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ABSTRACT 

Th i s  paper p r e s e n t s  an c n - o r b i t  f requency  s t a b i l i t y  
performance a n a l y s i s  o f  t h e  GPS NAVSTAR-1 q u a r t z  c l o c k  
and t h e  NAVSTARs-6 and -8 rubidium c l o c k s .  The c l o c k  
o f f s e t s  were o b t a i n e d  from measurements t aken  a t  t h e  
GPS moni tor  s t a t i o n s  which use  h igh  performance cesium 
s t a n d a r d s  a s  a  r e f e r e n c e .  

Clock performance i s  c h a r a c t e r i z e d  thro!,yh t h e  u se  of  
t h e  Al lan  v a r i a n c e ,  which is e v a l u a t e d  f o r  sample 
t i m e s  of 15 minu te s  t o  two h o u r s ,  and from one day t o  
10 days .  The q u a r t z  and rubidium c l o c k s '  o f f s e t s  were 
c o r r e c t e d  f o r  a g i n g  r a t e  b e f o r e  c o m p u t i n g  t h e  
f requency  s t a b i l i t y .  The e f f e c t  o f  sma l l  e r r o r s  i n  
ag ing  r a t e  is p r e s e n t e d  f o r  t h e  NAVSTAR-8 rubidium 
c l o c k ' s  s t a b i l i t y  a n a l y s i s .  

The a n a l y s i s  i n c l u d e s  p r e s e n t a t i o n  o f  t i m e  and 
f r e q u e n c y  r e s i d u a l s  w i t h  r e s p e c t  t o  l i n e a r  and 
q u a d r a t i c  models ,  which a i d  i n  o b t a i n i n g  ag ing  r a t e  
v a l u e s  and i d e n t i f y i n g  s y s t e m a t i c  and random e f f e c t s .  
The f requency  s t a b i l i t y  v a l u e s  were f u r t h e r  p rocessed  
wi th  a  t ime  domain n o i s e  p r o c e s s  a n a l y s i s ,  which i s  
used t o  c l a s s i f y  random n o i s e  p r o c e s s  and modulat ion 
t y p e *  

NAVSTAR-1 r e s u l t s  i n d i c a t e  good performance f o r  a  
q u a r t z  c l o c k .  Compar i son  o f  t h e  q u a r t z  c l o c k ' s  
s t a b i l i t y  w i th  t h e  b e s t  o n - o r b i t  cesium c l o c k  r e s u l t s  
i n d i c a t e s  t h a t  t h e  cesium s t a n d a r d  i s  more s t a b l e  by 
a t  l e a s t  a  f a c t o r  o f  two f o r  a  900 second sample ,  and 
i n c r e a s e s  t o  two o r d e r s  o f  magnitude f o r  a  one day 
sample t i m e ,  

The NAVSTAR-8 r u b i d i u m  c l o c k  d i f f e r e d  f rom t h e  
NA'ISTAR-6 r u b i d i u m  c l o c k  i n  i t s  improved  t h e r m a l  
environment .  T h i s  rubidium c l o c k  e x h i b i t e d  an e f f e c t  
t h a t  l a s t e d  f o r  n e a r l y  f i v e  months.  Fol lowing t h i s  
t r a n s i e n t ,  t h e  rubidium c l o c k  performed wi th  b e t t e r -  
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than-expec ted  s t a b i l i t y .  A f i n a l  d i s c u s s i o n  o f  q u a r t z ,  
rub id ium,  and cesium o n - o r b i t  w i l l  be p r e s e n t e d .  

INTRODUCTION 

The NAVSTAR Global  P o s i t i o n i n g  Systen: (GPS) is  a  space-based 
navigation s a t e l l i t e  sy s t em,  which when o p e r a t i o n a l  i n  t h e  l a t e  
1 9 8 0 f s ,  w i l l  p rov ide  a c c u r a t e  n a v i g a t i o n  and t ime  i n f o r n a t i o n  t o  
u s e r s  anywhere  i n  t h e  w o r l d ,  o r  i n  n e a r - E a r t h  o r b i t .  A 
c o n s t e l l a t i o n  ( 1 )  of  18 t o  24 s a t e l l i t e s  w i l l  be t r a c k e d  and 

I c o n t r o l l e d  by a  network o f  Monitor S t a t i o n s  (MS). 

GPS w i l l  p rov ide  a  n e a r - i n s t a n t a n e o u s  n a v i g a t i o n  c a p a b i l i t y  
b e c a u s e  e a c h  NAVSTAR S p a c e c r a f t  V e h i c l e  (SV) c l o c k  i s  
synchronized  t o  a  common GPS t i m e .  The NAVSTAR c l o c k  o f f s e t s ,  
o r b i t a l  e l e m e n t s ,  and s p a c e c r a f t  h e a l t h  a r e  pet  i o d i c a l l y  
de ta rmined  by t h e  Master Con t ro l  S t a t i o n  (MCS). These updated 
pa rame te r s  a r e  then  uploaded t o  each NAVSTAR SV. Each NAVSTAR 
c l o c k  m u s t  then  ma in t a in  GPS t ime  u n t i l  t h e  n e x t  upda t e  by t h e  
MCS. Cur ren t  sys tem performance r e q u i r e s  t h r e e  u p d a t e s  per  day 
t o  meet n a v i g a t i o n a l  r e q u i r e m e n t s .  

The Naval  R e s e a r c h  L a b o r a t o r y  ( N R L )  h a s  r e c o g n i z e d  t h e  
impor tance  of  c l o c k  performance t o  t h e  GPS mis s ion  ( 2 , 3 ) ,  and is  
conduc t ing  t h e  NRL GPS C i u ~ k  Development Program. The o n - o r b i t  
c l o c k  perfot-mance ( 4 , 5 )  was de te rmined  th rough  t h e  p rocedure  
d e p i c t e d  i n  F i g u r e  1 ,  and d e s c r i b e d  i n  d e t a i l  i n  r e f e r e n c e  6 .  
Key f e a t u r e s  o f  t h i s  t e chn ique  a r e  ( 1 )  use  o f  a  high-performance 
ground r e f e r e n c e  c l o c k  a t  each MS, and ( 2 )  use  o f  a  Naval 
S u r f a c e  Weapons C e n t e r  (NSWC) smoothed  r e f e r e n c e  o r b i t  t o  
s e p a r a t e  t h e  o r b i t a l  and c lock  s i g n a l s  from t h e  pseudo-range and 
pseudo-range- r a t e  measurements.  

C L O C K  PERFORMANCE MODELS 

GPS o n - o r b i t  c l o c k  p e r f o r m a n c e  i s  c h a r a c t e r i z e d  f o r  b o t h  
s y s t e m a t i c  and random e f f e c t s .  Sys t ema t i c  pa rame te r s  i r l c lude  
c l o c k  t ime  and f requency  o f f s e t s ,  and a g i n g  r a t e ,  a l l  a s  
f u n c t i o n  o f  t ime .  The c l o c k ' s  random b e h a v i o r ,  i n  t h e  t ime  
domain, is  c h a r a c t e r i z e d  th rough  use  of  t h e  Al lan  v a r i a n c e  
( 7 , 8 ) .  A t y p i c a l  f requency  s t a b i l i t y  p r o f i l e ( 9 )  i s  p r e s e n t e d  i n  
F igu re  2. 

A t ime domain n o i s e  p r o c e s s  a n a l y s i s  i s  performed t o  de t e rmine  
random n o i s e  p r o c e s s  t y p e .  These t ime  domain pa rame te r s  mav then  
be t ransformed t o  t h e  f requency  domain u s ing  conve r s ion  foi-mulas 
d e t a i l e d  i n  r e f e r e n c e  ( 1 0 ) .  

Once a  c l o c k  h a s  been  c h a r a c t e r i z e d  t h r o u g h  a  f r e q u e n c y  
s t a b i l i t y  a n a l y s i s ,  t h e  f requency  p r o f i l e  may then  be used t o  
e s t i m a t e  a  c l o c k ' s  t i m e  p r e d i c t i o n  p e r f o r m a n c e .  F i g u r e  3 
p r e s e n t s  a  s e t  o f  t ime p r e d i c t i o n  c u r v e s ,  a s  a f u n c t i o n  o f  
f requency  s t a b i l i t y  and c lock  upda te  t i m e ,  u s i n g  o p t i m a l  two 
p o i n t  p r e d i c t i o n  0  1 1  Other  models f o r  t ime  p r e d i c t i o n  a r e  



p r e s e n t e d  i n  r e f e r e n c e  (7). Each o f  t h e s e  o p t i m a l  t i m e  
p r e d i c t i o n  models has  one t h i n g  i n  common -- namely t h a t  t h e  
long-term c lock  p r e d i c t i o n  performance i s  d r iven  by t h e  product  
of  t h e  c lock  update  t ime and t h e  frequency s t a b i l i t y .  The c lock  
update  t ime is determined by GPS requ i remen t s ,  hence improved 
clock s t a b i l i t y  i s  t h e  parameter  t h a t  w i l l  d i r e c t l y  i n f l u e n c e  
GPS t ime p r e d i c t i o n .  This  a n a l y s i s  r e p r e s e n t s  t o t a l  system 
e r r o r s  super-imposed on t h e  c lock  r e s u l t s .  GPS system i n f l u e n c e s  
e i t h e r  e n h a n c e  o r  d e t r a c t  f rom a c t u a l  c l o c k  p e r f o r m a n c e .  
Therefore  t h e  appa ren t  i n d i c a t i o n  of  s l i g h t  d e v i a t i o n s  from 
normal c lock  behavior  could be expected .  

NAVSTAR-1 Q U A R T Z  RESULTS 

NAVSTAR-1 was launched on Feb 22, 1978, and t h e  q u a r t z  c lock  was 
a c t i v a t e d  only a f t e r  d l 1  on-board rubidium c l o c k s  f a i l e d .  T h i s  
q u a r t z  c lock  i s  s t i l l  working a s  of  t h i s  d a t e ,  however i t s  
s t a t u s  is  l i s t e d  a s  "unheal thym because more s t a b l e  atomic 
c l o c k s  a r e  now a v a i l a b l e  i n  o t h e r  NAVSTAR SVs. Of i n t e r e s t  i s  
t h e  d e t e r m i n a t i o n  o f  t h e  s h o r t -  and l o n g - t e r m  f r e q u e n c y  
s t a b i l i t y  of t h e  NAVSTAR-1 q u a r t z  c lock  and i t s  comparison with 
t h e  NAVSTAR atomic c l o c k s .  

The c lock  o f f s e t s  between t h e  NAVSTAR-1 q u a r t z  c lock  and t h e  
Vandenberg Monitor S t a t i o n  (VMS) a r e  p resen ted  i n  F igure  4 .  The 
d a t a  i n d i c a t e s  a  sequence of smooth q u a d r a t i c  c u r v e s ,  w i t h  
occas iona l  adjustmeblts by t h e  Master Cont ro l  S t a t i o n ,  t o  keep 
t h e  q u a r t z  c l o c k ' s  t ime and frequency w i t h i n  p resc r ibed  limits. 
The concave shape of t h e  q u a d r a t i c  cu rves  i s  due t o  t h e  n e g a t i v e  
aging r a t e  of  t h e  NAVSTAR-1 q u a r t z  c l o c k .  The r e l a t i v e  maximum 
clock o f f s e t s  occur a s  t h e  q u a r t z  c l o c k ' s  f requency o f f s e t  
passes  through zero .  The cusps i n  t h e  q u a d r a t i c  cu rves  occur  
because o f  s t e p  frequency ad jus tmen t s ,  which keep t h e  frequency 
o f f s e t  between (+/ - )1PPlO(9) .  I n  a d d i t i o n  t o  t h e  frequency 
ad jus tmen t s ,  s e v e r a l  c lock  phase ad jus tments  were made t o  a l i g n  
t h e  c lock  o f f s e t s  w i t h  r e s p e c t  t o  GPS t ime .  

Frequency o f f s e t s  f o r  t h e  NAVSTAR-1 q u a r t z  c lock  were computed, 
us ing  c lock  o f f s e t s  s e p a r a t e d  one day i n  t i m e ,  and a r e  presentee 
i n  F igure  5. The t ime a x i s  i s  l a b e l l e d  i n  u n i t s  of Modified 
J u l i a n  Day (MJD), day-of-year ,  and ca lendar  d a t e .  The frequency 
o f f s e t s  d e c r e a s e  w i t h  t i m e ,  w i t h  a d j u s t m e n t s  i n  f r e q u e n c y  
o c c u r i n g  a s  t h e  f r e q u e n c y  o f f s e t  a p p r o a c h e s  ( + / - ) 1 P P 1 0 ( 9 ) .  
Visual  i n s p e c t i o n  of F igure  5 i n d i c a t e s  smal l  d e p a r t u r e s  from a  
l i n e a r  change i n  f requency,  which a r e  of primary i n t e r e s t  i n  t h e  
on-orb i t  s t a b i l i t y  a n a l y s i s .  

Using the  t imes  of t h e  frequency adjus tments  made by t h e  GPS 
Master Control  S t a t i o n ,  t h e  q u a r t z  f requency d a t a  was c o r r e c t e d  
t o  remove t h e  e f f e c t  o f  t h e  f r e q u e n c y  a d j u s t m e n t s .  These  
c o r r e c t e d  frequency o f f s e t s  a r e  p resen ted  i n  F igure  6. These 
d a t a  were f u r t h e r  analyzed t o  de termine  i f  t h e  q u a r t z  c lock  aged 
a t  a  c o n s t a n t  r a t e .  A c o n s t a n t  aging r a t e  is p a r t  of  t h e  c lock  
model used by t h e  GPS MCS f o r  t h e  q u a r t z  and rubidium c l o c k s .  



Assuming a  c o n s t a n t  a g i n g  r a t e  f o r  a l l  o f  1982 ,  a  l i n e a r  
f r e q u e n c y  model  was f i t t e d  t o  t h e  d a t a ,  and t h e  f r e q u e n c y  l i n e a r  
r e s i d u a l s  a r e  p r e s e n t e d  i n  F i g u r e  7. The r e s i d u a l s  i n d i c a t e  a  
c h a n g e  i n  a g i n g  r a t e  n e a r  d a y  1 5 0 ,  1982 .  The d a t a  was s e g m e n t e d  
i n t o  two s u b s e t s ,  w i t h  a  l i n e a r  f r e q u e n c y  model  u s e d  f o r  t h e  
f i r s t  s e g m e n t ,  and a  q u a d r a t i c  model  f o r  t h e  r e m a i n d e r  o f  t h e  
y e a r .  The r e s i d u a i s  f o r  t h e s e  two s e g m e n t s  a r e  p r e s e n t e d  i n  
F i g u r e s  8 and  9 .  

C l o c k  s t a b i l i t y  d u r i n g  a  p a s s  is  d e t e r m i n e d  by e v a l u a t i n g  t h e  
A l l a n  v a r i a n c e  f o r  s a m p l e  times o f  1 5 - m i n u t e s  t o  2 - h o u r s .  
S t a b i l i t y  r e s u l t s  f o r  900 - second  and 2-hour  s a m p l e  times a r e  
p r e s e n t e d  by  F i g u r e s  1 0  a n d  1 1 .  N o t e  t h a t  t h e  f r e q u e n c y  
s t a b i l i t y  v a l u e s  a r e  p l o t t e d  a s  a  f u n c t i o n  o f  r u n n i n g  time, 
r a t h e r  t h a n  t h e  s a m p l e  time. The mos t  i n t e r e s t i n g  r e s u l t  e v i d e n t  
i n  F i g u r e  10 i s  a  c h a n g e  t h a t  o c c u r s  n e a r  d a y  1 5 0 ,  1982 .  
I n s p e c t i o n  o f  t h e  s t a b i l i t y  v a l u e s  i n d i c a t e s  a  s m a l l  i n c r e a s e  i n  
t h e  c o r r e l a t e d  n o i s e  a f t e r  d a y  150.  T h i s  d e c r e a s e  i n  s t a b i l i t y  
is  f u r t h e r  s u p p o r t e d  by t h e  p r i o r  r e s u l t s  on a g i n g  r a t e ,  w h i c h  
i n d i c a t e  a  c h a n g e  t h a t  o c c u r e d  n e a r  d a y  1 5 0 ,  f rom a  c o n s t a n t  
a g i n g  r a t e  t o  a  l i n e a r  c h a n g e  i n  a g i n g  r a t e .  T h i s  c h a n g e  c a n  b e  
s e e n  by i n s p e c t i o n  o f  F i g u r e s  6 ,  7 ,  and 9 .  

Long term f r e q u e n c y  s t a b i l i t y  r e s u l t s  f o r  t h e  NAVSTAR-1 q u a r t z  
c l o c k  a r e  computed  a f t e r  e s t i m a t i n g  and c o r r e c t i n g  t h e  c l o c k  
o f f s e t s  f o r  a  c o n s t a n t  a g i n g  r a t e .  The e f f e c t  o f  t h e  a g i n g  r a t e  
e r r o r s  on f r e q u e n c y  s t a b i l i t y  w i l l  be  e x p l i c t l y  a d d r e s s e d  l a t e r  
i n  t h i s  r e p o r t .  

A c o m p o s i t e  o f  s h o r t -  and l o n g - t e r m  f r e q u e n c y  s t a b i l i t y  r e s u l t s  
f o r  t h e  NAVSTAR-1 q u a r t z  c l o c k  a r e  p r e s e n t e d  by F i g u r e  1 2 .  
U n c h a r a c t e r i s t i c  o f  a  t y p i c a l  c l o c k  i s  t h e  t r a n s i t i o n  f rom 
random walk  FM t o  f l i c k e r  n o i s e  FM, wh ich  o c c u r s  a t  a  s a m p l e  
time o f  a b o u t  3 d a y s .  F u r t h e r  c o n c l u s i o n s  w i l l  b e  made a f t e r  
c o m p a r i n g  t h e  q u a r t z  s t a b i l i t y  r e s u l t s  w i t h  p r e v i o u s  ( 6 )  
o n - o r b i t  r e s u l t s  f o r  t h e  NAVSTAR-6 c e s i u m  c l o c k .  

P a r a m e t e r i c  f r e q u e n c y  s t a b i l i t y  r e s u l t s  a r e  o b t a i n e d  b y  
c o m p a r i n g  t h e  NAVSTAR-1 q u a r t z  s t a b i l i t y  w i t h  t h e  NAVSTAR-6 
c e s i u m  s t a b i l i t y ,  which  is  p r e s e n t e d  by F i g u r ~ ?  13.  The r e s u l t s  
o f  t h i s  c o m p a r i s o n  a r e  summar ized  i n  T a b l e  1.  

T a b l e  1  

NAVSTAR-1 QUARTZ CLOCK 
COMPARISON WITH NAVSTAR-6 CESIUM CLOCK PERFORMANCE 

SAMPLE TIME IMPROVEMENT WITH CESIUM 

900 s e c o n d s  
2 h o u r s  
1  d a y  

10 d a y s  

FACTOR OF 2 
1  ORDER OF MAGNITUDE 
2 ORDERS OF MAGNITUDE 
FACTOR OF 300 



NAVSTAR-6 R U B I D I U M  RESULTS 

O n - o r b i t  f r e q u e n c y  s t a b i l i t y  r e s u l t s  w i l l  b e  p r e s e n t e d  f o r  one  
o f  t h e  t h r e e  r u b i d i u m  c l o c k s  onboard  t h e  NAVSTAR-6 SV. The 
f o u r t h  c l o c k ,  a  c e s i u m ,  was f i r s t  a c t i v a t e d ,  and o p e r a t e d  from 
May, 1980 u n t i l  e a r l y  i n  1984. The r u b i d i u m  c l o c k  was a c t i v a t e d  
i n  F e b u r a r y ,  1984,  and was o p e r a t e d  f o r  six months .  T h i s  
r u b i d i u m  c l o c k  was d e a c t i v a t e d  b e c a u s e  o f  d e g r a d e d  p e r f o r m a n c e .  

F requency  o f f s e t s  f o r  t h e  NAVSTAR-6 r u b i d i u m  c l a c k  a r e   resented 
i n  F i g u r e  14.  I n s p e c t i o n  o f  t h e s e  d a t a  i n d i c a t e s  an i n i t i a l  
p o s i t i v e  a g i n g  r a t e ,  which l a s t e d  f o r  a b o u t  1-week, f o l l o w e d  by 
a  l o n g  t r e n d  w i t h  a  n e g a t i v e  a g i n g  r a t e .  I t  is  p o s t u l a t e d  t h a t  
t h e  i n i t i a l  p o s i t i v e  a g i n g  r a t e  is due  t o  a  t r a n s i e n t .  

The f r e q u e n c y  d a t a  was e d i t e d  t o  remove t h e  t r a n s i e n t  and o t h e r  
o u t l i e r s .  The r e m a i n i n g  d a t a  ( F i g u r e  1 5 )  was f i t t e d  w i t h  a  
l i n e a r  f r e q u e n c y  model .  The r e s i d u a l s  t o  t h l s  l i n e a r  f r e q u e n c y  
model a r e  p r e s e n t e d  i n  F i g u r e  16. The a g i n g  ra f . e  v a l u e  o b t a i n e d  
was -8.2PP10( 1 4 ) / d a y ,  which i s  lower  t h a n  e x p e c t e d  f o r  t h e  
r u b i d i u m  c l o c k s .  The RMS f r e q u e n c y  n o j  s e  was 1.4PP10( 12) ,  which 
i s  h i g h e r  t h a n  e x p e c t e d .  

S h o r t -  and long- te rm s t a b i l i t y  r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e  
17 .  The b e s t  a f t e r - t h e - f a c t  a g i n g  term h a s  been removed from t h e  
d a t a  f o r  t h e  long- te rm f r e q u e n c y  s t a b i l i t y  d e t e r m i n a t i o n .  For  
t h e  s h o r t - t e r m  a n a l y s i s ,  t h e  e f f e c t  o f  t h e  a g i n g  r a t e  c o r r e c t i o n  
i s  s m a l l  enough t o  be  n e g l e c t e d .  The s h o r t  t e r m  s t a b i 1 i t . y  
r e s u l t s  i n d i c a t e  1 .8PP10(12)  f o r  a  900-second sample  t i m e .  For  a  
2-hour sample  t i m e ,  t h e  s t a b i l i t y  was 1 .3PP10(12) .  The l o n g - t e r m  
s t a b i l i t y  r e s u l t s  i n d i c a t e  a  4.2PP10( 13)  s t a b i l i t y  f o r  a  1-day 
sample  time, which r e m a i n s  e s s e n t i a l l y  c o n s t a n t  f o r  sample  t i m e s  
f rom 2 t o  10 d a y s .  

NAVSTAR-8 R U B I D I U M  RESULTS 

The NAVSTAR-8 s p a c e c r a f t  (SC) was l a u n c h e d  on J u l y  14 ,  1983,  
a s  p a r t  o f  t h e  GPS Phase  I c o n s t e l l a t i o n .  NAVSTAR-8 i s  e q u i p p e d  
w i t h  t h r e e  r u b i d i u m  c l o c k s  and one  c e s i u m  c l o c k .  One o f  t h e  
t h r e e  r u b i d i u m  c l o c k s  was a c t i v a t e d  s h o r t l y  a f t e r  l a u n c h  and h a s  
been t h e  o p e r a t i o n a l  c l o c k  f o r  NAVSTAR-8 from l a u n c h  t o  t h e  
p r e s e n t  t i m e .  

The r u b i d i u m  c l o c k  c u r r e n t l y  i n  u s e  onboard  NAVSTAR-8 h a s  
a d d i t i o n a l  t e m p e r a t u r e  c o n t r o l  which is  p r o v i d e d  by a  Thermo 
E l e c t r i c  D e v i c e  (TED) .  P r e l i m i n a r y  a n a l y s i s  o f  t e m p e r a t u r e  
c o r r e l a t i o n s  f o r  o t h e r  NAVSTAR r u b i d i u m  c l o c k s  h a s  i n d i c a t e d  a  
t e m p e r a t u r e  c o e f f i c i e n t  on t h e  o r d e r  o f  1 . 9 6 P P 1 0 ( 1 2 ) / d e g r e e  C .  

The NAVSTAR-8 r u b i d i u m  c l o c k  o f f s e t  d a t a  a n a l y z e d  is p r e s e n t e d  
by F i g u r e  18. Four a d j u s t m e n t s  i n  o f f s e t  o r  c l o c k  f r e q u e n c y  a r e  
p r e s e n t  i n  t h e  NAVSTAR-8 d a t a .  The f i r s t  i s  a  c h a n g e  i n  
f r e q u e n c y  w h i c h  was a r e s u l t  o f  a  C - f i e l d  a d j u s t m e n t  
( S e p t e m b e r , 1 9 8 3 ) .  The second  c h a n g e  was i n  c l o c k  o f f s e t  a s  a  



r e s u l t  o f  a  p h a s e  a d j u s t m e n t  ( F e b u r a r y ,  1 9 8 4 ) .  The  t h i r d  c h a n g e  
( J u l y ,  1 9 8 4 )  is  a n o t h e r  f r e q u e n c y  a d j u s t m e n t  w i t h  t h e  f o u r t h  
c h a n g e  ( A u g u t j t ,  1 9 8 4 )  b e i n g  a  p h a s e  a d j u s t m e n t  a f t e r  t h e  
o n - b o a r d  c e s i u m  c l o c k  w a s  c y c l e d  on a n d  o f f  f o r  a  p e r i o d  o f  
h o u r s .  

By c o r r e c t i n g  f o r  t h e  a d j u s t m e n t s  i n  t i m e  a n d  f r e q u e n c y .  a  
c o n t i n u o u s  f r e q u e n c y  i s  o b t a i n e d  a s  p r e s e n t e d  b y  F i g u r e  1 9 .  A 
l i n e a r  f r e q u e n c y  m o d e l  w a s  f i t t e d  t o  t h e  e n t i r e  d a t a  s p a n .  T h i s  
f i t  r e s u l t e d  i n  a n  a v e r a g e  a g i n g  r a t e  o f  - 3 . 2 P P 1 0 ( 1 3 ) / d a y  f o r  
t h e  e n t i r e  s p a n .  I n s p e c t i o n  o f  t h e  r e s i d l a l s  i n d i c a t e s  t h e  
p r e s e n c e  o f  a  s y s t e m a t i c  b e h a v i o r  i n  t h e  f r e q u e n c y .  C a r e f u l  
a n a l y s i s  o f  t h e  r e s i d u a l s  i n d i c a t e d  a  c h d n g e  i n  a g i n g  r a t e  n e a r  
J a n u a r y ,  1 9 8 4 .  B e c ~ u s e  o f  t h i s  a p p a r e n t  c h z n g e ,  a  l i n e a r  
f r e q u e n c y  m o d e l  was  f i t  t o  t h e  d a t a  f r o m  J a r . u a r ; f ,  1 9 8 4  u n t i l  
J u c e ,  1 9 8 4 .  Then t h i s  m o d e l  w a s  b a c k - d a t e d  t o  &'*e b e g i n n i n g  o f  
t h e  NAVSTAR-8 c l o c k  d a t a .  The r e s i d u a l s  t o  t , ? n t i r e  s p a n  o f  
c u r r e n t  d a t a  were c o m p u t e d  a n d  a r e  p r e s e n t e d  I .  g u r e  2 0 .  

The  r e s i d u a l s  t o  t h e  d a t a  s p a n  f r o m  A u g u s t ,  , y b j  u n t i l  J u n e ,  
1 9 8 4  i n d i c a t e  a  p o s s i b l e  l o n g - t e r m  e f f e c t  w h i c h  l a s t e d  f r o m  
A u g u s t  t h r o u g h  December  1 9 8 3 .  On J r i l y  1 2 ,  1 9 8 4  a n  a d j u s t m e n t  i n  
TED t e m p e r a t u r e  o f  t h r e e  d e g r e e s  w a s  p e r f o r m e d .  S h o r t l y  
t h e r e a f t e r  a  c h a n g e  i n  a g i n g  r a t e  o f  t h e  NAVSTAR-8 r u b i d i u m  
c l o c k  w a s  m z a s u r e d .  

NAVSTAR-8 r u b i d i u m !  f r e q u e n c y  s t a b i l i t y  d u r i n g  a  p a s s  w a s  
e v a l u a t e d  u s i n g  d a t a  f r o m  J a n u a r y ,  1 9 8 4  u n t i l  S e p t e m b e r ,  1 9 8 4 .  
The  d a t a b a s e  was  p a r t i t i o n e d  i n t o  5 - d a y  s e t s  f o r  t h e  s t a b i l i t y  
c a l c u l a t i o n s .  T h i s  p r o c e d u r e  i s  f u l l y  d e s c r i b e d  i n  r e f e r e n c e  6 .  
T h e  s t a b i l i t y  c a l c u l a t i o n s  were m a d e  f o r  s a m p l e  t imes  o f  
9 0 0 - s e c o n d s  t o  2 - h o u r s ,  i n  9 0 0 - s e c o n d  i n c r e m e n t s .  

F r e q u e n c y  s t a b i l i t y  r e s u l t s  f o r  9 0 0 -  a n d  2 7 0 0 - s e c o n d  s a m p l e  
t ia les  a r e  p r e s e n t e d  i n  F i g u r e  2 1  a n d  2 2 .  A n a l y s i s  o f  t h e s e  
r e s u l t s  i n d i c a t e s  t h a t  a n  u n e x p e c t e d  phenomena  i s  o c c u r i n g  fo r .  
t h e  NAVSTAR-8 r u b i d i u m  c l o c k .  T h e  r e s u l t s  i q d i c a t e  a  t w c - s t a t e  
s t a b i l i t y .  T h i s  r e s u l t  is more ~ v i d e n t  f o r  t h e  2 7 0 0 - s e c o n 2  
s a m p l e  time t h a n  f o r  t h e  900-secur ld  s a m p l e  time. A l l  c h e c k s  t o  
d a t e  h a v e  n o t  p r o d u c e d  a  s a t i s f a c t o r y  e x p l a n a t i o n  t o  t h i s  
o b s e r v e d  phenomena .  

A s h o r t - t e r m  f r e q u e n c y  s t a b i l i t y  p r o f i l e  f o r  t h e  NAVSTAR-8 
r u b i d i u m  c l o c k  i s  p r e s e n t e d  b y  F i g u r e  2 3 .  T h i s  c u r v e  s h o w s  a n  
u n c h a r a c t e r i s t i c  p e a k  f o r  a  t y p i c a l  c l o c k ,  a t  a  1 - h o u r  s a m p l e  
time. 

L o n g - t e r m  f r e q u e n c y  s t a b i l i t y  r r s u l t s  f o r  t h e  NAVSTAR-8 r u b i d i u m  
c l o c k  a r e  p r e s e n t e d  by  F i g u r e  2 4 .  A 2 8 0 - d a y  s e t  w a s  u s e d  f o r  
t h e s e  s t a b i l i t y  r e s u l t s ,  w h i c h  i .  more t h a n  a  f a c t o r  o f  1 0  
l o n g e r  t h a n  t h e  l o n g e s t  s a m p l e  time. T h e s e  r e s u l t s  i n d i c a t e  a  
s t a b i l i t y  o f  7PP10! 1 4 )  f o r  a  1 -day  s a m p l e  t jme, w h i c h  d e c r e a s e s  
t o  5 . 5 P P 1 0 ( 1 4 )  f o r  a  3 - d a y  s a m p l e  t ime,  f o l l o w e d  b y  a n  i n c r e a s e  
t o  8 P P 1 0 ( 1 4 )  f o r  a  10-day  s a m p l e  time. T h e s e  s t a b i l i t y  r e s u l t s  



were a c h i e v e d  assuming  an a c c u r a t e  knowledge ( a f t e r s - t h e - f a c t )  o f  
t h e  a g i n g  r a t e  o f  t h e  NAVSTAR-8 r u b i d i u m  ? l o c k .  In  a d d i t i o , -  t h e  
a s s u m p t i o n  t h a t  t h e  a g i n g  r a t e  was c o n s t a n t  i s  n e c e s s a r y .  
O c c a s i o n a l  u n p r e d i c t a b l e  c h a n g e s  i n  a g i n g  r a t e  can  o c c u r ,  whic:i 
w i l l  d e g r a d e  long-  and s h o r t - t e r m  rub id ium c l o c k  p e r f o r m a n c e .  

A s e n s i t i v i t y  a n a l y s i s  o f  t h e  NAVSTAR-8 l o n g - t e r m  f r e q u e n c y  
s t a b i l i t y  t o  a g i n g  r a t e  was computed u s i n g  a  95-day s u b s e t ,  a r l  
is p r e s e n t e d  by F i g u r e  25. The s t a b i l i t y  a n a l y s i s  was computed 
w i t h  ati i n c r e m e n t  o f  a g i n g  r a t e  o! 2  n a n o s e c o n d s / J a y / d a y .  The 
b e s t  s t a b i l i t y  was o b t a i n e d  u s i n g  an a g i n g  r a t e  o f  -23  
n s e c / d a y / d a y .  A n a l y s i s  o f  t h e s e  r e s u l t s  i n d i c a t e s  a l.ow 
s e n s i t i v i t y  t o  a g i n g  r a t e  e r r o r s  f o r  a  l -day sample  t i m e ,  w i t h  
d r a m a t i c a l l y  i n c r e a s i n g  s e n s i t i v i t y  a s  t h e  sample  t i m e  i n c r e a s e s  
t 3  10 d a y s .  The i m p o r t a n c e  o f  t h i s  a n a l y s i s  i s  r e a d i l y  s e e n  when 
GPS i s  used i n  a p r e d i c t i o n  mode. An a g i n g  r a t e  v a l u e  o f  some 
f a s h i o n  must be assumed d u r i n g  t h e  p r e d i c t e d  s p a n  o f  time. 

NAVSTAR : / 3 / 4 / 5 / 6 / 8  RESULTS 

A c o m p o s i t e  o f  t h e  NAVSTARs 1 , 3 , 4 , 5 , 6 ,  and  8 r e s u i t s  i s  
p r e s e n t e d  i n  F i g u r e  2 6 ,  i l s ing  p r e v i o u s l y  p r e s e n t e d  r e s u l t s  ( 6 )  
i n  a d d i t i o n  t o  t h o s e  p r e s e n t e d  i n  t h i s  p a p e r .  

These r e s u l t s  i n d i c a t e  t h a t  CPS NAVSTAR a t o m i c  c l o c k s  a r e  s t a b l e  
t o  2PP10(12)  f o r  a  90a-second sample  t i m e ,  and improve w i t h  
l o n g e r  sample  t i m e s ,  w i t h  b e t t e r  t h a n  2PP10(13)  f o r  a  1-day 
sample  t i m e .  For sample  times l o n g e r  t h a n  l - d a y ,  t h e  ces ium 
c l o c k s  show a  s p r e a d  i n  s t a b i l i t i e s  from 8  t o  lOPPlO(14) .  The 
r u b i d i u m  c l o c k s  show a  s p r e a d  i n  s t a b i l i t i e s  f r o m  5  t o  
25PP10(14) .  The long- te rm s t a b i l i t y  p r e s e n t a t i o n  h a s  t h e  b e s t  
a f t e r - t h e - f a c t  a g i n g  e f f e c t  remalted f o r  a l l  t h e  r u b i d i u m  c l o c k 2  
a n a l y z e d .  T h i s  was n o t  n e c e s s a r y  f o r  t h e  ces ium c l o c k s  s i n c e  t i l e  
a g i n g  t e rm f o r  ces ium c l o c k s  i s  e s s e n t i a l l y  z e r o .  
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QUESTIONS A N D  ANSWERS 

PHIL TALLEY, AEROSPACE CORPORATION: I would l i k e  t o  comment t h a t  
t h e r e  is a  p o s t - c o r r e l a t i o n  f o r  t h o s e  v a r i a t i o n s  i n  t h e  f r e q u e n c y  
t h a t  you c a n  s e e  w i t h  s o l a r  a c t i v i t y ,  a n d  I h a v e  l o o k e d  a t  t h a t  
i n  some d e p t h ,  and e v e r y  t i m e  t h e r e  i s  a  s i g n i f i c a n t  c a s e  t h a t ' s  
b e i n g  n o t e d ,  t h e r e  w i l l  b e ,  w i t h i n  t h e  n e x t  t w e n t y - f o u r  h o u r s ,  a  
s i g n i f i c a n t  c h a n g e  i n  t h e  a g i n g  r a t e ,  a n d  t h e y  c o r r e l a t e  v e r y  
c l o s e l y  w i t h  t h e  c h a n g e s  i n  a g i n g  r a t e  t h a t  you s h o w e d  i n  y o u r  
c u r v e .  I m e n t i o n e d  i t  t o  Jim Buisson e a r l i e r , ' b u t  we can d i s c u s s  
t h a t  i n  s o m e  d e p t h  l a t e r .  T h a t  i s  n o t  a n  i r ? h e r e n t  q u a r t z  
c h a r a c t e r i s t i c .  I t  i s  i n d u c e d ,  and  we t h i n k  we know t o  w h a t  
e x t e n t .  

M R .  McCASKILL: Thank you f o r  your  comments, P h i l .  

D A V I D  A L L A N ,  NATIONAL B U R E A U  OF STANDARDS: T h e r e  was  a  q u e s t i o n  
e a r l i e r  i n  my mind w i t h  r e g z r d  t o  t h e  d e v i a t i o n s  i n  s igma  a t  900 
s e c o n d s .  I w o n d e r e d  i f  t h o s e  c o u l d  b e  i n d u c e d  by a  d e v i a t i o n  i n  
o n e  o f  t h e  o t h e r  s p a c e c r a f t s ,  s i n c e  t h e  Kalman f i l t e r  f o r c e s  t h e  
e r r o r  s o m e w h e r e  i n  t h e  s y s t e m .  I f  you h a v e  a  p r o b l e m  i n  a n o t h e r  
p a r t  o f  t h e  s y s t e m ,  i t  c a n  show u p  o n  a n o t h e r  s p a c e c r a f t ,  a n d  
n o t  b e  on  t h a t  s p a c e c r a f t .  I t  m i g h t  b e  w o r t h  l o o k i n g  a t  t h e  
c o r r e l a t i o n s  o f  s o m e  bad  p e r f o r m a n c e  on  o t h e r  s p a c e c r a f t s  a t  
t h o s e  times when t h o s e  e v e n t s  o c c u r r e d .  

M R .  McCASKILL: T h a t  w o u l d ,  o f  c o u r s e ,  b e  t r u e  i f  we were u s i n g  
t h e  o r b i t a l  e l e m e n t s  t h a t  w e r e  g e n e r a t e d  by t h e  GPS m a s t e r  
c o n t r o l  s t a t i o n .  We a r e  n o t .  We a r e  u s i n g  a n  a f t e r - t h e - f a c t  
smoothed o r b i t ,  which  i s  d e t e r m i n e d  f o r  e a c h  o f  t h e  s p a c e c r a f t ,  
t h e  NAVSTAR 8 Rubidium i n  t h i s  c a s e .  

The f l u c t u a t i o n s  o n  N A V  8 s h o w e d  u p  f i r s t  a t  a b o u t  9 0 0  
s e c o n d s ,  and t h e y  seem t o  i n c r e a s e  a s  you go o u t  t o  a round  2,700 
s e c o n d s  s a m p l e  t i m e .  We h a v e  l o o k e d ,  b u t  a t  t h e  moment  we h a v e  
s t i l l  n o t  been  a b l e  t o  i s o l a t e  t h e  c a u s e .  

GERNOT W I N K L E R ,  N A V A L  OBSERVATORY: W o u l d  y o u  r e p e a t  t h e  
p e r f o r m a n c e  c o n c e r n i n g  o n e  day and t e n  d a y s ?  I t  a p p e a r s  t h a t  t h e  
Rubidium c l o c k  i s  b e t t e r  t h a n  t h e  Cesium c l o c k .  Is t h a t  c o r r e c t ?  

M R .  McCASKILL: The NAVSTAR 8 R u b i d i u m  c l o c k  w i t h  t h e  a d d i t i o n a l  
t h e r m a l  c o n t r o l  d o e s  g i v e  a  b e t t e r  s t a b i l i t y  a t  a  one  day  s a m p l e  
t i m e .  T h a t ' s  a s s u m i n g  t h a t  you know wha t  t h e  a g i n g  r a t e  i s  g o i n g  
t o  be .  We h a v e  d e t e r m i n e d  t h e  a g i n g  r a t e  a f t e r  t h e  f a c t .  I f  you 
d o  n o t  know w h a t  t h e  a g i n g  r a t e  i s ,  you  c a n  g e t  r e s u l t s  t h a t  
don ' t  l o o k  l i k e  t h i s ,  b u t  t h e y  f o l l o w  an a p p a r e n t  random walk FEi 
p r o c e s s .  

P l e a s e  k e e p  i n  mind t h a t  we a r e  d e t e r m i n i n g ,  on t h e  r u b i d i u m  
c l o c k s ,  arid on  t h e  q u a r t z ,  t h e  a g i n g  r a t e  a f t e r  t h e  f a c t .  On t h e  
c e s i u m  c l o c k s ,  t h e  s t a b i l i t y  m e a s u r e m e n t s  w e r e  made w i t h o u t  any 
a g i n g  c o r r e c t i o n  a t  a l l .  Cesiums d o n ' t  a g e .  




