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ABSTRACT 

The C rus ta l  Dynamics P r o j e c t  u t i  1  i zes very  l ong  base1 i n e  
i n t e r f e r o m e t r y  (VLBI)  and l a s e r  r ang ing  t o  a r t i f i c i a l  
s a t e l l i t e s  and the moon t o  determine v e c t o r  base l ines  
between s t a t i o n s  w i t h  p r e c i s i o n s  o f  about  one p a r t  i n  
lo8.  Both l a s e r  r ang ing  and VLBI r e q u i r e  i n i t i a l  r e l a -  
t i v e  epoch t i m i n g  o f  about one microsecond f o r  s t a t i o n s  
d i s t r i b u t e d  ove r  t h e  globe. Very s t a b l e  f requency 
s tandards a r e  the  key t o  VLB I  because they  a r e  used t o  
ma in ta i n  frequency coherence between s t a t i o n s .  I n  o r d e r  
t o  have l e s s  than one r a d i a n  rms X-band phase pe r t u rba -  
t i o n  accumulated i n  a  1000 second i n t e g r a t i o n  pe r i od ,  
t h e  f r e  uency s tandard must have a  s t a b i l i t y  o f  9 1  x  10- 4. I n  t h e  VLBI data a n a l y s i s  t o  determine 
accu ra te  base l ines ,  t h e  c l o c k  o f f s e t s  and v a r i a t i o n s  
must be so l ved  f o r  i n  o r d e r  t o  f i t  t h e  da ta  w i t h  l e s s  
than 0.1 nsec ( 3  cm rms d e v i a t i o n  over  24 hours.  Th is  i i s  a  f i t  t o  1 x 10- 5. Over t he  nex t  s i x  years  t h e  
C rus ta l  Dynamics P r o j e c t  p l a n s  t o  improve t h e  accuracy 
o f  t h e  V L B I  techn ique  by about  an o r d e r  o f  magnitude. 
Th is  w i l l  r e q u i r e  a  f requency s t a b i l i t y  o f  about  
1  x 10-15 f o r  per iods  o f  hours t o  days and s o l u t i o n s  
f o r  f requency v a r i a t i o n s  t o  about 1 x 10-16. 

The NASA C r u s t a l  Dynamics Project  was formed l a s t  y e a r  t o  app l y  the  
NASA-developed techniques o f  sate1 1 i t e  1  aser  r ang ing  (SLR) and very  
l ong  base l i ne  i n t e r f e r o m e t r y  (VLBI)  f o r  t h e  measurement o f  c r u s t a l  
mot ions o f  t h e  ear th .  Both o f  these techniques have t h e  v i r t u e s  
t h a t  measurements w i t h  an accuracy o f  1 p a r t  i n  108 can be made over  
base1 i nes o f  severa l  thousand k i  lometers ,  and these base1 i ne measure- 
ments can be made across any t e r r a i n ,  sea o r  land,  The Crus ta l  
Dynamics P r o j e c t  i s  de te rmin ing  reg iona l  deformat ions and s t r a i n  
accumul a t i o n s  i n  a c t i v e  earthquake reg ions  by mki ng f r e q u e n t  
measurements o f  base l ines  between many s t a t i o n s  i n  the  a c t i v e  areas 
near  p l a t e  boundar ies.  By making r e g u l a r  measurements o f  base l ines  



between a g l o b a l  s e t  o f  s t a t i o n s  on t h e  d i f f e r e n t  t e c t o n i c  p l a tes ,  
t h e  P r o j e c t  i s  de te rmin ing  t he  t e c t o n i c  p l a t e  mot ions and t h e  i n -  
t e r n a l  s t a b i  1  i ty o f  t he  p l a tes .  Q u i t e  f r equen t  measurements w i t h  
a  g l o b a l  s e t  o f  f i x e d  s t a t i o n s  a r e  be ing  used t o  determine very  
accu ra te l y  t h e  mot ion o f  the  p o l e  o f  t h e  e a r t h  and v a r i a t i o n s  i n  
e a r t h  r o t a t i o n .  

Both SLR and V L B I  r e q u i r e  i n i t i a l  r e l a t i v e  epoch t i m i n g  o f  about  one 
microsecond f o r  s t a t i o n s  d i s t r i b u t e d  over  t h e  globe. I n  a d d i t i o n ,  
t h e  VLBI system has a  very  s t r i n g e n t  requi rement  f o r  f requency 
s tandard s  t a b i  1  i ty because f requency coherence must be mainta ined 
between t h e  VLBI s t a t i o n s ,  F igure  1  i s  a  diagram o f  a  p a i r  o f  
s t a t i o n s  used f o r  a  VLBI measurement. The f i g u r e  shows two antennas 
a t  remote d is tances  on t h e  su r f ace  o f  t h e  e a r t h  r e c e i v i n g  s i g n a l s  
f rom t h e  same r a d i o  source, a quasar. The s i g n a l  r ece i ved  a t  bo th  
s t a t i o n s  i s  t r a n s l a t e d  t o  base band us ing  a  very  s t a b l e  hydrogen 
maser f requency standard. The base band s i g n a l  i s  d i g i t i z e d  and 
recorded. The recorded data f rom t h e  two s t a t i o n s  a r e  then p ro -  
cessed i n  a  c o r r e l a t o r  which determines t he  t ime  de lay  between t h e  
a r r i v a l  o f  t h e  quasar s i g n a l  a t  t he  two s t a t i o n s .  S ince t h e  two 
antennas a r e  l oca ted  on a  r o t a t i n g  ear th ,  t h e  de lay has a  d i u r n a l  
s i nuso ida l  s i gna tu re  which i s  a  f u n c t i o n  o f  the  quasar p o s i t i o n  and 
t h e  base l i ne  l e n g t h  and o r i e n t a t i o n .  By measuring the  de lay and 
de lay  r a t e  s igna tu res  o f  a number o f  quasar sources, one can c a l c u l a t e  
ve ry  a c c u r a t e l y  t h e  vec to r  base l i ne  between t h e  two s t a t i o n s .  

The hydrogen maser c l ocks  a t  t he  two s t a t i o n s  a re  independent; thus 
they  w i l l  have n e i t h e r  t h e  same epoch t ime  no r  t h e  same frequency 
behavior.  I n  t h e  VLBI  s o l u t i o n s  f o r  t h e  basel ines,  i t  i s  necessary 
t o  s o l v e  f o r  t h e  c l o c k  o f f s e t  and t h e  r a t e  d i f f e r e n c e  between t he  
c locks,  and i n  some cases even c l o c k  frequency d r i f t .  

The use o f  v e r y  s t a b l e  hydrogen masers as frequency standards i s  t h e  
key t o  t he  success o f  VLBI. I n  o r d e r  t o  have l e s s  than  one r a d i a n  
rms X-band phase p e r t u r b a t i o n  accumulated i n  a  1000 second i n t e g r a t i o n  
per iod ,  t h e  f requency s tandard must have a  s t a b i l  i t y  o f  b e t t e r  than 
10-14 f o r  pe r i ods  o f  up t o  a few minutes. In t h e  VLB I  da ta  a n a l y s i s  
t o  determine accura te  basel ines,  t h e  c l o c k  o f f s e t s  and v a r i a t i o n s  
must be so l ved  f o r  i n  o r d e r  t o  f i t  t h e  da ta  w i t h  l e s s  than 0.1 nano- 
seconds ( 3  cen t ime te rs )  rms d e v i a t i o n s  over  24 hours. Th is  i m p l i e s  
mode l l i ng  behav io r  t o  about  1 p a r t  i n  10-15. F i gu re  2 shows a r a t h e r  
t y p i c a l  example o f  a p l o t  o f  de lay  r e s i d u a l s  a f t e r  t he  c l o c k  o f f s e t s  
and t h e  l i n e a r  r a t e  d i f f e r e n c e  between t h e  c l o c k  have been so l ved  f o r  
and removed. Th is  da ta  i s  f rom s t a t i o n s  a t  Haystack Observatory, 



Massachusetts, and Owens Val l e y  Radio Observatory,  C a l i f o r n i a .  The 
rms f i t  o f  t h i s  da ta  i s  approx imate ly  0.1 nanoseconds. T y p i c a l l y ,  
f rom da ta  1  i k e  t h i s  we a r e  a b l e  t o  determine t he  base1 i n e  f rom 
Haystack Observatory t o  Owens Val l e y  Observatory t o  a p r e c i s i o n  o f  a 
few cen t imete rs .  Repeated measurements o f  t h a t  base1 i ne ove r  t he  
p a s t  f o u r  years  have shown an rms d e v i a t i o n  o f  4 cen t imete rs  f o r  t h i s  
4,000 k i l o m e t e r  base l ine .  Th is  i s  a p r e c i s i o n  o f  1  p a r t  i n  10-8 i n  
t h e  de te rm ina t i on  o f  t h e  base l ine .  

The P r o j e c t  has acqu i red  da ta  t h a t  has h i ghe r  q u a l i t y  than t h a t  shown 
i n  F i gu re  2, and a l s o  worse. Sometimes t h e r e  have been ma l f unc t i ons  
which degraded t h e  measurement p r e c i s i o n .  The purpose o f  t h i s  paper 
i s  t o  show how we1 1 we can recover  accura te  base l ines  when t h e r e  a re  
problems w i t h  t h e  f requency s tandard and d i s t r i b u t i o n  system a t  t he  
V L B I  s t a t i o n .  One such m a l f u n c t i o n  i s  a  sudden change i n  r a t e  o f  
t h e  f requency standard.  An example o f  t h i s  i s  shown i n  F i gu re  3 which 
i s  a  p l o t  o f  de l ay  r e s i d u a l s  i n  which o n l y  t he  c l o c k  o f f s e t  has been 
removed so t h a t  t h e  r a t e  d i f f e r e n c e  between t h e  two c l ocks  a re  shown. 
There a r e  two r a t e  changes e v i d e n t  i n  F i gu re  3. The f i r s t  change i n  
r a t e  between t h e  two c l ocks  occur red  a t  approx imate ly  4.4 days and 
was a  r a t e  change o f  4  x  10-14. The second r a t e  change a t  about  
6.4 days was a r a t e  change o f  7 x 10-13, I n  t h i s  exper iment,  t h e r e  
were t h r e e  s t a t i o n s  i nvo l  ved--Hays t ack  Observatory, Owens Val l e y  
Radio Observatory and the  Harvard Radio Astronomy S t a t i o n  i n  Texas. 
Wi th  t h e  da ta  f rom t h e  t h r e e  s t a t i o n s  we were a b l e  t o  determine t h a t  
t h e  changes i n  t he  r a t e  o f  t h e  c locks  occur red  a t  Haystack Observatory. 
With a  c l o c k  change l i k e  t h i s ,  the VLBI so lu t ion 's  c l o c k  model can be 
broken up i n t o  segments cor responding t o  the t ime per iods  d u r i n g  
which t h e  c l o c k  was behaving i n  a normal nanner. I n  t h e  example i n  
F i gu re  3 t h e r e  were t h r e e  segments used i n  the  s o l u t i o n ,  t h e  f i r s t  
segment f rom 0 t o  4.4 days, t h e  second segment f rom 4.4 t o  6.4 days, 
and the t h i r d  segment f rom 6.4 t o  8 days. I n  the so l  u t i o n ,  t h r e e  
c l o c k  r a t e s  were determined, one corresponding t o  each t ime  segment. 
As l ong  as t h e r e  i s  enough observ ing  t ime  t o  p e r m i t  an accu ra te  de- 
t e r m i n a t i o n  o f  t h e  c l o c k  epoch and r a t e  f o r  each segment, the  p re -  
c i s i o n  o f  de te rm ina t i on  o f  t h e  base l ines  i s  s t i l l  a  few cen t imete rs ,  

The data s e t  j u s t  shown i n  F i g u r e  3 was se lec ted  because i t  was a  
p a r t i c u l a r l y  bad s e t  which con ta ined  t h r e e  d i f f e r e n t  ma1 f u n c t i o n s  o f  
t h e  f requency and d i s t r i b u t i o n  system. The o t h e r  two ml func t i ons  
become m r e  apparent  when t h e  da ta  i s  p l o t t e d  w i t h  t he  t h r e e  c l o c k  
r a t e s  removed, as shown i n  F igure  4. Wi th  the  g r e a t l y  a m p l i f i e d  
de lay  r e s i d u a l  s c a l e  (+ - 5 nanoseconds), d i u r n a l  s i gna tu res  a re  q u i t e  



apparent i n  t he  data. Since the  viewing o f  t h e  r a d i o  sources w i t h  the 
i n te r fe romete r  produces a  delay which i s  a  d i u r n a l  s ignature, a  
d iu rna l  s ignature  produced i n  the  frequency standard and d i s t r i b u t i o n  
system i s  o f  g rea t  concern because i t  can a l i a s  d i r e c t l y  i n t o  the  
base l ine  r e s u l t s  and c rea te  a s i g n i f i c a n t  e r ro r .  I n  t h i s  p a r t i c u l a r  
case, t he  d i u r n a l  s inuso id  showning i n  F igure  4 was caused by two 
d i f f e r e n t  f a i l u r e s  a t  the  Harvard Radio Astronomy Sta t ion .  The f i r s t  
f a i l u r e ,  which caused most o f  t he  d i u r n a l  s inusoid, was a component 
f a i  1  ure i n  t he  frequency d i s t r i b u t i o n  and c a l i b r a t i o n  system. This 
extended over t h e  e n t i r e  pe r iod  o f  t he  observation. The second prob- 
lem was caused by the  f a i l u r e  o f  t he  temperature c o n t r o l  system f o r  
the  hydrogen maser room which occurred on October 19. This i s  ill us- 
t r a t e d  i n  F igure  5 which i s  a  p l o t  o f  the hydrogen maser temperature 
as a  f u n c t i o n  o f  t ime. Normally t he  temperature i s  c o n t r o l l e d  t o  a  
smal l  f r a c t i o n  o f  a  degree. A f t e r  the  f a i l u r e ,  t h e  hydrogen maser 
room var ied  i n  temperature about one degree w i t h  a  d iu rna l  s ignature. 
Hydrogen masers have a  temperature c o e f f i c i e n t  o f  a  few p a r t s  i n  
10-14 pe r  degree C, so a  d iu rna l  temperature v a r i a t i o n  does produce a  
d i u r n a l  frequency change i n  the output  o f  the hydrogen maser. For- 
tunate ly ,  the t ime constant  of t h e  frequency change w i t h  temperature 
change i s  longer  than the d iu rna l  period, and the ampli tude o f  the 
d i  u rna l  frequency v a r i  a t i o n  i s  at tenuated considerably. Consequently, 
t he  d i u r n a l  s inuso id  due t o  the temperature c o n t r o l  f a i l u r e  was s ig -  
n i f i c a n t l y  smal le r  than the  d iu rna l  s i nuso id  due t o  t h e  frequency and 
c a l i b r a t i o n  system f a i l u r e .  

I n  o rder  t o  determine t h e  e f fec ts  o f  such a d iu rna l  s i gna tu re  on the 
accuracy o f  t h e  base1 i nes determined from t h i s  data, an a n a l y t i c a l  
s imu la t i on  o f  t h i s  problem was conducted. For t h i s  s imulat ion,  
t h e o r e t i c a l  observables were used f o r  data f o r  the th ree  s ta t i ons ,  a  
one nanosecond d iu rna l  s inuso id  was added t o  one c lock,  and the  base- 
l i n e  lengths were solved f o r  us ing  standard procedures t o  determine 
the e r r o r s  caused by the  d i u r n a l  c l ock  va r ia t i on .  Next the s imu la t ion  
was repeated us ing  r e a l  observed data from o t h e r  sessions where there  
were no c lock  f a i l u r e s .  The s imulat ions were performed w i t h  a  solu-  
t i o n  f o r  one day. One day was chosen because t h a t  would produce the 
wors t  case resu l  t. F i  gure 6 shows the  s imu la t ion  resul  t s  f o r  th ree  
d i f f e r e n t  v a r i a t i o n s  i n  ana lys is  s t rategy.  I n  the  f i r s t  case, l i n e a r  
c lock  terms were used i n  the  s o l u t i o n  f o r  determining the  r e l a t i v e  
c lock  ra te ,  and the  r e s u l t i n g  e r r o r  i n  base l ine  l eng th  w i t h  t h i s  
simple c lock  parameter izat ion was almost 20 cent imeters, Such a  
simple parameter izat ion ignores the  f a c t  t h a t  there  a re  terms o t h e r  
than l i n e a r  v a r i a t i o n s  present  i n  t h e  res idua ls .  I n  the  normal process 



of analyzing the d a t a ,  we also have the capability of putting in 
higher order polynominal clock terms. The second case uti l ized a 
quadratic clock parameteri zation for  the ma1 functioning station and 
linear clock terms a t  the other stations.  The worst error  in baseline 
length for this  second case was only 2.2 centimeters. The simulations 
with real V L B I  data gave similar resul ts .  

In these f i r s t  two solutions, the source positions were used as a 
priori positions and the solutions were done with those source posi- 
tions fixed. In the third case these source positions were solved 
for  in order to see what the effects would be i f  one solved for  the 
source positions a t  the same time one was solving for  clocks and 
baselines. The resul t  was that  large errors occurred when source 
positions were solved for even when the quadratic clock terms were 
used in the solutions. The reason for  th is  i s  quite understandable. 
Since the delay o f  the signal from a source has a diurnal signature, 
the diurnal clock error wi 11 cause an error in the determination of 
the position of the source which in turn produces an error in the 
baseline solution. T h e  resul t  of this  third case indicates that  one 
should not solve for b o t h  base1 ines and source positions in a  single 
experiment solution. Accurate positions of radio sources can be de- 
termined from sol utions with large batches of data which cover several 
years o f  time. With such a large span of data, the clock effects  will 
tend t o  cancel themselves o u t ,  and the resul ting positions determined 
for the sources will be qui te  accurate. These accurately determined 
source positions can then be used in the individual measurement solu- 
tions using the quadratic clock terms as in case 2 t o  produce accurate 
baseline resul ts .  By following this  type of strategy one can produce 
baseline determinations with a  few centimeters precision even with 
mlfunctions of the type described above. This resu l t  i s  consistent 
with the history of baseline measurements with a  precision of 4 centi-  
meters that  have been obtained over the past four years. 

Good geophysics can be done with 4 centimeters baseline precision, 
and the Crustal Dynamics Project has deployed b o t h  V L B I  and laser 
systems around the globe for measurements of plate motions and s ta-  
bi l i  ty ,  and has in i t ia ted  campaigns in California for measuring 
regional deformation. However, higher measurement accuracy will 
resul t  in bet ter  geodetic resul ts .  Thus, the Project goal i s  t o  
achieve a  1 centimeter measurement precision, Actions are underway 
now in the frequency standard area that are aimed a t  improving the 
performance of the VLBI system. I t  was mentioned ear l ie r  that  there 
i s  a temperature control led room for the hydrogen maser a t  the 
Harvard Radio Astronomy Station. That i s  the f i r s t  instal la t ion of 



temperature controlled rooms for  hydrogen masers. The Project i s  in 
the process of instal l ing such temperature enclosures for a l l  of the 
hydrogen masers that  a re  being used in the Project. The goal i s  an 
order of magnitude improvement in the s t a b i l i t y  of the frequency of 
the hydrogen masers operating in the f ie ld.  In addition, the new 
hydrogen masers a re  equipped with extensive monitoring capabi 1 i ty 
fo r  recording the environmental parameters that a f fec t  maser opera- 
t ion. I t  i s  our plan to determine the relationship between the 
envi ronmental parameters (temperature for example) and the maser 
frequency in order t o  determine the actual frequency performance from 
the measurements of the envi ronrnen t a l  parameters. By determining the 
f ine  frequency variations due to environmental changes, we expect to 
be able to know the frequency of the masers t o  an order o f  magnitude 
better accuracy than we do today. This should reduce clock errors 
in our solutions by an order of magnitude, There a re  other error  
sources, such as atmospheric propagation, which contribute errors to 
the overall baseline solution a t  the centimeter level. The Project 
has effor ts  underway to reduce a1 1 of the known error  sources to the 
m i  11 imeter level in order to reach the goal of one centimeter base- 
l ine accuracies. 
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QUESTIONS AUD ANSWERS 

CHAIRMAN HOWE: 

You have gone t o  some length t o  attempt t o  look Or take out the  one 
nanosecond d i u r n a l  sinusoid term, I might suggest t h a t  you a l s o  
look a t  perhaps other  e f f e c t s  s ince you can monitor temperature, 
b u t  you n ight  look a t  humidity, temperature gradients ,  and even 
power l i n e  f luc tua t ions .  

'tou can make c e r t a i n  assumptions about un i t  co r re la t ion  with 
these long-tern1 e f f e c t s ,  b u t  you will  see them d e f i n i t e l y  on the  
r e l a t i v e l y  inexpensive data logger. 

DR. COATES 

We do monitor the  environment; vie  ionit it or the  temperature, the 
pressure,  and the  humidity, I d i d n ' t  mention pressure. Some 
masers a r e  pressure-sens i t ive ;  the  ones t h a t  we have been using i n  
these experiments a r e  n o t  contr ibuting a pressure e f f e c t  t h a t  i s  
s i g n i f i c a n t ,  b u t  we do monitor a l l  of these parameters. 

The new masers t h a t  we have a re  almost independent of power 
l i n e s  va r i a t ions .  We have gone t o  grea t  extents  t o  el iminate t h a t  
as  a f ac to r .  When we a r e  a f t e r  extreme s t a b i l i t i e s  t h a t  we a re  
ta lk ing about here,  we need t o  r e a l l y  go a1 1 out .  You a re  qu i t e  
r i g h t .  

D R .  VICTOR R E I N H A R D T ,  NASAIGoddard 

I think t h i s  shows p r e t t y  conclusively t h a t  the  e f f e c t s  due t o  tem- 
perature and pressure,  humidity, a r e  wel!-modelable, and I think 
f o r  the  JPL t e s t s  a s  well as  the JPL, DSN, VLBI  uses and other  uses,  
there  i s  no reason t h a t  these things can be j u s t  modeled out very 
e a s i l y  in t he  l e a s t  squares f i t ,  especial1,y s ince  with Paul  Kuhnle's 
new t e s t  f a c i l i t y ,  each o f  the  masers i s  very well characterized f o r  
each of these  th ings  when we go out in to  the f i e l d .  

So, I r e a l l y ,  f o r  the  long-term, d o n ' t  see t h i s  i s  a problem; 
jus t  a s  something t h a t  i s  ge t t ing  in to  t h e  system. S o ,  the VLBI 
people, now t h a t  they a re  aware of t h e  problem, can j u s t  e a s i l y  p u t  
t h a t  in to  t h e i r  programs because a few more parameters of f i t  r e a l l y  
doesn ' t  make a s i g n i f i c a n t  d i f ference  i n  terms o f  computing time in 
t h i s  case. 



DR. THOMAS, The J e t  Propuls ion Laboratory 

I wonder how you i s o l a t e d  the  d i u r n a l  s inuso id  t o  t he  c lock  and n o t  
t o  o the r  poss ib le  e f fec ts  l i k e  o the r  instruments, t h e  ionosphere, 
and so f o r t h .  

DR. COATES: 

There a re  o the r  e f f e c t s  t h a t  you can see t h a t  a re  systematic.  We 
do SX de termina t ion  o f  t h e  ionosphere. However, i n  t h e  p a r t i c u l a r  
example I gave, you cou ld  see t h a t  t he  d i f f e r e n c e  between two se ts  
o f  data i s  q u i t e  l a rge .  The e f fec t  was determined very  p r e c i s e l y  
by l o o k i n g  a t  t h ree  s t a t i o n s '  data t h a t  shows the re  was something 
a t  one s t a t i o n .  I t  was something l i k e  an ex tens ive  a c t i v e  iono-  
sphere which would show up a t  a l l  t h e  s ta t i ons .  

There was a  d i u r n a l  s inuso id  a t  t he  beginning o f  t he  observing 
period. I n  t h e  midd le  o f  t h e  observing per iod,  t he re  was an i n -  
crease i n  t h a t  d i u r n a l  s inusoid.  That increase i n  t he  d i u r n a l  s inu-  
so id  matches w i t h  t h e  change i n  t he  temperature c o n t r o l  on t h e  maser 
enclosure. 


