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Radio m e t r i c  deep s p a c e  n a v i g a t i o n  r e l i e s  n e a r l y  
e x c l u s i v e l y  upon c o h e r e n t ,  i . e .  2-way, d o p p l e r  and 
r a n g i n g  f o r  a l l  p r e c i s e  a p p l i c a t i o n s .  TI-iese clata 
t y p e s  and t h e  n a v i g a t i o n a l  a c c u r a c i e s  t h e y  cal-1 pro- 
duce are reviewed.  The deployment of Hydrogen lnaser 
f requency  s t a n d a r d s  and t h e  development: o f  Very Long 
B a s e l i n e  I n t e r f e r o m e t r y  (VLRT) systems w i t h i n  tile 
Deep Space Network i s  nlakiilg p o s s i b l e  the  devel.opment 
of non-coherent ,  I-way d a t a  forms t h a t  promise  much 
g r e a t e r  i n h e r e n t  n a v i g a t i o n a l  a c c u r a c y .  These d a t a ,  
c l o s e l y  p a r a l . l e l i n g  t h e  o b s e r v a b l e s  t a k e n  w i t h  VLBT 
a re  much more s e n s i t i v e  t o  c l o c k  s y n c h r s n i z a t i o n s ,  
bo th  t ime  and f r e q u e n c y ,  and t o  i n s t a b i l - i t y  d u r i n g  
t h e  measurelnent p e r i o d  i t s e l f  t h a n  a r e  t h e  c o h e r e n t  
d a t a .  The u n d e r l y i n g  s t r u c t u r e  between each data 
c l a s s  and c l o c k  performance i s  c h a r t e d .  V L S I  obser-  
v a t i o n s  of the n a t u r a l  r a d i o  s o u r c e s  a r c  t h e  pl-anned 
i n s t r u m e n t  F o r  t h e  s y n c h r o n i z a t i o n  t a s k .  Th is  methocl 
and a  nav i .ga t iona1  scllemc u s i n g  d i f f e r e n t i a l  measurements 
between t h e  s a a c e c r a f t  and  nearby  q u a s a r s  a r e  d e s c r i b e d .  

I. INTRODUCTION AND BACKGROUND 

Naviga t ion  f o r  deep space probes  h a s  always r e q u i r e d  t h e  a c q u i s i t i o n  of 
l o n g  a r c s  of p r e c i s e  d o p p l e r  d a t a  tu de te rmine  a c c u r a t e l y  and r e l i a b l y  
t h e  s p a c e c r a f t  o r b i t  p r i o r  t o  p l a n e t a r y  e n c o u n t e r .  The  Doppler data 
used i s  t a k e n  i n  t h e  s o - c a l l e d  c o h e r e n t ,  o r  2-way, mode. I n  t i i i s  '-way 
mode, a ground s t a t i o n  w i t h i n  t h e  Deep Space Network t r a n s m i t s  a s t a b l e  
f requency  r e f e r e n c e  t o  t h e  s p a c e c r a f t  which t r ansponds  a c o h e r e n t  ver- 
s i o n  of t h e  r e c e i v e d  sig a1 back t o  t h e  ground s t a t i o n  for I lopplcr de- 
t e c t i o n  ( R e n z e t t i ,  f t  al'. and ?4elbourne2).  A t  o r  near  p l a n e t a r y  
e n c o u n t e r ,  t h e  g r a v i t a t i o n a l  ef f e c r s  o f  the t a r g e t  body on the 1noti.on 
of t h e  s p a c e c r a f t  a r c  s ~ f f j ~ c i e n t  t o  p r o d u c e  a un ique  v e l o c i t y  p r o f i l e  
i n  the  Doppler t h a t  can be  t h e  clo~uinant e f f e c t  i n  d e t e r m i n i n g  where t h e  
s p a c e c r a f t  i s .  These e f f e c t s  u s u a l l y  a r i s e  t o o  late, however, t o  be  of 
b e n e f i t  i n  t h e  n a v i g a t i o n  p r o c e s s  of  de te rmin ing  and a d j u s t i n g  the 
p l a n e t - r e l a t i v e  encounte r  c o r ~ d i t i o n s .  The t r a c k i n g  which d e t e r m i n e s  
the  p l a n e t - r e l a t i v e  n a v i g a t i c n  accuracy  i s  performed l o n g  be fo re  t h e  



a c t u a l  encounter and when the  g r a v i t y  f o r c e s  on t h e  probe a r e  of 1 : i t t l e  
b e n e f i t  i n  supplying t h e  d e s i r e d  l o c a t i o n  informat ion .  Here t h e  dominant 
in format ion  is  suppl ied  by t h e  d i u r n a l  motion of t h e  t r a c k i n g  s t a t : i ons  
a s  i l l u s t r a t e d  i n  F igu re  1. A s i n g l e  pas s  of doppler  t r a c k i n g  d a t a  w i l l  
y i e l d  informat ion  about  t h r e e  q u a n t i t i e s :  

1 )  The probe ' s  geocen t r i c  v e l o c i t y  by c a l c u l a t i n g  t h e  dcppler  
s h i f t  w i th  t h e  d i u r n d  e f f e c t s  removed. 

2) The r i g h t  ascens ion ,  by determining t h e  t ime of t h e  meridian 
c r o s s i n g  v i a  observ ing  t h e  n u l l  i n  t h e  d i u r n a l  harmonic tnodu- 
l a t i o n ,  

3)  The cos ine  of t h e  d e c l i n a t i o n ,  by determining t h e  ampli tude of 
t h e  harmonic modulation. 

The complete s p a c e c r a f t  s t a t e  i s  determined by t ak ing  a d d i t i o n a l  passes  
of doppler  d a t a  on succeeding days and combining t h e  informat ion  from 
each i n t o  a  f u l l  s o l u t i o n .  When a v a i l a b l e ,  ranging d a t a  g r e a t l y  a i d s  
t h i s  process  of determining t h e  6-dimensional s p a c e c r a f t  s t a t e  t o  t:he 
r e q u i s i t e  accuracy. I n  summary: 

1) range  and doppler  d a t a  g ive  d i r e c t  measurements of t h e  l i n e  of 
s i g h t  probe d i s t a n c e  and i t s  t ime d e r i v a t i v e ,  

2) t h e  d i u r n a l  modulation of t h e  doppler  y i e l d s  an i n d i r e c t  
measurement of t h e  r i g h t  ascens ion ,  a ,  and d e c l i n a t i o n ,  6 ,  

3)  succes s ive  passes  d ~ t e c t  changes i n  a and 6 pe rmi t t i ng  i n d i r e c t  
measurements of &, 6 and provide  t h e  d a t a  volume base  f o r  
n o i s e  averaging  and d a t a  cons is tency .  

Seve ra l  d e t a i l e d  ana lyses  of t h i s  s i t u a t i o n  have been perform d z - them a r e :  Hamilton and   el bourne^, Curkendal l  and McReynolds - g iv ing  
t h e  accuracy of t h e  observable  parameters  as a  func t ion  of doppler  
measurement accuracy,  t r a c k i n g  system c a l i b r a t i o n s ,  probe geometry, 
l eng th  of t h e  t r ack ing  pas s ,  t r a c k i n g  s t a t i o n  l o c a t i o n  e r r o r s ,  and ran- 
dom non-gravi ta t iona l  f o r c e s  a f f e c t i n g  t h e  motion of t h e  s p a c e c r a f t .  

The accuracy t o  which t h e  i n d i r e c t l y  measured parameters  can be estima- 
t ed  determine t h e  o v e r a l l  accuracy of t h e  complete o r b i t .  Shown i n  
F igu re  2 i s  a p l o t  of t h e  system accuracy a t  s e v e r a l  t ime p o i n t s  from 
t h e  i n c e p t i o n  of t h e  p l a n e t a r y  e x p l o r a t i o n  e r a  t o  t h e  p r e s e n t  t ime - 
a l though t h e  l i s t  is  f a r  from complete,  the  margin con ta ins  a t a b u l a t i o n  
of some of the technology improvements which enabled t h e  accuracy evolu- 
t i o n  a s  shown, The accuracy ach ievab le  from a g iven  doppler  and asso- 
c ia ted  data c a l i b r a t i o n  and processing system i s  seen t o  b e  a strong 
f u n c t i o n  of t h e  nominal probe d e c l i n a t i o n .  This  i s  because t h e  e s t i m a t e  
of d e c l i n a t i o n  is  determined by observing t h e  ampli tude of t h e  d i u r n a l  



harmonic s i g n a t u r e ,  ojr cos ( 5 ,  and t h i s  a m p l i t u d e  becomes a s t a t i o n a r y  
5 

at  6 = 0.  

T h e  d e t e r i o r a t i o n  of the o r b i t  performance a t  t h e  l o w e r  r a n g c  of d e c l i n -  
a t i on  can b e  a s e r i o u s  inconven ience  f o r  inner p l a n e t  e x p l o r a t i o n .  For 
example, t h e  a l l o w a b l e  Viking Mars a r r i v a l  d a t e  s p a c e  was t r u n c a t e d  due 
t o  d e c l i n a t i o n s  lower t h a n  5 deg f o r  a r r i v a l  d a t e s  p a s t  September 1 9 7 6 .  
The performance v e r s u s  d e c l i n a t i o n  shown i n  t h e  f i g u r e  t h u s  m a n i f e s t s  
i t s e l f  a s  a  m i s s i o n  p l a n n i n g  c o n s t r a i n t .  F o r t u n a t e l y ,  t h e  tempo of t h e  
geometry e v o l u t i o n  w i t h i n  the i n n e r  p l a n e t  systein i s  r a p i d  enough s o  
t h a t  t h e  p e r i o d s  of l o w  d e c l i n a t i o n  and r c s u l t i n f i  l o s s  o i  n a v i g a t i o n  
a b i l i t y  a r e  r e l a t i v e l y  s h o r t  and can be  as t ra l ly  t o l e r ~ ~ t e c l .  

T h e  s i t u a t i o n  can be  much worse f o r  o u t e r  p l a n e t  exploration. For 
example, t h e  Voyager I and I1 S a t u r n  e n c o u n t e r s  a r c  b o t h  such  t h a t  
n e i t h e r  s p a c e c r a f t  i s  above 5 deg d e c l i n a t i o n  d u r i n g  t h e  4 months p r i o r  
t o  t h e  c r i t i c a l  p l a n e t a r y  e n c o u n t e r .  To meet t h i s  and l i k e  s i t u a t i o n s ,  
t h e  d u a l - s t a t i o n  p l a n e t a r y  r a n g i n g  system h a s  been developed.  Unl ike  
t h e  d o p p l e r  sys tem,  two t r a c k i n g  s t a t i o n s  a r e  invo lved  a s  i s  shown i n  
F i g u r e  3. In o r d e r  t o  measure t h e  t r o u h l e s o ~ n e  d e c l i n a t i o n  v a r i a b l e  
t h e s e  s t a t i o n s  need t o  be  wide ly  s e p a r a t e d  i n  l a t i t u d e  as shown. The 
d i f f e r e n c e  of t h e  two range  measurements i s  p r o p o r t i o n a l  t c  B s i n  6 ,  a n  
observa?? le  w i t h  t l le  right s t r u c t u r a l  r e l a t i o n s h i p  wit11 d e c l i n a t i o n ;  i - e . ,  
t h e  measurement s e n s i t i v i t y  t o  d e c l i n a t i o n  maximizes n e a r  z e r o  r a t h e r  
t h a n  bec0rnir.g s t a t i o n a r y .  The d e c l i n a t i o n  a c c u r a c y  a c h i e v a b l e  can t h u s  
approx imate ly  b e  g i v e n  by 

where u , , ~  i s  t h e  o v e r a l l  a c c u r a c y  of r h e  s y s t e m ' s  a b i l i t y  t o  
measure' f h e  r a n g e  difference, \ c ,  and 3 i s  t h e  p o l a r  p r o j e c t i o n  
of t h e  b a s e l i n e .  P r e s e n t  ~ n e c h a n i z a t i o n s  r e q u i r e  t h a t  t h e  two r a n g e  
measurements be  performed s e q u e n t i a l . l y ,  r a t h e r  t h a n  s i m u l t a n e o u s l y ,  w i t h  
each s t a t i o n  o b t a i n i n g  a  measure of t h e  r o u n d - t r i p  l i g h t - t i m e  between 
t h e  p robe  and i t s e l f .  The rrleasurerrlents can  then  be  re Ie r rec !  t o  a  common 
epoch by e i t h e r  modeling t h e  p r o b e ' s  motion o r  accumula t ing  d o p p l e r  d a t a  
d u r i n g  t h e  i n t e r v e n i n g  per i .od.  The a c c u r a c y  of t h i s  sys tem i s  c u r r e n t l y  
l i m i t e d  t o  a performance of approx imate ly  a = 4.5& as d i s c u s s e d  by 

I! p 
C h r i s t e n s e n  and siege15. T h i s  measurement a c c u r a c y ,  working w i t h  t h e  
b a s e l i n e  of t h e  t r a c k i n g  s t a t i o n s  a t  Golds tone ,  CA, and Canber ra ,  
A u s t r a l i a ,  y i e l d s  a d e c l i n a t i o n  accuracy  of approxinla te ly  1 urad o v e r  
t h e  f u l l  normal o p e r a t i n g  range 01 d e c l i n a t i o n .  I t  has  been an  i te ra-  
t i v e  p r o c e s s ,  b u t  t h i s  performance and t h e  c u r r e n t .  Vgyager m i s s i o n  
r e q u i r e m e n t s  a r e  comnnlensurate HS d i s c u s s e d  by J o r d a n  . F i g u r e  4 summar- 
i z e s  the c u r r e n t  performance of t h c  radio metric.  t r a c k i n g  systenis for 
both t h e  d o p p l e r  and the r a n g i n g  measurements.  A s  sllo~m, t h e  d o p p l e r  
sys tem p r o v i d e s  a  perforrnancc a t  t h e  0 .25  l ~ r a d  :Level f o r  h i g h  d e c l i n a -  



t i o n s .  This  degrades slowly u n t i l  11.1rad i s  reached;  t h e  d u a l  s t a t i o n  
ranging  system then provides  a  l e v e l  1 urad performance f o r  t h e  remainder 
of t h e  d e c l i n a t i o n  space. 

11. VERY LONG BASELINE INTERFEROMETRY 

Since  about  t h e  beginning of t h e  c u r r e n t  decade, Very Long Base l ine  I n t e r -  
ferometry (VLBI) systems have been developed i n  p a r a l l e l  w i th  t h e  coher- 
e n t  doppler  and ranging  systems j u s t  descr ibed .  References 7 - 18 
which span t h i s  t ime pe r iod ,  d e s c r i b e  t h e  development and provide  ana lyses  
necessary  for a d e t a i l e d  understanding.  I n  t h i s  paper w e  s h a l l  be  con.- 
t e n t  t o  d e s c r i b e  VLBT only  i n  t u t o r i a l  terms,  emphasizing t h e  s i m i l a r i -  
t i e s  and c o n t r a s t s  between t h e  VLBI d a t a  and t h e  coherent  range and 
doppler  a l r eady  d iscussed .  

I n  a t y p i c a l  VLBI system, each of two widely spaced antennas observes a 
s i n g l e  (broad band) r a d i o  source ,  e , g . ,  a quasa r ,  s imul taneous ly  record- 
i ng  t h e  rece ived  s i g n a l  over a  s p e c i f i e d  frequency i n t e r v a l .  The record-  
i n g s  a r e  d i g i t a l  i n  which t h e  rece ived  v o l t a g e  i s  d i g i t i z e d  a t  t h e  one 
b i t  l e v e l ;  t iming informat ion  i s  added s o  t h a t  t h e  record ings  may be  
c r o s s  c o r r e l a t e d  la ter  when brought t o  a c e n t r a l  s i t e .  The (expected)  
c r o s s  c o r r e l a t i o n  f u n c t i o n  can e a s i l y  be shown t o  h e  approximately 
( ~ h o m a s l l )  : 

s i n  'rr WAr 
[ ~ ( t ,  AT) ]  cos  $,(t)  

Where 

T (t) = geometr ic  de lay  as shown i n  F igu re  5 
?, 

T = a p r i o r i  de lay  e s t i m a t e  i n s e r t e d  t o  b r i n g  t h e  
m c o r r e l a t i o n  f u n c t i o n  t o  n e a r  i t s  maximum dur ing  data 

process ing  

W = bandwidth of recorded s i g n a l  

u1 = frequency a t  t h e  c e n t e r  o f  t h e  bandpass 

Using t y p i c a l  va lues  of 2300 MHz and 2 IfHz a s  t h e  rf and recorded band- 
width r e s p e c t i v e l y ,  t h i s  c o r r e l a t i o n  func t ion  goes through one complete 
c y c l e  f o r  every change i n  AT equal  t o  t h e  per iod  of t h e  r f  frequency 
(c0.5 nsec ) .  I n  a d d i t i o n  i t  also mani fe s t s  a s i n  x/x c h a r a c t e r i s t i c  
envelope reaching  i t s  first n u l l  a t  0.5 usec  de lay .  These two compo- 
nen t s  are c a l l e d  r e s p e c t i v e l y  " f a s t  f r i n g e s "  and t h e  "delay f u n c t i o n "  
( s e e  F igure  6 ) .  For t h e s e  same t y p i c a l  va lues ,  z ( o r  e q u i v a l e n t l y  Ap/c,  



F i g u r e  5)  can  be  measured d i r e c t l y ,  by a d j u s r i n g  T s o  as t o  maximize the  
m 

delay Eunct iox,  t o  on the  o r d e r  o f  1 0  nsec p r e c i s i o n  (3m i n  l i g i ~ t - s e c ) .  
Mare powerful  ineasurements c a n  b e  o b t a i n e d ,  however, i n  each  of two tor,- 

c e p t u a l l y  d i f f e r e n t  ways: 

1) Observation of t h e  s o u r c e  c o n t i n u o u s l y  over  cEie cornmon 
v i s i b i l i t y  p e r i o d  of the rwc s t a t i o n s  (appros in la te ly  4 l-lours on 
t h e  b a s e l i n e s  a f f o r d e d  by t h c  DSN f o r  s o u r c e s  n e a r  t h e  e c l i p t i c ) ,  
produces  a c o n t i n u o u s  r e c o r d  of  t h e  p l ~ a s e  o f  t h e  f a s t  f r i n g e s  
v e r s u s  t ime.  Tt ie  r e c o r d  t h u s  o b t a i n e d  w i l l  ~ o n t r ~ i n  a d i u r n a l  
s i n u s o i d a l  modulation term due  t o  t h e  E a r t h ' s  r o c a t i o n  whose 
phase  and a m p l i t u d e  a r e  p a r a m e t r i c  i n  t h e  s o u r c c  l o c a t i o n  and 
b a s e l i n e  p a r a m e t e r s .  This i s  exactly ana logous  t o  t h e  s i n g l e  
s t a t i o n  c o h e r e n t  d o p p l e r  t r a c k i n g  e x c e p t  that:  t h e  e q u a t o r i a l  
b a s e l i n e  p r o j e c t i o n  and Longitude p l a y  the  r o l e s  o f  t h e  d i s t a n c e  
o f f  t h e  s p i n  a x i s ,  r and s t a t i o n  l o n g i t u d e ,  1 3 ,  r e s p e c t i v e l y .  

s ' 
The d i f f e r e n t i a l  f requency  o f  t h e  t w o  c l o c k s  r e p l a c e s  t h e  
geocent r ic  v e l o c i t y  term observed by t h e  c o h e r e n t  data. 

2 )  Observa t ion  of t h e  s o u r c e  a t  a second c e n t e r  f r e q u e n c y ,  , 2 ' 
produces  a second measurernenc of t h e  f a s t  f r i n g e  p h a s e ,  3 2 ,  ~t 
a s i n g l e  i n s t a n t  of  t ime .  Then because  

a  d i r e c t  measurement of r can  b e  o b t a i n e d  i n  t h e  s h o r t  t i m e  
r e q u i r e d  t o  a c h i e v e  a  h i f ig  S/K f o r  t h e  cj, measurements ( t y p i -  
c a l l y  10 m i n .  ) . T h i s  i s  t h e  "bandwidth s y n t h e s i s "  tec:hntquc, 
s o  c a l l e d  because  l a r g e  e f f e c t i v e  bandwidths can b e  o b t a i n e d  
w i t h o u t  t h e  need f o r  commensurate h i g h  recorciing r : l tes ,  and .is 
w i d e l y  used th roughout  t he  \ L E I  community (Rogers 3 ) .  The 
geometry i s  e x a c t l y  as f o r  t h e  d i f f e r e n c e d  range  measurement 
a l r e a d y  d i s c u s s e d  (cf  . F i g u r e s  3 and 4)  ; t h e  ,T trleasurement 
o b t a i n e d  can bc  uscd d i r e c t l y  t o  e s t i m a t e  e i t h g r  t h e  b a s e l i n e  
p r o j e c t i o n  o r  t h e  s o u r c e  l o c a t i o n .  With spanned bandwidths ,  

(d2 
- w on t h e  o r d e r  of 40 MHz, t h e  p r e c i s i a n  of t h e  measure- 

1 ' 
ment can e a s i . l y  b e  b rought  t o  the cm l e v e l ;  i t s  accuracy  ks 
dorninated by o t h e r  e f f e c t s  stlch a s  c l  oc.lc performance and 
s y s t e m a t i c  c a l i b r a t i o n  e r r o r s .  

When e s t i m a t i n g  s o u r c e  l o c a t i o n s  w i t 1 1  ~ i e t h o d  t w o ,  a  second 
b a s e l i n e  i s  usually emplovcd f o r  tlie second component of 
p o s i t i o n .  An e f f e c t i v e  combinat ion f o r  tlie t w o  b a s e l i n e s  i s  
t o  have a l a r g e  p o l a r  component a s s o c i a t e d  w i t h  t h e  f i r s t  and a 
l a r g e  e q u a t o r i a l  p r o j e c t i o n  a s s o c i a t e d  with rllc second s o  t h a t  
t h e y  can  produce l a r g e l y  u n c o r r e l , ~ t e d  e s t i n i a t e s  o f  r ~ ,  and A. 



Thus t h e s e  two methods, o f t e n  r e f e r r e d  t o  a s  narrow-and wide- band V L B I  
r e s p e c t i v e l y ,  have a one-to-one correspondence wi th  t h e  two coherent-  
modes, doppler  and d i f f e renced  ranging ,  normally used f o r  s p a c e c r a f t  
t r ack ing .  Thei r  normal a p p l i c a t i o n s  a r e  d u a l s  of each o the r  i n  t h a t  
VLBI  i s  u s u a l l y  employed t o  e s t ima te  t h e  s t a t i o n  b a s e l i n e s ;  p r e c i s e  
source  coord ina t e s  a r e  needed t o  enable  t h i s .  Coherent t r a c k i n g  i s  
normally used t o  e s t i m a t e  t h e  s p a c e c r a f t  coo rd ina t e s ;  p r e c i s e  s t a t i o n  
l o c a t i o n s  a r e  needed f o r  t h i s  t a s k .  

Although t h e  V L B I  and th'e coherent  t r a c k i n g  modes each produce observ- 
a b l e s  w i th  i d e n t i c a l  in format ion  content: as j u s t  d i scussed ,  n a t u r a l -  
source  VLBI en joys  s e v e r a l  i nhe ren t  accuracy advantages over i t s  coher- 
e n t  coun te rpa r t .  These  were d i scussed  i n  some d e t a i l  i n  a  prev ious  

1 paper (Curkendall  ) ,  bu t  b r i e f l y  they  inc lude :  1) wider bandwidth, 
2)  more complete c a l i b r a t i o n  of charged p a r t i c l e s ,  3)  a ready means f o r  
c a l i b r a t i n g  e l e c t r i c a l  p a t h  de l ay  v a r i a t i o n s  i n  t h e  s t a t i o n  e l e c t r o n i c s ,  
4 )  l a c k  of s i g n i f i c a n t  proper  motion i n  t h e  n a t u r a l  sources  themselves,  
and 5) freedom from needing t o  model t h e  l i ne -o f - s igh t  motion a s  is  
r equ i r ed  i n  s i n g l e  s t a t i o n  doppler  t r ack ing .  

There i s  a s i n g l e  major except ion  t o  t h e  gene ra l  advantages of t h e  non- 
coherent  d a t a  types  - they  s u f f e r  from a g r e a t e r  s e n s i t i v i t y  t o  i n s t a b i -  
l i t y  of t h e  s t a t i o n  mast-er o s c i l l a t o r .  This  s e n s i t i v i t y  and t h e  compar- 
i s o n  of i t  wi th  t h a t  of t h e  coherent  d a t a  forms is  t r e a t e d  i n  d e t a i l  i n  
t h e  fo l lowing  s e c t i o n .  

111. MEASUREMENT ACCURACY VS. FREQUENCY STANDARD PERFOWmCE 

The two measurement c l a s s e s  j u s t  d i scussed ,  coherent  measurements and 
non-coherent VLBI measurements d i f f e r  markedly by t h e  manner i n  which 
t h e  s t a t i o n ' s  master  f requency s tandard  d e p a r t u r e s  from i d e a l  e n t e r  and 
co r rup t  t h e  measurements. 

I n  t h i s  s e c t i o n  t h e  f o u r  d a t a  types :  

Two-way One-way 

Coherent Non-Coherent 
1 Type Measurements I lieasur ement s 1 

? I Narrowban 

Wid eband Differenced Wideband 
Ranging VLBI 

( 4 )  
w i l l  each be analyzed and t h e i r  s e n s i t i v i t y  t o  c lock  performance char ted .  



Case 1 - Coherent  Narrowband (Doppler)  Data 

Consider  t h e  ( h i g h l y )  schemat ic  d iagram of a  t y p i c a l  c o h e r e n t  d o p p l e r  
and r a n g i n g  system implementa t ion  a s  shown i n  F i g u r e  7 .  Counted, o r  
i n t e g r a t e d ,  d o p p l e r  i s  o b t a i n e d  by b roadcas t , ing  a s t a b l e  r e f e r e n c e  t o  
t h e  s p a c e c r a f t  which c o h e r e n t l y  t r ansponds  t h e  r e c e i v e d  c a r r i e r  hack to 
the  same s t a t i o n  f o r  comparison w i t h  t h e  o r i .g ina1  t r a n s n i i t t e d  f requency ;  
t h e  d i f f e r e n c e  o r  d o p p l e r  f requency  i s  i n t e g r a t e d  by means of a c o u n t e r  
as shown. Assume f o r  t h e  purposes  nf i l l u s t r a t i o n ,  t h a t  a u n i t  s t e p  i.11 

f r equency  e r r o r  o c c u r s  f o r  a s h o r t  p e r i o d  o f  t imc  ns shown i n  Figure.  8 .  
T h i s  w i l l  e n t e r  t h e  d o p p l e r  e x t r a c t o r  and be  i n t e g r a t e d  t o  y iead  immed- 
i a t e l y  a b u i l d u p  o f  r a n g e  e r r o r ,  Lp . It w i l l  a l s o  be  t r a n s m i t t e d  t n  

C 
t he  s p a c e c r a f t  and r e t u r n  a  r o u n d - t r i p  l i g h t  t i m c ,  T, 1at:cr and r e - e n t e r  
the d o p p l e r  e x t r a c t o r ,  thi.s t i m e  i n  the 0 p p o s i . t ~  sense - id<:'- will r e t u r n  
t o  z e r o .  T f  t h e  d o p p l e r  sys tem has been t rac l r ing  t l lc s p a c c k r a f t  f o r  T 
seconds ,  t h e  accumulated e f f e c t  of  the t i m e  h i s t o r y  of $fit) i s  r e a d i l y  
seen t o  be  

= 2 f 1 - t -  i t  = 

r. 
T 

- - - 2 f  p t f ( t ) c l t  - l f ( ~ ) d t  I' 
where c  i s  the speed of J . igli t .  

That i s ,  i n  a d a t a  p o i n t  measured a t  T ,  f r equency  s t a n d a r d  performance 
d u r i n g  t h e  f i r s t  and l a s t  r seconds c o u n t s ,  e v e r y t h i n g  e l s e  c a n c e l s  o u t .  
The f a c t o r  of 2 a p p e a r s  s o  t h a t  As i s  t h e  e r r o r  i.n the one-way range  

E as mcasured by t h e  two-way instrument. I t  i s  u s e f u l  t o  d e s i g n  expres -  
s i o n s  which permi t  c a l . c u l a t i n g  :\s!:c assunliilg :".£ i s  



i )  a whi te  n o i s e  process  

i i )  l i n e a r  wi th  t ime 

i )  White Frequency Noise 

With t h e  wh i t e  n o i s e  assumption, t h e  two i n t e g r a l s  i n  (1) a r e  c l e a r l y  
independent,  t h e  va r i ance  of Ap is  then  

I 

where h i s  t h e  s p e c t r a l  d e n s i t y  of t h e  wh i t e  frequency Af/f p rocess .  
0 

i i )  Linear  Frequency D r i f t  

Af(t) - kt Assume - - 
f  

(3)  

where k i s  r e - in t e rp re t ed  t o  be  t h e  s tandard  d e v i a t i o n  of t h e  d r i f t .  
Thus f a r  frequency v a r i a t i o n s  r a p i d  r e l a t i v e  t o  T ,  t h e  e r r o r  b u i l d s  w i t h  
fi and i s  independent of t h e  t r a c k i n g  t ime;  f o r  frequency v a r i a t i o n s  
slow r e l a t i v e  t o  T ,  the e r r o r  builds as t h e  product ,  TT. 

Case 2 - Non-Coherent, Narrowband (VLBI)  Data - 

The non-coherent c a s e  is  even more s t r a igh t fo rward .  Here t h e  e r r o r  i n  
t h e  measurement i s  e a s i l y  seen  t o  be  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  
t h e  o s c i l l a t o r s '  f r equenc ie s  a t  t h e  two Earth-based s t a t i o n s  i n t e g r a t e d  
over  t h e  obse rva t iona l  i n t e r v a l  : 

where f = i n s t an t aneous  frequency a t  t h e  i t h  s t a t i o n .  
i 

The A f  n o t a t i o n  used i n  (1) i s  dropped h e r e  t o  emphasize that  t h e  mea- 
surement i s  s e n s i t i v e  t o  more than  j u s t  t h e  change i n  frequency over T 

o r  even T ,  i t  i s  s e n s i t i v e  t o  t h e  "knowabili ty" of the frequency d i f f -  
erence.  The i n i t i a l  frequency o f f s e t  i s  large enough s o  t ha t  i n  any 
VLBI experiment i t  must be considered an  unknown and so lved  f o r  - 
indeed,  the determina t ion  of f l (0 )  - f 2 ( 0 )  i s  o f t e n  the r ea son  f o r  t h e  



V L B I  experiment, It becomes convenient,  tnen, t o  re-define t h e  problem 
and focus  on a m o d i f i e d  e r r o r  term as 

Tr 

' , c jT  = EJ ' 5il - .f2 d r  
L 

(5) 

0 

wllere /if i s  understoocl t n  h e  the departure In t h e  f r e q ~ l e n c y  from f ,  i o > .  
i 1 

TF.cn 

= J 2  Cr$)T .; 
'5,'!13 ' (6) 

E 

where (F) i s  the  fanii:!.iar 1:wo-sample 
T 

Al l . an  Variance over smoothing time, T, Equation (4) ;.s al-ready i n  w h a t  
i s  u s u a l l y  t h e  nlost converii.cnt Lorm. For comparative purposes, however,  
i t  ris i n t e r e s t i n g  t,o recompute the effcciss a r i s i n g  Eron: the white. n .o i sc  
and l i n e a r  d r i f t  models used e a r l i e r .  

i) White f requency  n o i s e  
- 

cT - - $*I:--- 6 (u-vjd~~clv = c d 2 h  o  T ( c *  f . 2 )  

0 

i i )  L i n e a r  Frequency D r i f t  

A f 1  - Af2 
-- /r 

3 -,I? k:. - 
- - - T? ( : c > f . 3 )  0- 

A P ~  2 

Case 3 - Differenced Cohcrent (~-'-a) -~ 

A coherent  range m e a s u r e m e n t  i s  essentially a rneasure~~lent  o f  the i-ound- 
t r i p  light t i m e  i t s e l l .  The. cl.oclc e r r o r  i n t r o d u c e d  in such a measure- 
rnent i s  thus t h e  a b s o l u t e  frequency e r r o r  i n t e g r a t e d  over  t h e  l i g h t  
t i m e .  A d l f l e r e n c e c i  ranring merisurcrr,ent i s  sensitive to tllc integrated 
f requency  d i f f e r e n c e s ,  i.e., 

/ = . L.. , 

r - i,.. ilr 
2 f 

(9) 

a ~requency differ- For p r e c i s i o n  d i f  Ierenceil ::angirig 3l.casur emerits , tl\i--,  .- 
ence (or  more precisely, tlie e r r o r  i n  the knowledge o f  t he  d i f f e r e n c e ; ~  



must be held to within strict limits. For example, at the distance of 
Saturn, r % 10' sec . ,  1 fl-f2/ must be < 3 x 10-13 for a Ap, of less than 
.5 m. The implied frequency synchronization must be accomplished with 
traveling clocks or, as in more frequently the case, with a VLBI obser- 
vation session whose object is the determinations of f -f 

1 2' 

The error, then, in applying the synchronization to a differenced range 
measurement can be roughly predicted as 

where At is the time between synchronization and application. This 
expression assumes that the synchronization operation has an associated 
error much less than (~lE/f)~~. This is not always the case and the VLBI 
method for synchronization brings up an interesting interplay between 
clock performance and its measurement. In an ideal experiment where all 
parameters influencing the interferometer phase (geometry, media trans- 
mission effects, etc.) are known save the clock offset, f - £' itself, 
the  clock performance during the experiment of duration, 1, wi!; contri- 
bute an error ,.' 

where a is given by (6). 
AP; 

Case 4 - Non-Coherent Wideband (VLBI) Data 

Here the measurement error is proportional to the clock time offset at 
the time of the measurement. Once again, this parameter must be mea- 
sured periodically in order that the knowledge of it can be held to 
within reasonable limits. The expression for the error using the same 
nomenclature as the first three cases would be 

where "-mtt is understood to be the time of the last clock epoch synchro- 
nization operation, As before, if the synchronization operation is 
assumed accurate, the pr .edicted standard deviation of (12) is readily 
seen to be 

where At = T - "-at'. 



E v a l u a t i o n  of (13) f o r  even Hydrogen maser s t a b i l i t i e s  ( A €  / f  % 10-14) 
d i s c l o s e s  t h a t  A t  canno t  exceed 1 / 3  day i f  d e c i m e t e r  l e v e l  measurements 
are sought .  Because of t h i s  h i g h  s e n s i t i v i t y ,  i t  i s  common p r a c t i c e  t o  
i n c l u d e  p r o v i s i o n  f o r  b o t h  c l o c k  epoch and c l o c k  f requency  synchron iza -  
t i o n  i n t e g r a l  t o  any n a t u r a l  s o u r c e  V L B I  exper iment .  Equa t ton  (13) has  
r e l e v a n c e  s t r i c t l y  o n l y  when e n v i s i o n i n g  a s e r i e s  of r ~ a t u r a l  s u u r c e  
measurements f o r  c l o c k  s y n c h r o n i z a t i o n  whose r e s u l t s  arc- a p p l i e d  t o  sub- 
s e q u e n t  ( o r  e a r l i e r )  s p a c e c r a f t  t r a c k i n g .  

T a b l e  I sunlrnarizes t h e  f o u r  c a s e s  j u s t  d i s c u s s e d  and r e p e a t s  t h e  f o u r  
bas i c  s e n s i t i v i t y  e q u a t i o n s .  Tab le  T I  t s  a n  a t t e m p t  t o  t a b u l a t e  t h e  
expec ted  m e t r i c  e r r o r s  a r i s i n g  i n  t h e  same f o u r  c a s e s  i n  terms of t h e  
two-sample A l l a n  Var iance .  There  a r e  s e v e r a l .  approx imat ions  used Ln 
w r i t i n g  t h e  e x p r e s s i o n s  shown and t h i s  t a b l e  shou ld  h e  viewed more a s  a n  
o r d e r e d  c o l l e c t i o n  o f  t h e  p r i n c i p l e s  d i s c u s s e d  h e r e  r a t h e r  than a set of 
r i g o r o u s  r e l a t i o n s h i p s .  

The non-caller e n t  VLI3I measurements a r e  t h u s  niuch more denlanding o  f 
c l o c k  p e r  Formance t h a n  t h e i r  c o h e r e n t  c o u n t e r p a r t s .  Indeed ,  t h e  
r e l a t i v e  immunity of c o h e r e n t  dopplc r  and r a n g e  t o  c l o c k  variations en- 
a b l e d  r e a s o n a b l e  performance a t  s m a l l  l i g h t - t i m e  d i s t a n c e s  (5 l u n a r  
d i s t a n c e )  even with t h e  c r y s t a l  o s c i l l a t o r s  that: were employed i n  t h e  
e a r l y  60 ' s .  With c u r r e n t  rubidium s t a n d a r d s  (Af/ f  10-12/day) good 
performance can  be ach ieved  througllout t h e  t e r r e s t r i a l  p l a n e t  s p a c e .  I n  
c o n t r a s t ,  VLBI e r r o r s  a r e  dominated by r l o c k  e f f e c t s  when rubidium and 
even cesium (Af/f  < l ~ - ' ~ / d a ~ )  s t a n d a r d s  a re  u s e d .  Thc i n t r o d u c t i o n  of 
t h e  Hydrogen maser w i t h  d r i f t s  b e t t e r  t h a n  1 0 " ~ ' ~ / d a ~  h a s  i n  l a r g e  p a r t  
proniptcd Lhc c u r r e n t  i n t e r e s t  in VT,RI sys tcms.  A t  t h i s  c l o c k  per fo rmanre  
l e v e l ,  t h e  VLRI a c c u r a c y  e s t i m a t e s  g i v e n  i n  t h e  n e x t  s e c t i o n  can b e  
ach ieved  and t h e  non-coherent measurement c l a s s  can s u c c e s s f u l l y  compete 
with i t s  c o h e r e n t  c o u n t e r p a r t .  

IV. VLBI AS A NAVIGATION TOOL 

The matur ing  VLBI technol.ogy call he a p p l i e d  t c l  t he  s17acecrafL n a v i g a t i o n  
prohlem i n  each of t w o  c o n c e p t u a l  ways: 1) c a l i b r a t t c n  of t h e  T)SN I o r  
u s e  a s  a n  o t h e r w i s e  c o n v e n t i o n a l  r a d i o m e t r i c  network,  a c d  2 )  direct 
s p a c e c r a f t  s i g n a l  t r a c k i n g  wit11 t h e  VI TsI d a c a  a c c [ u i s i t i o ~ l  and p r o c e s s i n g  
sys tems .  

V L B I  f o r  D S N  C a l i b r a t i o n s  

I n  J u l y  of ' 7 9 ,  t h e  f i r s t  oper ; . i t ionnl  V L B ~  system ( a s  c o r ~ t r a s t e d  with the  
R6D systems which have produced the  I - ~ S L I ~ ~ S  d tscussecl  above) w i l l  b e g i n  
t a k i n g  r o u t i n e  measurements on t h e  C a l i f o r s i a - S p a i n  and C a l i f o r n i a -  
A u s t r a l i a  b a s e l i n e s .  1 n l t i a l l . y  t h i s  sys tem,  o p e - r a t i n g  i n  c o n j u n c t i o n  
with a developed p r e c i s i . o n  s o u r c e  c a t a l o g ,  w i l l  have t h e  c a p a b i l i t y  of  
o p e r a t i n g  w i t h  an o v e r a l l  ancuracy  at t h e  0.O.5 ,.:raci l e v e l .  This  caps- 



b i l i t y  w i l l  be exp lo i t ed  t o  c a l i b r a t e  t h e  UT and PM v a r i a t i o n s ,  r e f i n e  
t h e  knowledge of b a s e l i n e  v e c t o r s ,  and determine t h e  r e l a t i v e  s t a t i o n  
c lock  frequency o f f s e t s .  The UT/PM c a l i b r a t i o n  improves t h e  knowledge 
of t h e  e f f e c t i v e  s t a t i o n  l o c a t i o n  coord ina t e s  f o r  bo th  range and doppler ;  
t h e  b a s e l i n e  s o l u t i o n s  d i r e c t l y  improve t h e  d i f f e r e n c e d  range  da t a .  
Both of t h e s e  e r r o r  sources  w i l l .  be  c o n t r o l l e d  t o  t h e  50 cm l e v e l  a s  
compared t o  t h e i r  c u r r e n t  1-2 m e f f e c t i v e  l e v e l s .  The i n t e r s t a t i o n  
c lock  frequency c a l i b r a t i o n  w i l l  be  a c c u r a t e  t o  b e t t e r  t han  1 x 10-13, 
b r ing ing  t h e  cl .ockts  c o n t r i b u t i o n  t o  t h e  d i f f e r enced  range  e r r o r  
( ~ q .  (10))  t o  w e l l  under 50 cm even a t  LO AU. 

D i rec t  VLBI Navigat ion 

The s p a c e c r a f t  can be  t r e a t e d  as another  V L B I  r a d i o  source ,  a l b e i t  one 
wi th  proper  motion. P re sen t  s p a c e c r a f t  do n o t  emit s i g n a l s  w i t h  band- 
widths wide enough t o  r e a l l y  b e  considered wideband sou rces ,  however. 
I n s t e a d ,  t h e  power i s  centered  w i t h i n  a few MHz of t h e  c a r r i e r ,  e f f ec -  
t i v e l y  enabl ing  t r ack ing  a t  only t h e  c a r r i e r  c e n t e r  frequency s o  t h a t  
t h e  f a s t  f r i n g e s  may be observed b u t  bandwidth s y n t h e s i s  a t  b e n e f i c i a l  
accu rac i e s  cannot be  performed. Thus, on ly  narrowband VLBI  can be made 
a v a i l a b l e  f o r  a l r eady  launched s p a c e c r a f t .  Save t h e  one f e a t u r e  of t h e  
wide bandwidth, a l l  of t h e  inhe ren t  advantages of t h e  non-coherent 
d a t a  c l a s s  can b e  c a p i t a l i z e d  on,  however. 

The favored o p e r a t i o n a l  procedure i n  narrowband s p a c e c r a f t  V L B I  is  t o  
t r a c k  t h e  s p a c e c r a f t  i n  c l o s e  conjunct ion  w i t h  t h e  t r a c k i n g  of a nearby 
quasar  (% <5 deg away i n  angular  measure) whose source  l o c a t i o n  has 
a l r eady  c a r e f u l l y  been determined,  I n  t h i s  procedure, known as A V L B I ,  
t h e  two antennas  t r a c k  t h e  s p a c e c r a f t  f o r  a  few minutes and then  qu ick ly  
a l i g n  on t h e  quasar .  This  i s  repea ted  f o r  t h e  e n t i r e  d u r a t i o n  of t h e  
4 hour t r ack ing  pass  and t h e  f r i n g e  phase h i s t o r y  d i f f e r e n t i a l  between 
the s p a c e c r a f t  and t h e  sou rce  i s  cons t ruc ted .  The d i f f e r e n c e s  i n  ol ;md 
6 between t h e  two sources  a r e  then  es t imated .  This  procedure has t h e  
advantage t h a t  most of t h e  sys t ema t i c  e r r o r  sou rces ,  being n e a r l y  common 
t o  both t h e  s p a c e c r a f t  and quasar  phase h i s t o r i e s  - b a s e l i n e  coo rd ina t e s ,  
i n s t rumen ta t ion  c a l i b r a t i o n ,  n e u t r a l  and charged p a r t i c l e  media e f f e c t s ,  
and c lock  imperfec t ions  - are diminished by t h e  d i f f e r e n c i n g  ope ra t ion .  
The p r e c i s e  n a t u r a l  sou rce  l o c a t i o n  e s t i m a t e  i s  quick ly  t r a n s f e r r e d  t o  
t h e  s p a c e c r a f t  by this technique.  

It  i s  r e l a t i v e l y  s imple  t o  a l t e r  t h e  broadcas t  s p a c e c r a f t  waveform t o  
make i t :  s u i t a b l e  f o r  wideband VLBI  t r ack ing .  l lodulat ing a  h igh  f r e -  
quency s u b c a r r i e r  w i th  a s i g n a l  generated from a n o i s e  d iode  could 
produce n o i s e  channels  s u i t a b l e  f o r  bandwidth s y n t h e s i s  w i th  cha rac t e r -  
i s t i c s  n e a r l y  i d e n t i c a l  t o  t h a t  being rece ived  from the quasar .  A f a r  
b e t t e r  technique  i s  t o  t r ansmi t  a s p e c i f i c  ranging code generated on- 
board t h e  s p a c e c r a f t  and c o r r e l a t e  t h e  rece ived  s p a c e c r a f t  s i g n a l  a t  
each s t a t i o n  a g a i n s t  a l o c a l l y  generated model of t h a t  same code i n  i3 

manner s i m i l a r  t o  t h a t  used i n  a convent iona l  2-way ranging machine. 



In contrast t n  the  cur ren t ;  i-angi.ng t e c h n i q u e ,  the s i g n a l  would not be 
demodulated and tracked v i a  t h e  c losed  Poap r e c e i v e r ,  however, Rather, 
the s p a c e c r a f t  s i g n a l  would f o 1 l . o ~  t h e  same rf c h a i n  as the guasa.r  
s i g n a l ,  phase  c a l i b r a t i o n  s i g n a l s  wcu ld  be in t roduced ,  and d e t e c t i o n  
would take p l a c e  a f t e r  d i g i t i z a t i o n  s o  as t o  p r e s e r v E  the  near p e r f e c t  
c o r m o n a l i t y  w i t h  t h e  n a t u r a l  r a d i o  s o u r c e  t r a c k i n g  e s s e n t i a l  f o r  c a r e f u l  
sys tem c a l . i . b r a t i o n .  Each s t a t i o n  executes t b f s  procer!i.rrc, a one-way 
range i s  z a l  cul .a ted,  an.d t l lc  cl iff  erel;ce takeil .  This <!iff e r e n c c  c o n t a i n s  
t h e  d i f f e r e n t i a l .  s t a t i . o n  cloclc epoch c r r o r  whlcli must b e  cnrefcrl.l.y ca1.i- 
b r a t e d  with conve i l t iona l  VEBT. T h i s  c a l i b r a t i o n ,  2 l o n z  wi.t!-I UT'/PIJ 
c a l i b r a t i o n ,  can b e  performed ;ria e i . t h e r  a n  earlier mul t ip le - , sourzc  VLBI  
r u n  and appl-Ted t o  t h e  D i . f  f e r e n " , d  (One-Nay R.anging (DOR) d a t a  o r  t h e  
DOR data  can be  obra ined  i.n conjunctj .on w i t h  t h e  tracii. of a  s i n g l e  very  
nearby quasar  i n  a manner similar t o  t h e  narl :uwbanci  C'ITT3T m c t l l ~ s d  a l r eady  
d e s c r i b e d .  Which method i s  employed o p e r a ~ i o n a l l v  would be  determined 
by t h e  a v a i l a b i l i t y  and s t r e n g t h  of  a nearby  q u a s a r ,  the nunibcr of  
s p a c e c r a f t  t ha t  need t o  b e  t r a c k e d ,  t he  a v a i l a b i l i t y  of t r a n s m i ~ s i ~ o n  
l i n e s  f o r  the  V L B I  d a t a ,  the t ime  c r i t i c a l i t y  of t h e  s p a c e c r a l t .  
r e su l t s ,  and t h e  a b i l l t y  of  tile. c:locks to hold  an epcc,h s y n c h r o n i z a t i o n .  

An e x t e n s i v e  e r r o r  a n a i y s i s  and d i s c ~ l s s i . o n  of the wiiie-band W.%I, o r  
DOK, techni.que was  p r e s e n t e d  by  Plelhourne an3  CUI-kcndall  i n  an e a r l i e r  
paper20 .  A s  a  r e s u l t  of t h a t  and subsequen t  a n a l v s l s ,  it. i s  felt: t h a t  
a c o n f i d e n t  p-r+edic, t lon of t h e  performance of such  a  sys tem can  be  nade 
at the 0.05 yrad 1-evel. The narrowband CVLBI can pe;-form a t  similar 
l e v e l s  f o r  spacccra f t i  a t  h i g h  d e c l i n a t i o n ,  b u t  would i iegrade w i t h  tlie 
l / t a n  6 c h a r a c t e r i s t i c  i n h e r e n t  f a r  a l l  riarrowband t r a c k i n g .  

These a c c u r a c i e s ,  alrjng wir-l-1 the accuracy  of  t h e  c o h e r e n t  t r a c k i n g  
e a r l i e r  d i s c u s s e d ,  i s  surxnarize.d i n  F i g u r e 4  . I n  c o n t r a s t i n g  t h e  wide 
and narrowband approaches ,  t h e  c o n s t a n t  performance of t h e  wide-band 
method w i t h  d e c l i n a t i o ; ?  is of the utmost inipc)rtant:c In a d d i . t f o n ,  the 
t racki .ng time. r e q u i r e d  Tor a complete  o b s e r v a t i c n  i s  much smal-ler  f o r  
the wide-band system s ince  no d i u r n a l  s i g n a t u r c  ~ ; e e d  i:e observed .  Oh- 

-. , s e r v a t i o n s  from t w o  b a s e l i n e s  a r e  r e q u i r e d  however. I12c narrowband 
approacil  s u f f e r s  f roni a g r e a t e r  s e n s i . t i v i . t y  t o  s y s t  en;a t i c  error :;ourccs 
s o  only the  IIVLBI mode shou ld  be usild t o  meet rz p r e c i r i i o c  reqtrj.renient, 
The wideband is more immune arid o f f e r s  g rea te r  t r a c k i n g  s t r a t e g y  f lex-  
i b i 1 i . t ~ .  I t  i s  thus  less dependent  on t h e  e x i s t c r l c e  o f  s ncarhy q u a s a r ,  
T h i s  coul,d be i m p o r t a n t  f o r  some a p p l i c a t i o n s  s i n c e  a t  rhc p r e s e n t  
t i m e ,  . f e w  s u i t a b l e  sources havc heen found i n  t h e  portlion of the 
eel-estial. s p h e r e  where t h e  galaxy p a r t i a l . l y  o b s c u r e s  extrnga1act i . r .  - o b s e r v a t i o n s  ( P r e s t o n  c t  a 1 2 1 j .  !.his r e s u l t s  k-r? t w t ~  hands a l o n g  the 
e c l i p t i c  p l -ane,  each measur ing about 30 deg i n  extent, n e a r l y  devoid of 
s u i t a b l e  s o u r c e s ,  F ina l - ly ,  t h e  post c o r r e l a t i o n  clata p r o c e s s i n g  j.s 
more d i f f i c u l t  f o r  tile narrowband . ' :TZBI d a t a .  T h e  kc? t o  t h e  accuracy 
i s  the a c c u r a t e  constt'ui:1-ic)l1 of t h e  accun~u:i.at:ed phass  clelay cllangf. over.' 
the  4 hour  p e r i o d  f o r  both t h e  s p a c c c r a f k  and r h e  quasar, Care must be 
t a k e n  t o  e n s u r e  t h a t  t h e  phase  i s  extrapolated prcq )e f ! . l  t o  w i t h i n  one 



rf c y c l e  (13 ctn a t  S ;  3 . 5  c m  a t  X-band) dur ing  t h e  t ime pe r iods  when the  
antennas a r e  moving o r  a r e  on the oppos i t e  source .  

On a more p o s i t i v e  no te ,  narrowband AVLHI can be  very  u s e f u l  f o r  t rack-  
i n g  e x i s t i n g  s p a c e c r a f t  and o f f e r s  a  g r e a t e r  sensitivity f o r  t h e  de tec-  
t i o n  of proper  motion over s h o r t  t ime pe r iods  (< 4 h) . 

S e n s i t i v i t y  of D i f f e r e n t i a l  VLBZ t o  Clock Performance 

D i f f e r e n t i a l - ,  o r  A-VLBI, is  in t e rmed ia t e  i n  c lock  s e n s i t i v i t y  between 
t h e  coherent  o r  non-coherent d a t a  forms d i scussed  i n  Sec t ion  IT1 and 
f o r  t h a t  reason  deserves  s p e c i a l  t rea tment  i n  t h i s  concluding sub-sec- 
t i o n ,  

This  s e n s i t i v i t y  i s  g e n e r a l l y  p ropor t iona l  t o  t h e  angu la r  s e p a r a t i o n  
between t h e  n a t u r a l  source  and t h e  s p a c e c r a f t .  For example, i n  narrow- 
band AVLBI ,  when t h e  sources  a r e  both  w i t h i n  a s i n g l e  beamwidth of t h e  
an tennas ,  the normal swi tch ing  between t h e  two a s  descr ibed  above i s  n o t  
necessary ,  bo th  sources  a r e  t racked  a l l  t h e  t ime and t h e  e f f e c t  of 
c lock  v a r i a t i o n s  cance l s  ou t .  All t h a t  i s  needed i n  t h i s  ca se  a r e  
clocks w i t h  coherence t imes  long enough t o  d e t e c t  the signals (s a  few 
minutes) .  Beyond a s i n g l e  beamwidth s e p a r a t i o n ,  antenna swi tch ing  i s  
necessary  and t h e  i n d i v i d u a l  s p a c e c r a f t  and quasar  r eco rds  w i l l  have 
complimentary d a t a  outages  as shown i n  F igure  9. For s e p a r a t i o n s  j u s t  
g r e a t e r  than  t h e  s i n g l e  beamwidth l i m i t a t i o n  t h e  d a t a  d i f f e r e n c i n g  oper- 
a t i o n  would d i f f e r e n c e  t h e  two d a t a  s t reams a s  c l o s e  toge the r  i n  t ime 
as p o s s i b l e  o r  one f u l l  c y c l e  t ime, denoted a s  A t  i n  t h e  diagram. 
Consider f o r  t h e  moment, t h a t  t h e  c lock  i n s t a b i l i t y  i s  t h e  s o l e  e r r o r  
source ,  t h e  measured Ap f o r  t h e  quasar would be: 

Ap (T) = Ap (T) + - :l, f L  - f *  dt 
mq q 

An i d e n t i c a l  express ion  f o r  t h e  s p a c e c r a f t  measurement, Apm. s / c  (T) can 
a l s o  b e  w r i t t e n .  Thei r  d i f f e r e n c e  wi th  t h e  t i m e  s h i f t ,  A t  rs 

AAP m (T, ht) = A p m q ( ~  + h t )  - ~ p ,  8,C (T) 

It is u s e f u l  t o  c a l c u l a t e  t h e  expected r m s  va lue  of the clock induced 
e r r o r  for  the whi t e  freq,uency n o i s e  and l i n e a r  d r i f t  examples used 
earlier. 



Frequency Noi 

I i i )  Linear  Frequency D r i f t  

I n  comparing these e x p r e s s i o n s  w i t 1 1  t h o s e  derived e a r l i e r ,  n o t e  that if 
the s w i t c h i n g  time i s  s h o r t e r  t h a n  t h e  s p a c e c r a f t  round t r i p  l i g h t  t ime  
(At can  be on t h e  o r d e r  of 10 m i n u t e s ,  - i s  o f t e n  several h o u r s ) ,  t h e  
AVLB1 data is a c t u a l l y  l e s s  s e n s i t t v c  t o  t h e  w h i t e  frequency n o i s e  t h a n  
Ts two-way c o u n t e d  d o p p l c r .  Thc evprcss io r l  f o r  t h e  l i n e a r  d r i f t  1 ~ o d e 1  
i s  a goo0 i l l x s t r a t i o n  tha t  t h e  s e n s i t i v i t y  to more s y s t e l n a t i c  r l o c k  
e r r o r s  i s  i n t e r m e d i a t e  t o  t h a t  of t l lc c o h e r e n t  and non--coherent forms 
d i scusse ,d  i n  S e c t i o n  

For  l a r g e r  s o u r c e  s e p a r a t i o n s ,  the s i t u a t i o n  i s  sornewhac more complex. 
A s  t h e  a n g l e  i n c r e a s e s ,  i t  soon becomes apparen t  t h a t  i f  b o t h  s o u r c e s  
are t r a c k e d  over t h e  same t i m r  p e r i o d s  ( e . g .  t - O to T) e x c e p t  f o r  t h e  
a l t e r n a t i n g  o u t a g e s ,  t h e  c a n c e l l a t i o n  of othe:' e r r c r  s e u r c e s  w i l l  n o t  b e  
n e a r l y  s o  complete  as if b e t t e r  s t r a t e g i e s  had been employed.  For 
example, suppose t h a t  t h e  s o u r c e s  have e q u a l  d e c l i n a t i o n s  b u t  d i f f e r  in 
t h e i r  r i g h t  a s c e n s i o n s  and t h a t  the dominant  e r r o r  s o u r c e  i s  t h e  t ropo-  
s p h e r i c  s c a l e  h e i g h t .  Lt shoulcl be  c l e , ~ r  t h a t  i n  t h i s  c i r c u m s t a n c e ,  t h e  
best: s t r a t e g y  would b e  t o  t r a c k  ea ih  s o u r c e  O V P r  t h e  same range o f  hour 
a n g l e s  and s t a g g e r  t h e  t ime  in re r \ r s l s  a s  shown i n  F i g u r e  lc. 



I n  t h i s  c ircumstance,  t h e  e f f e c t i v e  A t  would grow t o  a  much l a r g e r  va lue  
than  i s  s t r i c t l y  needed f o r  t h e  swi tch ing  t ime ope ra t ion  a s  i s  i l l u s t r a -  
t ed  i n  t h e  f i g u r e .  More g e n e r a l l y ,  t h e  g loba l  t r a c k i n g  s c e n a r i o  and t h e  
e f f e c t i v e  A t  must be  chosen ro minimize t h e  sum of a l l  t h e  e r r o r  sou rces ,  
a problem beyond t h e  scope of t h i s  s h o r t  d i scuss ion .  Once chosen how- 
eve r ,  t h e  c l o c k ' s  c o n t r i b u t i o n  t o  t h e  accumulated e r r o r  can be  w r i t t e n  
direct1.y i n  terms of t h e  Al lan  Variance as 

I n  wideband AVLBT, t h e  t r a c k i n g  s t r a t e g y  i s  s i m p l i f i e d  t o  a s i n g l e  obser-  
v a t i o n  of each source .  The c l o c k ' s  c o n t r i b u t i o n  t o  t h e  e r r o r  i n  the  
d i f f e r e n c e  of t h e  two r e s u l t i n g  t ime de lay  measurements a r e  1 )  t h e  e r r o r  
s u f f e r e d  i n t e r n a l  t o  t h e  measurement i t s e l f ,  and 2)  t h e  c lock  o f f s e t  
d r i f t  i n  between t h e  two measurements, spaced A t  a p a r t .  The determina- 
ti-on of t h e  f i r s t  of t h e s e  is  beyond t h e  scope of t h i s  d i scuss ion  (but  
should be  small) ,  t h e  second i s  given by (18) j u s t  a s  i n  t h e  narrowband 
case .  The r e a l  d i f f e r e n c e  between t h e  narrow and wideband cases i s  t h a t  
t h e  narrowband t ransformat ion  t o  r i g h t  ascens ion  and d e c l i n a t i o n  e s t i -  
mates i s  i t s e l f  more s e n s i t i v e  t o  a t ime de lay  e r r o r  change (by about  a 
f a c t o r  of 5 a t  h igh  d e c l i n a t i o n ,  growing g radua l ly  worse as d e c l i n a t i o n  
i s  reduced) than  i s  t h e  wideband t ransformat ion  s e n s i - t i v i t y  to t ime 
de lay  e r r o r .  

A s i n g l e  numerical  example should s e r v e  t o  p u t  t h e s e  r e l a t i o n s h i p s  i n  
pe r spec t ive .  During t h e  1979 Voyager encounters  wi th  J u p i t e r ,  a  narrow- 
band AVLBI demonstrat ion i-s planned whose accuracy goa l  i s  set a t  t h e  
.05 yrad l e v e l .  A s i n g l e  quasa r ,  05287, is  being used a s  t h e  r e f e r e n c e  
n a t u r a l  source  throughout t h e  s e v e r a l  month exper imenta t ion  pe r iod ;  t h e  
a p p r o p r i a t e  A t  i s  a s  l a r g e  as 45 min. The e r r o r  c o n t r o l  needed t o  
achieve  t h i s  accuracy is  approximately 7 c m  of range  change e r r o r  dur ing  
t h e  4 hour i n t e g r a t i o n  per iod .  I f  1 cm is t h e  c l o c k ' s  a l l o c a t i o n ,  
t h e  two-sample Allan Variance c lock  performance r equ i r ed  is  (from (18): 

A t  = 45 min. 

I f  wideband AVLBI were p o s s i b l e ,  t h e  same accuracy l e v e l  could  b e  
achieved wi th  a t o t a l  error budget of about  40cm. I f  117 of thi.s were 
a l l o c a t e d  t o  t h e  c lock ,  t h e ~ f l f  s p e c i f i c a t i o n  could be r e l axed  t o  
5 x 10-14. Al ternate ly ,  and probably of more p r a c t i c a l  importance,  a 



clock operating at 8.8 x lo-" could  be used t o  lengthen t h e  time 
between epoch cal . ibrat ion and spacecraft  use; i.e., the 45 m i x .  
cou ld  be  stretched to several haurs .  



TABLE I: Comparison of Da ta  Type S e n s i t i v i t y  t o  S t a t i o n  Master  Clock E r r o r s  

Doppler  

Two -Wa y 

Coherent  Yeasurements 

Narrowband VLBI 

One-Way 

Non Coherent Measurements 

D i f f e r e n c e d  Ranging 

Clock Frequency D r i f t  During P a s s  
I n t e g r a t e d  Over Round T r i p  L i g h t  Time 
t o  S/C 

Wideband V L B I  

I n t e r s t a t i o n  Frequency D i f f e r e n c e  
I n t e g r a t e d  Over T r a c k i n g  Pass  1 
D u r a t i o n  

Wideband 

T = Track ing  P a s s  D u r a t i o n  

I n t e r s t a t i o n  Clock Frequency I I n t e r s t a t i o n  Clock Epoch E r r o r  

e- - 
t - Round T r i p  L i g h t  Time t o  S / C  

D i f f e r e n c e  I n t e g r a t i o n  Over 
L i g h t  Time 

E 2f 

NOTE: A l l  e r r o r s  a r e  g i v e n  i n  r ange  d i f f e r e n c e  o r  i n t e g r a t e d  r a n g e - r a t e  ( m ) .  

a t  Measurement Time 

i 

i 

f i  = i n s t a n t a n e o u s  f r e q u e n c y  of i t h  s t a t i o n  c l o c k  



Table  11. 

Approximate E v a l u a t i o n  of  Expected Metric E r r o r ,  fl , I n  

Terms of the Two Sample AlPan Var iance  (F): * 
d 7  

-- 
Two-Kay One-\Jay 

1 
Coherent " . l eas~~rements  Non-Coh t r en t  Yeasurenients 

f 

Narrowband i @ 
[$ @ ~2 (y-) b \ t  @ fi(%jT1 

1 k 
2 

1 o n l y  s t r i c t l y  t r u e  f o r  
w h i t e  phase  and f requency  

E 

i ;-- , @ + ,  h,j Wid eband I: 
E 

S 
f 

It /\t 
- 

a n  approx imate  i n t e r -  
p r e t a t i o n  of  A1 l a n  
Var iance  

v- 

where 

c = speed of l i g h t  
I 
I 

= t w o  sample A l l e n  17arl;mre cva lun ted  at r smoothing t i m e  

z = round t r i p  l i g h t - t i m e  to cohc rcn t  t r a n s p o n d e r  

T = time from beg inn ing  of ' r  i n t c p r a t i o n  

L? f = e r r o r  from I requency  s y n c h r o n i z a t i o n  o p e r a t i o n  
E: 

S 

A = e r r o r  froni c l o c k  cpoch s ~ m c h r o n i z a t i o n  o p e r a t i o n  
S 

A t  = t i m e  from c l o c k  s y n c h r o n i z a t i o n  t o  T 

I @ , a n  o p e r a t o r  impl ing  a d d i t 4 1 n  of e r r o r s  i n  Lhc r m s  s e n s e  

-- -- - - .  -* 





BASEL1NE SYSTEM t L-SANE 

LAND SURVEY STATION 10CATIOh:S 

RADAR A . U .  

/ & RUBIDIUM FBEOUENCY STANDARD5 

TROPOSPHERE MODEL 

STATION LOCATIOb! DETERhnlNFD FRCX', L!J NAP, DAT4 

LOCATIONS D ETERMI b.'E3 F?OM PLANETARY TRA 

PRtClSlON RANGING SYSTEtC 

UTI AND POLAR MOTION MODELING 

HEMERIDES FROU TRACKING DATA 

SFQUE NTIAL FILTER1 NG 

5 X CH4RGED P4RTICLE CkLlBP4TION 

Ih:P90? ED 7UBIDIUh: CECIUX: F'FGJENCY qTAND4RDi 

GEOCENTRIC DECLINATION, 3 (deg) 

.CKING DATA 

F i g u r e  2 .  Doppler S y s t e m  Performance vz r sus  Time and Spacecraft  Decl ina t ion  



F5gure 3 .  The Difference of Two Ranging Measurements 
from S t a t i o n s  Widely Separated i n  L a t i t u d e  
can Accurately Measure Declination of Probe 



F i g u r e  4 .  Accurac-y Performance of  D o p p l e r  and Ranging System ve-rsus 
N o m i r l a l  Probe Declination. 

" ~ c = R s i n ( i  

F i g u r e  5. IJideband VLET car1 E s t i m a t e .  S o u r c e  1 , o c a t i o n  by hleasuring 
the Dif f ercntial 'I'irne of i l r r iva l .  

3 1 I 

u 
F CURRENT DOPPLER SYSTEM 
i PERFORMANCE 

9 
U 

2 2 -  
- 

I3 u 
U 
4 
W 
J 

0 PREDICTED DIFFERENCED RANGE 
z 
Q 

/ SYSTEM PERFORMANCE 

u 
E 1 
z 
U 
0 u A p  - 4.5 l t 7 2 m  
W 

0 

I I 

v2m 

0 10 20 30 

8, r:eg 







Figure 8. Counted Doppler Response, 
Ap (-1 

To a Unit Step 
of Af If. 

ANTENNA SWITCHING TIME 

EXTRAPOLATION 

t 

Figu re  9. Narrowband A V L R I  Phase Record Showing Alternate 
Data Gaps Due to Antenna Switching. 



s/c 
TRACKING 
PERIOD 

Q lJASAR 
TRACKING 
P E R I O D  

F i g u r e  10. Narrowband AVLBI Track ing  Scenario 



REFERENCES 

Renzetti, N . A . ,  R. B. Miller and A. J. Siegmcnth, "Communications 
at Planetary Distances," Accademia Nazionale Dei Lincei, Atti D e i  
Convegni Lincei, 24, Convengo Internazionale, Celebrazione 
Nazionale Del Centenario, Della Nascita Di Guglielmo Marconi, 1974. 

It Melbourne, W. C., Navigation Between the Planets," Scientific 
American, June 1976, Vol. 234, No. 6. 

Hamilton, T.W., and W.G. Melbourne, "Information Content of a 
Single Pass of Doppler Data from a Distant Spacecraft," Jet 
Propulsion Laboratory, Space Program Summary Number 37-39, Vol. IIX, 
May 31, 1966. 

Curkendall, D.W., and S.R. McReynolds, "A Simplified Approach for 
Determining the Information Content of Radio Tracking Data," 
Journal of Spacecraft and Rockets, 6:520-525, May 1969. 

Christensen, C.S., and H.L. Siegel, "On Achieving Sufficient Dual 
Station Range Accuracy for Deep Space Navigation at Zero Declina- 
tion," paper presented at the 1977 AASIATM Conference, Jackson 
IIole, Wyoming, September 7-9, 1977. 

Jordan, J.F., "Future Challenges in Space Navigation," presentation 
made at the Institute of Navigation, National Aerospace Meeting, 
Denver, Colorado, April 13, 1977. 

Bare, C.C., B.G. Clark, K.I. Kellerman, M.H. Cohen, and D.L. 
Jauncey, "Interferometer Experiment with Independent Local 0sci:L- 
lators," Science, Vol. 157, pp. 189-191, July 1967. 

Williams, J.G., "Very Long Baseline Interferometry and Its 
Sensitivity to Geophysical and Astronomical Effects," DSN Space 
Programs Summary 37-62, Vol. 11, pp. 49-55. Jet Propulsion 
Laboratory, Pasadena, Calif., March 31, 1970. 

Rogers, A . E . E . ,  "Very Long Baseline Interferometry with Large 
Effective Bandwidth for Phase-Delay Measurements," Radio Sci,, 
Vol. 5, No. 10, pp. 1239-1247, October 1970. 

Hinteregger, H.F,, 1.1. Shapiro, D.S. Robertson, G.A. Knight, 
R.A. Ergas, A.R. Whitney, A.E.E. Rogers, J.M. Moran, T.A. Clark, 
and B. @. Burke, "Precision Geodesy via Radio Interferometry," 
Science, 178, 396-398, 1972. 



REFERENCES ( c o n t . )  

11. Thomas, J . B . ,  "An A n a l y s i s  of  Long B a s e l i n e  Radio I n t e r f e r o m e t r y , "  
DSN T e c h n i c a l  Repor t  32-1526, Vol.  V I I ,  pp.  37-50. J e t  P r o p u l s i o n  
L a b o r a t o r y ,  Pasadena ,  C a l i f . ,  Feb. 15 ,  1972. 

1 2 .  Thomas, J.B., "An A n a l y s i s  of Long B a s e l i n e  Radio I n t e r f e r o m e t r y ,  
P a r t  T I , "  DSN Technical .  Repor t  32-1526, Vol.  V I I I ,  J e t  Propu ls i .on  
I a b o r a t o r y ,  Pasadena,  C a l i f . ,  p p .  19-38, A p r i l  1 5 ,  1.972. 

1 3 .  Thomas, J . B . ,  "An A n a l y s i s  of  Long B a s e l i n e  Radio I n t e r f e r o m e t r y ,  
P a r t  111, D S N  T e c h n i c a l  Report: 32-1526, Vol.  XVI, J e t  P r o p u l s i o n  
L a b o r a t o r y ,  Pasadena ,  C a l i f . ,  pp .  47-64, June  15 ,  1973 .  

1 4 .  Thomas, J . Y . ,  J . L .  Fanselow, P .F .  MacDoran, J . J .  Sp i tz rnesse r ,  and 
L.J. S k j e r v e ,  "Radio I n t e r l e r o m e t r y  Measurements of a 16-km Hase- 
l i n e  w i t h  4-cm P r e c i s i o n , ' '  DSX T e c h n i c a l  R e p o r t  32-1526, Vol.  X I X ,  
pp. 36-54, J e t  P r o p u l s i o n  L a b ~ r ~ l t o r y ,  Pasadena,  CA February  1 5 ,  
1974. 

15 .  Ong, K . M .  , P. F. YncDoran, J .  ES. T1-lomas, H .  1'. FJ.iegel , L .  J .  Skj e r v e ,  
D.J. Spi tz rnesse r ,  P . D .  B a t e l a a n ,  S . T .  P a i n ,  and M.G. Newsted, "A 
Demonstra t ion of  Radio I n t e r f e r o r n c t r i c  Surveying Using DSS 14  and 
t h e  P r o j e c t  Aries T r a n s p o r t a b l e  Antenoa," DSN F r o g r e s s  Repor t  
42-26, pp .  41-53, J e t  Propuls iozl  T a b o r a t o r y ,  Pasadena,  CA,  A p r i l  -- 
1 5 ,  1975.  

1 6 .  Rogers ,  A . E . E . ,  "A Rece iver  Phase  and Group Delay C a l i b r a t i o n  
System f o r  Use i n  VT,BI," Haystack Observa to ry  T e c h n i c a l  Repor t  
1975-6, Feb, 15,  l"976.  

17. Thomas, J.B., "The Tone Genera to r  and Phase C a l i b r a t i o n  i n  VLET 
Measureinent:; , " D S N  P r o g r e s s  Report 42-44,  J e t  P r o p u l s i o n  L a b o r a t o r y ,  
Pasadena,  C a l i f . ,  p p .  63-7A,  . :pril 1 5 ,  1975. 

18 .  Cohcn, E.J., J . L .  Fanselow, :;.H. Purcell, Jr., D , H .  Rngstad, and 
J.B. Thomas, " ~ e c e n t  B s t r o m e t r i c  Observations on T n t e r c o n t i n e n t a l  
E a s e l i n e s , "  (Advanced L Z R T  S~ste: l i  Group, Jet P r o p u l s i o n  Lab. ,  
Pasadena,  c a l f f o r n i a ) .  S a t i o n a l  Rad io  S c i ,  ?feet?.ng, Univ. of 
Colorado,  Boul.der, Colorado,  J J ~  3-11, 1978.  

19 .  Curkenda l l ,  D.  W., "Radio ? l e t s i c  Technology far Deep S p a c e  Naviga- 
tion: A Development Overview," P r e - p r i n t  78-1.395, XTAA/MS As t ro -  
dynamics Conference,  P a l o  A l t o ,  CA,  August 7-9 ,  1978. 

20. Melbourne, W.G.  , D.W. C u r k e n d a l l ,  " r a d i o  : letr i .c  D i r e c t i o n  F ind ing :  
A New Approach t o  Deep Space Naviga t ion , "  p r e s e n t e d  a t  LUSIALAA 
Astrodynarnics S p e c i a l i s t s  Conference,  Jackson  Ho Le, ldyoming , 
September 7-9, 1977,  



Preston 
Frame : 
Jet Pro 

REFERENCES (cont.) 

., R., et al., "Establishing a C e l  
I. Searching for VLBL Sources," 

pulsion Laboratory, Pasadena, CA, 

. e s t i a l  VLBI Reference 
' DSN Progress Report 42-46, 
June 21, 1978. 



Ouest i ons and Answers 

DR. TOM CLARK, NASA Goddard Space F l i g h t  Center :  

I migh t  update a  coup le  o f  comments t h a t  were made i n  t h a t  one. I 
b e l i e v e  t h e r e  has been one success fu l  spacec ra f t - t o -quasa r  d e l t a  
VLBI  exper iment  which was done by Shapi ro  e t  a l .  a t  M I T ,  and Newhall 
e t  a l .  i n  y o u r  shop, on t h e  d i f f e r e n t i a l  p o s i t i o n  o f  t h e  V i k i n g  
O r b i t e r ,  and t h e  05-287 quasar. That was done about a  y e a r  ago, and 
t h e  da ta  i s  s t i l l  be i ng  processed, b u t  i t  appears t h a t  i t  was 
success fu l .  

I j u s t  wanted t o  s t r e s s  one t h i n g  i n  terms o f  t h e  angu la r  mea- 
sures t h a t  were ment ioned here. The u n i t s ,  m i l l i s e c o n d s  o f  a r c  and 
so f o r t h ,  were s t r essed  a few t imes,  and I j u s t  wanted t o  remind you 
what a  m i l l i s e c o n d  o f  a r c  was. 

If I t ook  t h i s  q u a r t e r  and gave i t  t o  Dave, and t o l d  h im t o  
t a k e  i t  back t o  Pasadena and t r i e d  t o  l o o k  a t  i t  f r om here,  t h a t  i s  
about a  m i l  1 i second  o f  arc .  That i s  h a l f  a  nanoradian. 

I would p o i n t  ou t  t h a t  t h e r e  i s  a t  l e a s t  one p a i r  o f  quasars 
which have been done t o  a  few t ens  of p i co rad ians  i n  terms o f  
d i f f e r e n t i a l  p o s i t i o n s  by a d e l t a  V L B I  t y p e  technique.  They a r e  
o n l y  a degree apa r t  on t h e  sky, bu t  i t  i s  t h e  s i ze ,  r ough l y ,  o f  
George's eyeba l l  on t h i s  t h i n g ,  i n  t h e  same analogy as be fo re .  

MR. CURKENDALL : 

Yes. Not o n l y  has t h e r e  been one exper iment w i t h  t h e  V i k i n g  space- 
c r a f t ,  t h e r e  a re  something l i k e  20, a n  unknown number of which a re  
successfu l ,  s i t t i n g  i n  our  da ta  hoppers. 

By my remark, I meant I d o n ' t  t h i n k  anybody has been eve r  a b l e  
t o  r u n  an exper iment where t h e  accuracy had t o  be seven cen t imete rs ,  
and t hen  be a b l e  t o  prove t h a t  i t  was. And I t h i n k  t h a t  i s  accu- 
r a t e ;  i t  has p robab ly  never been done. And I t h i n k  t h i s  i s  t h e  same 
t h i n g  whether you can r e a l l y  w r i n g  t h a t  k i n d  o f  performance ou t  of 
t h e  system o r  not .  

DR. CARROLL ALLEY, U n i v e r s i t y  o f  Mary land:  

Un fo r tuna te ly ,  I a r r i v e d  l a t e  f o r  you r  t a l k .  You may have ment ioned 
t h i s  a t  t h e  beginn ing.  But i t  i s  wo r t h  p o i n t i n g  ou t ,  I t h i n k ,  t h a t  
w i t h  t h i s  coherent  t r a c k i n g ,  and w i t h  a  good t ransponder  on these  
deep spacec ra f t ,  t h a t  t h e r e  i s  a  p o t e n t i a l  o f  measur ing l ow  f r e -  
quency g r a v i t a t i o n a l  waves t h a t  may w e l l  be o c c u r r i n g  i n  t h e  u n i -  
verse. That i s ,  t h e  p a r t  i n  1014 t h a t  you a r e  s t r i v i n g  f o r  i s  about 
t h r e e  o rde rs  o f  magnitude t o o  i n s e n s i t i v e ,  acco rd i ng  t o  t h e  c u r r e n t  
es t imates  of my f r i e n d  K i p  Thorne and o t h e r  people. 

Never the less,  I would l i k e  t o  submi t ,  as i n  an e a r l i e r  d i s cus -  
s i o n  today,  t h a t  we do no t  know e v e r t h i n g  about t h e  un ive rse ,  and 
t h a t  t h e r e  may we1 1 be g r a v i t a t i o n a l  r a d i a t i o n  o f  h i g h e r  amp1 i t u d e s  



than  i s  p red i c t ed ,  and I hope t h a t  you w i l l  be keeping a ve ry  ca re -  
f u l  watch, even a t  t h e  p a r t  i n  1014 l e v e l .  The s t r a i n  induced, t h e  
d e l t a  L over  L i n  t h e  d i s t a n c e  between t h e  spacecra f t  and t h e  e a r t h ,  
i s  t h e  same as t h e  s t r e n g t h  o f  t h e  g r a v i a t i o n a l  r a d i a t i o n .  

MR. CURKENDALL : 

I understand. 

DR. ALLEY: 

And so t h e r e  may j u s t  be some r e l i c  r a d i a t i o n  of t h i s  arr ip l i tude 
around t h a t  would show up i n  such measurements. 

MR. CURKENDALL : 

Yes. I t h i n k  you r  word " r e l i c "  i s  t h e  key here. The t h i n g  I d o n ' t  
l i k e  about t h e  K i p  Thorne c a l c u l a t i o n s  i s  i t  goes something l i k e  
t h i s :  If you assume t h e  c o l l a p s e  o f  something l i k e  108 s o l a r  
rrlasses, you w i  11 ge t  a d i f f e r e n t i a l  rriovement between t h e  spacec ra f t  
and t h e  ear th .  

And maybe t h i s  occurs  something l i k e  once every  30 years.  You 
w i l l  ge t  a d i f f e r e n t i a l  change i n  l e n g t h  between t h e  e a r t h  and t h e  
spacec ra f t  of about one and a h a l f  r r ~ i l l i m e t e r s ;  and t h e  proble~m o f  
s i t t i n g  around f o r  20 y e a r s  w a i t i n g  f o r  t h a t  t o  happen i s  immense. 

What seems more f e a s i b l e  t o  me i s  t o  look  a t  what you have j u s t  
sa i d :  S i t  t h e r e  and l o o k  f o r  t h e  background r a d i a t i o n .  I f  you  can 
pu t  an X-band u p l i n k  on t h e  spacecra f t ,  and get masers down t o  a few 
p a r t s  i n  1015, t h e  numbers a l r e a d y  work ou t  t h a t  you  shou ld  be a b l e  
t o  see enough g r a v i t a t i o n a l  energy t h a t  would c l o s e  t h e  un ive rse .  
And t h a t  i s  much b e t t e r  t h a n  w a i t i n g  around. 

And t h e  advantage of t h a t  exper iment  i s  if you go ou t  and you 
look and you d o n ' t  see any th ing ,  you  can go horne. And that.  i s  
r e a l  l y  impo r tan t .  

DR. VICTOR REINHARDT, NASA Goddard Space F l i g h t  Center :  

J u s t  one q u e s t i o n  and i t  i s  a p a r t i a l  comment: I s  t h e r e  any p o s s i -  
b i l i t y  o f  u s i n g  t e l e m e t r y  i n f o r m a t i o n  t o  i nc rease  t h e  bandwidth and 
narrowband V L B I  t o  g i v e  you an e f f e c t i v e  widehand? 

MR. CURKENDALL : 

The t e l eme t r y ,  r i g h t  now, runs about 360 k i l o h e r t z  s u b c a r r i e r s  and 
a t  around 100 k i l o b i t s  a second. You see, r e l a t i v e  t o  t h e  e a r t h ' s  
s a t e l l i t e s ,  where t h e  s i g n a l  and t h e  n o i s e  a re  so much b e t t e r ,  t h e  
t e l e i r ~ e t r y  r a t e  coming back i s  n o t  t h a t  h igh.  And t h a t  i s  n o t  ve ry  
much bandwidth spreadi  ng. 

We a re  do ing  t h a t  as p a r t  of - t h i s  demons t ra t ion  program. I n  
f a c t ,  we have a mode where we l e a v e  t h e  s u b c a r r i e r  on, b u t  t u r n  o f f  
t h e  modu la t ion  so you get  t h e  n i c e  pure  s i n e  waves, and you l o o k  a t  
t h e  harmonics o f  t hose  s i n e  waves. 



I t  i s  jus t  l i k e  the Goddard side-tone ranging system, i n  terrns 
of being able t o  detect  t h a t ,  

O u t  we detect  i t  through the open loop RF chain, and ca l i b r a t e  
with the  quasar s ignals .  And so, yes ;  you can do i t  as a r e s t r i c t ed  
bandwidth sor t  of thing.  

What we hope t o  p u t  on Gal i l e o  i s  tones of plus-minus 20 mega- 
hertz on down,  a n d  t h a t  o u g h t  t o  do i t .  

MR. D A V I D  W .  ALLAN, National Bureau of Standards: 

I would think t ha t  t h i s  level of s e n s i t i v i t y ,  you would he s ens i t i ve  
t o  lunar crus ta l  t i d a l  movements of the mantle of the earth.  This 
was not mentioned. I was jus t  wondering i f  t h i s  i s  a  problem. Is 
t h i s  n o t  of the  order of a meter or two? I am not sure.  

MR. CURKENDALL: 

Yes, they a r e ;  and I t h i n k  our Chairman can give be t t e r  words on 
t h a t .  I think the  bottom l i n e  i s  t h a t  you have t o  niodel i t ;  b u t  i t  
i s  thought t o  be model able. 

DR. TOM C L A R K ,  NASA Goddard Space Flight Center: 

Yes, there  are  a number of these l i t t l e  sub t l e ,  insidious e f f ec t s  
t h a t  a f fec t  the  s t a t i ons  on the  ea r th .  The pa r t i cu l a r  one with 
t i de s  i s  no t  as bad as many of the  others because the  t i d e s  have a  
seriii-diurnal s ignature ,  and i t  i s  very easy ' t o  pull semi-diurnal 
s ignatures out ,  because a l l  o f  the things t ha t  Dave was t a lk ing  
a b o u t  were diurnal s ignatures.  I t  i s  those diurnal ones t ha t  are 
much more insidious and give you a  l o t  more t roub le ;  things l i k e  
diurnal polar motion, f o r  example. 

MR. CURKENDALL : 

Do you know what you are most sens i t ive  t o ?  I once did a spectrum 
ana lys i s ,  and f o r  reasons I have never qui te  ~lnderstood,  you are  
r e a l l y  most sens i t ive  t o  twice diurnal r a tes .  With a giver) amount 
of power, you are  more sens i t ive  t o  sornething with a 12-hour period 
than a 24-hour period. I have never qui te  understood t h a t ,  physi- 
cal ly.  




