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ABSTRACT 

Radio met r i c  ,jeep space  navigat ior*  r e l i e s  n e a r l y  
e x c l u s i v e l y  tipon c c h e r e n t ,  i .e.  2-way, dopplar  and 
ranging f o r  a i l  p r e c i s e  a p p l i c a t i o n s .  These d a t a  
types  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  they can pro- 
duce a r e  reviewed. 'The deployment of Hydrogen maser 
frequency s t a n d a r d s  and tile development of Very Long 
Basel ine  I n t e r f e r o m e t r y  (VLBI) s y s t a s  w i t h i n  t h e  
Deep Spare Network i s  making p o s s i b l e  t h e  development 
of non-coherent, l-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  accuracy.  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  obse tvab les  taken w i t h  VLBI 
a r c  ~ u c h  more s e n s i t i v e  t o  c l o c k  synchrcn iza t lons ,  
both  t ime and f r e q g e n ~ y ,  and t o  i n s t a b i l i t y  dur ing  
t h e  neasuremeqt per iod i t s e l f  than  a r e  t h e  coherent  
d a t a .  The under lying s t r u c t u r e  between each d a t a  
cl.ass and c lock  performance is  char ted .  VLBI  obser-  
v a t i o n s  of t h e  n a t u r a l  r a d i o  sources  a r e  t h e  planned 
ins t rument  f o r  t h e  synchron iza t ion  t a s k .  Th is  method 
and a n a v i g a t i o n a l  scheme using d i f f e r e n t i a l  measurements 
between t h e  s p a c e c r a f t  and nearby quasa rs  a r e  desc r ibed .  

I. TNTR03UCTION AND BACKGROUND 

Nqvigation f o r  deep space probes has  always requ i red  t h e  a c q u i s i t i o n  of 
l?ng a r c s  of p r e c i s e  doppler  d a t a  t o  determine 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  encounter.  The Doppler d a t a  
used is  taken i n  t h e  so -ca l l ed  coheren t ,  o r  2-way, mode. I n  t h i s  2-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  
frequency re fe rence  t o  t h e  s p a c e c r a f t  which t ransponds a c o h e r e n ~  ver-  
s i o n  of t h e  rece ived  s i g  a1 back t o  t h e  ground s t a t i o n  f o r  Doppler de- P Zection (Renze t t i ,  e t  a1 and  elb bourne^). A t  o r  near  p l a n e t a r y  
encounter ,  t h e  g r a v i t a t i o n a l  e f f e c t s  of t h e  t a r g e t  body on t h e  motion 
of t h e  s p a c e c r a f t  a r e  s u f f i c i e n t  t o  produce a unique v e l o c i t y  p r o f i l e  
i n  t h e  Doppler t h a t  can be t h e  dominant e f f e c t  i n  determininp where t h e  
s p a c e c r a f t  is. These e f f e c t s  u s u a l l y  a r i s e  t o o  l a t e ,  however, t o  be  of 
b e n e f i t  i.n t h e  nav iga t ion  process  of determining and a d j u s t i n g  t h e  
p l a n e t - r e l a t i v e  encounter cor ,d i t ions .  The t r a c k i n g  which determines  
t h e  p l a n c t - r e l a t i v e  nav iga t ion  accuracy is  performed long b e f o r e  t h e  



a-tual encounter and when the gravity forces on the probe are of little 
benefit in supplying the desired location information. Here the dominant 
information is supplied by the diurnal motion of the tracking stations 
as illustrated in Figure 1. A single pass of doppler tracking data will 
yield information about three quantities: 

1) The probe's geocentric velocity by calculating the doppler 
shift with the diurnal effects removed. 

2) The right ascension, by determining the time of the meridian 
crossing via observing the null in the diurnal harmonic modu- 
lation. 

3) The cosine of the declination, by determining the amplitude of 
the harmonic modulation. 

The complete spacecraft state is determined by taking additional passes 
of doppler data on ;ucceealng days and combining the information from 
each into a full solution. When available, ranging data greatly aids 
this process of determining the 6-din~ensional spacecraft state to the 
requisite accuracy. In summary: 

1) range and doppler data give direct measurements of the line of 
sight probe distance and its time derivative, 

2) the diurnal modulation of the doppler yields an indirect 
measurement of :he right ascension, a, and declination, 6, 

3) successive passes d~tect changes in ci and 6 permitting indirect 
measurements of &, 6 and provid2 the data volume base for 
noise averaging and data consistency. 

Several detailed analyses of this situation have been perform d - among 
3 e -hem are: Hamilton and Melbourne , Curkendall and McReynolds - giving 

the accuracy of the observable parameters as a function of doppler 
measurement accuracy, tracking system calibrations, probe geometry, 
length of the tracking pass, tracking station location errors, and ran- 
dom non-gravitational forces affecting the motion of the spacecraft. 

The accuracy to which the indirectly n,<asured parameters can be estima- 
ted determine the overall accuracy of the complete orbit. Shown in 
Figure 2 is a plot of the system accuracy at several time points from 
the inception of the planetary exploration era to the present time - 
although the list is far from complete, the margin contains a tabulation 
of some of the technology improvements which enabled the accuracy evolu- 
tion as shown. The accuracy achievable from a given doppler and asso- 
ciated data ca1ibr:Lion and processing system is seen to be a strong 
function of the nominal probe declination. This is because the estimate 
of declination is determined I-! observing the amplitude of the diurnal 



harmonic s igna ture ,  w r  cos  6 ,  and t h i s  amplitude becomes a s t a t i o n a r y  
S 

a t  6 = 0. 

The d e t e r i o r a t i o n  of t h e  o r b i t  performance a t  t h e  lower range of decl in-  
a t i o n  can be a se r ious  inconvenience f o r  inner  p l ane t  explorat ion.  For 
example, the  allowable Viking Mars a r r i v a l  da t e  space was t runcated due 
t o  dec l ina t ions  lower than 5 deg f o r  a r r i v a l  da t e s  p a s t  September 1976. 
The performance versus dec l ina t ion  shown i n  t h e  f i g u r e  thus  manifests  
i t s e l f  a s  a mission planning cons t r a in t .  Fortunately,  t h e  tempo of t he  
geometry evolut ion wi th in  t h e  inner  p lane t  system is rapid enough so  
 hat t h e  periods of low dec l ina t ion  arrd r e s u l t i n g  l o s s  of navigat ion 
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 usua l ly  t o l e ra t ed .  

The s i t u a t i o n  can be much worse f o r  outer  p lane t  explorat ion.  For 
example, the  Voyager I and I1 Saturn encounters a r e  both such t h a t  
ne i the r  spacecraf t  i s  above 5 deg dec l ina t ion  during t h e  4 months p r i o r  
t o  the  c r i t i c a l  planetary encounter. 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 ~ t i o n  planetary ranging system has been developed. Unlike 
t h e  doppler system, two t racking  s t a t i o n s  a r e  involved a s  is shown i n  
Figure 3 .  I n  order  t o  measure the troublesome dec l ina t ion  v a r i a b l e  
these  s t a t i o n s  need t g  be widely separated i n  l a t i t u d e  a s  shorm. The 
d i f f e rence  of t he  two range measurements is  propor t iona l  t o  B s i n  6 ,  an 
observable with the  r i g h t  s t r u c t u r a l  r e l a t i o n s h i p  with dec l ina t ion ;  i.e., 
t h e  measurement s e n s i t i v i t y  t o  dec l ina t ion  maximizes near  zero r a t h e r  
than becoming s t a t i ona ry .  The dec l ina t ion  accuracy achievable can thus 
approximately be  given by 

where o,, is  t h e  o v e r a l l  accursc:I of t h e  system's a b i l i t y  t o  
measureu$he range d i f f e r ence ,  Op, and B is t h e  polar  p ro j ec t ion  
of the  basel ine.  Present  mechanizations r equ i r e  t h z t  t h e  two range 
measurements be performed sequent ia l ly ,  r a t h e r  than simultaneously, with 
each s t a t i o n  obtaining a measure of t h e  round-trip l ight- t ime between 
the  probe and i t s e l f .  The measurements can then be r e fe r r ed  t o  a common 
epoch by e i rhe r  modeling the  probe's no t ion  o r  acnr!~ulat ing doppler da t a  
during t h e  in te rvening  period. T h e  accuracy of t h i s  system is cu r ren t ly  
l imi ted  t o  a performance of approximately a = 4.5% a s  discussed by 
Chr i s t ensen  and siege15. This  measurement Bgcuracy, working wi th  the  
base l ine  of the  t racking  s t a t i o n s  a t  Golds'one, CA, and Canberra, 
Aus t r a l i a ,  y i e l d s  a dec l ina t ion  accuracy of approximately 1 prad over 
t he  f u l l  normal operat ing range of dec l ina t ion .  I t  has been an i t e r a -  
t i v e  process,  but t h i s  performance and the  cu r r en t  V yager mission 8 requirements a r e  commensurate a s  discussed by Jordan . Figure 4 summar- 
i z e s  t he  cur ren t  performance of the  rad io  metr ic  t racking  systems f o r  
both the  doppler and t h e  ranging measurements. A s  shown, t he  doppler 
system provides a performance a t  t h e  0.25 urad l e v e l  f o r  high decl ina-  



t i o n s .  T h i s  degrades  s lowly u n t i l  1 ~ ~ r a d  is reached;  t h e  d u a l  s t a t i o n  
r sng lng  system then  p rov ides  a l e v e l  1 urad performance fL)r  t h e  remainder 
of t h e  d e c l i n a t i o ~  s p i ~ c c .  

11. VERY LONG BASELINE INTERFEROFETRY 

Since  about t h e  beginning o f  t h e  c u r r e n t  decade,  Very Long Base l ine  I n t e r -  
f c r ~ m c t r y  (VLBI) systems have been developed i n  p a r a l l e l  w i t h  t h e  coher-  
e n t  dopp le r  and rang ing  systems j u s t  d e s c r i b e d .  References  7 - 18 
which span t h i s  t i m e  p e r i o d ,  d e s c r i b e  t h e  development and p rov ide  a n a l y s e s  
necessa ry  f o r  n d e t a i l e d  unders tanding.  In t h i s  paper  we s h a l l  be con- 
t e n t  t o  d e s c r i b e  VLBI o n l y  i n  t u t o r i a l  te rms,  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  VCBI d a t a  dnd t he  coheren t  range and 
dopp le r  a l r e a d y  d i scussed .  

In  3 t y p i c a l  'LZBI sys tem,  each of two widely  spaced an tennas  obse rves  a 
s i n g l e  (broad band) r a d i o  source ,  e . ~ . ,  a  q u a s a r ,  s imui taneous ly  record- 
i n g  t h e  rece ived  s i g n a l  over  a  s p e c i f i e d  f requency 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  r e c e i v e d  v o l t a g e  is d i g i t i z e d  a t  t he  one 
b i t  l e v e l ;  t iming  in fo rmat ion  is added so  t h a t  t h e  r e c o r d i n g s  may be  
c r o s s  c o r r e l a t e d  l a t e r  when brcught  t o  a c e n t r a l  s i t e .  The (espec ted)  
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  be approximate ly  
( ~ h o m a s l l )  : 

E [R(E, . IT ) ]  cr 
s i n  T: WAT - cos  y t )  

L ?T W ~ T  

Where 

: ( t )  = geometr ic  d e l a y  a s  shown i n  F igure  5 
e; 

T = a  p r i o r i  d e l a y  e s t i m a t e  i n s e r t e d  t o  b r i n g  the 
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 ts  maximum d u r i n g  d a t a  

p rocess ing  

kT = bandwidth of recorded s i g n a l  

w = frequency a t  the c e n t e r  of  t h e  bandpass 
1 

Using t y p i c a l  v a l u e s  o f  73GO PElz and 2 PIHz as t h e  r f  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 r l t i o n  f u n c t i o n  goes through one complete  
cyi-le f o r  eve ry  change i n  AT equa l  t o  t h e  pe r iod  o f  t h e  r f  f requency 
(c0.5 nsec) .  I n  a d d i t i o n  i t  a l s o  m a n i f e s t s  a s i n  x/x  c h a r a c t e r i s t i c  
envelope reach ing  1:s  firs^ n u l l  a t  0.5 ysec  de lay .  These two compo- 
n e n t s  a r e  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 ~ . ~ e s "  and t h e  "delay f u n c t i o n  " 

( s e e  Figure  6 ) .  For t h e s e  sme t y p i c a l  v a l u e s ,  T ( o r  e q u i v a l e n t l y  b / c ,  



F i g w e  5) can be  measured d i r e c t l y ,  by a d j u s t i n g  -rm s o  as t o  maximize t h e  
de lay  func t fon ,  t o  on t h e  o rder  of 1 0  nsec  p r e c i s i o n  (3m i n  l i g h t - s e c ) .  
More powerful measurement:, can be ob ta ined ,  however, i n  each of two con- 
c e p t u a l l y  d i f f e r e n t  ways: 

Observation of t!~e source  cont inuously  over t h e  common 
v i s i b i l i t y  perFod of t h e  two s t a t i o n s  (approximately 4 hours  on 
t h e  b a s e l i n e s  a f f l - rded  by t h e  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 j n , o u s  record  of t h e  phase of t h e  f a s t  f r i n g e s  
v e r s u s  time. 'I i i  r ecord  t h u s  ob ta ined  w i l l  c o n t a i n  a  d i u r n a l  
s i n u s o i d a l  ~r, .~d:i .  : I  t i o n  term due t o  t h e  E a r t h ' s  r o t a t i o n  whose 
phase and a r p X t . . d e  a r e  pa ramet r i c  i n  t h e  source  l o c a t i o n  and 
b a s e l i n e  pacanetirrs .  T h i s  is  e x a c t l y  analogous t o  t h e  s i n g l e  
s t a t i o n  coherent  doppler  t r a c k i n g  except  t h a t  t h e  e q u a t o r i a l  
E a s e l i n e  p r o j e c t i m  and l o n g i t u d e  p l a y  t h e  r o l e s  of t h e  d i s t a n c e  
o f f  t h e  sp>.n a x i s ,  r and s t a t i o n  long i tude ,  8,  r e s p e c t i v e l y .  

s ' The d i f fe l - tn t i a .1  Erequency of t h e  two c l o c k s  r e p l a c e s  t h e  
g e o c e n t r i c  veloc .  :y t e r m  observed by t h e  coherent  d a t a .  

29 O b s e r ~ a t i . - , ~  of t l , a  source  a t  a  second c e n t e r  frequency, w 
produces a ;econr measurement of t h e  f a s t  f r i n g e  phase,  r n 2 '  a t  
a  s i n g l e  in: t a n t  of t i m e .  Then because 

2 ' 

a d i r e c t  ;neasure,nent of T can be  ob ta ined  i n  t h e  s h o r t  t ime 
requ i red  t o  actiievtz. a  higfi SIN f o r  t h e  @ r~leasurements ( t y p i -  
c a l l y  10 1nin.J . This  is t h e  "bandwidth s y n t h e s i s "  technique,  
s o  c a l l e d  b e c a l s e  l a r g e  e f f e c t i v e  bandwidths can b e  ob ta ined  
wi thout  t h e  ne  d  Ear commensurate h igh  record ing  r a t e s ,  and is  
widely  used throu,,;h:.)ut t h e  \",.\I community (Rogers 9) .  The 
geometry is exact , .y  a s  f o r  ,he d i f f e r e n c e d  range measurement 
a l r e a d y  discus:;ed (r-f. F igures  3  and 4 )  ; t h e  .r measurement 
obta ined can be  u ~ e e  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  source  l o c a t i o n .  With spanned bandwidths, 
w2 - wl, 0" t h e  or.ier of 40 MHz, t h e  p r e c i s i o r  of t h e  measure- 
ment can e a s i l y  b e  brought  t o  t h e  cm l e v e l ;  its accuracy i s  
dominated by o t h e r  e ? f e c t s  such a s  c lock  performance and 
sys temat ic  c a l i b r a t i o n  e r r o r  :. 
When e s t i m a t i n g  source  lc - Zions w i t h  method two, a  second 
b a s e l i n e  is usuai- ly  2rnl ~ y e d  f o r  t h e  second component of 
p o s i t i o n .  An effect :+\re  conb ina t ion  f o r  t h e  two b a s e l i n e s  is 
t o  have a  l a r g e  po7?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  >>rejection a s s o c i a t e d  wi t \  t h e  second s o  t h a t  
they can produp5 l a r g e l y  uncor re la ted  e s t i m a t e s  of a and 6 .  



Thus these  two methods, o f t e n  r e fe r r ed  t o  a s  narrow-and wide- band VLBI 
respec t ive ly ,  have a one-to-one correspondence with the two coherent- 
modes, doppler and d i f fe renced  ranging, normally used f o r  spacecraf t  
t racking.  Their normal appl ica t ions  a r e  dua l s  of each other  i n  t h a t  
VLBI i s  usua l ly  employed t o  est imate the  s t a t i o n  base l ines ;  p rec i se  
source coordinates  a r e  needed t o  enable t h i s .  Coherent t racking  is 
normally used t o  es t imate  t he  spacecraf t  coordinates;  p rec i se  s t a t i o n  
loca t ions  a r e  needed f o r  t h i s  task.  

Although the  VLBI and the  coherent t racking  modes each produce observ- 
ab l e s  with i d e n t i c a l  information co.itent a s  j u s t  discussed, na tura l -  
source VLBI enjoys seve ra l  inherent  accuracy advantages over i t s  coher- 
e n t  counterpart .  hese were discussed i n  some d e t a i l  i n  a previous 

14 paper (Curkendall ), but  b r i e f l y  they include: 1)  wider bandwidth, 
2)  more com?lete 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 niEans f o r  
c a l i b r a t i n g  e l e c t r i c a l  path de lay  va r i a t i ons  i n  t he  s t a t i o n  e l e c t r o n i c s ,  
4)  l ack  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 fiom needing t o  model the  l ine-of-sight motion a s  i s  
required i n  s i n g l e  s t a t i o n  doppler t racking.  

There is  a s i n g l e  major exception t o  t he  general  idvantages of the  non- 
coherent da t a  types - they s u f f e r  from a g rea t e r  s e n s i t i v i t y  t o  i n s t ab i -  
l i t y  of the  s t a t i o n  master o s c i l l a t o r .  This s e n s i t i v i t y  and the  compar- 
ison of i t  with t h a t  of t he  coherent da t a  forms i s  t r ea t ed  i n  d e t a i l  i n  
the  following sec t ion .  

111. MEASUREMENT ACCURACY VS. FREQUENCY STANDARD ?ERFORMIWCE 

The two measurement c l a s s e s  j u s t  discussed,  coherent measurements and 
non-coherent VLBI measurements d i f f e r  markedly by t h e  manner i n  which 
the s t a t i o n ' s  master frequency standard departures  from i d e a l  e n t e r  and 
corrupt  the  measurements. 

I n  t h i s  s ec t ion  the  four  d a t a  types: 

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  clock performance charted. 
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Case 1 - Coherent Narrowband (Doppler) Data 

Consider the (highly) schematic diegram of a t y p i c a l  coherent doppler 
and ranging sya<em impleulentation a s  shown i n  Figure 7.  Counted, o r  
i n t eg ra t ed ,  doppler is  obtained by broadcasting a s t a b l e  re ference  t o  
t he  spacecraf t  which coherent ly transponds t h e  received c a r r i e r  back t o  
t h e  same s t a t i o n  f o r  comparison with t h e  o r i g i n a l  t ransmit ted frequency; 
the  d i f fe rence  o r  doppler frequency is in t eg ra t ed  by means of a counter 
a s  shown. Assume f o r  t h e  purposes of 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 n  
frequency e r r o r  occurs f o r  a s h o r t  period of time a s  shown i n  Figure 8 .  
This w i l l  en t e r  the  doppler ex t r ac to r  and be in tegra ted  t o  y i e l d  immed- 
i a t e l y  a buiidup of range e r r o r ,  A .  It w i l l  a l s o  be t ransmit ted t o  
the  spacecraf t  and r e t u r n  a round-trip l i g h t  t i m e ,  T, l a t e r  and re-enter 
t h e  doppler ex t r ac to r ,  t h i s  time i n  t he  oppos i te  sense - A p E  w i l l  r e t u r n  
t o  zero. I f  t h e  doppler system has been t racking  t h e  spacec ra f t  f o r  T 
seconds, the  accumulated e f f e c t  of t h e  time h i s t o r y  of Af( t )  is r ead i ly  
seen t o  be 

where c is  the  speed of l i g h t .  

That is,  i n  a da ta  poin t  measured a t  T, frequency s tandard performance 
during t h e  f i r s t  and l a s t  T seconds covnts,  everything e l s e  cancels  ou t .  
The f a c t o r  of 2 appears s o  t h a t  hpE i s  ,ne e r r o r  i n  t he  one-way range 
a s  neasured by t h e  two-way instrument.  It is use fu l  t o  design expres- 
s ions  which permit ca l cu la t ing  A p  assuming Af is 

E 



i )  a white noise process 

i i )  l i n e a r  w! t h  time 

i )  White Frequency Noise 

Gith the  white nc i se  assumption, the  two i n t e g r a l s  i n  (1) a r e  c l e a r l y  
independent, the  variance of ApE is then 

where h is  the  s p e c t r a l  dens i ty  of the  white frequency Af/f process.  
0 

i i )  Linear Frequency D r i f t  

Assume A f ( t )  - k t  
f 

( 3 )  

where k is  re- interpreted t o  be the  standard devia t ion  of t h e  d r i f t .  
Thus fo r  frequency va r i a t i ons  rap id  r e l a t i v e  t o  T ,  t h e  e r r o r  bu i ld s  with 
fi and is independent of the  t racking time; 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  bu i lds  a s  the  product, TT. 

Case 2 - Non-Coherent, Narrowband (W,BI) Data 

The non-coherent case is  even more s t raightforward.  Here the  e r r o r  i n  
t he  measurement is e a s i l y  seen t o  be propor t iona l  t o  t h e  d i f f e r ence  i n  
t h e  o s c i l l a t o r s '  f requencies  a t  the  two Earth-based s t a t i o n s  in tegra ted  
over the  observat ional  i n t e r v a l :  

where f = i ,::ant qeous frequency a t  the  i t h  s t a t i o n .  
i 

The Af nota t ion  used i n  (1) is  dropped here  t o  emphasize t h a t  the  mea- 
surement is  s e n s i t i v e  t o  more than j u s t  t he  change i n  frequency over T 
or  even T ,  it is  s e n s i t i v e  t o  t he  "knowability" of t h e  frequency d i f f -  
erence. The i n i t i a l  frequency o f f s e t  i s  l a r g e  enough so  t h a t  i n  any 
VLBI experiment i t  must be considered an unknown and solved f o r  - 
indeed, the determination of f,,(0) - f2(0)  is  o f t en  t h e  reason f o r  t he  



VLBI experiment. It becomes convenient ,  then,  t o  re -def ine  t h e  problem 
and focus  on a modified e r r o r  term as 

where Afi i s  understood t o  be t h e  d e p a r t u r e  i n  t h e  frequency from f (0 ) .  
Then i 

where (FIT is t h e  f a m i l i a r  two-sample 

Al lan  Variance over  smoothing t ime, T. Equation (4) is a l r e a d y  i n  what 
is  u s u a l l y  t h e  most convenient form. For comparative purposes ,  however, 
i t  is  i n t e r e s t i n g  t o  recompute t h e  e f f e c t s  a r i s i n g  from t h e  whi te  n o i s e  
and l i n e a r  d r i f t  models used e a r l i e r .  

i )  White frequency n o i s e  

ii) Linear Frequency D r i f t  

Af, - Af2 

2 =&kt 

Case 3 - Differenced Coherent (Ranging Data) 

A coherent  range measurement i s  e s s e n t i a l l y  a measurement of t h e  round- 
t r i p  l i g h t  t ime i t s e l f ,  The c lock  e r r o r  in t roduced i n  such a measure- 
ment 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  
time. A d i f f e r e n c e d  ranging measurement is  s e n s i t i v e  t o  t h e  i n t e g r a t e d  
frequency d i f f e r e n c e s ,  i . e . ,  

For p r e c i s i o n  d i f f e r e n c e d  ranging measurements, t h i s  frequency d i f f e r -  
ence (or  more p r e c i s e l y ,  t h e  e r r o r  i n  t h e  knowledge of t h e  d i f f e r e n c e j  



must be held t o  wi th in  s t r i c t  l i m i t s .  For exam l e ,  a t  t h e  d i s t ance  of 
Saturn, r % 10' sec . ,  1 f  l-f2 1 must be c 3 x 1WP3 f o r  a ApE of l e s s  than 
.5 m. The implied frequency synchronization must be accomplished wi th  
t r ave l ing  clocks o r ,  a s  i n  more f requent ly  the  case, with a VLBI obser- 
va t ion  sess ion  whose objec t  is the determinatioqs of f  -f 

1 2'  

The e r ro r ,  then, i n  applying the  s y n c h r o ~ i z a t i o n  t o  a differenced range 
measurement can be roughly predicted a s  

where A t  is the  time between synchronization and a p p l i c a t i o ~ i .  This 
expression assumes t h a t  t he  synchronization operat ion has an assoc ia ted  
e r r o r  much l e s s  than (Af/f) . This is not always the  case and t h e  VLBI 
method f o r  synchronization "brings up an i n t e r e s t i n g  in t e rp l ay  between 
clock performance and i t s  measurement. In  an i d e a l  experiment where a l l  
parameters inf luencing the  interferometer  phase (geometry, media t rans-  
mission e f f e c t s ,  e t c . )  a r e  known save the  clock of'set, f  - f , i t s e l f ,  
the  clock performance during the  experiment of dura t ion ,  , w i f l  con t r i -  
bute  an e r r o r  

where CJ is  given by ( 6 ) .  

Case 4 - Non-Coherent Wideband (VLBI) Data 

Here the  measurement e r r o r  i s  proport ional  t o  the  clock time o f f s e t  a t  
the  time of the  measurement. Once again,  t h i s  parameter must be mea- 
sured pe r iod ica l ly  i n  order  t h a t  the knowledge of i t  can be held t o  
wi th in  reasonable limits. The expression f o r  t he  e r r o r  using the  same 
nomenclature a s  the  f i r s t  t h r ee  cases  would be 

where lr-'l is understood t o  be the  time of the  l a s t  c lock epoch synchro- 
n i za t ion  operat ion.  A s  before,  i f  t he  synchronization ~ p e r a t i o n  is 
assumed accura te ,  the  predicted standard devia t ion  of (12) is read i ly  
seen t o  be 



Evaluation of (13) f o r  even Hydr~gen maser s t a b i l i t i e s  (Af/f Pd 10-I 4, 
d i sc lo se s  t h a t  A t  cannot exceed 1 / 3  day i f  decimeter l e v e l  measurements 
a r e  sought. Because of t h i s  high s e n s i t i v i t y ,  i t  is common p r a c t l c e  t o  
include provis ion f o r  both clock epoch and clock frequency syrrchroniza- 
t i o n  i n t e g r a l  t o  any n a t u r a l  source VLBI experiment. Equation (13) has 
relevance s t r i c t l y  only when envis ioning a s e r i e s  of n a t u r a l  source 
measurements f o r  clock synchronization whose r e s u l t s  a r e  appl ied ro sub- 
sequent (or  e a r l i e r )  spacecraf t  t racking.  

Table I summarizes t h e  four  cases  j u s t  discussed and repea ts  t h e  four  
basic  s e n s i t i v i t y  equations.  Table I1 i s  an attempt t o  t abu la t e  t h e  
expected metr ic  e r r o r s  a r i s i n g  i n  t h e  same four  cases  i n  terms of t h e  
two-sample Allan Variance. Thsre a r e  s eve ra l  approximations used i n  
wr i t i ng  t he  expressions shown and t h i s  t a b l e  should be viewed more a s  an 
ordered c o l l e c t i o n  of t h e  p r inc ip l e s  discussed here  r a t h e r  than a s e t  of 
r igorous r e l a t i o r s h i p s .  

The non-coherent VLBI measurements a r e  thus much more demanding of 
clock performance than t h e i r  coherent counterpar t s .  indeed, t h e  
r e l a t i v e  immunity of coherent dopplrr  and range t o  c lock v a r i a t i o n s  en- 
abled reasonable performance a t  small  l igh t - t ime  d i s t ances  (5 lunar  
d i s tance)  even with t he  c r y s t a l  o s c i l l a t o r s  t h a t  were em loyed i n  t h e  
e a r l y  60's. With cur ren t  rubidium standards (Af/f < 10-"/day) good 
performance can be achieved throughout t he  t e r r e s t r i a l  p l ane t  space. I n  
con t r a s t ,  VLBI e r r o r s  a r e  dominated by clock e f f e c t s  when rubidium and 
even cesium (Aflf < lo- '  3/day) s tan6ards a r e  used. The in t roduc t ion  of 
t h e  Hydrogen maser with d r i f t s  b e t t e r  than 10-14/day has i n  l a r g e  p a r t  
prompted the  cur ren t  i n t e r e s t  i n  VLBI systems. A t  t h i s  c lock performance 
l e v e l ,  t he  VLBI accuracy es t imates  given i n  t h e  next s e c t i o n  can be 
achieved and t h e  noti-coherent measurement c l a s s  can succes s fu l ly  compete 
with i t s  coherent counterpar t .  

I V .  VLBI AS A NAVIGATION TOOL 

The maturing VLBI technology can be appl ied t o  t he  spacecraf t  navigat ion 
problem i n  each of two conceptual ways: 1 )  c a l i b r a t i o n  of t he  DSN f o r  
use as  an otherwise conventional radiometr ic  network, and 2)  d i r e c t  
spacecraf t  s i g n a l  t rack ing  with t he  VLBI da t a  acqu i s i t i on  and processing 
systems. 

VLBI f o r  DSN Ca l ib ra t i ons  

I n  Ju ly  of '79 ,  t he  f i r s t  o p e r a t i o n ~ l  VLBI system (as  cont ras ted  with the  
R&D systems which have produced the  r e s u l t s  discussed above) wi l l  begin 
taking rou t ine  measurements on the  California-Spain and Cal i forn ia -  
Aus t r a l l a  ba se l ines .  I n i t i a l l y  t h i s  system, opera t ing  i n  conjunction 
with a developed p rec i s ion  source ca ta log ,  w i l l  have t h e  c a p a b i l i t y  of 
opera t ing  with an o v e r a l l  accuracy a t  t h e  0.05 urad l e v e l .  This  CaPa- 



b i l i t y  w i l l  be e x p l o i t e d  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  inproves  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 tes  f o r  both  range and doppl. :; 
t h e  b a s e l i n e  s o l u t ~ 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 d a 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 h a n  1 x 10-13, 
b r ing ing  t h e  c l o c k ' s  c o n t r i b u t i o n  t, "he d i f f e r e n c e d  range e r r o r  
(Eq. (10))  t o  w e l l  ucder 50 cm even a t  10 AU. 

Direc t  VLBI Navigation 

The s p a c e c r a f t  can be t r e a t e d  a s  another  VLBI r a d i o  source ,  a l b e i t  one 
wi th  proper motion. P resen t  s p a c e c r a f t  do n o t  emit  s i g n a l s  wi th  band- 
widths  wide enough t o  r c a l l y  be  considered wideband sources ,  however. 
I n s t e a d ,  t h e  power i s  cen te red  w i t h i n  a few MHz of t h e  c a r r i e r ,  e f f e c -  
t i v e l y  enab l ing  t r a c k i n g  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 bu t  bandwidth s y n t h e s i s  a t  b e n e f i c i a l  
a c c u r a c i e s  cannot be performed. Thus, on ly  narrowband VLBI can b e  made 
a v a i l a b l e  f o r  a l r e a d y  launc,hed 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  inheren t  advantages of t h e  non-coherent 
d a t a  c l a s s  can be 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  VLBI 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  con junc t ion  wi th  t h e  t r a c k i n g  of a nearby 
quasar (Q < 5  deg away i n  angu la r  measure) whose source  l o c a t i o n  has  
a l r e a d y  c a r e f u l l y  been determined. I n  t h i s  procedure,  known a s  AVLBI, 
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  quasa r .  This  is  repeated 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 
t h e  s p a c e c r a f t  and t h e  source  is  cons t ruc ted .  The d i f f e r e n c e s  i n  a and 
6 between t h e  two sources  a r e  then  es t imated.  Th is  procedure has t h e  
advantage t h a t  most of t h e  sys temat ic  e r r o r  s o u r c e s ,  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  c o o r d i n a t e s ,  
ins t rumenta 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  imper fec t ions  - a r e  diminished by t h e  d i f f e r e n c i n g  opera t ion .  
The p r e c i s e  n a t u r a l  source  l o c a t i o n  e s t i m a t e  is qu ick 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 t h i s  technique.  

It  is  r e l a t i v e l y  simp1.e t o  a l t e r  t h e  broadcast  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  widehand VLBI t r ack ing .  Modulating a h igh  £re- 
quency s u b c a r r i e r  w i t h  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 t h  c h a r a c 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 t h e  quasa r .  A f a r  
b e t t e r  technique is t o  t r ansmi t  a spec+.£ i c  ranging code generated on- 
board t h e  s p a c e c r a f t  and c . 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  zenerated model of t h a t  same code i n  a 
manner s i m i l a r  t o  t h a t  used i n  a conven t iona l  2-way ranging machine. 



I n  c o n t r a s t  t o  t h e  c u r r e n t  ranging technique,  t h e  s i g n a l  would n o t  be 
demodulated and t racked  v i a  t h e  c losed  loop  r e c e i v e r ,  however. Rather ,  
t h e  s p a c e c r a f t  s i g n a l  would fo l low t h e  same r f  cha in  a s  t h e  quasar  
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  would be in t roduced ,  and d e t e c t i o n  
would t a k e  p lace  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  t h e  near  p e r f e c t  
commonality wi th  t h e  n a t u r a l  r a d i o  source  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  
system c a l i b r a t i o n .  Each s t a t i o n  execu tes  t h i s  procedure,  a one-way 
range is  c a l c u l a t e d ,  and t h e  d i f f e r e n c e  taken.  Th is  d i f f e r e n c e  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  c lock  epoch e r r o r  which must be  c a r e f u l l y  c a l i -  
b ra ted  w i t h  convent ional  VLBI. This  c a l i b r a t i o n ,  a long wi th  UT/PM 
c a l i b r a t i o n ,  can b e  performed v i a  e i t h e r  a n  e a r l i e r  mul t ip le-source  VLBI 
run  and app l ied  t o  t h e  D i f f e r e n t i a l  One-Way Ranging (DOR) d a t a  o r  t h e  
DOR d a t a  can be  obta ined i n  conjunct ion w i t h  t h e  t r a c k  of a s i n g l e  v e r y  
nearby quasar i n  a manner s i m i l a r  t o  t h e  narrowband AVLBI method a l r e a d y  
descr ibed.  Which method i s  employed o p e r a t i o n a l l y  would be  de te ru ined  
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 quasa r ,  t h e  number of 
s p a c e c r a f t  t h a t  need t o  be  t racked,  t h e  a v a i l a b d l i t y  of t r ansmiss ion  
l i n e s  for t h e  VLBI d a t a ,  t h e  time c r i t i c a l i t y  of t h e  s p a c e c r a f t  
r e s u l t s ,  and t h e  abi!.ity of t h e  c locks  t o  hold an  epoch synchronizat ion.  

An e x t e n s i v e  e r r o r  a n a l y s i s  and d i s c u s s i o n  of t h e  wide-band VLBI, o r  
DORY technique was presented by Melbourne and Curkendall  i n  a n  e a r l i e r  

As a  r e s u l t  of t h a t  and subsequent a n a l y s i s ,  i t  i s  f e l t  t h a t  
a  conf iden t  p r e d i c t i o n  of t h e  performance of such a  system can be made 
a t  t h e  0.05 prad l e v e l .  The narrowband AVLBI can perform a t  s i m i l a r  
l e v e l s  f o r  s p a c e c r a f t  a t  h igh d e c l i n a t i o n ,  bu t  would degrade w i t h  t h e  
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 o r  a l l  narrowband t r a c k i n g .  

These a c c u r a c i e s ,  a long  wi th  t h e  accuracy of t h e  coheren t  t r a c k i n g  
e a r l i e r  d i scussed ,  i s  summarized 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  cons tan t  performance of t h e  wide-band 
method wi th  d e c l i n a t i o n  i s  of t h e  utmost importance. I n  a.dditiori,  t h e  
t r ack ing  t ime requ i red  f o r  a  complete observa t ion  is  much smal le r  f o r  
t h e  wide-band system s i n c e  no d i u r n a l  s i g n a t u r e  need be observed.  Ob- 
s e r v a t i o n s  from two b a s e l i n e s  a r e  requ i red  however. The narrowband 
approach s u f f e r s  from 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 e m a t i c  e r r o r  sources  
s o  only  t n e  AVLBI mode should be used t o  meet a  p r e c i s i o n  requirement.  
The wideband is more immune and o f f e r s  g r e a t e r  t r a c k i n g  s t r a t e g y  f l e x -  
i b i l i t y .  I t  is  thus  l e s s  dependent on t h e  e x i s t e n c e  of a  nearby quasar .  
This could be important  f o r  some a p p l i c a t i o n s  s i n c e  a t  t h e  p r e s e n t  
t ime , . f ew s u i t a b l e  sources  have been found i n  t h e  p o r t i o n  of t h e  
c e l e s t i a l  sphere  where t h e  a laxy  p a r t i a l l y  obscures  e x t r a g a l a c t i c  
o b s e r v a t i ~ n s  (Pres ton  et a l g l ) .  This r e s u l t s  i n  two bands a long t h e  
e c l i p t i c  p lane,  each measuring about 30 deg i n  e x t e n t ,  n e a r l y  devoid of 
s u i t a b l e  sources .  F i n a l l y ,  t h e  pos t  c o r r e l a t i o n  d a t a  process ing i s  
more d i f f i c u l t  f o r  t h e  narrowband AVLBI riatz. The key t o  t h e  accuracy 
i s  t h e  a c c u r a t e  c o n s t r u c t i o n  of t h e  a c c u m ~ ~ l a t e d  phase de lay  change over 
t h e  4 hour per iod f o r  both  t h e  s p a c e c r a f t  and t h e  quasa r .  Care must be 
taken t o  ensure  i l ia t  t h e  phase is e x t r a p o l a t e d  p roper ly  t o  w i t h i n  one 



r f  c y ~ l e  (13 cm a t  S; 3.5 cm a t  X-band) dur ing  t h e  time per iods  when t h e  
antennds a r e  moving o r  a r e  on t h e  o p p o s i t e  source ,  

On a  more p o s i t i v e  no te ,  narrowband AVLBI can be ve ry  u s e f u l  f o r  t r a c k -  
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  s e n s i t i v i t v  f o r  t h e  detec-  
t i o n  of proper motion over s h o r t  t ime p e r i o d s  (< 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  VLBI t o  - Clock Per fo rn~ance  

D i f i e r e n t i a l - ,  o r  A-VLBI, i s  i n t e r m e d i a 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  111 and 
f o r  t h a t  reason dese rves  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 r o p o r t i o n a 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 LVLBI, when t h e  sources  sre bo th  w i t h i n  a  s i n g l e  beamwidth of t h e  
antennas ,  t h e  normal swi tch ing  ':etween t h e  two a s  desc r ibed  above is  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  9f 

c lock  v a r i a t i o n s  c a n c e l s  ou t .  A l l  t h a t  i s  needed i n  t h i s  c a s e  a r e  
c locks  w i t h  coherence t imes long enough t o  d e t e c t  t h e  s i g n a l s  (x a few 
minutes) .  Beyond a  s i n g l e  beamwidth s e p a r a t i o n ,  cntenna switching i s  
necessa ry  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  records  w i l l  have 
complimentary d a t a  outages  a s  shown i n  Figure  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  cper-  
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  t o g e t h e r  i n  t!me 
a s  p o s s i b l e  o r  one f u l l  c y c l e  t ime, denote3 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  is  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: 

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 (T) can 
a l s o  be w r i t t e n .  The i r  d i f f e r e n c e  w i t h  t h e  t ime s h i f t ,  A t  is 

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  v a l u e  of t h e  c lock  induced 
e r r o r  f o r  t h e  whi te  frequency n o i s e  and l i n e a r  d r i f t  exsmplcs used 
e a r l i e r .  



i )  White Frequency bloise 

i i )  L inear  Frequency D r i f t  

0 
ck 2 

= - (At + 2TAt) ( c . f .  366) 
AApE 2 

I n  comparing t h e s e  express ions  w i t h  t h o s e  de r ived  e a r l i e r ,  n o t e  t h a t  i f  
t h e  s v i t c h i n g  t ime i s  s h o r t e r  than t l ie 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 rder  o i  10 minutes ,  - is o f t e n  s e v e r a l  h o u r s ) ,  t h e  
A K B I  d a t a  i s  a c t u a l l y  l e s s  s e n s i t i v e  t~ t h e  t ~ h i t e  frequency n o i s e  t h a n  
i s  two-way counted doppler .  The express ion  f o r  t h e  l i n e a r  d r i f t  model 
i s  a good i l l u s t r a t i o n  t h a t  t h e  s e n s i t i v i t y  t o  more s y s ~ e m a t i c  c 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 h e  coherent  and non-coherent forms 
d i scussed  ir S e c t i o n  111. 

Por l a r g e r  source  s e p a r a t i o n s ,  t h e  s i t u a t i o n  is somewhat more cdmplex. 
A s  t h e  ang le  i n c r e a s e s ,  -t soon becomes apparent  t h a t  i f  b o t h  s c u r c e s  
a r e  t racked over t h e  sa;,le t ime per iods  ( e . g .  t = 0 t o  T) excep t  f o r  t h e  
a l t e r n a t i n p  outages ,  t h e  c e n c e l l a t i o n  of o t h e r  e r r o r  sources  w i l l  n o t  b e  
n e a r l y  s o  complete as i f  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 a 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  i n  
t h e i r  r i g h t  a scens ions  snd t h a t  t h e  dominant e r r o r  s o u r c e  i s  t n e  tropo- 
s p h e r i c  s c a l e  h e i g h i .  It should be c l e a r  t h a t  ia t h i s  c i rcumstance,  t h e  
b e s t  s t r a t e g y  would be t o  t r a c k  sach source  over t h e  same range of hour 
a n g l e s  and z t sgger  t h e  i ime i n t e r v a l s  a s  shown i n  F igure  10 .  



I n  t h i s  circumstance, t he  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 is s t r i c t l y  needed f o r  the switching time operat ion a s  is i l l u s c r a -  
ted i n  the f igure .  More genera l ly ,  the  global  t racking scenar io  and the  
e f f e c t i v e  A t  must be chosen t o  minimize the  sum of a l l  the  e r r o r  sources,  
a problem beyond the  scope of t h i s  s h o r t  discussion.  Once chosen how- 
ever ,  the  c lock ' s  cont r ibu t ion  t o  the accumulated e r r o r  can be m i t t e n  
d i r e c t l y  i n  terms of t he  h l l a n  Variance a s  

I n  wideband AVLBI, t h ~  t racking s t r a t e g y  is s impl i f ied  t o  a  s i n g l e  obser- 
va t ion  of each source. The c lock ' s  con t r ibu t ion  t o  t h e  e r r o r  i n  t he  
d i f f e r ence  of t he  two r e s u l t i n g  time delay measurements a r e  1 )  t he  e r r o r  
suffered i n t e r n a l  t o  t he  measurement i t s e l f ,  and 2) the  clock o f f s e t  
d r i f t  i n  between the  two measurements, spaced A t  apa r t .  The determina- 
t i o n  of the f i r s t  of these  i s  beyond the  scope of t h i s  d i scuss ion  (but 
should be smal l ) ,  t h e  second is  given by (18) j u s t  a s  i n  t h e  narrowbaad 
casQ.  The r e a l  d i f f e r ence  between t h e  narrow and wideband cases  is t h a t  
t he  narrowband transformation t o  r i g h t  ascension and dec l ina t ion  e s t i -  
mates is i t s e l f  more s e n s i t i v e  t o  a  time delay e r r o r  change (by about a 
f a c t o r  of 5 a t  high dec l ina t ion ,  growing gradual ly worse a s  dec l ina t ion  
is  reduced) than is the  wideband transformation s e n s i t i v i t y  t o  time 
delay e r ro r .  

A s i n g l e  numerical example should se rve  t o  put these  r e l a t i onsh ips  i n  
perspect ive.  During the  1979 Voyager encounters with J u p i t e r ,  a narrow- 
band AVLBI demonstration is  planned whose accuracy goal i s  s e t  a t  t h e  
.05 w a d  l e v e l .  A s i n g l e  quasar,  05287, is  being used ds t h e  re ference  
n a t u r a l  source throughout the  seve ra l  month experimentation period; t h e  
appropriate  A t  is  a s  l a r g e  a s  45 min. The e r r o r  con t ro l  needed t o  
achieve t h i s  accuracy i s  approximately 7 cm of range change c r r o r  during 
rhe  4 hour i n t eg ra t ion  period. I f  1 cm is  the  c lock ' s  a l l o c a t i o n ,  
the  two-sample Allan Variance clock performance required is (from (18): 

A t  = 45 min. 

I f  wideband AVLBT were possible ,  the  same accuracy l e v e l  could be  
achieved with a  t o t a l  e r r o r  budget of a b o ~ t  40cm. I f  1 /7  of t h i s  were 
a l loca t ed  t o  the clock,  t h e A f / f  s p e c i f i c a t i o n  could be relaxed t o  
5 x 10-14. Alterna te ly ,  and probably of more p r a c t i c a l  importance, a 

* ,  .. .... ,. .AP AIXI,*L. ,  A'.., & ', . 
.,-, - . I.. I-- , Urri 1 

. , . , . . ,> .. .. ~ -1 



clock operatin: at 8.8 x lo-'' could 3e used to lengthen the time 
between epoch calibration and spacecraft use; i . e . ,  the 45 min. 
could be stretched to several hours. 
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Table 11. 

Approximate Evaluation of Expected Metric Error, 9 , In 
Terms of the Two Sample Allan Variance (?I: . A% 

Two-way 
Caherent Yeasurements 

- - 

Narrowband 
A t  

-3ly scc kt?-y true for 
white p:la<:e and frequency 

an approximate inter- 
pretation of Allan I 

[ Variance I 
where 

c = speed of light I 
(F)~ = tho sample Allen Variance evaluated at f smoothing time 

T = round trip light-cime to coherent transponder 

T = time from beginning of Ap integration I A f i  = error from frequency ~ynchronirniion operation 
S 

A = error from clock epoch synchronization operation 

At - time from clock synchronization to T I 
) @ , an operator impling addition of errors in the m s  sense 
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F i g u ~ e  3. The Difference of Two Ranging Measurements 
from Stations Widely Separated in Latitude 
can Accurately Measure Declination of Probe 



I r I 
- 

CURRENT DOPPLER SYSTEM 
PERFORMANCE 

- 

PREDICTED DIFFERENCED RANGE 
SYSTEM PERFORMANCE 

- 
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Figure  4 .  Accuracy Performance of Doppler and Ranging System v e r s u s  
Nominal Probe Dec l ina t ion .  

F igure  5. Wideband VLBI can Estimate Source Locat ion by Measuring 
t h e  D i f f e r e n t i a l  Time of A r r i v a l .  
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Figure 8. Counted Doppler Response, 
Ap (-1 

To a Unit Step 
of Aflf .  

A 
ANTENNA SWITCHING TIME 

Ap( t )  

EXTRAPOLATION 

Figure 9. Narrowband AVLBI Phase Record Showing Alternate 
Data Gaps Due to Antenna Switching. 
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Questions and Answers 

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

I might update a couple o f  c o n e n t s  tha t  were made i n  t h a t  one. I 
be1 ieve there has been one successful spacecraft-to-quasar d e l t a  
VLBI experiment which was done by Shapiro e t  al. a t  MIT, and Newhall 
e t  a l .  i n  your  shop, on the  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 ik ing  
Oroi ter ,  and the 05-287 quzsar. That was done about a year ago, and 
the  data i s  s t i l l  being processed, but  i t  appears t h a t  it was 
successful. 

I j u s t  wanted t o  s t ress one t h i n g  i n  terms o f  the angular mea- 
sur2s t h a t  were mentioned here. The un i ts ,  mi l l iseconds of a rc  and 
so fo r th ,  were stressed a few times, and I j u s t  wanted t o  remind you 
what a m i  11 isecond of arc was. 

If I took t h i s  quar ter  and gave i t  t o  Dave, and t o l d  him t o  
take i t  back t o  Pasadena and t r i e d  t o  look a t  i t  from here, t h a t  i s  
about a m i l  1 isecond o f  arc. That i s  ha l f  a nanoradian. 

I would po in t  out t h a t  there  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 tens of picoradians i n  terms o f  
d i f f e r e n t i a l  pos i t ions  by a d e l t a  VLBI type technique. They are 
on ly  a degree apart on the sky, but i t  i s  the  size, roughly, o f  
George's eyebal l  on t h i s  th ing,  i n  t he  same analogy as before. 

MR. CURKENDALI. : 

Yes. Not on ly  has there been one experiment w i t h  the  Vik ing space- 
c r a f t ,  there  are something l i k e  20, an unknown number o f  which are 
successful, s i t t i n g  i n  our data hoppers. 

By rrry remark, I meant I don' t  t h i n k  anybody has been ever able 
t o  run an experiment where the accuracy bad t o  be seven centimeters, 
and then be able t o  prove t h a t  i t  was. And I th ink  t h a t  i s  accu- 
ra te ;  i t has probably 3ever been done. And I t h i n k  t h i s  i s  t he  same 
t h i n g  whether you can r e a l l y  wr ing t h a t  k ind  o f  performance out of 
the system o r  not. 

DR. CARROLL ALLEY, Uni v e r s i t y  o f  Mary1 and: 

Unfortunately, I ar r i ved  l a t e  f o r  your ta lk .  You may have mentioned 
t h i s  a t  the  beginning. But i t  i s  worth p o i n t i n g  out, I th ink ,  t h a t  
w i th  t h i s  coherent t rack ing,  and w i t h  a qood transponder on these 
deep spacecraft, t ha t  there i s  a po ten t i a l  o f  measuring low f r e -  
quency g rav i t a t i ona l  waves t h a t  may wel l  be occurr ing i n  the  un i -  
verse. That i s ,  t he  pa r t  i n  1014 t h a t  you are s t r i v i n g  fo r  i s  about 
three orders o f  magnitude too insens i t i ve ,  according t o  the  current  
estimates o f  my f r i e n d  Kip Thorne arid o -her  people. 

Nevertheless, I would l i k e  t o  submit, as i n  an e a r l i e r  discus- 
s ion  today, t ha t  we do not know ever th ing about t he  universe, and 
tha t  there may wel l  b t  grav i ta t i ona l  r a d i a t i o n  o f  higher amplitudes 



than i s  nred ic ted,  and I hope t h a t  you w i l l  be keeping a  very care- 
f u l  watch, even a t  i?: p a r t  i n  1014 leve l .  The s t r a i n  induced, t h e  
d e l t a  L  over L  i n  t he  d i s t d ~ x ~  between t he  spacecraf t  and t h e  ear th ,  
i s  t h e  same as t n e  s t r eng th  o f  t h t  g r a v i a t i o n a l  r a d i a t i o n .  

MR. CURKENDALL : 

1 understand. 

DR. ALLEY: 

.>nd so t he re  may j u s t  be some r e l i c  r a d i a t i o n  o f  t h i s  ampl i tude 
around t h a t  would show up i n  such measurements. 

MR. CURKENDALL : 

Yes. I t h i n k  your  word " r e l i c "  i s  t h e  key here. The t h i n g  I don ' t  
l i k e  about t h e  K i p  Thorrle 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 the  co l lapse  o f  something l i k e  108 s o l a r  
maszes, you w i l l  get  a  d i f f e r e n t i a l  movement between t h e  spacecraf t  
and t he  earth.  

And maybe t h i s  occurs something l i k e  once every 30 years. You 
w i l l  get  a  d i f f e r e n t i a l  change i n  l eng th  between t h e  e a r t h  and t h e  
spacecraf t  o f  about one and a  h a l f  m i  1  . imeters  ; and t h e  problem o f  
s i t t i n g  around f o r  20 years  w a i t i n g  f o r  t h a t  t o  happen i s  irrmense. 

What seems more f eas ib l e  t o  me i s  t o  look a t  what you have j u s t  
said:  S i t  t he re  and look f o r  t h e  backgrsound r a d i a t i o n .  I f  you can 
put an X-band u p l i n k  on t h e  spacecraf t ,  and get masers down t 9  a  few 
p a r t s  i n  1015, t h e  numbers a l ready  work out t h a t  yau chould b? ab le  
t o  see enouGil g r a v i t a t i o n a l  energy t h a t  would c l ose  t h e  ~ n i v e r s e .  
And t h a t  i s  much b e t t e r  than w a i t i n g  around. 

And the  advantage o f  t h a t  sxperi lnent i s  if you go out and you 
look and you don ' t  see anything, you can go home. And t h a t  i s  
r e a l l y  important.  

DR. VICTOR REINHARDT, NASA Goddard Space F l  i ght Center: 

Just  one q u e s t i o , ~  and i t  i s  a  p a r t i a l  comment: I s  t h e r e  any poss i -  
b i l i t y  of us ing t e l eme t r y  in fo rmat ion  t o  increase t h e  bandwidth and 
narrowbznd VLBI t o  g i ve  you an e f f e c t i v e  wideband? 

MR. CURKENDALL : 

The te lemetry ,  r i g h t  now, runs about 330 k i l o h e r t z  subca 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 igna l  and the no ise are so much b e t t e r ,  t h e  
te lemet ry  r a t e  coming back i s  no t  t h a t  high. And t h a t  i s  not  very 
much bandwidth spreading. 

We are do ing t h a t  as p a r t  of t h i s  demonstrat ion prograni. I n  
f a c t ,  we have a  mode where we leave t h e  subca r r i e r  on, bu t  t u r n  c f f  
t he  modulat ion so ycu get t h e  n i ce  pure s ine  waves, and you look a t  
t h e  harmonics o f  those s i ne  waves. 



It i s  j u s t  l i k e  the  Goddard side-tone ranging system, i n  terms 
of being ab le  t o  de tec t  t ha t .  

But we detect  i t  through the  open loop  RF chain,  and c a l i b r a t e  
w i t h  t h e  quasar s ignals .  And so, yes; you can do i t  as a r e s t r i c t e d  
bandwidth s o r t  o f  th ing.  

What we hope t o  put on Gal i ieo  i s  tones o f  plus-minus 20 mega- 
h e r t z  on down, and t h a t  ought t o  do it. 

MR. DAVID W, ALLAN, Nat ional  Bureau o f  Standards: 

I would t h i n k  t h a t  t h i s  l e v e l  o f  s e n s i t i v i t y ,  you would be s e n s i t i v e  
t o  l una r  c r u s t a l  t i d a l  movements o f  the  mant le o f  t he  earth.  This 
was not mentioned. I was j u s t  wondering i f  t h i s  i s  a problem. I s  
t h i s  not of t he  order  o f  a meter o r  two? I am not sure. 

MR. CURKEWALL: 

Yes, they are; and I t h i n k  our Chairman can g i ve  b e t t e r  words on 
tha t .  I t h i n k  t h e  bottom l i n e  i s  t h a t  you have t o  model "; bu t  i t  
i s  thought t o  be modelable. 

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

Yes, there  are a number o f  these l i t t l e  subt le ,  i n s i d i o u s  e f f e c t s  
t h a t  a f f e c t  t he  s t a t i o n s  on t h e  earth.  The p a r t i c u l a r  one w i t h  
t i d e s  i s  not as bad as many o f  t he  others  because t h e  t i d e s  have a 
semi-diurnal s ignature,  and i t  i s  very easy t o  p u l l  semi-diurnal  
s ignatures out, because a l l  o f  the  t h i ngs  t h a t  Dave was t a l k i n g  
about were d i u r n a l  s ignatures. It i s  those d i u r n a l  ones t h a t  a re  
much more i ns i d i ous  and g ive  you a l o t  more t r oub le ;  t h i ngs  l i k e  
d i u rna l  p o l a r  motion, f o r  example. 

MR. CURKENDALL : 

Do you know what you are most s e n s i t i v e  t o ?  I once d i d  a spectrum 
analys is ,  and f o r  reasons I have never q u i t e  understood, you a re  
r e a l l y  most s e n s i t i v e  t o  t w i c s  d i u r n a l  ra tes.  With a g iven amount 
o f  power, you are more s e n s i t i v e  t o  something w i t h  a 12-hour pe r i od  
than a 24-hour per iod. I have never q u i t e  understood t h a t ,  phys i -  
c a l  ly. 




