps data channels and a voice link may be simultaneously used. The 

line cost for such a link is $156k per year in 1982; approximately 1/2 the cost 

is for the Alaska and Hawaii links. A dial-up line to each site for 2.8 hours 

per day would cost the same amount and would not have the reliability or capacity 

of the 4-wire line.

The central control computer must perform the functions of communications 

to all antennas, presentation of CRT displays, monitoring of data, and correlation 

of fringe verification data. The latter inlcudes model-calculation, fringe rotation,
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and delay. The proposed computer includes 512k byte memory, two 122M byte 

disks, two 1600/6250 bpi tape drives, tele-typewriter, printer, card reader,

2 graphics and 8 text CRT’s and commercial software for operating system, 

communications, and FORTRAN. A telescope control computer is also included 

at the central operations center to facilitate software development. The 

programming labor for control and monitor software is estimated to be 16 man-years.



TABLE I - Typical Control and Monitor Data Rates

Control

Update Bit Rate
Function___________________ Bits_______ Period_________(bps)

Antenna Pointing 48 10 s 4*8

Local Oscillators 48 10 s 4.8

Receiver Control 24 I s  24

Tape Control 12 10 s 1.2

Total Control Bit Rate 34.8 bps

Monitor

Update Bit Rate

Function___________________ Bits_______ Period________ (bps)

Servo Error 16 I s  16

Receiver Total Power 64 I s  64
- 4 channels

Monitor Data 512 100 s 5

Fringe Verification 10^ 10^ s 100

Total Monitor Bit Rate 185 bps



ant. weather 
monitor data

Fig. 1. Antenna Control and Monitor System



(For Cost Chapter)

Control and Monitor System Cost - Per Antenna

Telescope Control Computer $35,000

(Includes 128k byte memory, two 10M byte disks, 
tele-typewriter, CRT, and manufacturer's operating 
system and communications software)

Interface Equipment to Antenna and Receiver 5,000

(Three data-sets and serial interface to computer)

Fringe Verification Buffer 3,000 

(256k byte memory)

Communication Equipment - Modems 5,400

Spare Computer 35,000

Installation Cabling ($1,000) and 1/2 man-year check-out
labor 16,000

Total per Antenna $99,400



Control and Monitor System Cost - Central Control

Array Control Computer $ 204,000

(Includes 512k byte memory, two 1600/6250 bpi tape 
drives, two 122M byte disks, tele-typewriter, printer, 
card reader, 2 graphics and 8 text CRT’s, and manufacturer's 
software for operating system, communications, and 

FORTRAN)

Communication Equipment - Modems 15,000

Telescope Control Computer 35,000

(For software development)

Software (16 man-years) 512,000

$ 766,000

Total Control and Monitor System - Central Control $ 766,000

Antenna Equipment ($99,400 x 10) 994,000

$1,760,000
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AUTOMATIC VLBI OBSERVING

G. W. Swenson, Jr.

One of the principal specifications of a dedicated VLBI array will be 

that it be usable by a single investigator as though it were a single instru

ment. It should thus be controllable from a single point, it should accept a 

single set of instructions applicable to all telescopes and recording systems 

in the array, and it should require only the barest minimum of operator inter

vention at individual telescope locations.

It has been determined that the most economical and practical communica

tion medium for telescope sky signals is magnetic tape. Although it is in 

principle possible to program all telescope functions in advance, possibly by 

mailed instructions for the local control computers, in practice it will 

undoubtedly be necessary frequently to issue immediate, ad hoc instructions 

in response to unanticipated events. Thus, a real-time communication medium 

will be needed between the control center and all stations. This should be a 

narrow-band system, for economy and flexibility. Experiments at the University 

of Illinois' Vermilion River Observatory (VRO) over the past several years 

demonstrate the feasibility of the concept and illustrate a possible mode of 

implementat ion.

Almost all observations at the Vermilion River Observatory (VRO) are done 

automatically, with no operator in attendance at the telescope. Continuum and 

spectrographic single-dish observations are almost invariably conducted in 

this way, generally using stored programs prepared in advance, but with 

capability freely to make immediate changes or ad hoc observations from a key

board terminal at any location with access to the public telephone network.

The observer may interrogate the telescope at any time to determine program
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status or to check such parameters as receiver system temperature, local- 

oscillator frequency, sidereal time, telescope pointing, etc., without inter

rupting the observing program. The observing program is automated to the 

degree that, for example, the telescope can be programmed periodically to go 

to a strong calibrator source, do hour-angle and declination scans, fit a 

two-dimensional gaussian to the data, and automatically correct its internal 

pointing-correction table.

For VLBI observations it has not yet been possible to dispense with 

continual operator presence because the available tape recorder only accom

modates one-hour tapes. With four- or six-hour video recorders now available 

at extremely low prices, it should be possible easily to automate the record

ing function as well, at least for bandwidths of 4 MHz or less. The VT.fiT 

observing software and interfaces provide many monitoring functions to prevent 

operator blunders and undetected equipment malfunctions.



The VRO automatic VLBI observing system contains the following features. 

The TI960A control computer is fed a list of instructions specifying source 

parameters and VLBI setup parameters. At appropriate times, the telescope is 

automatically positioned on sources and instructions are printed out for the 

operator concerning tape changes and special procedures. A "warning board" 

of lights indicates the computer's monitoring of various quantities important 

to proper operation of a VLBI observation; at a glance, a "green board" shows 

all to be well, and a red light instantly calls attention to a neglected 

piece of equipment. While mistakes are still possible, this system minimizes 

the chances of many common errors which wreck VLBI experiments. A hard-copy 

observing log is generated detailing start and stop times, calibrations, and 

other important events.

The automatic observing list consists of card images which may be entered 

from the terminal keyboard, paper tape, or 9-track 800 BPI magnetic tape. A 

program in Urbana for the campus computer permits computer files or punched 

cards to be converted to 9-track or paper tape. A  line editor program in the 

telescope computer allows modification of the observing list from the terminal 

keyboard at any time.

An observing list consists of control cards and source cards. Control 

cards produce sequencing control or messages to the operator. Source cards 

specify scans to be performed.

Control cards contain a control character in column 1, followed sometimes 

by a control parameter. These are:

T output message: TAPE CHANGE (beep) followed by
(any text on the rest of the card)

S output message: STOP TAPE (beep) followed by
(text on the rest of the card)



E end of list; exit from automatic mode and await further instructions

W HHMMSS wait until the prescribed U.T. before taking further action; 
the telescope nay be moved by the operator as desired

e.g. W 133500 waits until 13h 35m 00S

When a list is read into memory, an N in column 1 indicates there are 
no more cards to be read.

A source card has V in column 1, followed by the following:

Columns Quantity

3-6 Start U . T . , HHMM (SS in columns 7-8 optional)

9-12 Stop U.T., HHMM (SS in columns 13-14 optional)

15-22 Source name, 8 alphanumeric characters

25-30 Source right ascension (1950), HHMMSS

33-38 Source declination (1950), DDMMSS

40 Polarization: L=*.left, R=right, S=special (message output)

41 Bandwidth: 0=2 MHz, 1-1 MHz, . . ., 5=62.5 KHz 

45-53 Local Oscillator setting in Hz

It is the observer's responsibility to convert the desired sky frequency 

into an L.O. setting, depending on the I.F. chain in use.

For example, to observe W49 at 1665.401 MHz, followed by BL LAC as a 

filter calibrator and fringe-finder:

W 090000

V 0900 0920 W49 1665 190750 090100 R3 64487890

V 0920 0940 BL LAC 220039 420209 R3 64487890

V 0940 1000 BL LAC 220039 420209 R0 64487890 

T

E

This sequence observes W49 in right circular polarization with 250 KHz 

bandwidth until 092000; moves to BL LAC without changing the setup; at 094000



changes the bandwidth to 2 MHz; and at 100000 outputs the messages TAPE 

CHANGE and AUTO LIST ENDS. Stop times are adhered to scrupulously.

All of the following functions are automatic. At the beginning of each 

scan, the polarization, bandwidth, and L.O. are set. If necessary, the I.F. 

level going into the video converter is adjusted. The computer checks the 

L.O. setting (by reading a frequency counter), the video converter L.O. lock, 

the MARK IIC formatter conditions of 4 MHz lock, data, time, and pattern, and 

whether the IVC video tape recorder is actually in RECORD mode. If any of 

these conditions is not satisfied, the appropriate light on the warning board 

is turned to red. When all is ready, the system temperature is measured and 

printed on the log, along with the source name and actual start time.

During a scan, the computer continuously monitors the following, turning 

on warning lights and printing messages whenever trouble develops:

1. Telescope position and status —  being blown off position by strong 

winds, reaching hour angle limit, and so on

2. Analog I.F. chain: oscillator settings, phase locks, levels, and so on

3. Mark IIC terminal status: formatter condition and video recorder status

The only important run-time quantity not presently monitored is the head

gap position of the IVC recorder. The immediate-playback output is decoded into 

a data stream with BOF's and EOF's detected. A warning light indicates missing 

BOF, but this is not currently sent to the computer. The decoded data are sent 

to an oscilloscope so the operator may observe and adjust the 60 Hz head syn

chronization signal from the formatter. The data may also be examined for 

frame count, pattern, and so on. It is not clear that an automatic system 

can be devised which will warn of improper recorder operation without crying 

w o l f !



Other equipment failures may, of course, ruin an experiment; but we 

have conquered many of the common errors so that careless mistakes by a 

sleepy or distracted operator will be minimized.

It should be observed that this system has been implemented on a telescop 

that has been consistently under-funded, with no spare or backup equipment, 

with an obsolete computer with very limited (8K) memory and no high-level 

language compiler. That it has worked so well under these circumstances 

suggests that it should be perfectly feasible to automate an entire network 

via the public telephone system, given an engineering staff who are intimately 

familiar with VLBI operations and given a pragmatic rather than an idealistic 

design philosophy.

By means of conference calls, given proper organization at the telescopes 

the entire array could be controlled in real time from a single location, con

ceivably anywhere in the USA, or even the world. Alternatively, schedules for 

automatic observing could be read into the memories of all the telescopes 

simultaneously.



VLB ARRAY MEMO No. H-2
NATIONAL RADIO ASTRONOMY OBSERVATORY 

Green Bank, West Virginia

MEMORANDUM 

To:

From:

Subj :

January 4, 1982

VLBA Working Group 

C. Moore

Receiver Block Diagram and Test Equipment Budget

Attached are block diagrams of the RF/IF and LO portions of the array 
receiver as well as capital costs for test equipment to support/trouble- 
shoot this equipment at each array element and to repair same at a ser
vice center or operations center. I have included 1981 and 1982 H-P 
catalog prices as a check on the inflation factor prescribed.

Obviously, the GPS (Navstar Global Positioning Satellite) system for 
clock synchronization is too expensive for us at this time.

CRM/cj d

Enclosures
Block Diagram - Receiver/LO 
Block Diagram - LO/IF
Cost Estimates: A.8.a) Test Equipment 

B.6 .a) Test Equipment 
A.8.c) Timing Equipment



NATIONAL RADIO ASTRONOMY OBSERVATORY

Green Bank, West Virginia

VLB ARRAY VI 

Cost Estimates

Array Elements 

8. Other Site Equipment

a) Test Equipment - Catalog Prices

1982 1981

Vertical Scope Plug-In, HP 1 8 0 5 A .......... $ 2.3 K $ 2 . I K
Time Base Plug-In, HP 1825A ................ 2.0 1 . 3
Spectrum Analyzer Plug-In, HP 8559A ......  10.5 8.6
Main Frame, HP 182C .........................  2.7 2.5
Power Meter, HP 4 3 6 A ........................  2.3 2.3
Power Meter Head, HP 8 4 8 4 A ................. 0.7 0.7
Digital VOM, Fluke 8 0 2 4 A ...................    0.3

$20.8 K $17.8 K

Additionally, specialized test equipment 
for remote diagnostics:

Components ?
Man-hours ?

I think this specialized test equipment should 
be included in item 6 , Control and Monitor System.



NATIONAL RADIO ASTRONOMY OBSERVATORY

Green Bank, West Virginia

VLB ARRAY VI 

Cost Estimates

Operations Center

6 . Other Service Center and Operations Center Equipment

a) Test Equipment - Catalog Prices

1982 1981

RF Sweep Generator, HP 8 3 5 0 A ................. $ 4.3 K $ 4.3 K
0.01-26.5 GHz Plug-In, HP 8 3 5 9 5 A ............  27.0 N/A
Network Analyzer, PMI 1038-D14 ..............  3.5
Horizontal and Vertical Plug-In, 1038-N/0 .. 6.2
Detectors ........................................ 1.5
Miscellaneous Couplers, Attenuators, etc. .. 5.0
Power Meter, HP 4 3 2 A ..........................  1.0 1.0
Thermistor Mounts:

0.01-18, 40-60, 75-110 GHz ................. 3.0
Frequency Counter, HP 5343A ..................  6.4 5.2
Rb Traveling Clock, HP //21-5065A............  22.0 18.6
Phase Comparator, HP K 3 4 - 5 9 9 9 1 A .............  2.0 N/A
Frequency Stability Analyzer, HP 5390A ..... 31.7 27.3

Digital Test Equipment ?



NATIONAL RADIO ASTRONOMY OBSERVATORY

Green Bank, West Virginia

VLB ARRAY VI 

Cost Estimates

Array Elements 

8. Other Site Equipment

c) Timing Equipment - Catalog Prices

o n e  o r  

o t h e r

o n e  o r  

o t h e r

1982 1981

Rubidium Clock, HP 5065A ................... $16.9 K $13.5 K

Option 002, 10 min Standby Power .......... 0.7 0.6
Option 003, Digital Clock .................. 3.0 3.2

-+ 10 Hour Standby Power, HP 5085A ........... 5.3 4.5
Quartz Oscillator, Austron 2010R .......... 5.4
16 Hour Standby Power, Austron 1290A ..... 3.0

WWVB Receiver, Spectracom 8160A ........... 1 .6
Loran-C Timing Receiver, Austron 2100 .... 9.6

-*■ GPS Receiver/Processor,
Stanford Telecom 502 ...................... 80.0

GPIB Option 004 ............................ 4.4

GPS receiver price will come down in future years.

I question the need for a crystal oscillator since
the H-maser will have one.



\
\

D N 
' R \

? t r

AT-

3 -c*i

2o°K
| > >

//O O

"X

'
ytiV

a,os<Hf r—
£_. 1—

->-1
/So-fSo

+  %

r *6mh
f'T>+ -*S>

8,*S//0<5 

^T>H---- -----x^>

RM>-

^ ‘K 1 
P^T>+

X *f£-

1-
SiS-// joo

---------- r

«r>-- 1-
_ _ J

,0,?//oo

J«o «>»# rr/pi

-|̂ -̂ oc QIC |-

F«T>-i---- *<£)----- 1-----l\M>-

Joo * Jo©

la-'.* cHf 
K fo fv pr

/OO* foo A*Mj

-VP>

>■ loo MH£

l£0'%Za f*>fj

■ > n

Kry: x //
Kt Fnrq, - MMj iKdltg
/ i  S fto - # t j

PfcflVf/^. /Co fttoefe. 
VAfc * R M /  pRof>ot̂ £.

€ R > ) \  !>-?/-&»



<p-ftA'V l> c /m  >? r

RF -̂<D /TO r / i=

/«0

^.r-w2.=j 4J.^ >1.1 l.*fX -

JtJ.a » IW |.«U +

«*».*-*v i *>.7 7 I , \ * /,4X —

2 - *1,c. 4y/ l l > S  4“ 1,45 +-

(OoHlij
R*F r _  j



NATIONAL RADIO ASTRONOMY OBSERVATORY

Green Bank, West Virginia

MEMORANDUM January 28, 1982

To: VLBA Working Group

From: R. Lacasse

Subj : Recommended General and Digital Test Equipment

A variety of test equipment is required at the array elements and at 
the operations center to maintain and service the electronic equipment. 
VLBA Memo 48 specifies some general purpose equipment some specific to 
the needs of the RF and IF electronics. This memo adds to the list of 
general purpose equipment and also specifies equipment specific to the 
needs of the digital electronics. Costs are in 1982.0 dollars. Details 
are shown in Tables 1 and 2.

Enclosures
Table 1: Recommended General and Digital Test Equipment 

for Each Array Element.
Table 2: Recommended General and Digital Test Equipment 

for the Array Operations Center.

RJL/cjd



TABLE 1

Recommended General and Digital Test Equipment for Each Array Element.
This supplements VLBA Memo 48.

Item Comments Cost

Chart Recorder ....... 2 pen; thermal writing
HP 7130A Option 54 or equivalent... $ 2,680

Volt-Amp-Ohm Meters .. Portable; one analog,
one digital .............. 400

Current Probe ........ Hand-held 10A/V or 100A/V
F.W. Bell, CG 100A or equivalent .. 330

RS 232 Bus Analyzer .. IDS Model 60 or equivalent ........ 240

Function Generator ... £ 5 MHz; sine; square, etc.
HP 3310B or equivalent ............. 1,075

Logic Analyzer ....... Tek 308 or equivalent .............. 3,950

Power Supplies ....... 0-60 V, 10A (quantity 2) ...........
0-60 V, 50A (quantity 2) ...........

1,750
3,000

Miscellaneous Tools .. 1,000

Total $15,225



TABLE 2

Recommended General and Digital Test Equipment for the 
Array Operations Center.

This supplements VLBA Memo 48.

Item Comments Cost

Oscilloscope .......... 500 MHz BW, with accessories
Tek 7904 or equivalent ............. $19,333

Oscilloscope .......... 250 MHz BW, with accessories
Tek 475A or equivalent ............. 5,245

Volt-Ohm Meters ...... Digital and Analog (quantity 3) 600

Pulse Generator ...... 250 MHz, variable PW, delays, 
etc., HP 8082A or equivalent ...... 4,725

Function Generator ... General purpose
HP 3310B or equivalent ............. 1,075

Dumb Terminal ........ RS-232 ................................. 700

Logic Analyzer ....... Paratronics 540 or equivalent ..... 9,000

Counter Timer ........ 0-100 MHz; time; time interval 
HP 5328A or equivalent ............. . 1,725

Power Supplies ....... 0—60 V, 10A (quantity 2) ........... . 1,750
0-60 V, 50A (quantity 2) ........... . 3,100

Solder Station ....... 400

Chart Recorder ....... 2 pen; thermal writing
HP 7130A Option 54 or equivalent .. . 2,680

UHF Oscillator ....... 10-500 MHz ............................ . 2,950

Miscellaneous Tools .. 1,500

Total $54,783





Suggested Numbers of Spare Modules for the VLB Array

A. R. Thompson

This memorandum describes an investigation of the failure rates of 

VLA modules, and the use of these data to estimate the numbers of spare 

modules required for the VLB array. It is assumed that the electronics 

for the VLB array will be subdivided into modules of similar complexity 

and reliability to those used in the VLA.

1. VLA Reliability Data

The VLA data have been taken from the maintenance records that are 

on file in a computer data base and can be accessed through a program 

(MAINT) which sorts records and produces various statistical data. Jon 

Spargo has been largely responsible for the organization of this 

facility. The data of interest here are the mean times between failures 

(MTBF) for different types of modules. In this study 'failure' refers 

to any condition that results in the generation of a maintenance 

request, and includes hardware failures, cases where some adjustment was 

necessary, and cases where the fault could not be found when maintenance 

was performed. Table 1 lists the numbers of failures and the MTBF per 

module for 33 types of modules for the 15-month period October 1, 1980 

through December 30, 1981. Data for the last six months of this period 

were also examined separately and did not show any significant changes. 

Table 1 also contains figures for ten non-modular units that are not 

included in the following statistics.

The distribution of MTBF values is shown in Table 2. Two main 

conclusions can be drawn. First, roughly equal numbers of modules fall 

within the four MTBF categories <1000 days, 1000-2000 days, 2000-4000 

days, >4000 days. Second, there does not appear to be much correlation 

between the MTBF and the subsystem of the module (front-end, local 

oscillator, etc.). The modules with poorest reliability include the F3 

(17-20 GHz L.O.) which contains a frequency-agile, phase-lock loop; the 

D1 (Sampler) for which adjustment is known to rather critical; the F5 

(Front-End Control); and the T5 (Baseband Driver) which contains a 

problem that we expect to eliminate.

January 7, 1982



2. Application to the VLB Array

Those electronics modules at a VLB antenna for which a failure 

would put the whole antenna out of operation are in a special category 

and will be referred to as critical modules. For such modules a spare 

will have to be carried at each site. For the non-critical modules we 

assume the following scheme will apply. The spares will be kept at a 

central maintenance location, and when a module fails at an antenna the 

operator at that site will request shipment of a spare. The failed 

module will be immediately shipped back to the central location where it 

will be repaired and become a spare unit. It will be assumed that the 

time interval from shipment of the spare to the antenna to the 

completion of repair of the returned unit does not exceed five days. As 

a criterion for the number of spares to be carried, let us state that 

for each type of module the probability that all spares are out in the 

return-and-repair process must not exceed 1%.

Suppose that there are Nm of a particular type of module in each of 

the 10 antennas in the array. The mean failure rate for that particular 

type of module is 10 Nm/MTBF failures per day, where MTBF is in days, 

the probability, P, that one module of a particular type will be in the 

return-and-repair process is 50 N /MTBF. Thus we require

Pn = (50 N /MTBF)n < 0.01 

where n is the number of spares of the particular module type to be 

carried at the central location. Table 3 gives values of n for modules 

with MTBF values of 500, 1500, 2500 and >4000 days, which are 

representative of the four categories within which the VLA modules are 

roughly equally distributed. For each MTBF category values of N = 1, 2 

and 4 are considered. For 75% of the cases in Table 3, n = 2, and the 

mean of n for all cases is 2.4. However, since the types of modules 

for which there are four units at an antenna are likely to less than 1/3 

of all types, the mean value of n that is finally required may be less 

than 2.4. As a round figure for costing purposes 2£ spares per module 

type is suggested for the non-critical types. This is a fairly 

conservative figure, and one could argue in favor of a larger number to 

offset lower initial reliability, loss of modules in transit, etc.



When one of the critical modules fails it will be replaced by the 

on-site spare and the failed unit will be returned for repair. Two 

courses of action are then possible. Another spare can be sent out 

immediately from the central location, or else the failed unit can be 

repaired and returned. In the first case the mean number of spares 

required per critical module type is 10 + 2\ = 12|, and in the second 

case just 10.



Table 1 Maintenance Statistics for VLA Electronics, 80/09/01 to 81/12/30

Type of Unit No. of MTBF
____________________ _________ Failures (days)
Front End (Uncooled)
FI, Bias Control 2 12,000
F4, Freq. Converter 6 4,000
F5, F.E. Control 24 500
F6, RF Splitter 4 2,200
F7, Ant. IF Filters 0
F8, IF Offset 0

L0 (Antenna)
F2, Upconv. Pump 16 750
F3, 17-20 GHz LO 69 170
LI, 5-50 MHz VCXO 6 2,000
L2, Harmonic Gen 1 12,000
L3, LO Tx 11 1,100
L4, LO Rx 6 2,000
L5, LO Control 6 2,000
1-6, 2-4 GHz Synth. 37 650
L7, Fringe Gen. 6 4,000
L8, Timing Gen. 14 860

L0 (Central)
L9, Ant. LO Rx 6 2,000
L10 , Ant. LO Tx 0
LI 1, Ant. LO Control 6 6,000
L14 , Ant. LO Filter 12 1,000

Transmission
Tl, Modem 17 1,400
T2, IF Combiner 12 2,000

Type of Unit No. of MTBF 
_____________________________ Failures (days)
IF Receiver
T3, Baseband Conv. 2 4,500
T4, Baseband Filters -Z, 2,600
T5, Baseband Driver 65 280
T6, Baseband Cont. 4 2,200

Sampler
D1, Sampler 43 560

Monitor & Control
Ml, Data Set 22 2,800
M2, Data Tap 0
M3, Central Buffer 9 1,400
M4, Antenna Buffer 7 1,800
M7, F/R Control 7 1,700
M8, F/R Power 6 2,000

Non-Modular Units
Refrigerator 56 214
Compressor 25 480
Vac. Pump 1 12,000
Dewar 1 12,000
Upconverter 3 8,100
Paramp 17 1 ,700
KU-Mixer 4 6,000
K-Mixer 17 1,400
Coax Switch 5 4,800
Paramp Pump 16 1,500



Table 2 MTBF Categories

No. of
MTBF (days) Module Types

<1000 7
1000-2000 9
2000-4000 8
>4000 9

Table 3 Calculation of Required Numbers of Spares, n.

per Ant.
MTBF
Category

Mean
MTBF

= 1m
per Ant. N = 2m

per Ant. N = 4m
P n P n P n

(days) (days) (%) (%) (%)
<1000 500 10 2 20 3 40 5
1000-2000 1500 3.3 2 6.7 2 13 3
2000-4000 3000 1.6 2 3.3 2 6.7 2
>4000 >4000 <1.3 2 <2.5 2 <5 2

ART/tr





VLBA ELEMENT OPERATING PROBABILITY USING VLA RELIABILITY DATA

Jack Campbell

This memorandum defines Optimum Reliability, and discusses the VLA 

reliability experience as related to the VLB array, VLBA element 

operating probability, and gives a Summary of results. It is assumed 

that the VLB array will be of modular design and its modules will 

be typical of modules used in the VLA. This simple analysis will provide 

some data to allow operating system trade-off vs the "Suggested Number 

of Spare Modules for the VLB Array" by A.R. Thompson in his memorandum 

(VLBA Number 53) date January 7, 1982.

I Optimum Reliability

Deciding what type of system provides the minimum total life 

cost concerns basically the following extreme design approaches:

a) A system design that requires a large number of spare units. 

This approach has a high maintenance and repair cost with the 

added cost of equipment unable to operate.

b) A highly reliable system with its high design cost and more 

expensive component cost.

c) These two approaches will most likely be comparable in total 

life cost. The minimum total life cost lies somewhere in 

between and therefore is the Optimum Reliability Point. This 

optimum reliability point reflects a moderate initial design 

and component cost and a reasonable (small) number of spares 

and reduced maintenance and repair cost. The total life cost

March 5, 1982
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of these two approaches is depicted^ graphically in Figure 1.

II VLA Reliability Experience as Related to the VLB Array

If we assume the 10 element VLB array is of similar design to the 

27 element VLA design and that Critical Modules (A critical module 

if failed would put the whole element out of operation) can be 

cross shipped from the Central Maintenance Station or a secondary 

distribution station to a site in 24 hrs or less.

Then based on the above assumptions we can use the VLA experience 

to predict the VLBA reliability.

a) Probability of Failure  ̂ of an array element is given by

MTTR+T a
P = _______ A

MTBF

where

P = probability of failure

MTTR = Meantime To Repair

T a = Access Time 
A

MTBF = Mean Time Between Failures

For the VLA and VLBA the MTTR is small compared to T^. Then we 

can simplify P to

MTBF

The average access time for the VLA is 12 hours. The average 

access time for the VLBA could be in the range 29 to 43 hours with 

an average of 36 hours as shown in Table I.

2



Then P /TTTT,.N becomes 
(VLBA)

TA (VLA)

Using the VLA Summary of Downtime for 1981 we can predict the

downtime for the VLBA. (See Appendix I). For example, for T (VLBA) 

= 24 hours.

Critical Modules P /TTTt)AN = 1.54 x — r = 3.08%
(VLBA) 12

Total System ^ y ^ B A )  = + 1*69) -jy = 6.46^

III VLBA Element Operating Probability. We can relate ^ y ^ g ^ )  to the 

probability of >N Antennas Operating  ̂ by the probability of "P^1 

of "K" failures in an "N" element array. P^ is given by the 

binomial distribution.

P__ N! _K n  . N-K 
K = _________  x P x (1-p)

K! (N-K)

This binomial distribution for a 10 element array is shown in 

Figure 2 and 3. From Figure 2 and 3 we can see that for a P^-y^gA)

calculated for T^ of 0.5, 1, 2 and 3 day the operational

probability will be as shown in TABLE II, and Figures 4, 5 and 6 .

Access times of 1 to 2 days appear to provide a reasonable 

operational goal.

3



IV

JC/bg

a. It is beyond the scope of this memorandum to assign costs to

>N elements operating and the associated lost data and the 

cost trade-off for reliability vs design cost to predict the 

curve shown in Figure 1.

b. All critical modules do not have to be stocked at each site.

c. The shipping time of 24 hours can be reduced to 12 hours in 

special cases while a compromise of critical module spares kept 

at the site would improve the reliability at an additional 

total life cost.

d. A cost trade-off study of critical module size and weight Vs 

shipping cost should be under taken.

e. Design considerations for equipment safety vs critical modules 

should be considered i.e. capability of manually or 

automatically driving the antenna to the stow position with a 

defective antenna control unit.

f. System performance without a cryogenic system operating or one 

frequency band not operating for a short period of time should 

be considered. All of the above items and other considerations 

will determine the total life cost and therefore the optimum 

reliability.

Summary

4
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Table I

Average Access Time (T^) For Two Possible VLBA Sites

Site Trouble Module Transportation Schedule*

Location occurs LV Socorro** Arr Alb Arr Airport Installed** Acces

Near Site At Site Time

Anchorage Al 0500 0900 1100 2300 1200 31

1700 0900 1100 2300 1200 43

Bishop CA 0500 0900 1100 0800 1000 29

1700 0900 1100 0800 1000 41

Average Access Time (T.) 
--------------- v--A- = 36

* Module Transportation Schedule was arrived at using official Airline Guide - North American Edition,

** 1. Working Hours

Assume each site work 0800 to 1700 Local Standard Time

2. Times

All Times listed are Mountain Standard Time for Alaska/Hawaii Standard Time Subtract 3 hours for 

Pacific Standard Time Subtract 1 hour.



TABLE II 

PROBABILITY OF >N ANTENNAS 

OPERATIONAL

>N SYSTEM OPERATING CONDITION

SOME DEGRADATION COMPLETE OPERATION

H
>
II 0.5 1 2 3 0.5 1 2 3

10 85 74 53 38 72 52 25 11

9 98.9 96.2 87 76 96.2 87 62 39

8 99.95 99.7 97.8 94 99.68 97.6 86.5 69

7 >99.99 99.8 99.7 98.9 99.98 99.7 96.8 85
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Appendix I

The VLA Downtime Summary for the year 1981 was reviewed and used to 

define the critical and non-critical areas. The critical are defined as 

that area that will remove the whole element (Antenna System) from 

operation. The results of this review is shown in TABLE I of this 

Appendix.
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APPENDIX I 
TABLE I 

DOWNTIME BREAKDOWN 
BY SUB-SYSTEM OR CATEGORY

SUB-SYSTEM TOTAL VLBI
OR VLA CRITICAL NON-

CATEGORY % CRITICAL

ANTENNA MECHANICAL 0.24 0.24

ANTENNA ELECTRICAL 0.34 0.34
FRONT END COOLED 0.46 0.46
FRONT END UNCOOLED 0.39 0.39
CRYOGENICS 0.35 0.35
MONITOR AND CONTROL 0.38 0.19 0.19
FOCUS/ROTATION 0 .11 0 .11
WAVEGUIDE 0.01
L.O. ANTENNA 0.19 0.19
L.O. CENTRAL 0.05 0.05
IF TRANSMISSION 0.03
IF RECEIVERS & SAMPLERS 0.06 0.06

DELAY AND MULTIPLIER 0.27
COMPUTER HARDWARE 0.40 0.40
OTHER HARDWARE 0.02 0.02
HU-ERROR 0.13 0.13
SOFTWARE 1.41
WEATHER 0.29
POWER 0.20
UNSCHEDULED TEST 0.01 0.01
P/M, RETRO, EXP MODULES 0.10 0.10

REMARKS

System will operate but not on all Frequencies 
System will operate but not on all Frequencies 
System will operate but with degraded performance 
Monitor not as critical as control 
Present system being redesigned.
Not required VLBI

Not require VLBI 

Off Line for VLBI

Manpower priority can be fixed 
Not the same at each site 
Not the same at each site

TOTAL 5.44 1.54 1.69
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Interoffice

To:

From:

Subject:

National Radio Astronomy Observatory 

Charlottesville, Virginia

VLBA Planning Group

June 9, 1982

VLB ARRAY MEMO No. 9
H. Hvatum

Construction Plan/Schedule for the VLBA

VLBA memo #20 is a first attempt to design a construction plan/schedule 
for the VLBA. It was done sometime in 1980. Here is an updated 
version of that plan. It has many flaws and some of it might be 
outright silly, but it is a starting point. The only updating I have 
done is to change the date for available construction funds to 
January 1984 and the date to start planning and preparations for the 
construction to January 1982.

I believe we now should detail the plan for what we want to do between 
now and January 1984. In order to do so, I intend to set up working 
groups for the different areas such as:

Conf iguration

Site design/planning

Antenna design/planning

Electronics (receiver) design/planning

Data acquisition system design/planning

Processor design/planning

Computer design/planning

In addition I would like to establish an ’'overseer" group composed of 
the various design group leaders to work on the overall design/planning.

We shall discuss this in our meeting on Monday, 14 June 1982, 1330 EDT. 
The telephone number to call is 1-800-243-1055.

Attachment
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N AT ION AL  RADIO  ASTRONOMY OB^FRV ATORY
A C T I V I T Y  TIME S '  REPORT

PAGE 1

PROGRAM 17MAY82 REPORT DATE.  VERY LONG B A S E L I N E  ARRAY VLB10A
PROJECT CONCEPTS,  DESIGN AND DEVELOPMENT VLBA10

L EVE L DE TAi I L

PRED SUCC CY A C T I V I T Y TIME SLACK EARLY DATES LATE DATES
EVENT EVENT CD D E S C R IP T I ON EST P RI M .  S E C . START F I  NISH START F I N I S H

AOOl S BE GI N CRGANIZATION 4 7 . 2 A04JAN82 A 04J AN 82 0 6DE C82 0 6 D E C 8 2
AOO 2 S FUNDING . 0 A02JAN84 A02JAN84 02JA N8 4 0 2J A N8 4

AOOl AlOO GET ORGANIZED 0 5 . 0 4 7 . 2 A04JAN82 0 8 F E B 8 2 0 6DE C8 2 10JAN83
A002 A l l O DUMMY 0O00 . 0 A02JAN84 02JA N8 4 0 2J AN8 4 0 2 J A N 8 4
A002 A120 DUMMY 0 0 0 0 1 4 . 0 A02JAN84 02JAN8 4 10APR84 10APR84
A002 Al  80 CUMMY OUOO . 0 A02JAN84 0 2J AN8 4 02JAN8 4 0 2 J A N8 4
AlOO A l l O C O N F I G .  1 S I T E  S EL E C T I O N 5 0 . 0 4 7 . 2 0 8 F E B 8 2 28JAN83 10JAN83 02JAN8 4
AIOO Al 2 0 CONCEPT DESI GN ANTENNA 2 6 . 0 8 5 . 2 0 8 F EB 8 2 11AUG82 0 70CT83 10AP P8 4
AlOO A 17 0 3 CONCEPT DES COMPUTER 1 2 . 0 8 1 . 2 0 8 F E B 8 2 05MAY82 0 9 SEP 83 0 5 D E C 8 3
AlOO A170 2 CONCEPT D E S PROCESSOR 1 2 . 0 8 1 . 2 0 8 F EB 8 2 05MAY82 0 9 S E P 8 3 0 5 D E C 8 3

AlOO A170 1 CONCEPT DES E LE CTRO NI CS 1 2 . 0 8 1 . 2 0 8 F E B 8 2 05MAY82 0 9 S E P 8 3 0 5 D E C8 3
A l l O 120 0 DUMMY 0 0 0 0 . 0 02JAN8 4 02JAN84 0 2JA N8 4 0 2 J A N 8 4
Al  20 Al  30 N EG OTI ATE  DES CONTRACT 2 6 . 0 1 4 . 0 02JAN84 0 5 J U L 8 4 10APR84 1 2 0 C T 8 4
Al  30 A140 DESI GN ANTENNA PH 1 1 5 . 0 1 4 . 0 0 5JUL 84 1 90 CT8 4 1 2 0 C T 8 4 30JAN85
Al  40 A 15 G DE SI GN  ANTENNA PH 2 2 0 . 0 1 4 . 0 1 90 CT84 15MAR85 30JAN85 2 4 J UN 8 5
Al  50 A160 B ID  CONSTRUCTICN 2 5 . 0 1 4 . 0 15MAR85 1 1 SE P8 5 24JUN85 1 9 DE C8 5
A 160 13U0 DUMMY 0 0 0 0 1 4 . 0 1 1SEP85 1 1 SE P8 5 19DEC85 19DEC8 5
A170 A180 REVI EW DESIGN 0 4 . 0 8 1 . 2 05MAY82 02JUN82 0 5 DE C8 3 0 2 J AN 8 4
Al  80 A140 DUMMY 0 0 00 5 5 . 0 02JAN84 02JAN8 4 30JAN85 30JAN8 5
A 180 Al  90 DE SI GN  E LE C T RO N I C S 1 5 . 0 8 2 . 0 02JAN8 4 17APR84 13AUG85 2 7N0V8 5

A 180 A200 BA DESIGN PROCESSOR 4 0 . 0 . 0 02JAN84 120 CT8 4 0 2 JAN84 1 2 0 C T 8 4
A 180 A230 AA DESI GN COMPUTER 1 5 . 0 4 1 . 0 0 2 J AN 84 17APR84 1 9 0CT 84 0 6 F E B 8 5
A 190 140 C DUMMY 0 0 0 0 8 2 . 0 17APR84 17APR84 27N0V85 2 7N0V85
A200 A210 BA CONSTRUCT PROCESSOR PH 1 3 0 . 0 . 0 120CT84 17MAY85 1 20 CT8 4 1 7MAY8 5
A 210 A22C BA CCNSTRLCT PROCESSOR PH 2 3 0 . 0 . 0 17MAY85 19DEC85 1 7MAY85 1 9DE C8 5
A220 A250 BA TE S T PROCESSOR 1 6 . 0 . 0 19DEC85 15APR86 19DEC85 15APR86
A230 A240 AA PROCURE COMPUTER 5 0 . 0 4 1 . 0 17APR84 12APR85 0 6 F E B 8 5 0 3 F E B 8 6
A 240 A 2 50 AA I N S T A L L  CCVPUTER 1 0 . 0 4 1 . 0 12APR85 24JUN85 0 3 F E B 8 6 15APR8 6
A2 50 END1 1 BA TE S T  DATA PROCESSOR SY S 1 0 . 0 . 0 15APR86 25JUN86 15 APR 86 25JUN8 6
12U0 121 C CA F IN A L S I T E  S E L E C T I O N  S I 0 5 . 0 . 0 02JAN84 0 6 F E B 8 4 02JAN8 4 0 6 F E B 8  4

1200 126C DUMMY 0 0 0 0 3 0 . 0 02JAN84 0 2 JA N 84 02AUG84 02AUG84
1210 1220 CA S I T E  PLAN SI 2 5 . 0 . 0 0 6 F EB 8 4 0 2 AUG 84 0 6 F E B 8 4 02AUG84
12 10 1230 CA S I T E  A C U I S I T I C N  S I 2 5 . 0 30 .0 0 6 F E B 8 4 02AUG84 0 7S EP  84 0 8MAR85
1220 1 230 CA S I T E  DE SI GN  S I 3 0 . 0 . 0 02AUG84 08MAR85 02AUG64 0 8MAR85
1230 1240 CA S I T E  CC NS TP .  PH 1 S I 4 0 . 0 . 0 08MAR85 19DEC85 08MAR85 19DE C8 5
1240 1250 CA S I T E  CC NS TP.  PH 2 SI 3 0 . 0 1 2 . 0 19DEC85 2 4 J U L 8 6 13MAR86 170 CT8  6
1240 130 0 DUMMY OoOQ . 0 19DEC85 19DEC85 19DEC85 1 9DE C85
1250 ENDO 1 DUMMY 0 0 0 0 1 2 . 0 2 4 J UL 86 2 4 J UL 86 17 0 CT 8 6 1 7 0CT8 6
1260 2 20 0 DUMMY t'000 3 0 . 0 02JAN8 4 0 2 JA N8 4 02AUG84 0 2 AUG 8 4
1260 3 20 0 DUMMY 0 0 0 0 5 3 . 0 02JAN84 02JAN84 1 6 JAN85 16JAN95

1260 4 2 00 DUMMY 0 0 0 0 5 3 . 0 02JAN84 02JAN84 16JAN85 16JAN8 5
1260 5 20 C DUMMY 0 0 0 0 6 5 . 0 0 2 JAN84 0 2 JAN84 12APR85 12APR85
1260 6 2 0 0 DUMMY cooo 6 5 . 0 02JAN84 0 2 JAN84 12APR85 12APR85
1260 7200 DUMMY 0 0 0 0 7 7 . 0 02JAN8 4 0 2J AN8 4 0 9 J U L 8 5 0 9 J U L 8 5
1260 8200 DUMMY 0 0 0 0 7 7 . 0 0 2 JAN84 0 2JA N8 4 0 9 J U L 8 5 0 9 J U L 8 5
1260 9 200 DUMMY 0 0 0 0 8 9 . 0 02JAN84 02JAN8 4 0 2 0 C T 8 5 0 20 C T8  5
1260 1 02 00 DUMMY 0 0 0 0 8 9 . 0 02JAN84 0 2 J AN 84 0 2 0 C T 8 5 0 2 0 C T 8 5
1300 1310 CA CCNSTRLCT.  ANTENNA Al 3 0 . 0 . 0 19DEC85 2 4 J U L 8 6 19DEC85 2 4 J U L 8 6
1310 1420 DUMMY 0 0 0 0 . 0 2 4J U L 8 6 2 4 J U L 8 6 2 4 J U L 8 6 2 4 JUL8 6
1310 2^0C DUMMY 0 0 0 0 . 0 2 4 J U L8 6 2 4 J U L 8 6 2 4 J U L 8 6 2 4 J U L 8 6

RUN DATE

SCRTED BY PREDiSUCC

DEPT
SCHED.

1 8M*.
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PROGRAM 17MAY82 REPORT DATE.  VERY LONG B A S E L I N E  ARRAY VLB10A
PROJECT CONCEPTS,  C ESI GN  AND DEVELOPMENT VL BA10

L E V E L DE TAI  L

PRED SUCC CY A C T I V I T Y TIME SLACK EARLY DATES LATE DATES
EVENT EVENT CD C E S C P I P T  ICN EST P R I M .  S E C . START F I NI SH START F I N I S H

1400 1410 CA CONSTR.  E L E C T R O N I C S  E l 2 0 . 0 8 2 . 0 17APR84 0 7 S E P 8 4 27N0V85 2 2AP R86
1410 1 4 2 0 DUMMY COOO 9 5 . 0 0 7 S E P 8 4 0 7 S E P 8 4 2 4 J U L 86 2 4 J U L 8 6
1410 2 400 DUMMY 0 0 0 0 8 2 . 0 0 7 S E P 8 4 0 7 S E P 8 4 22APR86 2 2APR86
1420 1430 CA I N ST A L L  E L E C T R O N I C S  E l 0 8 . 0 . 0 2 4 J U L 8 6 1 9 S E P 86 2 4 J U L 8 6 1 9 S E P 8 6
1430 ENDO 1 CA TE S T E l / A l 0 4 . 0 . 0 1 9S EP 86 1 70 CT8 6 1 9 S E P 8 6 1 7 0 C T 8 6
2200 2210 DA F I N A L  S I T E  SE L E C T I C N  S2 0 5 . 0 3 0 . 0 0 2JA N8 4 0 6 F E B 8 4 02AUG84 0 7 S E P 8 4
2210 2 2 2 0 CA S I T E  PLAN S2 2 5 . 0 3 0 . 0 0 6 F E B 8 4 02AUG84 0 7 S E P 8 4 08MAR85
2210 22 30 CA S I T E  A C U I S I T I C N  S2 2 5 . 0 6 0 . 0 0 6 F E B 8 4 02AUG84 12APR85 0 9 0 C T 8 5
22 20 2 23 C DA SITfc DE SI GN  S2 3 0 . 0 3 0 . 0 02AUG84 08MAR85 08MAR85 0 9 0 C T 8 5
2230 2 2 4 0 CA S I T E  C C N S T R .  PH 1 S2 4 0 . 0 3 0 . 0 06MAR85 1 9DEC85 0 9 0 C T 8 5 2 4 J U L 8 6

2240 2 25 0 DA S I T E  CC NS T R.  PH 2 S2 30 . 0 3 7 . 0 19DEC85 2 4 J U L 8 6 1 2 S E P 8 6 16APR87
2240 2 3 0 0 DUMMY 0 0 0 0 3 0 . 0 19DEC85 19DEC85 2 4 JUL 86 2 4 J U L 8 6
2 250 END02 DUMMY 0 0 0 0 3 7 . 0 2 4 J U L 8 6 2 4 J UL 86 16APR87 16APR87
2300 2 3 1 0 DA C CNS TRL CT MTENNA A2 2 5 . 0 . 0 2 4 J U L 8 6 21JAN87 2 4 J U L 8 6 2 1JA N8 7
2310 2 4 2 0 DUMMY 0 0 0 0 . 0 2 1 JAN87 21JAN87 2 1 JAN87 21 JANE 7
2310 3 30 0 DUMMY 0 0 0 0 . 0 21JAN87 2 1JAN87 2 1 JAN87 2 1JAN87
2310 430 C DUMMY 0 0 0 0 . 0 2 1 JAN87 21JAN87 2 1 JAN87 2 1 JA N8 7
2400 241 0 DA CONS TR.  E L E C T R O N I C S  E2 1 0 . 0 8 2 . 0 0 7 S E P 8 4 16N0V84 22APR86 0 2 J U L 8 6
2410 2 4 2 0 CUNMY 0 0 0 0 1 1 0 . 0 16N0V84 16N0V84 21JAN87 2 1J AN8 7
2410 2400 DUMMY 0 0 0 0 8 2 . 0 16NCV84 16N0V84 0 2 J U L 8 6 0 2 J U L 8 6

2420 2 4 3 0 CA I N ST AL L  E LECT RGNICS E2 0 8 . 0 . 0 21JAN87 19MAR87 2 1 JAN87 19MAR87
2430 ENDG2 DA TEST E 2 / A 2 0 4 . 0 . 0 19MAR87 16APR87 I9MAR87 16APR87
3200 2210 iZ A F IN A L S I T E  S t L E C T I C N  S3 0 5 . 0 5 3 . 0 0 2 JAN84 0 6 F E B 8 4 16JAN85 2 1 F E B 8 5
3210 3 220 EA S I T E  PLAN S3 2 5 . 0 5 3 . 0 0 6 F E B 8 4 02AUG84 2 1 F E B 8 5 20AUG85
3210 2 230 EA S I T E  A Q U I S I T I O N  S3 2 5 . 0 8 3 . 0 0 6 F E B 8 4 02AUG84 2 5SEP85 2 5MAR86
3220 3 23 0 EA S I T E  DE SI GN S3 3 0 . 0 5 3 . 0 02AUG84 08MAR85 2 0AUG85 25MAR86
3230 3 2 4 0 EA S I T E  C C NS TP.  PH 1 S3 4 0 . 0 5 3 . 0 08MAR85 19DEC85 25MAR86 0 7 JA N8 7
3240 3 25 0 EA S I T E  CC NS TR.  PH 2 S3 3 0 . 0 5 3 . 0 19DEC85 2 4 J U L 8 6 07JAN87 06AUG67
3240 330 0 DUMMY C'000 5 5 . 0 19DEC85 19DEC85 21JAN87 2 1JAN87
3250 END02 DUMMY 0O00 5 3 . 0 2 4 J U L 8 6 2 4 J U L 8 6 06AUG87 06AUG87

3300 3 310 EA CONSTRUCT ANTENNA A3 1 6 . 0 . 0 21JAN87 14MAY87 2 1JAN87 14MAY87
3310 3420 DUMMY 0 0 0 0 . 0 14MAY87 14MAY87 14MAY87 14MAY87
3310 5 20 C DUKMY 0 0 0 0 . 0 14MAY87 14MAY87 14MAY87 14MAY87
3400 2410 EA CONSTR.  E L E C T R O N I C S  E 3 1 0 . 0 8 2 . 0 16N0V84 30JAN85 0 2 JUL86 1 2 S E P 8 6
3410 2420 DUMMY 0 0 0 0 1 1 6 . 0 30JAN85 30JAN85 14MAY87 14MAY87
3410 440  C DUMMY 0 0 0 0 8 2 . 0 30JAN85 30JAN85 1 2 S EP 8 6 1 2 S E P 8 6
3420 3 430 EA I N ST A L L  E L E C T R O N I C S  E 3 0 8 .  0 . 0 14MAY87 0 9 J U L 8 7 14MAY87 0 9 J U L 8 7
3430 ENDO 2 EA TEST E 3 / A 3 0 4 . 0 . 0 09 JUL 87 06AUG87 0 9 J U L 8 7 06AUG87
4200 4 21 0 FA F I N AL  S I T E  S E L E C T I C N  S4 0 5 . 0 5 3 . 0 02JAN84 0 6 F E B 8 4 16JAN85 2 1 F E B 3 5
4210 4 2 2 0 FA S I T E  PLAN S4 2 5 . 0 5 3 . 0 0 6 F E B 8 4 02AUG84 2 1 F E B 8 5 20AUG85

4 210 4 230 FA S I T E  A C U I S I T I C N  S4 2 5 . 0 8 3 . 0 0 6 F E B 8 4 02AUG84 2 5SEP85 25MAR86
4 22 0 4 23 0 FA S I T E  DESI GN S4 3 0 . 0 5 3 . 0 02AUG84 08MAR85 20AUG85 25MAR86
4 23 0 4 24 0 FA S I T E  CC NS TP .  PH 1 S4 4 0 . 0 5 3 . 0 08MAR85 19DEC85 2 5MAR86 07JAN8 7
4240 42 5 C FA S I T E  CCNS TR.  PH 2 S4 3 0 . 0 5 3 . 0 19DEC85 2 4 J U L 8 6 07JAN8 7 0 6AUG87
4 240 4 3 0 0 DUMMY 0 0 0 0 5 5 . 0 19DEC85 19DEC85 2 1 JAN87 2 1JA N8 7
4250 END04 DUMMY 0 0 0 0 5 3 . 0 2 4 J U L 8 6 2 4 JUL 86 06AUG87 06AUG87
4300 431 C FA CCNSTRL CT ANTENNA A4 1 6 . 0 . 0 2 1JAN87 14MAY87 2 1 JAN 87 14MAY8 7
4310 4 4 2 0 DUMMY 0 0 0 0 . 0 14MAY87 14MAY87 1 4 MAY87 14MAY87
4310 6300 DUMMY 0 0 0 0 . 0 14MAY87 14MAY87 14MAY87 14MAY87
4400 4 4 1 0 FA C C NS T R.  E L E C T R O N I C S  E 4 1 0 . 0 8 2 . 0 30JAN85 12APR85 1 2 S E P 8 6 21N0V86

RUN DATE

SORTED BY P RE D ,S U CC

DEPT
SCHED.

1 8h.
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PROGRAM 17MAY82 REPORT DATE.  VERY LONG B A S E L I N E  ARRAY VLB10A
PROJECT CC NC E PT S ,  CESI GN AND DEV ELOPM ENT VLBA10

L E V E L D E T A I L

PRED SUCC CY A C T I V I T Y TIME SLACK EARLY DATES LATE DATES
EVENT EVENT CD C E S C R I P T I C N EST P R I M .  S E C . START F I N I S H START F I NI SH

4 4 10 4420 DUMMY 0 0 0 0 1 0 6 . 0 12APR85 12APR85 14MAY87 14MAY8 7
4 4 1 0 540 0 DUMMY 0 0 0 0 8 2 . 0 12APR85 12APR85 21N0V86 21N0V86
4 4 2 0 44 3 C FA I N S T A L L  E L E C T R C N I C S  E 4 0 8 . 0 . 0 14MAY87 0 9 J U L 8 7 14MAY87 0 9 J U L 8 7
4 430 ENC04 FA T E S T  E 4 / A 4 0 4 . 0 . 0 0 9 J U L 8 7 06AUG87 0 9 J U L 8 7 06AUG87
5200 52 1 C GA F I N A L  S I T E  S E L E C T I C N  S5 0 5 . 0 6 5 . 0 02JAN8 4 0 6 F E B 8 4 12APR85 1 7MAY85
5210 522 C GA SI TE PLAN S5 2 5 . 0 6 5 . 0 0 6 F E B 8 4 02AUG84 1 7MAY85 13N0V35
5 210 5230 GA S I T E  AGUI S  I T I  ON S5 2 5 . 0 9 5 . 0 0 6 F E B 8 4 02AUG84 19DEC85 18JUN86
5220 5230 GA S I T E  DE SI GN  S5 3 0 . 0 6 5 . 0 02AUG84 08MAR85 13N0V85 1 8 J UN 8 6
5 23 0 524C GA S I T E  C C N S T R .  PH 1 S5 4 0 . 0 6 5 . 0 08MAR85 19DEC85 1 8JUN86 0 2AP R8 7
5 24 0 5 250 GA S I T E  CC NS TR.  PH 2 S5 3 0 . 0 6 5 . 0 19DEC85 2 4 J UL 86 0 2 APR 87 3 0 OCT8 7

£ 240 53U C DUf'MY 0 0 0 0 7 1 . 0 19DEC85 19DEC85 14MAY87 14MAY8 7
5 250 END05 DUMMY 0 0 0 0 6 5 . 0 2 4 J U L 8 6 2 4 J U L 8 6 3 00 CT8 7 3 0 0 C T 8 7
5 300 531 C GA CCNSTRL CT ANT ENNA A5 1 2 . 0 . 0 14MAY87 06AUG87 14MAY87 06AUG87
5 310 5420 DUMMY 0 0 0 0 . 0 06AUG87 06AUG87 06AUG87 06AUG87
5 310 7300 DUMMY COOO . 0 06AUG87 06AUG87 06AUG87 06AUG87
5 400 541 C GA C CNS T R.  E L E C T R C N I C S  E5 1 0 . 0 82 .0 12APR85 24JUN85 21N0V86 0 4 F E B 8 7
5 41 0 5420 DUMMY 0 00 0 1 0 8 . 0 2 4 JUN85 2 4JUN85 06AUG87 06AUG87
5 4 1 0 6400 CUMMY 0 0 0 0 8 2 . 0 24JUN85 24JUN85 0 4 F E B 8 7 0 4 F E B 8 7
5420 5430 GA I N S T A L L  E L E C T R C N I C S  E5 0 8 . 0 . 0 06AUG87 0 2 0 C T 8 7 06AUG87 0 2 0 C T 8 7
5 43 0 EN005 GA TE ST E 5 / A5 U 4 . 0 . 0 0 2 0 C T 8 7 3 0 0 CT 87 0 2 0 C T 8 7 3 0 0 C T 8 7

6 200 6210 HA F I N A L  S I T E  S E L E C T I O N  S6 0 5 . 0 6 5 . 0 02JAN8 4 0 6 F E B 8 4 12APR85 17MAY85
6 2 1 0 <22 C HA SITfc PLAN S6 2 5 . 0 6 5 . 0 0 6 F E B 8 4 02AUG84 1 7MAY85 13N0V85
6 2 1 0 62 30 HA S I T E  AQU I S I T I  ON S6 2 5 .  0 9 5 . 0 0 6 F E B 8 4 02AUG84 1 9DEC85 18JUN86
6 22 0 623 C HA S I T E  DE SI GN S6 3 0 . 0 6 5 . 0 02AUG84 08MAR85 13N0V85 1 8 J UN 8 6
6 230 6240 HA S I T E  C C NS T R .  PH 1 S6 4 0 . 0 6 5 . 0 08MAR85 1 9DE C85 18JUN86 0 2AP R8 7
6 2 4 0 6 250 HA S I T E  C CNS T R.  PH 2 S6 3 0 . 0 6 5 . 0 19DEC85 2 4 J U L 8 6 02APR87 3 0 0 C T 8 7
6 2 4 0 6 30 0 DUMMY 0 0 0 0 71 . 0 1 9DEC85 19DEC85 14MAY87 14MAY87
6 2 5 0 ENL06 DUMMY 0 0 0 0 6 5 . 0 2 4 J U L 8 6 2 4 J U L 8 6 3 J 0 C T 8 7 3 0 0 C T 8 7
6 3 0 0 6 31 0 HA CONSTRUCT ANTENNA A6 1 2 . 0 . 0 14MAY87 06AUG87 14MAY87 06AUG87
6 3 1 0 ( 42 0 DUMMY 0 0 0 0 . 0 06AUG87 06AUG87 06AUG87 06AUG87

6 3 1 0 8300 DUMMY 0 0 0 0 . 0 06AUG87 06AUG87 06AUG87 06AUG87
6 4 0 0 641 C HA C C NS T R.  E L E C T R C N I C S  E6 1 0 . 0 82 . 0 24JUN85 0 4 S E P 8 5 0 4 F E B 8 7 16APR87
6 4 1 0 6 42 0 DUMMY 0 0 0 0 9 8 . 0 0 4 S E P 8 5 0 4 S E P 8 5 06AUG87 06AUG87
6 4 1 0 740 0 CUMMY 0 0 0 0 8 2 . 0 0 4 S E P 8 5 0 4 S E P 8 5 16APR87 16APR87
6 4 2 0 64 3 C HA I N ST A L L  E L E C T R O N I C S  E6 0 8 . 0 .0 06AUG87 0 2 0 C T 8 7 06AUG87 0 2 0 C T8  7
6 4 3 0 ENOOfc HA TE ST E 6 / A 6 0 4 . 0 . 0 0 2 0 C T 8 7 300CT 8 7 0 2 0 C T 87 3 0 0 C T 8 7
7 200 7210 IA F IN A L S I T E  S E L E C T I O N  S7 0 5 . 0 7 7 . 0 02JAN8 4 0 6 F E B 8 4 0 9 JUL 85 13AUG85
7 210 7220 IA S I T E  PLAN S7 2 5 . 0 7 7 . 0 0 6 F E B 8 4 02AUG84 13AUG85 1 0 F E B 8 6
7 210 7230 IA S I T E  A Q U I S I T I O N  S7 2 5 . 0 1 0 7 . 0 06 F E B 84 02AUG84 18MAR86 1 2 S E P 8 6
7220 723 C IA S I T E  C E S I C N  S 7 3 0 . 0 7 7 . 0 02AUG84 08MAR85 1 0 F E B 8 6 1 2 S E P 8 6

7 230 7240 IA S I T E  CC NS TR.  PH 1 S7 4 0 . 0 7 7 . 0 08MAR85 19 DECS 5 1 2 S E P 8 6 2 5 J UN 8 7
7 24 0 7250 IA S I T E  CC NS T R.  PH 2 S7 3 0 . 0 7 7 . 0 19DEC85 2 4 JUL 86 2 5JUN87 2 7JAN8 8
7240 7300 DUMMY 0 0 0 0 83 .0 19 DEC 8 5 19DEC 85 06AUG87 06AUG87
72 50 ENDO 7 DUMMY 0 00 0 7 7 . 0 2 4 J U L 8 6 2 4 J U L 8 6 27JAN88 2 7JA N8 8
7 30 0 731 C IA CCNSTRLCT ANTENNA A7 1 2 . 0 . 0 06AUG87 3 0 0 C T 87 06AUG87 3 0 0 C T 8 7
7 310 7 <i 2 C dummy 0 00 0 . 0 3 0 OCT 8 7 3 0 0 C T 87 3 0 0 CT 87 3 0 0 C T 8 7
7 310 930 C DUMMY 0 0 0 0 . 0 3 0 0 C T 8 7 3 0 0 C T 8 7 3 00 C T8 7 3 00 CT8  7
7 400 741 C IA CCNSTR.  E L E C T R C N I C S  E7 1 0 . 0 8 2 . 0 0 4 S E P 8 5 13NOV85 16APR87 25JUN8 7
7 41 0 74 2 C DUMMY 0 0 0 0 1 0 0 . 0 13NGV85 13N0V85 3 00 C T8 7 3 0 0 C T 8 7
7 410 640 0 DUMMY 0 0 0 0 8 2 . 0 13N0V85 13N0VS5 25 JUN87 25JUN8 7

RUN DATE

SORTED 3 Y P RE D, SUCC

DEPT
SCHED.

1 8M,



PA

PROGRAM
PROJECT

1 7 M A Y 8 2  R E P O R T  CATE . V E R Y  L O N G  B A S E L I N E  A R R A Y
C C N C E P T S ,  C E S I G N  A N D  D E V E L O P M E N T

VLB10A  
VLBA10

L EVE L D E T A I L

PRED SLCC CY A C T I V I T Y T IME SLACK EARLY DATES LATE DATES
EVENT EVENT CD D E S C R I P T I C N EST P R I M .  S E C . START F I N I S H START F I N I S H

7420 7 430 IA IN S T A L L  E L E C T R C N I C S  E 7 0 8 . 0 . 0 30 0 CT 8 7 29DEC87 3 0 0 C T8 7 2 9 D E C 8 7
7430 END07 IA TEST E 7 / A 7 0 4 . 0 . 0 29DEC87 27JAN88 2 9DE C87 27 JA N8 8
8200 8 210 JA F I N AL  S I T E  S E L E C T I O N s e 0 5 . 0 7 7 . 0 02JAN84 0 6 F E B 8 4 0 9 J U L 8 5 13AUG85
8210 8 2 2 0 JA S I T E  PLAN S8 2 5 . 0 7 7 . 0 0 6 F E B 8 4 02AUG84 13AUG85 1 0 F E B 8 6
82 ll i 8230 JA S I T E  A C U I S I T I C N  S8 2 5 . 0 1 0 7 . 0 0 6 F E B 8 4 02AUG84 18MAR86 1 2 S E P 8 6
8220 8 2 3 0 JA S I T E  DE SI GN S8 3 0 . 0 7 7 . 0 02AUG84 08MAR85 1 0 F EB 8 6 1 2 S E P 8 6
8230 6240 JA S I T E  C C NS T R.  PH 1 S8 4 0 . 0 7 7 . 0 08MAR85 19DEC85 1 2 S E P 86 2 5J UN8 7
8240 8 250 JA S I T E  C C N S T R .  PH 2 S8 3 0 . 0 7 7 . 0 19DEC85 2 4 J U L 8 6 25JUN87 2 7JAN88
8240 8 30 0 DUMMY 0 0 0 0 8 3 . 0 19DEC85 19DEC85 06AUG87 06AUG87
82 50 END06 DUMMY 0 0 0 0 7 7 . 0 2 4 JUL 86 2 4 JUL  86 27JAN88 2 7J AN8 8

8300 6210 JA CC NS TRL CT ANTENNA A8 1 2 . 0 . 0 06AUG87 3 0 0 C T8 7 0 6 AUG 87 3 0 0 C T 8 7
8310 8 420 DUMMY 0 0 0 0 . 0 3 0 0CT 87 3 00 CT8 7 3 00 C T8 7 3 0 0 C T 8 7
8310 1 0 3 0 0 DUKMY 0 0 0 0 . 0 30CCT87 30 0 CT 8 7 3 0 0C T8 7 3 0 C C T 8 7
8400 6410 JA CC N S T R .  E L E C T R C N I C S  E 8 1 0 . 0 8 2 . 0 I3NCV85 27JAN86 25JUN87 0 3 S E P 8 7
8410 8420 DUMMY 0 0 0 0 9 0 . 0 27JAN86 2 7 JA N 86 3 0 0 C T 8 7 3 0 0 C T 8 7
8410 940 C DUMMY 0 0 0 0 8 2 . 0 27JAN86 27JAN86 0 3 S E P 8 7 0 3 S E P 8 7
8420 843 0 JA I NS TA LL  E L E C T R O N I C S  E 8 0 8 . 0 . 0 3 00 CT8 7 29DEC87 3 00 C T8 7 29 DE C 87
8430 ENC06 JA T E ST  E 8 / A 8 0 4 . 0 . 0 29DEC87 27JAN88 29DE C8 7 27 JA N8 8
9200 9 21 0 KA F I N A L  S I T E  Sf cL t CT IC N S9 0 5 . 0 8 9 . 0 0 2 JAN84 0 6 F E B 8 4 0 2 0 C T 8 5 0 6N 0V 8 5
9210 9 2 20 KA S I T E  PLAN S9 2 5 . 0 8 9 . 0 0 6 F E B 8 4 02AUG84 06N0V85 06MAY86

9210 9 2 3 0 KA S I T E  A Q U I S I T I C N  S9 2 5 . 0 1 1 9 . 0 0 6 F E B 8 4 02AUG84 11JUN86 0 8 D E C 8 6
92 20 9 2 3 0 KA S I T E  DE SI GN S9 3 0 . 0 8 9 . 0 02AUG84 08MAR85 06MAY86 0 8 D E C 8 6
9230 9 2 4 0 KA S I T E  CC NS TR.  PH 1 S9 4 0 . 0 8 9 . 0 08MAR85 19DEC85 0 8 DE C8 6 1 8 S E P 8 7
9240 92 5 C KA S I T E  C C NS T R.  PH 2 S9 3 0 . 0 8 9 . 0 19DEC85 2 4 J U L 8 6 1 8 S E P 8 7 2 2 AP R8 8
9240 9300 DUMMY O000 9 5 . 0 19DEC85 19 DEC 85 3 00 CT8 7 3 0 0 C T 8 7
9250 ENCO 9 DUMMY 0 0 0 0 8 9 . 0 2 4 J U L 8 6 2 4 JUL 86 22APR88 22APR 8 8
9300 9 21 0 KA CC NS TRL CT  ANTENNA A9 1 2 . 0 . 0 300CT8 7 27JAN88 3 0 0CT 87 2 7JAN88
9310 9 42 0 DUMMY 0 0 0 0 . 0 27JAN88 27JAN88 27JAN88 2 7 JA N 88
9400 9 410 KA CC NS T R.  E L E C T R C M C S  E9 1 0 . 0 8 2 . 0 27JAN86 08APR86 0 3 S E P 8 7 13N0V87
9410 9 4 20 DUMMY 0 0 0 0 9 2 . 0 08APR86 08APR86 27JAN88 2 7 JA N8 8

9410 1 0 4 0 0 DUMMY 0 0 0 0 8 2 . 0 08APR86 08APR86 13N0V87 13N0V87
9420 9 43 0 KA IN S T A L L  E L E C T R C M C S  E9 0 8 . 0 . 0 2 7 J AN88 25MAR88 27JAN88 25MAR88
9430 ENCO 9 KA TEST E 9 / A 9 0 4 . 0 . 0 25MAR88 22APR88 25MAR88 2 2AP R88

END01 E . 0 1 70 CT8 6 170 CT8 6 I 7 0 C T 8 6 1 70CT8 6
END02 E . 0 16APR87 16APR87 16 APR 87. 16APR87
END03 c . 0 06AUG87 06AUG87 06AUG87 06AUG87
END04 E . 0 06AUG87 06AUG87 06AUG87 0 6A UG 8 7
ENDO 5 E . 0 3 0 0CT 87 3 0 0 C T 87 3 0 0C T8 7 3 0 0 C T 8 7
END06 E . 0 3 00 CT8 7 3 0 0 C T 87 3 00 CT8 7 3 0 0 C T 8 7
END07 E . 0 27JAN88 27JAN88 27JAN88 27JAN8 8

END08 E . 0 27JAN88 27JAN88 27JAN88 2 7J AN8 8
END09 E . 0 22APR88 22APR88 22APR88 2 2AP R88
END 10 E . 0 22APR88 22APR88 22APR88 2 2AP R88
cNDl 1 E . 0 25JUN86 25JUN86 25JUN86 2 5J UN8 6
10200 1 021 C LA F I N A L  S I T E  SE L E C T I C N SIO 0 5 . 0 8 9 . 0 0 2 JAN84 0 6 F E B 8 4 0 2 0 C T 8 5 06N0V85
10210 1 0 2 2 0 LA SI TE PLAN S10 2 5 . 0 8 9 . 0 0 6 F E B 8 4 02AUG84 06N0V85 06MAY86
10210 1 0 2 3 0 LA S I T E  A C U I S I T I C N  S10 2 5 . 0 1 1 9 . 0 0 6 F E B 8 4 02AUG84 1 1 JUN86 0 8 D E C 3 6
10220 1 02 3 0 LA S I T E  DESI GN SI O 3 0 . 0 8 9 . 0 02AUG84 08MAR85 06MAY86 0 8 DE C 86
10230 10 240 LA S I T E  C C NS T R .  PH I  SIO 4 0 . 0 8 9 . 0 08MAR85 19DEC85 08DEC86 1 8 S E P 8 7
10240 1 0 2 5 0 LA S I T E  CC NS TR.  PH 2 SlO 3 0 . 0 8 9 . 0 19DEC85 2 4 J U L 8 6 1 8 S E P 8 7 22APR88

SORTED BY P RE D, S UC C  

DEPT
SCHE D.

R UN  DA TE I 8Ma.



NAT IC NA L R A D I C  A S T R O N O M Y  C P r CRV AT O R Y
A C T I V I T Y  T IM E S' R E P O R T

P A G E

PROGRAM
PROJECT

17MAY82 REPORT DATE.  VERY LONG B A S E L I N E  ARRAY 
C O NC E PT S ,  DESI GN AND DEVELOPMENT

VLB10A  
VLBAIO

RUN DATE

L EVE L  DE TAI L SORTED BY P RE D .S U CC

PRED succ CY A C T I V I T Y T IME SLACK EARLY DATES LATE DATES
EVENT EVENT CD D E SC R I P T I O N EST P RI M .  S E C . START F I N I S H START F I N I S H

10240 1 0 3 0  C DUMMY 0 0 0 0 9 5 . 0 19DEC85 19DEC85 3 00 C T8 7 3 0 0 C T 8 7
10250 END 1 C DUMMY 0 0 0 0 8 9 . 0 2 4 J U L 8 6 2 4 J U L 8 6 22APR88 2 2APR88
10300 1 0 3 1 0 LA CONSTRUCT ANTENNA A10 . 1 2 . 0 . 0 3 0 0 C T 8 7 2 7JA N8 8 3 0 0CT8 7 2 7 J AN 8 8
10310 1042C DUNMY 0 0 0 0 . 0 27JAN88 27JAN88 27JAN88 27JAN8 8
10400 1 0 4 1 0 LA C C N S T R . E L E C T R O N I C S  t l O 1 0 . 0 8 2 . 0 08APR86 18JUN86 13NOV87 27JAN88
10410 1 0 4 2 0 DUMMY 0 00 0 8 2 . 0 18JUN86 18JUN86 27JAN88 27JAN8 8
10420 1 0 4 3 0 LA I N S T A L L  E L E C T R C N I C S  E10 0 8 . 0 . 0 2 7 J AN 8 8 25MAR88 2 7JAN 88 2 5MAR88
10430 END1C LA TEST E 1 0 / A 10 0 4 . 0 . 0 25MAR88 22APR88 25MAR88 22APR88

DEPT
SC HE D.

1 8M a .



C YC L E  CODE BAR CH

PROGRAM 17MAY82 REPCRT C A TE .  VERY LONG B A S E L I N E  ARRAY VLBIOA RUN DATE *Y62
PROJ cCT CO NCE PTS ,  DESI GN AND DEVELOPMENT VLBAI O

CYCLE CGCE • • F INAL
CODE DESCRIPT IGN • A ALL  A C T I V I T I E S COMPLETE * ALL A C T IV IT I E S  NOT COMPLETE • DATE

•
*********************  *** * ** * * * * * * * *  #

•
• 22APF 88

AA COMPUTER • • ******************  . • . . • 24JUN85
BA PROCESSOR • • *** *************************** • . . • 25JUN86
CA STAT ION 1 • • ********************************** • . . • 17DCT86
DA STATION 2 • • * * ************************************* * .  • • 1 £ A P R 8 7
EA STATION 3 • • ******************************* *** ***** . . • 06AUG87
FA STATION A • • ******************************* *** ***** . , • 0 6AUG87
GA s t a t i o n 5 • • * * * 4 * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * * * * *  . # • 3OGCT0 7
HA STATION 6 • • * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * * * * *  # . • 3 00CT8 7
IA STAT ICN 7 • • * * *  4* * * * * * * *  * * * * * * * * * * * * * * * * * * * • * * * * * *  # • 27JAN88
JA STATION 8 • • * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * ■ * * * * * *  . • 27JAN88
KA STAT ION 9 • • * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

• * * * * * * *  #
• 2 2A PR 88

LA STATION 1 0 • •
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * * * * * *  .

• 22APR88
01JAN83 01JAN8 4 0 I J A N 8 5  0 1J A N8 6  U1JAN87 0 1J AN8 8 0 I J A N 8 9



N A T I G N A L  R A D I C  A S T R C N C M Y  O B ^ PR V A T G R Y
A C T I V I T Y  BAR CH/ PAG'

P R O G R A M  1 7 M A Y 8 2  R E P O R T  CATE. V ERY  L O N G  B A S E L I N E  A R R A Y  V L B I O A  R U N  D A T E  x <Q2
P R O J E C T  C O N C E P T S ,  D E S I G N  AN D D E V E L O P M E N T  V L B A I O

PRED SLCC CY . A  -  A C T I V I T Y  COMPLETE P -  PACING ITEM . F I N A L
EVtNT EVENT CD D E S C R I P T I O N  . *  -  A C T I V I T Y  DURATION ----- A C T I V I T Y  FLOAT . DA TE  DEPT

AOOl A10C GET ORGANIZED * ---- ______
• • • • 0 8 F E B 8 2

AlOO A l l O C O N F I G .  1 S I T E  S E L E C T I O N * * * * * * * * * * * * ---------
• 28JAN83

AlOO A120 CCNCEPT DE SI GN  ANTENNA • 1 1 AUG82
AlOO A17C 3 CONCEPT DES COMPUTER —— — • • • • 05MA Y82
AlOO A170 2 CCNCEPT DES PROCESSOR ■“ *” • • • • 05MAY82
AlOO A 17 C 1 CCNCEPT DES E L E C T R C N I C S • • • • 05MAY82
Al  20 A130 N EG O TI A TE  DES CONTRACT • * * * * * * * -----  .  . • 0 5 JUL 84
A 130 A14C DESI GN ANTENNA PF 1 • . * * * * ----- . • 19CCT 84
A140 A 15 C DE SI GN ANTENNA PH 2 • . * * * * * * -----  # • 15MAR85
Al  50 A160 BID CCNSTRUCT ICN • . .  * * * * * * * ----- . • 1 1S EP 8 5
A 170 A 18 0 REVI EW DESIGN • • • 0 2 JUNS2
A180 A 19 0 DESIGN E L E C T R O N I C S • * * * * -----------------------------------  . • 17APR84

Al  80 A230 AA DESIGN COMPUTER • • 17APR84
A 230 A24C AA PROCURE COMPUTER • . * * *  * * * * * * * * * * ------------------ • 12APR85
A 2 40 A25C AA I N ST A LL  COMPUTER • * * * ------------------ • 24JUN85

A180 A200 EA C E S I G N  PRC CE SS CR • PPPPPPPPPP . • 1 2CC T84
A200 A210 BA CONS TRI CT  PROCESSOR PH 1 • PPPPPPPP 17MAY85
A210 A220 BA CONSTRUCT PROCESSOR PH 2 • P PP PP PP P. • 19D E C 8 5
A220 A25C BA TEST PROCESSOR • - PPPPP • 15APP86
A250 END1 1 BA T E S T  DATA PROCESSOR SYS • . PPP • 25JUN86

1200 1210 CA F IN AL  S I T E  S E L E C T I O N  S I • PP • 0 6 F E B 8 4
1210 122C CA S I T E  PLAN SI • .P PP P PP P • 02AUG84
1210 1230 CA S I T E  AQU I S I T I  ON SI • a * * * * *  * * ------------  . 02AUG84
1220 1230 CA S I T E  CE SI GN S I • PPPPPPPP • 08MAR85
1230 124C CA S I T E  C C NS T R.  PH 1 S I • . P P P P P P P P P P . • 19DEC85
1240 1250 CA S I T E  C C NS T R.  PH 2 S I • . .  * * * * * * * * ----- • 2 4 J U L 8 6
1300 1210 CA CCNSTRLCT ANTENNA Al • PPPPPPPP • 2 4 J U L 8 6
1400 1410 CA C CNS T R.  E L E C T R C N I C S  E l • , * * * * * * -------------- -------------------- • 0 7 S E P 6 4
1420 1430 CA INSTALL  E L E C T R C N I C S  E l • PPP • 1 9 S E P 8 6
1430 ENDO 1 CA TEST E 1/ A 1 • PP • 17CCT66

2200 2210 DA FINAL  S I T E  S E L E C T I O N  S2 • * * ------------  .  . • 0 6 F E B 8 4
2 21 0 222 0 CA S I T E  PLAN S2 • . * * * * * * * ------------ • 02AUG84
2210 223 C DA SI  TE AGUI SI  TI  ON S2 • . * * * * *  * * — —--------------------  . • 02AUG64
2 2 2 0 2230 DA S I T E  DESI GN S2 • .  * * * * * * * * ------------  . • 08MAR85
2230 224C CA S I T E  C C N S T R .  PH 1 S2 • . .  * * * * * * * * * * ------------ 19DEC85
2240 225C DA S I T E  CC NS T R.  PH 2 S2 • .  .  * * * * * * * * ----- 2 4J U L 8 6
2 30 0 2310 CA CCNSTRUCT ANTENNA A2 • PPPPPPP 21JAN87
2 40 0 2410 DA CCNS TR.  E L E C T R C N I C S  E2 • * * * ------------------------------------- • 16N0V84
2420 2430 DA IN S T A L L  E L E C T R O N I C S  E2 • . . . PPP 19MAR87
2 43 0 ENDO 2 DA TEST E 2/ A2 • . . . . PP 16APR87

3200 2210 EA FI NA L S I T E  S E L E C T I O N  S3 • * * ____________ _________ t • 0 6 F E B 8 4
3 210 2220 EA S I T E  PLAN S3 • . * * * * * * * ---------------------- • 02AUG84
3 2 1 0 323C EA S I T E  A C U I S I T I C N  S3 • . * * * * * * * ----------------------------------- • 02AUG84
3220 2230 EA SI  TE DE SI  GN S3 • .  * * * * * * * * ---------------------- • H8MAR85
3 2 30 3240 EA S I T E  CC NS T P.  PH 1 S3 • . .  * * * * * * * * * * ------------------ 1 9CE C8 5
3 240 3 250 EA SI  TE C CNS T R.  PH 2 S3 • # .  * * * * * * * * — — 2 4 J U L 8 6

01JAN83 0 1JA N8 4 0 1JA N8 5 0 1 JA N 8 6  D I J A N 8 7  O I JA N 88



N A T I O N A L  R A D I O  A S T R O N O M Y  O n V A T O R Y
A C T I V I T Y  BAR CH PAG

P R O G R A M  1 7 M A Y 8 2  R E P O R T  DATE.  V E R Y  L O N G  B A S E L I N E  A R R A Y  V L B I O A  R U N  D A T E  lo..*Y£2
P R O J E C T  C O N C E P T S ,  D E S I G N  A N D  D E V E L O P M E N T  V L B A I O

PRED
EVENT

SUCC
EVENT

CY
CD D E S C R I P T I O N

A -  A C T I V I T Y  
*  -  A C T I V I T Y

COMPLETE P -  PACING ITEM 
DURATION -----A C T I V I T Y  FLOAT

. F IN AL

. D A T E  DEPT

3300 231 C EA CCNSTRLCT ANTENNA A3 • . . . PPPPP 14MAY87
3400 3 41 0 EA CONSTR.  E L E C T R O N I C S  E 3  . • # * * * ------------------------------------- . 30JAN85
3420 343 C EA I N S TA L L  E L E C T R C M C S  E3 . • . . . PPP 0 9 J U L 8 7
3430 ENCO 2 EA TEST E 2 / A3 • . . . PP 06AUG8 7

4200 421 C FA F IN AL  S I T E  S E L E C T I O N  S4 . • • 0 6 F E B 8 4
4210 4 22 C FA S I T E  PLAN S4 • a* * * * * * * ----------------------  . • • 02AUG84
4210 4230 FA S I T E  A C U I S I T I C N  S4 • #* * * * * * * ----------------------------------- • • 02AUG84
4220 4 23 0 FA S I T E  DESIGN S4 • . * * * * * * * * ---------------------- • • 08MAR8 5
42 30 4 24 0 FA S I T E  CCNSTR.  PH 1 S4 • . . * * * * * * * * * * -----.------------ • 19DEC85
4240 4 2 50 FA S I T E  CC NS T R.  PH 2 S4 • .  .  * * * * * * * * ----- • 2 4 J U L 8 6
4 300 4 3 1 0 FA CONSTRUCT ANTENNA A4 • • • • PPPPP • 14MAY87
4 400 441 C FA CONSTR.  E L E C T R C M C S  E 4 . . • # * *  * * -------- — -------------------- • • 12APR85
4420 4 43 0 FA I N S TA LL  E L E C T R O N I C S  E 4  . 0 . . . PPP • 0 9 J U L 8 7
4430 ENCO 4 FA TEST E4/A4 • . . . PP • 06AUG87

5200 521 C GA F I N A L  S I T E  S E L E C T I O N  S5 . • • • 0 6 F E B 8 4
5210 5 22 0 GA S I T E  PLAN S5 • .  * * * * * * * --------------------------- . • • 02AUG84
5210 5230 GA S I T E  A C U I S I T I C N  S5 • . * * * * * * * ----------------------------------------- • • 02AUG84
5220 5 23 0 GA S I T E  DE SI GN  S5 • . * * * * * * * * --------------------------- • • 08MAR85
5230 5240 GA S I T E  CCNS TR.  PH 1 S5 • . .  * * * * * * * * * * ------------------ ---------- • 19DEC85
5240 5250 GA S I T E  CC NS TR.  PH 2 S5 • . .  * * * * * * * * ----- . 2 4 J U L 8 6
5300 5 310 GA CO NS TRI CT  ANTENNA A5 • • • • PPPP • 06AUG87
5400 5 410 GA CC NS TR.  E L E C TR O NI C S  E5 . • . , ----------------------------- • 24JUN85
5420 5430 GA I N S T A L L  E L E C T R C N I C S  E5 . • • • PPP . 02CC T87
5430 ENCO 5 GA TE S T  E 5 /A 5 • • • • • P 30CCT8 7

6200 6 21 0 HA F I N A L  S I T E  S E L E C T I O N  S6 . • • • 0 6 F E B 8 4
6210 6 220 HA S I T E  PLAN S6 • , * * * * * * * ---------------------------  . • • 02AUG84
6210 6 2 3 0 FA S I T E  A C U I S I T I C N  S6 • .  * * * * * * * -------------------- ------------------- • m 02AUG84
6220 6 23 0 HA S I T E  DESI GN S6 • . * * * * * * * * — ----------------------- • • 08MAR85
6230 6 2 4 0 HA S I T E  CC NS T R.  PH 1 S6 • . . * * * * * * * * * * ------------------ ---------- • 19DEC85
6240 6 2 5 0 HA S I T E  CC NS TR.  PH 2 S6 • .  .  * * * * * * * * ----- • 2 4 J U L 8 6
6300 621 C HA CCNSTRLCT ANTENNA A6 • • • • ! PPPP • 06AUG87
6400 6 4 1 0 HA CONSTR.  E L E C T R O N I C S  tb . • .  * * * * - , --------------------- • 04 SE P 8 5
6420 6 43 0 HA I N ST A LL  E L E C T R C M C S  E6 . • • • • PPP . 0 2 C C T 6 7
6430 ENDO 6 HA T E ST  E 6 / A 6 • • • • • P . 3 0 0 C T 87

7200 7 21 0 IA F INAL  S I T E  S E L E C T I C N  S7 . • * * --------------------------------- • • 0 6 F E B 8 4
7210 7 220 IA S I T E  PLAN S7 • . * * * * * * * -------------- ----- ---- ------ • • 02AUG84
7210 7 230 IA S I T E  A Q U I S I T I O N  S7 . * * * * * * * ---------------------------------------------- • • 02AUG84
7220 7230 IA S I T E  CESI GN S7 • .  * * * * * ♦ ♦ ♦ --------------------------------- • • 08MAR85
7230 7 240 IA S I T E  CC NS TR.  PH 1 S7 • . .  * * * * * * * * * * ------------------ • 19DEC85
7240 7 250 IA S I T E  C C NS T R.  PH 2 S7 • ,  .  * * * * * * * * ----- 2 4 J U L 8 6
7300 7 3 1 0 IA CCNSTRLCT ANTENNA A7 • • • • PPP . 3 0C C T 8 7
7400 7410 IA CONSTR.  E L E C T R C M C S  E 7  ' . • , # * * * -------------------- • 13 NO V8 5
7420 7 430 IA I NSTALL  E L E C T R C M C S  E 7 . • P P P  . 29DEC87
7430 END07 I A TEST E7/A7 • • PP 27 JAN88

8 200 8210 JA FINAL  S ITE SELECTION S8 . * * -------------------------- • # 06FEB84
8210 8220 JA S I T E  PLAN S8 . * * * * * * * --------------------------- • # 02AUG84

0 1J A N8 3  0 1 J AN84 0 1J AN8 5 0 1 JA N8 6  0 1J A N8 7  01JAN88



N A T I O N A L  R A D I O  A S T R O N O M Y  O B c,:R V A T O R Y
A C T I V I T Y  BAR CH' PAG

P R O G R A M  1 7 M A Y 8 2  R E P O R T  DATE. V E R Y  LO NG B A S E L I N E  A R R A Y  V L B 1 0 A  R U N  D A T E  . ill
P R O J E C T  C O N C E P T S ,  C E S I G N  AN D D E V E L O P M E N T  V L B A I O

PRED
EVENT

SUCC
EVENT

CY
CD D E S C R I P T I C N

A -  A C T I V I T Y  
*  -  A C T I V I T Y

COMPLETE P -  PACING ITEM 
DURATION -  -  A C T I V I T Y  FLOAT

. F INAL

. D A T E  DEPT

8210 8 2 3 0 J A S I T E  A C U I S I T I C N  S8 • . * * * * * * * ---------------------------------------------- • 02AUG84
8220 8230 JA SI TE DESI GN S8 • .  * * * * * * *  *------------------------ —— - . • 08MAP85
8230 £240 JA S I T E  C C NS T R .  PH 1 S8 • .  .  * * * * * * * * * * --------------------------------- • 19DEC85
8240 825 C JA S I T E  C C NS T R .  PH 2 S8 • * * * * * * * * --------------------- 2 4 J U L 8 6
8300 fc 2 I  C JA CCNSTRLCT ANTENNA A8 m • • • • PPP . 3 0 0 C T 8 7
8400 8 410 JA C C NS T R .  E L E C T R C N I C S  E8 . • 9 # * * * -------------------------------- • 27JAN86
8420 8430 JA I N S T A L L  E L E C T R C N I C S  E8 . • • • • • PPP. 2 9DE C8 7
8430 ENDO 6 JA T EST  E fi/ A 8 • • • • • PP 27JAN8 8

9200 9 21 0 KA F IN A L  S I T E  S E L E C T I C N  S9 . • * * --------------------------------------- . 06 F E B84
9210 922 0 KA S I T E  PLAN S9 • . * * * * * * * --------------------------------------- 02AUG84
9 21 0 9 23 0 KA S I T E  AQUI S IT I ON S9 • . * * * * * * * ---------------------------------------------------- . 02AUG84
9 220 9 23 0 KA S I T E  C E SI G N S9 • .  * * * * * * * * --------------------------------------- . • 08MAR85
9230 924C KA SI TE CC NS TR.  PH 1 S9 • .  . * * * * * * * * * * ---------------------------------- • 19DEC85
9240 9250 KA S I T E  CC NS T R.  PH 2 S9 • . * * * * * * * * --------------------- 2 4 J U L 8 6
9300 9310 KA CCNSTRLCT ANTENNA A9 • • • • • PPPP 27JAN88
9400 9410 KA CONSTR.  E L E C T R G N I C S  E 9' . • . # * * * * --------------------------- — — # 08APR86
9420 9430 KA I NS TA LL  E L E C T R C N I C S  E9 . • PPP 25MAR88
9430 ENDO 9 KA TEST E 9 /A 9 • • PP 22APR88

10200 1 0 2 1 0 LA F IN AL  S I T E  S E L EC TI O N S 1 0 . • * * --------------------------------------- . • 0 6 F E B 8 4
10210 1 02 20 LA S I T E  PLAN S10 • . * * * * * * * --------------------------------------- . 02AUG84
10 210 102 30 LA SI TE AQUI S I T I C N  S10 • * * * * * * * * ---------------------------------------------------- . 02AUG84
1 0220 1 0 23 0 LA S I T E  DESIGN S10 • . * * * * * * * * --------------------------------------- . • 08MAR85
10230 1 0 24 0 LA S I T E  CCNS TR.  PH I  S10 • . . * * * * * * * * * * --------------------------------- 19CE.C85
10240 1 0250 LA S I T E  C CNS T R.  PH 2 SIO • .  .  * * * * * * * * -------------------- 2 4 JUL 86
1 03 00 1 0 3 1 0 LA CCNSTRUCT ANTENNA A10 • P P P P ' 27JAN88
10400 1 041 C LA C CNS TR.  E L E C T R C N I C S  £10 . • * * * — -------------- 1 8 JUN86
10420 1 0 4 3 0 LA IN S T A L L  E L E C T R O N I C S  E 1 0  . • • • • • P P P 25MAR88
10430 END10 LA T EST  E 10 /A1 0 • • • • • . PP 22APR88

O I J A N 8 3  0 1J AN8 4  0 1JA N8 5 0 1 J A N 8 6  0 1 J A N 8 7  01JAN88


