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I. INTRODUCTION 

Inherent to any VLBI experiment or observation is the 
use of independent frequency standards at both elements of 
the interferometer. These standards generate the signal for 
the local oscillator (LO) used to convert the observed RF 
frequencies to a video signal which is then recorded on 
magnetic tape. They also furnish the reference time record- 
ed along with the observations made by each station. These 
tapes are then brought together at a later time for cross- 
correlation in order to determine the intesferometric obser- 
vable~. 

The stability requirements of the frequency standards 
used for VLBI experiments are very demandiny. Figure 1 
illustrates the relative frequency stability required tc 
insure 90° radio phase stabi1it.y as a function of time in- 
terval for several representative observing frequencies. 
Until this time, only rubidium frequency standards and 
hydrogen masers have been used for most VLBI experiments. 
Usually rubidium standards are used when hydrogen masers 
are unavailable. MacDoran et. al. (1975) have reported the -- 
successful use of a HP 5 0 6 5 A  rubidium standard at S-band 
(2.3 G H z )  for the ARIES project. They also make the con- 
jecture that sufficient stability might be obtained for X- 
band (8.4 G H z )  by slaving a rubidium to a cesium frequency 
standard with a phase-lock loop. 

As this last statement implies, the typical commercial- 
ly available cesium standard does not have sufficient inter- 
mediate term frequency stability, i . e . ,  for periods of time 
less than or equal to 1000 secs, to be of use as a VLBI ref- 
erence oscillator. Because improved cesium standards, such 
as the HP 5061A with option 004, High Performance Cesium 
Beam Tube (HPCBT), approach the short and intermediate term 
stability of a typical rubidium standard, it appeared that 



they might be successfully applied in some VLBI experiments. 
In addition, the availability of several HPCBT cesium stand- 
ards which had been specially modified and which appeared 
to have better short and intermediate term stabilities than 
rubidium standards (Alley, 1975) led the Naval Research 
Laboratory and the Naval Observatory to undertake a joint 
program to test and evaluate their use for VLBI applications 

The program consisted of evaluating the laboratory be- 
havior of the specially modified HPCBT frequency standard 
and then utilizing it and an "off-the-shelf" HPCBT HP5061A 
(004) in a VLBI experiment. Participation in the VLBI ex- 
periment was to be on a standby basis so as not to interfere 
with the major goal of the experiment. After sufficient 
observations had been made using a hydrogen maser as the 
principal reference standard, the test oscillators were 
switched into the system. 

11. STABILITY MEASUREMENTS 

CS 1025, an HPCBT cesium beam frequency standard which 
had been specially modified was selected for this experi- 
ment. The modifications consisted of: 

1) increased oven temperature in order to obtain a 
larger beam flux; 

2) a second order control loop; and 

3) a special HP proprietary modification. 

A system consisting of: 

1) Dual Mixer Time Difference System, Model 106, manu- 
factured by Boulder Scientific R&D Laboratory, Inc. 
(as described by Allan, 1976); 

2) HP 5360A Computing Counter; 

3) HP 5376A Programmer; 

4) HP K01-5360B Serial-to-Parallel Converter; and 

5) HP 5050B Digital Recorder 

was used to measure phase differences between CS 1025 and a 
hydrogen maser and to calculate the Allan variance (Allan, 
1966). A beat frequency of 1 Hz was obtained using an HP 
106 crystal oscillator. System measurement noise is plotted 



i n  F i g u r e  2 a l o n g  w i t h  t h e  r e s u l t s  o b t a i n e d  f o r  t h e  A l l a n  
v a r i a n c e  o f  C S  1 0 2 5  v e r s u s  t h e  h y d r o g e n  m a s c r  a n d  t y p i c a l  
s t a b i l i t y  c u r v e s  ( W a l c e k ,  1 9 7 6 )  for a r u b l d i u m  f r e q u e n c y  
s t a n d a r d  ( H P  5 0 6 5 A ) ,  a HP 5061A a n d  a H P  5061A ( o p t i o n  0 0 4 )  
c e s i u m  f r e q u e n c y  s t a n d a r d .  

I t  w a s  n o t  p o s s ~ b l e  t o  independently d e t e r m i n e  t h e  A l -  
l a n  v a r i a n c e  f o r  t h e  h y d r o g e n  m a s e r  u s e d  i n  t h l s  e x p e r i m e n t .  
T h e r e f o r e ,  t h e  c o n t r l b u t l o n  o f  t h e  h y d r o g e n  m a s e r  t o  t h e  
"CS 1 0 2 5  v e r s u s  h y d r o g e n  m a s e r "  d a t a  c o u l d  n o t  be removed .  
C o n s e q u e n t l y ,  t h l s  c u r v e  c a n  be l o o k e d  upon as a n  u p p e r  
l i m i t  f o r  t h e  A l l a n  v a r i a n c e  of  C S  1 0 2 5 .  I t  i s  i m p o r t a n t  t o  
n o t e  t h a t ,  a t  t h i s  t i m e ,  it would  b e  e r r o n e o u s  t o  c o n s i d e r  
t h i s  c u r v e  as  t y p l c a l .  I t  i s  v e r y  good a n d  r e p r e s e n t s  a 
s e l e c t e d  c l o c k .  More s u c h  c l o c k s  w i l l  h a v e  t o  be e v a l u a t e d  
i n  o r d e r  t o  d c t c r m ~ n e  t h e  r e p r o d u c ~ b l l i t y  o f  t h l s  c u r v e .  

I n s p e c t i o n  of F s g u r e  2 shows t h e  improvement o f  t h l s  
specially m o d i f i e d  HPCBT ces lu rn  s t a n d a r d  o v e r  a r u b i d i u m  
s t a n d a r d  ( H P  5065A) , e s p e c i a l l y  i n  t h e  1 0 0 0 s  r e g i o n .  T h i s  
s t r o n g l y  ~ n d i c a t e s  t h a t  t h e s e  d e v i c e s  s h o u l d  b e  o f  v a l u e  i n  
V L B I  e x p e r i m e n t s  w h e r e  r u b i d i u m  f r e q u e n c y  s t a n d a r d s  w e r e  
a p p l i c a b l e  a n d  p o s s i b l y  of u s e  i n  a d d i t i o n a l  areas. 

111. VLBI  MEASUREMENTS 

I n  March 1 9 7 6 ,  o b s e r v a t i o n s  w e r e  made a t  2 2 . 2 3 5  GHz of 
t h e  s t r o n g  w a t e r  v a p o r  m a s e r  a s s o c i a t e d  w ~ t h  W3(0H)*. The 
i n t e r f e r o m e t e r  e l e m e n t s  were t h e  85  f o o t  a n t e n n a  a t  NRL's 
M a r y l a n d  P o i n t  O b s e r v a t o r y  l o c a t e d  a t  M a r y l a n d  P o i n t ,  Mary- 
l a n d ,  a n d  t h e  1 3 0  f o o t  a n t e n n a  of Owens V a l l e y  R a d i o  O b s e r -  
v a t o r y  a t  B i g  P i n e ,  C a l i f o r n i a .  T h i s  b a s e l i n e  h a s  a l e n g t h  
o f  3547 k i l o m e t e r s ,  c o r r e s p o n d i n g  t o  a minimum f r i n g e  s p a c -  
i n g  o f  0!'0008. The d a t a  were r e c o r d e d  u s i n g  t h e  Mark I1 
VLBI s y s t e m  o f  t h e  N a t i o n a l  R a d i o  As t ronomy O b s e r v a t o r y  a t  a 
b a n d w i d t h  of 2 MHz.  The l o c a l  o s c i l l a t o r  was  s u c c e s s ~ v e l y  
d e r i v e d  f r o m  a h y d r o g e n  maser f r e q u e n c y  s t a n d a r d ,  a r u b i d i u m  
f r e q u e n c y  s t a n d a r d  (HP 5 0 6 5 A ,  S e r i a l  # 1 6 1 ) ,  a n d  a c e s l u m  
f r e q u e n c y  s t a n d a r d  (HP 5 0 6 1 A ( 0 0 4 ) ,  S e r i a l  #871) f o r  two  s u c -  
c e s s i v e  p e r l o d s  of  1 5  m l n u t e s  e a c h  t o  g e n e r a t e  t h e  l o c a l  
o s c i l l a t o r  a t  M a r y l a n d  P o i n t  O b s e r v a t o r y .  A t  Owens V a l l e y  
t h e  l o c a l  o s c i l l a t o r  was a l w a y s  d e r i v e d  f r o m  a h y d r o g e n  
maser f r e q u e n c y  s t anda rd .  

The d a t a  w e r e  r e d u c e d  on t h e  NRAO Mark I1 p r o c e s s o r  i n  
C h a r l o t t e s v i l l e ,  V i r g i n i a  ( C l a r k  1 9 7 3 ) .  The o u t p u t  f r o m  t h e  
p r o c e s s o r  was  a series o f  96 p o i n t  c r o s s - c o r r e l a t i o n  f u n c -  
t i o n s  a t  i n t e r v a l s  of 0 . 2  s e c o n d s .  T h e s e  were f o u r i e r  

* a  known w a t e r  s o u r c e  associated w l t h  a n  HI1 r e g i o n .  
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t r a n s f o r m e d  w i t h  u n i f o r m  w e i g h t i n g  on a g e n e r a l  p u r p o s e  corn-- 
p u t e r  t o  g i v e  a  series o f  c r o s s  power s p e c t r a  h a v i n g  a  spec--  
t r a l  r e s o l u t i o n  o f  50 kHz o r  0 .7  km s- ' .  The c r o s s  power 
s p e c t r a  w e r e  c o h e r e n t l y  a v e r a g e d  f o r  o n e  s e c o n d .  A f r i n g e  
r a t e  was removed from t h e  s t r o n g e s t  c r o s s  power s p e c t r a l  
f e a t u r e  i n  W3(OH) i n  o r d e r  t o  r o t a t e  t h e  f r i n g e  p h a s e  t o  
z e r o .  The complex f r i n g e  p h a s e  and  a m p l i t u d e ,  f o r  t h e  one  
second  a v e r a g e s  o v e r  a  t i m e  i n t e r v a l  o f  s i x t y  s e c o n d s ,  w e r e  
f o u r i e r  t r a n s f o r m e d  t o  e v a l u a t e  t h e  f r e q u e n c y  s t a b i l i t y  o f  
t h e  l o c a l  o s c i l l a t o r s .  The p h a s e s  are d i s p l a y e d  i n  F i g u r e  
3 ,  F i g u r e s  4-6 show t h e  f r e q u e n c y  s t a b i l i t y  o f  t h e  hydro-  
gen m a s e r ,  r u b i d i u m  a n d  c e s i u m  d e r i v e d  1 ~ ~ a l  o s c i l l a t o r s ,  
r e s p e c t i v e l y .  The f r e q u e n c y  s t a b i l i t y  ( ) o f  t h e  l o c a l  
o s c i l l a t o r s  c a n  be e s t i m a t e d  a s  < 8 . 1  x 3-1 1 f o r  t h e  hy- 
d rogen  m a s e r ,  Q 1 . 6  x 1 0 - l 2  f o r  t h e  r u b i d i u m  s t a n d a r d  and  
9 x 1 0 - l 2  f o r  t h e  c e s i u m  s t a n d a r d .  T h i s  i s  s i m p l y  t h e  f r e -  
quency  w i d t h  o f  s i g n a l  i n  t h e  f r e q u e n c y  domain d i v i d e d  by 
t h e  o b s e r v i n g  f r e q u e n c y  ( 2 2 2 3 5  MHz). The i n t e g r a t i o n  t i m e  
i s  60 s e c o n d s .  These  f r e q u e n c y  s t a b i l i t i e s  c o r r e s p o n d  t o  
t h e  5061A c e s i u m  and 5065A r u b i d i u m  s t a n d a r d s  d i s p l a y e d  i n  
F i g u r e  2 .  The c e s i u m  s t a n d a r d  u s e d  w a s  a 5061A(004) ,  and 
t h e  main peak  i n  t h e  f r e q u e n c y  d i s p l a y  f o r  t h i s  o s c i l l a t o r  
i s  q u i t e  na r row b u t  h a s  many ha rmon ics .  The o b s e r v i n g  
p r o c e d u r e  was a g a i n  r e p e a t e d  i n  September  1 9 7 6 ,  compar ing  
t h e  f r e q u e n c y  s t a b i l i t y  of t h e  hydrogen  maser  f r e q u e n c y  
s t a n d a r d  w i t h  a n o t h e r  HP 5 0 6 1 ~ ( 0 0 4 ) .  The r e s u l t s  w e r e  t h e  
s a m e  a s  t h o s e  r e p o r t e d  f o r  March 1976.  

An e x p e r i m e n t  u s i n g  t h e  s p e c i a l l y  m o d i f i e d  HPCBT 5061A- 
(004)  a t  a  f r e q u e n c y  o f  1 . 6 7 0  GHz was a t t e m p t e d  between 
Maryland P o i n t  O b s e r v a t o r y ,  t h e  N a t i o n a l  Radio  Astronomy 
O b s e r v a t o r y  i n  Green B a n k ,  West V i r g i n i a ,  and  V e r m i l l i o n  
R i v e r  O b s e r v a t o r y  i n  Danbury,  I l l i n o i s .  The s t a t i o n  a t  
Green Bank, West V i r g i n i a  f a i l e d  due  t o  an u n s t a b l e  s econd  
l o c a l  o s c i l l a t o r .  The d a t a  between Maryland P o i n t  Observa-  
t o r y  and  V.R.O.  has n o t  y e t  y i e l d e d  s u c c e s s f u l  f r i n g e s .  
However, d u r i n g  t h e  e x p e r i m e n t  t h e  5 MHz s i g n a l  f rom t h e  
hydrogen  maser, r u b i d i u m  s t a n d a r d  (HP 506524, S e r i a l  #161) 
and t h e  s p e c i a l l y  m o d i f i e d  c e s i u m  s t a n d a r d  ( 5 0 6 1 A ( 0 0 4 ) ,  
S e r i a l  #1025)  were , compared  a t  Maryland P o i n t  O b s e r v a t o r y .  
T h i s  was done  by mix ing  t h e  s i g n a l s  f rom two of t h e  o s c i l -  
l a t o r s  and  s t u d y i n g  t h e  r e s u l t i n g  s i g n a l .  The f r e q u e n c y  
s t a b i l i t y  o f  t h e  HP 5065A ( S e r i a l  #161)  and H P  5061A 
( S e r i a l  #1025) d u p l i c a t e d  t h o s e  d i s p l a y e d  i n  F i g u r e  2 .  

I V .  CONCLUSIONS 

The t y p i c a l  pe r fo rmance  c u r v e s  f o r  t h e  r u b i d i u m  s t a n d a r d  
6 0 6 5 ~ )  and  t h e  HPCBT ( 5 0 6 1 ~ ( 0 0 4 )  ) show c l o s e  a g r e e m e n t ,  
w i t h  t h e  r u b i d i u m  s t a n d a r d  exceed ing theHPCBT i n  pe r fo rmance  



between 1 and 100 seconds. These curves are so close 

ical performance of the rubidium s t i  

for the specially modifled 5061A(004), 2 
cially selected rubidium standard may exceed this curve. 
However, at inteqration times exceeding 3 0 0  seconds, the 
performance of the rubidium standard, as shown in the typ- 

exceeding 300 seconds, therefore, a specially sclec7 
should prove to be superior to the rubidium standard. . . Hnw- 

22 G H z ,  this does not prove to be the case. These observa- 

I tions were made at a very high radio frequency that necessi- 
Af = < on a 1 0  sec- tates very good performance, i.c. - L= - 
L 

ond time scale (integration) to avoid loss of coherence 
(i.e., a phase rotation of 90"). The frequency stability of 
the two HPCBT (5061A(004)) used in these observations may be 

I are ten times below this, i.e, 2.2 G H z  ( S  band), the ?re- 

I should prove to be superior to the rubidium standard, as is 
shown in Figure 2. Therefore, it is our conclusion that at 
low frequencies, i . e .  <: 2.5 G H z ,  for integrations greater 

ance in VLBT phase stability to a rubidium standard. How- 
ever, neither the rubidium nor cesium standards yield, w i t h -  

hydrogen maser. More tests of the stability of the HP 
5061A(004) need to be made under VLBI conditions to verify 

V. ACKNOWLEDGEMENTS 

The authors would like to thank Dr. L. Reuger of the 
JHU/RPZ for allowing the use of his facilities in perform- 
ing the measurements between the cesium standard and hydro- 
gcn maser, and Mr. A1 Bates of the JHU/APL for his valuable 
assistance. 

VI. REFERENCES 

1. A l l a n ,  D. W.1966, Proccedin~s of the I E E E ,  Vol. 54, pq. 

2. Allan, D. W. 1976, Report on NGS Dual Mixer T i m e  ... . . -. D i f f c r -  
ence Svstem ( D M T O )  Built f 



A s s o c i a t e d  w i t h  P h a s e  I of GPS, N G S I R  75-827,  N a t i o n a l  
B u r e a u  of S t a n d a r d s ,  I n s t i t u t e  for Basic S t a n d a r d s ,  
B o u l d e r ,  C o l o r a d o .  

3 .  A l l e y ,  C. 1 9 7 5 ,  P r o c e e d i n g s  o f  t h e  7 t h  A n n u a l  PTTI 
A p p l i c a t i o n  a n d  P l a n n i n g  M e e t i n g ,  pg. 393 ,  " S u b n a n o s e c  
-- L a s e r - p u l s e  Time T r a n s f e r  t o  an A i r c t a f t  t o  M e a s u r e  
t h e  ~ e n e r a l  R e l a t i v i t y  A l t i t u d e  Effects  o n  A t o m i c  C l o c k  
Rates".  

4 .  C l a r k ,  B .  G.  1 9 7 3 ,  P r o c e e d i n g s  of t h e  I E E E ,  V o l .  61 ,  
pg. 1 2 4 2 ,  "The NRAO T a p e - R e c o r d e r  I n t e r f e r o m e t e r  Sys- 
tem". 

5.  MacDoran, P .  F . ,  Thomas, J .  B . ,  Ong, K .  M . ,  F l e i g e l ,  H .  
F., a n d  Morabito, D.  D. 1 9 7 6 ,  P r o c e e d i n g s  o f  t h e  7 t h  
A n n u a l  PTTI A p p l i c a t i o n s  a n d  P l a n n i n g  M e e t i n g ,  pg. 4 1 9 ,  
" R a d i o  I n t e r f e r o m e t r i c  Geodesy U s i n g  a Rubidium Fre- 
q u e n c y  System". 

6 .  Walcek ,  A.  1 9 7 6 ,  P r i v a t e  Communica t ion .  



CAPTIONS FOR F I G U R E S  

F igu re  1 R e l a t i v e  frequency s t a b i l i t y  a s  a function 
of integration timc r e q u i r e d  to avo id  loss of 
coherence, i.e*, a phase r o t a t l o n  of 9 0 ° ,  

~ i c n ~ r e  2 Al lan  v a r i a n c e  a s  a f u n c t i o n  of t i m e  i n t e r v a l  

W3(OH) versus timc for a local oscillator 
derived from a cesium (HPCBT) , r u k  
hydrogen maser f requency s t a n d a r d .  

F i g u r e  4-6  F o u r i e r  t r an s fo rm  of the complex fringe 
Amplitude and  p h a s e  d i s p l a y e d  in Figure 3 .  

i l l u s t r a t e s  t h e  frequency s t a b i l . i f - y  of t h e  












