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ABSTRACT 

Four s e t s  of experiments were conducted t o  measure 
t h e  r e l a t i v e  epoch o f f s e t s  between atomic c locks  i n  
C a l i f o r n i a ,  Aus t r a l i a ,  and Spain by means of very- 
long-baseline in ter ferometry  (VLBI). The experi-  
ments were conducted us ing  an incomplete R & D 
V L B I  system wi th  a  number of inherent  l i m i t a t i o n s .  
However, t h e  r e s u l t s  g ive  us confidence t h a t  our 
measurement o b j e c t i v e  of epoch o f f s e t  t o  10  nano- 
seconds w i l l  be met us ing  t h e  c a r e f u l l y  c a l i b r a t e d  
system t o  begin r egu la r  opera t ion  next  year .  

INTRODUCTION 

With t h e  increas ing  nav iga t iona l  p rec i s ion  demanded of f u t u r e  p lane tary  
missions comes t h e  increas ing  need f o r  p rec i se  monitoring of t h e  atomic 
frequency s tandards  a t  t h e  deep space t racking  s t a t i o n s  i n  Goldstone, 
Ca l i fo rn ia ,  Canberra, Aus t r a l i a ,  and Madrid, Spain. To keep the  c lock  
con t r ibu t ion  t o  range e r r o r  a t  o u t e r  p lane t  d i s t ances  (beyond Mars) 
below 0.5 meters  i t  w i l l  be necessary t o  know t h e  r e l a t i v e  frequency 
o f f s e t s  to  t h r e e  p a r t s  i n  1013. I n  add i t ion ,  t h e  Deep Space Network 
(DSN), which i s  charged wi th  opera t ing  and maintaining t h e  s t a t i o n s ,  
has a vigorous i n t e r e s t  i n  monitoring t h e  behavior of i t s  c locks  a s  
p rec i se ly  a s  poss ib le .  Consequently, a  v a r i e t y  of methods f o r  i n t e r -  
con t inen ta l  c lock comparison have been under eva lua t ion  a t  JPL f o r  some 
time. 

OBJECTIVES AND PLAN 

I n  t h e  Navigation Systems Sect ion  a t  JF'L we p lan  soon t o  begin r egu la r  
weekly monitoring of s eve ra l  c lock and geophysical parameters by t h e  
technique of very-long-baseline in ter ferometry  (VLBI) [I-71. Each 
weekly observing ses s ion  w i l l  employ two  base l ines  ( sequen t i a l ly ) ,  
with e i g h t  t o  10 observat ions of e x t r a  g a l a c t i c  rad io  sources on 
each, and w i l l  l a s t  approximately t h r e e  hours.  From t h e  da ta  gathered 
during one se s s ion  we expect t o  determine: . UT1 t o  + 0.7 msec . Polar  motion (X and Y)  t o  t 0.3 m 



Clock epoch o f f s e t  t o  + 10 nsec 
A 

Clock frequency o f f s e t  t o  f 3 p a r t s  i n  10  
1 3  

From t h e  weekly epoch o f f s e t s  yg w i l l  be a b l e  t o  compute long-term c lock  
s t a b i l i t y  t o  a  few p a r t s  i n  10 Within seve ra l  years ,  when va r ious  
p ieces  of dedicated hardware a r e  i n  p l ace ,  we w i l l  be a b l e  t o  produce 
those r e s u l t s  w i th in  24 hours of t h e  onse t  of d a t a  tak ing .  

THE VLBI SYSTEM 

To ob ta in  r e s u l t s  of t h a t  q u a l i t y  we r e q u i r e  both a  very accura t e  p r i o r  
knowledge of the  VLBI geometry and t h e  a b i l i t y  t o  remove a  number of 
contaminating de lays .  The diagram below i l l u s t r a t e s  t h e  VLBI geometry. 

The s i g n a l  a r r i v e s  from a  d i s t a n t  r a d i o  source and is received f i r s t  a t  
S t a t i o n  1 and then,  a  time T l a t e r ,  a t  S t a t i o n  2 .  The received s i g n a l s  
a r e  sampled and recorded on magnetic tape with time-tags derived from 
t h e  s t a t i o n  clocks.  The apparent  delay can be very p r e c i s e l y  measured 
by l a t e r  c ros s -co r re l a t ion  of t h e  two recorded s i g n a l s .  When a l l  com- 
ponents of t h e  t r u e  delay T have been accura te ly  modeled o r  otherwise 
c a l i b r a t e d  and removed from t h e  measured de lay ,  what remains is t h e  
apparent  delay due t o  c lock  synchronizat ion e r r o r .  

The components of t h e  t r u e  de lay  inc lude  
T - t h e  de lay  due t o  geometry 
G 

T - t h e  de lay  due t o  atmospheric charged p a r t i c l e s  P 
TN - t h e  delay due t o  t h e  n e u t r a l  atmosphere . T - the delay due t o  ins t rumenta t ion  
I 

Removing t h e  geometric de layrequi resknowledge  of base l ine  l eng th  t o  
-3.5 m and of source p o s i t i o n s  t o  -4.01". Such accurac ies  a r e  norr being 
achieved wi th  VLBI measurements being made a t  JPL and elsewhere, The 
VLBI c lock  monitoring system t o  begin opera t ion  next  year  w i l l  in -  
c lude  enhancements to  remove t h e  o t h e r  de lay  components. They include:  



S- and X-band recording f o r  dual-frequency c a n c e l l a t i o n  
of charged p a r t i c l e  de lay .  
More accura te  modeling of the  n e u t r a l  atmosphere based 
on su r face  weather measurements and ( l a t e r )  water vapor 
radiometer measurements. . Continuous c a l i b r a t i o n  of ins t rumenta l  phase and group 
delay [8 ,9] .  

In  a d d i t i o n ,  t h e  near-simultaneous observa t ions  on two base l ines  w i l l  
permit s o l u t i o n  f o r  UTI and po la r  motion, thereby improving t h e  geo- 
met r ic  model. 

While t h i s  system has been under development, we have been conducting 
experiments with an e a r l i e r  3 & D system employing none of those 
enhancements. Consequently, t h e  r e s u l t s  presented here  a r e  subs t an t i -  
a l l y  degraded by e r r o r s  from t h e  corresponding sources.  Perhaps t h e  
most s e r ious  of these  e r ro r s - -occas iona l ly  producing l a r s e  apparent  
changes i n  epoch o f f s e t  from one experiment t o  t h e  next--are a )  cnanges 
i n  ins t rumenta l  delays r e s ~ l t i n g  from minor conf igura t ion  changes, and 
b) spurious epoch jumps a t  the  temporary clock reference  po in t  used f o r  
these  experiments. Those e f f e c t s  would be removed by t h e  ins t rumenta l  
c a l i b r a t i o n  system. 

In  add i t ion ,  t h e  absence of ins t rumenta l  c a l i b r a t i o n  prevented our  
using t h e  "bandwidth synthes is"  technique t o  achieve l a r g e  bandwidths 
and hence very p r e c i s e  delay measurements [10,11] .  The de lay  measure- 
ments repor ted  here  were obtained with one comparatively narrow 1 .8  MHz 
channel a t  S-band. 

We must t he re fo re  be c a r e f u l  i n  de f in ing  t h e  de lay  measurement e r r o r .  
The p rec i s ion  of t h e  measurements - - tha t  is ,  t h e  random e r r o r  due t o  
such usual  sources a s  ionosphere, n e u t r a l  atmosphere, geometric model- 
i ng  e r r o r ,  and system noise  -- i s  est imated a t  40 nanoseconds. However, 
because of t h e  occasional  changes i n  ins t rumenta l  delay,  t h e  o f f s e t  
v a r i a t i o n  from one experiment t o  t h e  next  can be a s  much a s  seve ra l  
hundred nanoseconds, F i n a l l y ,  t h e  l a r g e ,  uncorrected,  but  cons tant  
instrumental  delay in t roduces  a b i a s  i n  de lay  measurements of up t o  
one microsecond. 

RESULTS 

We have obtained epoch o f f s e t  measurements between t h e  Ca l i fo rn ia  - 
Aus t ra l i a  and Ca l i fo rn ia  - Spain c lock  p a i r s  f o r  two experimentat ion 
per iods  l a s t i n g  seve ra l  months each, Figure 1 shows a s e t  of 10 
epoch o f f s e t s  measured between Ca l i fo rn ia  and Aus t r a l i a  over  t h e  
period 30 Sep 78  t o  13 Jan 79.  Both s t a t i o n s  were us ing  hydrogen 
masers a s  primary s tandards .  The cause of t h e  r a t e  change, apparent ly  

- i n  e a r l y  December, i s  unknown. Because of t h e  sparseness  of p o i n t s ,  



exact  placement i n  t ime of t h e  rate change is impossible.  There i s  a  
c l e a r l y  anomalous poin t  i n  e a r l y  November, i n d i c a t i n g  e i t h e r  a l a r g e  
('-430 ns )  temporary ins t rumenta l  g l i t c h  o r  a  much e a r l i e r  r a t e  change 
not  well-determined by t h e  da ta .  We i n t e r p r e t e d  i t  a s  t h e  former and 
excluded i t  from t h e  l i n e a r  f i t .  Residuals t o  t h e  two f i t t e d  l i n e s  a r e  
shown i n  Figure 2. The rms r e s i d u a l ,  excluding t h e  anomalous p o i n t ,  is 
39 ns.  The i r r e g u l a r  spacing of samples i n  Figure 1 and subsequent 
p l o t s  precludes t h e  meaningful computation of t h e  two-sample var iance .  
F!owever, a s  an item of information we have computed i t  and included i t  
with t h e  numerical d a t a  from those p l o t s ,  The da ta  f o r  Figures 1 and 2  
a r e  given i n  Table 1. 

Figure 3  shows a  s e t  of e i g h t  o f f s e t s  measured between Ca l i fo rn ia  and 
Spain over t h e  period 23 Oct 78 t o  24 Dec 78, Clear ly  evident  i s  t h e  
onse t  of apparent ly  abe r ran t  clock behavior a t  t h e  s i x t h  po in t .  The 
jump a t  t h a t  poin t  i s  bel ieved t o  be due t o  instrumentat ion l o c a l  t o  
our  VLBI system, probably t h e  sync mechanism of t h e  temporary c lock ,  a s  
i t  did not  appear i n  da t a  taken simultaneously with another  experi- 
mental JPL VLBI system, t h e  "Wideband Data Acquisi t ion System" (WBDAS) 
1121. The smal le r  r i s e  i n  t h e  l a s t  two po in t s  has  apparent ly  o t h e r  
causes s i n c e  i t  does appear i n  the  WBDAS d a t a .  Note t h e  switch a t  
Spain from a  cesium standard t o  a  hydrogen maser before  t h e  l a s t  p o i n t ,  

To more c l e a r l y  i l l u s t r a t e  t h e  changes a t  t h e  l a t e r  p o i n t s ,  t h e  l i n e  i n  
Figure 3  was f i t t e d  t o  t h e  f i r s t  four  p o i n t s  only.  Figure 4 i s  a  p l o t  
of t h e  r e s i d u a l s  t o  t h a t  f i t ,  Table 2  g ives  t h e  va lues  from those  
p l o t s  a s  we l l  a s  t h e  r e s i d u a l s  t o  a  l i n e  f i t t e d  t o  a l l  e i g h t  po in t s .  

Figure 5  i s  a  p l o t  of 13 o f f s e t s  measured between C a l i f o r n i a  and 
Aus t r a l i a  over the  period 19 May 79 t o  25 Sep 79. Note t h a t  Aus t r a l i a  
was opera t ing  wi th  a  cesium primary s tandard u n t i l  t h e  l a s t  poin t  and 
t h a t  two d i f f e r e n t  Aus t r a l i a  antennas were used. Those antennas use  a  
common frequency s tandard;  however, t h e r e  is a  small unknown i n s t r u -  
mental de lay  d i f f e r e n c e  between themwbichis  uncorrected i n  t h e  da ta .  

The outs tanding  f e a t u r e  of F igure  5 is t h e  abrupt ,  temporary r a t e  
change i n  e a r l y  August. A s  i t  happens, those respons ib le  f o r  maintain- 
i ng  t h e  frequency s tandards  had t h e  r a t e  at  Ca l i fo rn ia  ad jus t ed  on 
1 August and then had i t  r e s e t  on 16 August. The two anomalous po in t s  
f a l l  on 6  and 11 August, Separate  l i n e s  were f i t t e d  t o  t h e  po in t s  
before and a f t e r  the  d i s r u p t i o n ,  Note t h a t  t h e  r e s e t  d i d  n o t  r e s t o r e  
t h e  r a t e  t o  p rec i se ly  i t s  o r i g i n a l  va lue .  The r e s i d u a l s  t o  t h e  f i t  
a r e  p lo t t ed  i n  Figure 6 and the  numerical va lues  given i n  Table 3 .  

Fina l ly ,  Figure 7 shows a  s e t  of e i g h t  o f f s e t s  measured between 
Ca l i fo rn ia  and Spain over t h e  period 23 Jun 79 t o  25 Sep 79. Both 
s t a t i o n s  employed H-masers a s  primary s tandards ,  however, aga in  two 
d i f f e r e n t  overseas antennas with a  common c lock  were used. For a  



number of reasons,  inc luding  s t a t i o n  conf igura t ion  changes and sca rce  
antenna time a t  Spain, t h e r e  is a  l a r g e  gap i n  t h e  da ta  from t h e  begin- 
ing  of August t o  e a r l y  September, 

The two s e t s  of po in t s  show markedly d i f f e r e n t  s l o p e s  of  - 6 . 6  x 10 -14 
and 5 . 1  x 1 0 ~ ' ~ .  Since the re  is no comparable r a t e  change over the  
same period i n  the  Ca l i fo rn ia  - Aus t ra l i a  da t a ,  we conclude t h a t  the  
change i n  s lope  is  due t o  a  r a t e  change i n  the  H-maser a t  Spain. How- 
eve r ,  we a r e  unaware of any d e l i b e r a t e  r e s e t t i n g  of t h a t  c lock.  
Residuals t o  t h e  f i t s  a r e  shown i n  Figure 8 and t h e  numerical va lues  
given i n  Table 4. 

CONCLUSIONS 

I n  view of t h e  spurious clock and ins t rumenta l  de lay  jumps inherent  i n  
t h e  d a t a ,  t h e  f i t t i n g  r e s i d u a l s  from Tables 1-4 of 39 ns ,  56 ns  
(&point f i t ) ,  50 ns ,  and 43 ns a r e  c o n s i s t e n t  wi th  t h e  quoted p rec i s ion  
of 40 ns i n  delay measurements. Recent experience with ope ra t iona l  
phase c a l i b r a t o r s  and wide bandwidth delay measurements 1131 sugges ts  
t h a t  t h e  observed v a r i a b i l i t y  w i l l  be much reduced when those f e a t u r e s  
a r e  incorporated i n t o  t h e  ope ra t iona l  system. When, i n  a d d i t i o n ,  t h e  
planned enhancements t o  c o r r e c t  f o r  propagation media and geodynamic 
e f f e c t s  become ope ra t iona l  i n  1980, w e  should have l i t t l e  t roub le  
achieving t h e  de lay  measurement accuracy r equ i red .  
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Table 1 

Clock Offset Data for California-Australia Baseline 
30 Sep 78 - 13 Jan 79 

Date Epoch Measured* Residual Square Root Allan 
offset, ps to Fit, ns Variance, x 10-l3 

30 Sep 
14 Oct 
23 Oct 
27 Oct 
4 Novt 
29 Nov 
13 Dec 
20 Dec 
31 Dec 
13 Jan 32.662017 16.984 7 3 

RMS 39 

*Approximate sigma for all offsets is 40 ns 
+Not included in fit or in RMS residual 

Table 2 

Clock Offset Data for California - Australia Baseline 
23 Oct 78 - 24 Dec 78 

Residual Residual Square Root 
Date Eooch - - -  t o to Allan Measured* 

Offset, 4-point 8-point Variance, 
PS Fit, ns Fit, ns x 10-l3 

23 Oct 25.655368 -3.965 3 
30 Oct 26.180608 -3.828 -2 
5 Nov 26,754849 -3.672 -2 
20 Nov 28.005401 -3.329 2 
27 Nov 28.611230 -3.184 -1 8 
3 Dec 29.202867 -2.800 206 
16 Dec 30.249901 -2.604 118 
24 Dec 30.942036 -2.385 149 

RMS 99 
1 1.82 

RMS 56 



Table  3 

Clock Of f se t  Data f o r  Ca l i fo rn i a -Aus t r a l i a  Base l i ne  
1 9  May 79 - 25 Sep 79 

Measured 
Date Epoch Res idua l  Square Root Al lan  

O f f s e t ,  us t o  F i t ,  n s  Variance,  x10-l3 

19 E4ay 
1 June 
8 June 

15 June 
24 June 

3 J u l y  
16 J u l y  

6 Aug 
11 Aug 

2 Sep 
10  Sep 
18 Sep 
25 Sep -44 

RMS 50 

Table  4 

Cloclc O f f s e t  Data f o r  Ca l i fo rn ia -Spa in  Base l i ne  
24 June 79 - 24 Sep 79 

Epoch Measured 
Date Res idua l  Square Root Al lan  

O f f s e t ,  us  t o  F i t ,  n s  Variance x10-13 

24 June 46.594296 7.641 7 
3 J u l y  47.370614 7.593 . 11 

10 J u l y  47.973634 7.562 20 
16  J u l y  48.484081 7.414 -95 
23 J u l y  49.089347 7.526 58 
10 Sep 53.222916 8.645 -17 
17 Sep 53.839622 9.010 32 
24 Sep 54.518217 9.312 -15 

RMS 43 
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Figure 3.  Clock Offsets ,  Spain Minus California, 
23 Oct 78 - 24 Dec 78 
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Figure 5. Clock Offsets, Australia Minus California, 
19 May 79 - 25 Sep 79 

Figure 6. Residuals to Fits, Australia - California, 
19 May 79 - 25 Sep 79 
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QUESTIONS AND ANSWERS 

DR. CHI: 

Are there any other questions? Yes. Would you please use the 
microphone and identify yourself? 

DR. STEVE KNOWLES, Naval Research Laboratory 

I would be interested in a few more of the specific details on 
bandwidth synthesis scheme being used or that you intend to use 
and how it fits this into the rather narrow bandwidth of your 
masers? 

DR. YUNCK: 

The bandwidth synthesis? Well, our receiverfamplifier will admit 
only a maximum of about 40 megahertz. The channels that we were 
using for this were 1.8 megahertz and that was purely a signal 
alignment measurement for delay. So when we use bandwidth syn- 
thesis we will go out to 40 megahertz and that is it. 


