
RUBIDIUM AND CESIUM FREQUENCY STANDARDS 
STATUS AND PEKFORMANCE ON THE GPS PKOGKAM 

HARRY BETHKE, DALE RINGER AND M. VAN MELLE 

Rockwell. l n t e r n a  t i o n a l  
S a t e l l i t e  S y s  tem D i v i s i o n  

Sea l  Beach,  C a l i f o r n i a  

ABSTRACT 

T h i s  paper  d e s c r i b e s  the  on-orbi  t opera t i o t l a l  pe r f  orrnance of i:i-re 
f requency  s t a n d a r d s  on t h e  GPS 1-10 Navs ta r  s a t e l l i t e s .  T h e  h i s t o r y  of  ti.;[< Lib 
frequency s t a n d a r d s  showing t h e  improvemen t s  incorpora  t e d  a t  v a r i o u s  s t:ages G C  
t h e  program and the cor responding  r e s u l t s  a r e  p r e s e n t e d .  Also p rescnccd  i s  !:ix=. 
o p e r a t i o n a l  h i s  t o r y  of t h e  Navs ta r  Ces ium F r e q u e n c y  S t a n d a r d s .  The f'rcqucrlcy 
s t a n d a r d s  con£ i g u r a t i o n  d a t a  p resen ted  will cover  t h e  chronology of even i.s 
from t h e  concep t  v a l i d a t i o n  s a t e l l i t e s ,  Navs ta r s  1-10, s t a r t i n g  i.n 1978 to t.hc. 
p r e s e n t ,  i n c l u d i n g  t h e  c o n f i g u r a t i o n s  of c locks t o  be used  on t h e  GPS 
P r o d u c t i o n  Program, 

Data w i l l  be p resen ted  a d d i t i o n a l l y  showing t h e  r e s u l t s  of lung- l re r i~!  
l a b o r a t o r y  t e s t i n g  of a p roduc t ion  Rb f requency s t a n d a r d  w i t h  t h e  necessary 
d a t a  taken t o  c a l c u l a t e  Delta P ,  d r i f t ,  t ime e r r o r ,  and A l l a n  va r i ance ,  



The e v o l u t i o n  of  t h e  Rb f requency  s t a n d a r d s  (RFS) on t h e  GPS program 
s t a r t e d  w i t h  t h e  Block I c o n c e p t  v a l i d a t i o n  program beg inn ing  w i t h  a  p r o p o s a l  
program i n  1973,  fo l lowed  by t h e  (GPS 1-8) p r o t o t y p e  s p a c e  v e h i c l e  c o n t r a c t  i n  
1974. The f u l l  s c a l e  developmental  (GPS 9-11) models ,  c o n t r a c t e d  i n  1978, 
prov ided  b o t h  nav iga  Lion and n u c l e a r  de t e c  Lion c a p a b i l i t y .  The p r o d u c t i o n  qua1 
v e h i c l e  (GPS-12) was c o n t r a c t e d  i n  1980, and t h e  p r o d u c t i o n  v e h i c l e s  (GPs 13- 
40) i n  1982. During t h e  p r o p o s a l  phase  of  t h i s  program, t h e  on-board f requency  
s t a n d a r d s  were c o n s i d e r e d  t h e  most c r i t i c a l  itern w i t h i n  t h e  GPS n a v i g a t i o n a l  
sys tern f o r  a c h i e v i n g  u s e r  p o s i t i o n  a c c u r a c y .  T h e r e f o r e ,  a  c o n s i d e r a b l e  amount 
of e f f o r t :  was devoted t~ the  f requency  s t a n d a r d s .  To  minimize t h e  r i s k  to  t h e  
GPS program on t h i s  c r i t i c a l  i t em,  t h e  i n i t i a l  GPS v e h i c l e s  (GPS 1 th rough  3 )  
i n c o r p o r a t e d  three. Rb f requency  s t a n d a r d s ,  each w i t h  a  backup mode. T h i s  was 
ach ieved  by o p e r a t i n g  a  h igh  performance VCXO w i  t h o u t  Rb r e f e r e n c e .  T h i s  
dcs  i g n  c o n c e p t  r e s u l t e d  i n  t h e  redundancy p o t e n t i a l  of  s i x  f requency  s t a n d a r d s  
p e r  v e h i c l e .  L a t e r  s p a c e  v e h i c l e s ,  s t a r t i n g  w i t h  GPS 4 ,  inc luded  a n  a d d i t i o n a l  
cesium f requency  s t a n d a r d ,  a l s o  w i t h  a  backup VCXO mode. T h i s  extended 
redundancy was deemed n e c e s s a r y  i n  l i e u  of t h e  more c o n v e n t i o n a l  d u a l  
redundancy.  The a c t u a l  on-orbi  t GPS f requency  s t a n d a r d  o p e r a t i n g  h i s  t o r y ,  
shown i n  F i g u r e  1, i l l u s t r a t e s  t h e  r e s u l t s  of  t h i s  hardware  implementatiton. 

A s  of mid-1973, no space-borne s u p p l i e r s  of a tomic  f requency  s t a n d a r d s  
e x i s t e d .  T h e r e f o r e ,  Rockwell  pursued a  p l a n  t o  rcvicw a l l  c r e d i b l e  c.andida t e s  
f o r  c o n v e r s i o n  from commercial t o  a e r o s p a c e  u n i t s .  The p l a n  t o  deve lop  a Kb 
Frequency s t a n d a r d  was t o  s e l e c t  t h e  b e s t  a v a i l a b l e  v o l  t a g e - c o n t r o l l e d  crys t a l  
o s c i l l a t o r  (VCXO) and phase  l o c k  l.t t o  a  small Rb s t a n d a r d .  The d e s i g n  was t o  
be such  t h a t  i f  the Rb a tomic  p h y s i c s  package f a i l e d ,  t h e  VCXO cou ld  be 
u t i l i z e d  a s  a  backup d e v i c e .  T h i s  c o n d i t i o n  would s t i l l  m a i n t a i n  f r e q u e n r y  
s t a b i l i t y  f o r  a s p e c i f i c  p e r t o d  of time t o  m a i n t a i n  n a v i g a t i o n  a c c u r a c y  o v e r  
t h e  t e s t  area.  The development of t h i s  Rb f requency  s t a n d a r d  s t a r t e d  d u r i n g  
t h e  GPS p r o p o s a l  phase ,  E f r a  tom commercial  u n i t s  were procured and underwent 
t h e  f o l l o w i n g  m o d i f i c a t i o n s  and tes t s :  

1. Conlmercial p a r t s  were  r e p l a c e d  w i t h  h i g h  r e l i a b i l i t y  p a r t s .  

2 .  One u n i t  was repackaged t o  a l l o w  thermal  d i s s i p a t i o n  i n  a vacuum. 

3. F a b r i c a t i o n  of  s p e c i a l  Rb components w i t h  m u l t i p l e  b u f f e r  gase:; were 
des igned  t o  reduce tempera t u r e  s e n s i t i v i t y .  

4 .  The u n i t  was repackaged t o  accommodate t h e  GPS b o o s t  v j b c a t i o n  
environment .  

5.  One u n i t  was s u b j e c t e d  t o  r a d i a t i o n  t e s t s  t o  v e r i f y  o p e r a t i o n  to GPS 
requ i rements .  

6.  The N a t i o n a l  Bureau of S t a n d a r d s  was c o n t r a c t e d  t o  perform b o t h  
ambien t  and vacuum s t a b i l i  t y  t e s  ts . 



T h i s  p l a n  h a s  r e s u l t e d  i n  the  development of vc-.? : -,t,ii>~.c: + af0ki- 
r e l i a b i l i t y  R b  f requency  s t a n d a r d s ,  b u t  n o t  w i t h o u t  the  normal  t levr Li~prnei1-c. 
problems a s s o c i a t e d  w i t h  new hardware.  A s  t h i s  program progresst:b-i, tea 
d i f f e r e n t  models of t h e  R b  s t a n d a r d s  have evo lved .  The  p a r r  rlunlbcrs i r t  t h e  
d i f f e r e n t  models of each  f requency  s t a n d a r d  a r e  shown i r L  Yigurr L .  'L'he . I :L t 
R b  s t a n d a r d s  on N a v s t a r ' s  1 and 2 accumulated a t o t a l  u f  &IS rnuntlw of 
opera  t i o n  w i t h  s i x  f a i l u r e s ,  which n e c e s s i t a t e d  s w i t c h i n g  L o  t h e  k a c k u p  riiude 
(1978-1980). The l a s t  4 2  months of  GPS Rb c l o c k  operatjor-I  on Navstar's 5, 6 ,  
and 8 have been f a i l u r e  f ree .  T h i s  v a s t  improvement can h e  mos t ly  att7.1 huted 
t o  t h e  c l o c k  improvements a s  t h e  program progressed .  

Although Rockwell was n o t  d i rec t1 .y  inva1,ved -In tile ea r ly  s ~ a ~ ~ e s  b of 
development of  t h e  cesium f requency  s t a n d a r d s  , take un-orol i. ::1ir0110;0gy r 3 1  

e v e n t s  were v e r y  s i m i l . a r  t o  the  Rb c l o c k s .  The f l r s  r ei~.j ; :I .~:i~~~:ini . ,  ,li.veiopme.iit 
model f a i l e d  a few hours  a f t e r  turn-on. T h e  prnble~rl  w a s  r:ijrrcclreci i n  the pre-- 
p r o d u c t i o n  models (PPM)  as v e r i f i e d  by a t o t a l  of  7 7  ~nonr.hs u f  o p e r a t i o n  o r  
two u n i t s  w i t h  o n l y  one f a i l u r e .  T h i s  f a i l u r e  w i l l  hi: addressed i.n t he  
subsequen t  pa ragraphs  a s  w e l l  a s  a d e s c r i p t i o n  of  the courec t . .~ve a c t i o n s  t aken  
t o  e l i m i n a  t e  t h e  problem. 

RFS ORBITAL ANOMALL ES 

On-orbi t  o p e r a t i o n  d a t a  of GPS Rb f requency  stx-rrdards s-tarted w i t h  
Navs ta r  1 i n  March, 1 9 7 8 ,  fo l lowed by Navs ta r  2 i n  May, lGe',? .., The o r i g i n a l  
Dash 001 p a r t  number c l o c k s  were used i n  P o s i t i o n s  1 ,  L ,  auri :> on Navstar L 
and i n  P o s i t i o n s  3 on Navs ta r  2 .  Dash 002 c l o c k s  were u s e d  . i ~ :  .;]os.i. ti on:< 1 and 
2 and Navs ta r  2 .  The o n l y  d i f f e r e n c e  i n  t h e  Dash (302 frarli d ~ e  I w s r i  3d1 ::iot.:~~s 
was a  t ime c o n s t a n t  change i n  t h e  s e r v o  con t ro l .  loop .  A s  sl iow!-~ i n .  F i g u r c  !, 
t h r e e  types  of problems were exper ienced :  

1. Power s u p p l y  t r a n s f o r m e r  f a i l u r e s  

2 .  Lamp f a i l u r e s  

3 .  Low f requency  o s c i l l a t i o n  of the  VXCO h e a t e r  c u n r ~ c i l  

The opera t - ing  summary of GPS s t a n d a r d s  i s  showri irx ih;b i~ !. Lhc ~ ~ i ~ l l l g  
paragraphs  will a d d r e s s  each type of probleoi, c o r r e c  t i v i -  dc t J <.)us La* i?rI I ;ind 
r e s u l t s .  

Trans fo rmer  problems were exper ienced  on b o t h  the gas11 ,!gi and Tjzsh 1102 
s t a n d a r d s .  The t r a n s f o r m e r  problem was i s o l a t e d  to b e  a s a o r  1. ~ci.r-c!l~t between 
t h e  p r imary  and secondary  wind ings ,  w h i c h  t ook  time t.o tnatez ialize, After 
e x t e n s i v e  a n a l y s i s  and t e s t i n g ,  t h e  c a u s e  of the p r o b i u m  W H Y  i s o l < + t e r l  ?_I:) 4 

number of  f a c t o r s  i n  t h e  t r ans fo rmer  d e s  ign  and f a b r i c a t i o n  p r o c e s s e s :  

1. The p o t t i n g  compound, used i n  t h e  t r ans to rn icc ,  s v f  te11r.d d i  rt? 
i n s u l a t i o n .  

2 .  The t r a n s f o r m e r  c o r e ,  around which t h e  w i r e  was would. had s h a r p  edges 
and g r a d u a l l y  wore through t h e  i n s u l a t i o n  which has th inned when 
s t r e t c h e d  o v e r  t h e  s h a r p  edges  on t h e  c o r e .  



3 .  There  was a n  i n s u f f i c i e n t  amount of d e t a i l  i n  t he  t r a n s f o r m e r  assembly 
and p r o c e s s  i n s t r u c t i o n s .  

4 .  The t r a n s f o r m e r  l e v e l  s c r e e n i n g  test were inadequa te  t o  i d e n t i f y  o r  
s c r e e n  o u t  t h i s  type of problem. 

The pr imary c o r r e c t i v e  a c t i o n s  taken t o  a l l e v i a t e  t h i s  problem a r e :  

1. A new p o t t i n g  r e s i n ,  compat ib le  w i t h  t h e  w i r e  i n s u l a t i o n  coat ing ,  was 
s e l e c t e d ,  

2.  A v e r y  s t r i n g e n t  i n s p e c t i o n  c r i t e r i a  was i n i t i a t e d  on a l l  t r a n s f o r m e r  
c o r e s .  

3. A parylene/RTV c o a t i n g  was a p p l i e d  to  t h e  c o r e s .  

4 .  Very d e t a i l e d  f a b r i c a t i o n  And p r o c e s s  i n s t r u c t i o n  p rocedures  were 
prepared.  

5 .  Each t rans former  was exposed t o  a very  d e t a i l e d  Acceptance T e s t  
P rocedure  which inc luded  pos t - p o t t i n g  t e s t ,  thermal  c y c l i n g ,  and burn- 
i n  t e s  t ing. 

6 .  E x t e n s i v e  q u a l i t y  i n s p e c t i o n  c o n t r o l s  were i n s t i t u t e d .  

The new t r a n s f o r m e r  was i n s t a l l e d  i n  a l l  Dash 003 and subsequen t  c l o c k s .  
R e s u l t s  of t h i s  change a r e  very a p p a r e n t  from t h e  d a t a  shown on Tab le  1. A 
t o t a l  of 186 months (15.6 y e a r s )  of on-orb i t  o p e r a t i o n  have accumulatecl w i t h  
no t rans former  f a i l u r e s ,  R e f e r r i n g  t o  F i g u r e  1 ,  n o t e  that Frequency S tantiard 1 
an Navs t a r  3 has been o p e r a t i n g  c o n t i n u o u s l y  f o r  70 months (approx imate ly  
s i x  y e a r s )  ; t h i s  p r o v i d e s  a v e r y  h i g h  degree  of con£ idence  t h a t  t h e  
t r a n s f o r m e r  problem has been c o r r e c t e d .  

The Rb lamp f a i l u r e s  were pe rhaps  t h e  most c r i t i c a l  o n - o r b i t  problem 
encounte red  on t h e  e a r l y  space  v e h i c l e s .  To i n v e s t i g a t e  t h e  problem, a team 
was assembled t h a t  c o n s i s t e d  of r e p r e s e n t a t i v e s  from Rockwell ,  the N a t i o n a l  
Bureau of S t a n d a r d s ,  Duke U n i v e r s i t y ,  t h e  USAF, Aerospace Corpora t i o n ,  and 
Efratom. Once t h e  c l o c k  f a i l u r e  was e s t a b l i s h e d  t o  be t h e  lamp, a  p l a n  was 
i n i t i a t e d  t o  d u p l i c a t e  t h e  o n - o r b i t  f a i l u r e s  i n  t h e  l a b o r a t o r y .  Lamps were 
prepared w i t h  an i n t e n t i o n a l l y  low R b  f i l l ,  i n s t a l l e d  i n t o  t h e  p h y s i c s  
packages ,  and subsequen t ly  i n s t a l l e d  i n t o  s e v e r a l  f requency s t andards .  
L a b o r a t o r y  t e s t i n g  on t h e s e  s t a n d a r d s  d u p l i c a  ted t h e  on-orbi  t lamp f a i l u r e s .  
A l l  u n i t s  e x h i b i t e d  t h e  same lamp v o l t a g e  decay c h a r a c t e r i s t i c s  symbo.lic of 
t h e  s u s p e c t e d  lamp f a i l u r e s  as i l l u s t r a t e d  i n  F igure  2.  

To de te rmine  t h e  amount of Rb i n  t h e  lamps,  a  th ree - fo ld  c o r r e c t i v e  p l a n  
of a c t i o n  was i n s t i t u t e d :  

1. For  Rb lamps a l r e a d y  b u i l t ,  t h e  f i l l  would be determined by n e u t r o n  
a c t i v a t i o n .  

2 .  The f i l l  of newly f a b r i c a t e d  lamps would be determined by sampled 
d e s t r u c t i v e  a n a l y s i s .  



3. A c a l o r i m e t r i c  measurement u t i l i z i n g  a d i f f e r e n t i a l  scanning 
c a l o r i m e t e r  i s  now used. 

NEUTRON ACTIVATION ANALYSIS OF Rb LAMPS 

Neutron a c t i v a t i o n  a n a l y s i s  was one of t h e  methods used t o  &t.ermine the 
q u a n t i t y  o f  Rb-87 i n  t h e  lamps. The procedure  i s  as  fo l lows :  Lamps a r e  
i n s e r t e d  i n t o  a n u c l e a r  r e a c t o r  and i r r a d i a t e d  with thermal  n e u t r o n s  f o r  a b o u t  
a n  hour.  I n  a d d i t i o n  t o  t h e  lamps be ing  t e s t e d ,  a s p e c i a l  lamp w i t h  no Rb, and  
a n o t h e r  lamp w i t h  a p r e c i s e l y  weighed m i l l i g r a m  q u a n t i t y  of Rb meta l  a l s o  a r e  
i r r a d i a t e d .  The thermal  n e u t r o n s  a r e  absorbed into t h e  Rb i n  the lamps, 
producing one o r  more s h o r t - l i v e d  r a d i o a c t i v e  s p e c i e s .  The r e s u l t a n t  
r a d i o a c t i v i t y  i s  measured by coun t ing  w i t h  a li thium-drif  ted  germanium gamma 
ray s p e c t r o m e t e r  t h e  i n t e n s i t y  of c e r t a i n  gamma r a y s  e m i t t e d  by t h e  a c t i v a t e d  
Rb. The empty b u l b  p r o v i d e s  t h e  background count ing  r a t e ,  and t h e  b u l b  w i t h  a 

known m i l l i g r a m  quantity  of rubidium is used t o  de te rmine  t h e  number of c o u n t s  
p e r  second ( l e s s  background) p e r  m i l l i g r a m  of Rb. The amount of rubidium i n  
each lamp then i s  o b t a i n e d  from t h e  s i n g l e  r a t i o s  of c o u n t s  less background t o  
t h e  known s t a n d a r d .  T h i s  t echn ique  i s  no l o n g e r  used due t o  c o s t .  

DESTRUCTIVE ANALYSIS 

D e s t r u c t i v e  a n a l y s i s  i s  a method by which the Rb f i l l  of a sample of 
lamps was made from t h e  same p r o d u c t i o n  mani fo ld .  S i n c e  a l l  of t h e  lamps on 
t h e  manifold  a r e  f i l l e d  a t  t h e  same t ime,  i t  was assumed t h a t  t h e  remainder  of 
the lamps had t h e  same f i l l  a s  t h e  sample. Good r e s u l t s  were ach ieved  us ing  
t h i s  t echn ique .  However, the  p r o d u c t i o n  y i e l d  was s m a l l .  With a manifold  o f  
f i v e  lamps,  t h r e e  were used t o  de te rmine  t h e  R b  fill and o n l y  two remained f o r  
c l o c k  usage.  

The f requency  s t a n d a r d  dash  numbers were changed t o  i d e n t i f y  t h e  types  of 
lamps. Dash 4 ,  5 ,  6 ,  and 7 c l o c k s  had t h e  Lamp f i l l  measured by n e u t r o n  
a c t i v a t i o n ,  and t h e  Dash 8 ,  11, and 12  c l o c k s  had t h e  f i l l  measured by 
d e s t r u c t i v e  a n a l y s i s .  The usage of t h e s e  dash numbers on t h e  GPS s a t e l l i t e s  
s t a r t i n g  w i t h  Navs ta r  5 is shown on F i g u r e  1. T a b l e  L summarizes t h e  o p e r a t t n g  
h i s  t o r y  of t h e s e  f requency s t a n d a r d s  thorough November 1984. Note t h a t  
44 months of f a i l u r e - f r e e ,  on-orbi  t opera  t i o n  has  accumulated.  

CALOKIMETRIC MEASUREMENT 

The newest t echn ique  t h a t  is  used t o  de te rmine  t h e  amount of Kb f i l l  i s  
making use  of a d i f f e r e n t i a l  scann ing  c a l o r i m e t e r ,  Perkin-Elmer DSC-2C. T h i s  
i n s t r u m e n t  is  used t o  measure t h e  h e a t  energy  r e q u i r e d  t o  m e l t  t h e  Rb i n  a 
lamp. T h i s  a l l o w s  ( u s i n g  t h e  known h e a t  of f u s i o n  of Rb)(6 .2  cal /gram) t h e  
amount of Rb  t o  be determined w i t h  a r e s o l u t i o n  of a  few micrograms. L i f e  test  
d a t a  shows t h a t  t h e  Rb consumption ( d u e  t o  Rb d i f f u s i o n  i n t o  t h e  g l a s s )  
c l o s e l y  obeys a power law model and thus  a l l o w s  a n  e s t i m a t e  of lamp l i f e  t o  be 
made. The key v a r i a b l e  is  t h e  i n i t i a l  Rb f i l l  and i t s  measurements. 



VCXQ ON-ORBIT PROPLEM 

Rb Frequency S tandard  2 on Navs ta r  2 was turned on May 2 ,  1978.  A t  t u rn -  
cltr, the Kalman f i l t e r  r e s i d u a l s  i n d i c a t e d  a  c y c l i c  e r r o r  w i t h  a p e r i o d  of 
54 seconds .  The t r o u b l e  s h o o t i n g  p l a n  t o  d e t e r m i n e  which p a r t  of t h e  f requency  
s t a n d a r d  was a t  f a u l t ,  was t o  s w i t c h  t h e  s t a n d a r d  t o  t h e  backup mode, r e c o r d  
range. d a t a ,  and p r o c e s s  t h i s  d a t a  t o  de te rmine  t h e  d e l t a  range r e s i d u a l s .  T h i s  
data was p rocessed  by t h e  Aerospace C o r p o r a t i o n .  The r e s i d u a l  e r r o r s  showed 
t h e  same c y c l i c  p e r i o d  a s  t h e  pr imary mode e x c e p t  t h e  range e r r o r  magnitude 
had i n c r e a s e d  by a f a c t o r  of t h e  s e r v o  loop  g a i n .  T h i s  i n c r e a s e  i n  shor t - t e rm 
e r r o r  c l e a r l y  showed t h e  problem t o  be a s s o c i a t e d  w i t h  t h e  10.23 MHz VCXO. 

Labora to ry  tes Ling was i r l i  t i a  ted  a t  b o t h  Rockwell and Frequency 
E l e c t r o n i c s  Inc . , (PEI )  t h e  VCXO manufac tu re r  . The i n i t i a l  h y p o t h e s i s  was 
t h a t  t h e  o s c i l l a t i o n  was caused by e i t h e r  t h e  i n n e r  o r  o u t e r  oven h e a t e r s .  To 
v e r i f y  t h i s  h y p o t h e s i s ,  t h e  o u t e r  h e a t e r  was f o r c e d  t o  o s c i l l a t e  w i t h  a 
30-second per iod .  No e f f ec t  was observed on t h e  VCXO o u t p u t  f requency.  T h i s  
t e s t  v e r i f i e d  t h e  problem was n o t  caused by t h e  o u t e r  oven.  

The i n v e s t i g a t i o n  of t h e  p robab le  causes of t h e  i n n e r  oven o s c i l l a t i o n  
was iso1.ate.d t o  two a r e a s :  

1 . A mechanical  bond s e p a r a t i o n  a t  t h e  t h e r m i s t o r ,  h e a t e r  winding,  o r  
hea ter t r a n s  i s t o r  

2 .  A s h o r t  a c r o s s  t h e  i n n e r  oven feed  back r e s i s t o r .  

FEL , a£ ter e x t e n s i v e  tes t i n g  i n c l u d i n g  a g i n g ,  v i b r a t i o n ,  x-ray,  and 
neutron rad iography ,  could  not d e t e c t  any t h e r m i s t o r  bond d e f e c t s .  The 
c o n c l u s i o n  reached was t h a t  t h e  o s c i l l a t i o n  was n o t  r e l a t e d  t o  a bond 
s e p a r a t i o n .  

A computer s i m u l a t i o n  of t h e  i n n e r  h e a t e r  c i r c u i t r y  showed t h a t  a  s h o r t  
a c r o s s  118 wol~ ld  c a u s e  an o s c i l l a t i o n  w i t h  a  53-second p e r i o d .  L a b o r a t o r y  test  
w i t h  a  s h o r t  a c r o s s  t h i s  r e s i s t o r  d u p l i c a t e d  t h e  s p a c e c r a f t :  anomaly. F u r t h e r  
i n v e s t i g a t i o n  of t h e  A u t o n e t i c s  t e s t  d a t a  i n d i c a t e d  t h a t  t h e  anomaly was n o t  
p r e s e n t  p r i o r  t o  l aunch  and t h e r e f o r e  was caused by t h e  l aunch  environment .  
The f i n a l  c o n c l u s i o n  was t h a t  t h e  s h o r t  a c r o s s  R 8  was caused by a n  i s o l a t e d  
workmanship d e f e c t  i n  t h e  r o u t i n g  o f  jumper w i r e s  i n  t h e  assembly.  T h i s  
c o n c l u s i o n  i s  s u b s t a n t i a t e d  by t h a t  f a c t  t h a t  t h e  o s c i l l a t i o n  h a s  n o t  
re-occurred on a n y  space v e h i c l e  R b  c l o c k s .  

A very  s i g n i f i c a n t  f a c t  a b o u t  t h e  e f f e c t i v e n e s s  of t h e s e  changes and t h e  
improved r e l i a b i l i t y  can  be seen  by n o t i n g  t h e  t o t a l  o p e r a t i n g  h i s t o r y  of t h e  
Dash 3 and subsequen t  s t a n d a r d s .  Clock 1 on Navs ta r  3 ,  has been o p e r a t i n g  f o r  
7 3  months; Clock 3 on Navs ta r  4 f o r  35 months; and t h e  44 months a c c u n ~ u l a t e d  
on N a v s t a r ' s  5 through 8 y i e l d  a  t o t a l  of 152 months (approx imate ly  13 y e a r s )  
of f a i l u r e - f r e e  o p e r a t i o n .  



CFS ORBITAL ANOMALX ES 

A s  p r e v i o u s l y  s t a t e d ,  t h e  f i r s t  GPS s a t e l l i t e  t o  have a  cesium f requency  
s t a n d a r d  (cFS), i n  a d d i t i o n  t o  t h r e e  R b  s t a n d a r d ,  w a s  Navs ta r  4 .  A government- 
f u r n i s h e d  e n g i n e e r i n g  development model (DM-002), b u i l t  by Frequency and Time 
Systems ( F T S ) ,  was i n s t a l l e d  i n t o  GPS-004 on February  1 7 ,  1978;  s u c c e s s f u l l y  
completed a l l  ground space v e h i c l e s  t e s t i n g ;  and was launched on December 11, 
1978. A t o t a l  of 493 space  v e h i c l e  o p e r a t i n g  h o u r s  were accumulated p r i o r  t o  
l aunch .  On February  23 ,  1979,  i t  was tu rned  on, o p e r a t e d  c o r r e c t l y  f o r  approx- 
i m a t e l y  12  h o u r s ,  and f a i l e d .  The r e s u l t s  of a n  A i r  Force  anomaly team 
concluded t h a t  t h e  s p a c e c r a f t  teleme t r y  i n d i c a  t i o n s  were n o t  c o n c l u s i v e  to 
i s o l a t e  t h e  e x a c t  c a u s e  of  t h e  problem. The f requency  s t a n d a r d  had swi tched  t o  
the backup mode of o p e r a t i o n  because  t h e  cesium-half  of the power s u p p l y  was 
o f f .  There  a r e  two p o s s i b l e  f a i l u r e s  t h a t  would c a u s e  t h i s  c o n d i t i o n :  (1)  the  
r e l a y  t h a t  f e e d s  the second i n v e r t e r  cou ld  have f a i l e d ,  and ( 2 )  the high- 
v o l t a g e  power s u p p l y  cou ld  have f a i l e d .  The c o n c l u s i o n  rzached was t h a t  t h e  
cesium-half  of  t h e  power s u p p l y  had a p p a r e n t l y  f a i l e d .  The r e s u l t s  of t h e  
team's  i n v e s t i g a t i o n  v e r i f i e d  t h a t ,  i f  r e q u i r e d ,  the  backup VCXO mode of t h i s  
c l o c k  was s t i l l  o p e r a t i o n a l .  

Numerous d e s i g n  changes  were i n c o r p o r a t e d  i n t o  t h e  p re -p roduc t ion  model 
power s u p p l i e s .  T a b l e  2  i s  a surnmary of t h e  o p e r a t i n g  h i s t o r y  o f  c l o c k s  with 
modif ied  power s u p p l i e s .  PPM-2 o p e r a t e d  on Navs ta r  5 f o r  31 months w i t h  no 
problems. The u n i t  was tu rned  o f f  because  of a s p a c e  v e h i c l e  a t t i t u d e  c o n t r o l  
problem. PPM-11 o p e r a t e d  on Navs ta r  6 f o r  44 months. T h i s  u n i t  was turned o f f  
because  of a d e p l e t i o n  of ces ium,  Tlie two dash  0001 Kockwell u n i t s  on 
N a v s t a r ' s  9 and 10 have a t o t a l  of  7 months o p e r a t i n g  t i r n e .  A r e s u l t a n t  t o t a l  
of 84  months of  o p e r a t i n g  time h a s  accumulated on a l l  C F S ' s  w i t h  no power 
supp ly  r e l a t e d  problems. T h i s  r e c o r d  c l e a r l y  shows t h a t  t h e  problem has  been 
c o r r e c t e d .  

A s  s t a t e d  i n  t h e  p r e v i o u s  pa ragraph ,  PPM-11 was tu rned  o f f  because  of t h e  
d e p l e t i o n  of  cesium. Under normal o p e r a t i n g  c o n d i t i o n s ,  t h e  one  gram o f  cesium 
i n  t h e s e  u n i t s  was c o n s i d e r e d  t o  be more than  a d e q u a t e  t o  s a t i s f y  t h e  s p e c i -  
f i e d  5-year o p e r a t i n g  l i f e  of  t h e  PPM u n i t s .  A f t e r  reviewing the  o n - o r b i t  
o p e r a t i n g  d a t a ,  i t  became a p p a r e n t  t h a t  a ces ium Leak developed i n  t h e  ces ium 
oven assembly a f t e r  8 months of o p e r a t i o n .  T h i s  a d d i t i o n a l  l o s s  o f  cesiurn over  
a 36-month p e r i o d  caused the e a r l i e r  than  expec ted  d e p l e t i o n  of cesium. T h i s  
same problem developed on a n o t h e r  PPM u n i t  ( S / N  10)  d u r i n g  s p a c e  v e h i c l e  
t e s t i n g .  The u n i t  was r e t u r n e d  t o  FTS and a f a i l u r e  a n a l y s i s  was performed. 
The r e s u l t s  of t h i s  a n a l y s i s  showed t h a t  t h e r e  was a  mic roscop ic  t u n n e l  i n  a  
b r a z e  j o i n t  i n  t h e  oven assembly.  Because of the  s u p p l i e r s  p r o p r i e t a r y  n a t u r e  
of  t h i s  informa t i o n ,  no a d d i t i o n a l  d e t a i l s  a r e  p r e s e n t e d .  

A s  a r e s u l t  of t h i s  a n a l y s i s ,  t h e  f o l l o w i n g  c o r r e c t i v e  a c t i o n s  were 
i n s t i t u t e d  by FTS i n  bo th  t h e i r  cornmercial and h i g h - r e l i a b i l i  ty  tube  
f a b r i c a  t i o n s  : 

1 ,  A new b r a z i n g  p rocedure  was developed.  

2 .  Helium l e a k  t e s t i n g  i s  performed on a l l  b razed  j o i n t s .  



3 .  S t r i c t e r  q u a l i t y  c o n t r o l  and i n s p e c t i o n  p o i n t s  were i n s t i t u t e d  d u r i n g  
t h e  f a b r i c a t i o n  p r o c e s s .  

In a d d i t i o n  to t h e s e  a c t i o n s ,  FTS a l s o  h a s  i n c r e a s e d  t h e  amount of  ces ium f i l l  
t o  1 , 5  grams t o  provl.de a n  a d d i t i o n a l  s a f e t y  margin  f o r  t h e  p r o d u c t i o n  t u b e s  
that have 7-112 y e a r  s p e c i f i c a t i o n  requ i rement .  

The o n l y  c o r r e c t i v e  measure ,  i n  e f  f e c t  a t  t h e  t ime t h e  t u b e s  were f a b r i -  
c a t e d  f a r  t h e  s t a n d a r d s  on N a v s t a r ' s  8 ,  9, and 10, was the  s t r ic ter  q u a l i t y  
c o n t r o l  and t h e  i n s  t i  t u t i o n  of i n s p e c t i o n  p o i n t s .  T h e r e f o r e ,  t h e  ef  f e c  tivr:ness 
of a l l  o f  t h e s e  changes w i l l  n o t  be f u l l y  v e r i f i e d  by o n - o r b i t  d a t a  of' t h e  
p r e s e n t  s a t e l l i t e  c o n s t e l l a  t i o n .  However, t h e  Naval R e s e a r c h  L a b o r a t o r y  (NRL) 
has l i f e  t e s t i n g  i n  p r o g r e s s  on two t u b e s  t h a t  were f a b r i c a t e d  w i t h  a l l  
improvements. Twenty-f o u r  months of c o n t i n u o u s  opera  t i n g  time have been accu- 
mulated on each  tube with no f a i l u r e s .  

Another  s i g n i f i c a n t  d a t a  p o i n t  d e m o n s t r a t i n g  the r e l i a b i l i t y  of t h e  
cesium f requency  s t a n d a r d s  i s  t h e  t e s t i n g  of PPM-14 a t  NRL. T h i s  u n i t  h a s  t h e  
same tube c o n f i g u r a t i o n  as t h e  u n i t s  o p e r a t i n g  on N a v s t a r ' s  9 and 10. The t e s t  
s t a r ted  a t  NRL on November 1 7 ,  1982, and is  s t i l l  i n  p r o g r e s s .  Adding t o  t h i s ,  
t h e  6-month o p e r a t i n g  t ime of PPM-14 a t  Rockwell  y i e l d s  30 months of o p e r a t i o n  
w i t h  no problems. 

KPS LONG-TERM LABORATORY TEST 

An unnisdeled d e v i a t i o n  of a  GPS v e h i c l e  c l o c k  from GPS t ime, leads to  
e r r o r s  i n  n a v i g a t i o r l a l  accuracy .  These  e r r o r s  may be minimized by the  p e r i o d i c  
r e c h a r a c t e r i z a t i o t r  of t h e  c l o c k s  i n  terrns of t h e  time d i f f e r e n c e  o r  phase 
o f f s e t ,  f r equency  o f f  s e t ,  and t h e  f requency  d r i f t  w i t h  r e s p e c t  t o  GPS t ime.  Ln 
t h e  e v e n t  t h e  v e h i c l e  is  n o t  uploaded w i t h  t h i s  d a t a ,  t h e  r a t e  a t  which time 
e r r o r  i s  accumulated depends on t h e  v a l i d i t y  of t h e  p r e v i o u s l y  uploaderi char- 
ac  t e r t x a  t i o n  d a t a .  

I n  o r d e r  t o  p r e d i c t  p r e c i s e  u s e r  t ime e r r o r s  f o r  sys tems  such  as  GF9S, 
David A l l a n  of t h e  N a t i o n a l  Bureau of S t a n d a r d s  (NBs) h a s  p u b l i s h e d  a  model 
( R e f e r e n c e s  1 ,  2 )  f o r  t h e  p r e d i c t i o n  of t i m e  e r r o r  based on t h e  p r e v i o u s  
performance of t h e  c l o c k  i n  terms of t h e  A l l a n  v a r i a n c e ,  u ( t )  , and t h e  1.en.g th 

Y of test d a t a .  T h i s  model h a s  s e t  GPS autonomous o p e r a t i o n  s t a n d a r d s  and, pre-  
d i c t i o n  a £  ava i lab le  n a v i g a t i o n a l  a c c u r a c y  v e r s u s  time from upload.  

An i n t e r n a l  p r o j e c t  was i n i t i a t e d  i n  a n  e f f o r t  to b e t t e r  c h a r a c t e r i z e  t h e  
Kb f requency  s t a n d a r d s  developed f o r  GPS a s s o c i a t e d  w i t h  t h e  autonomous opera-  
t i o n a l  g o a l s .  I n  o r d e r  t o  perform t h i s  task, an 140-day s t a b i l i t y  t e s t  was 
completed from February  t o  J u n e  1983, w i t h  t h e  n e c e s s a r y  data t aken  t o  ca lcu-  
l a t e  d r i f t ,  t ime e r r o r ,  and A l l a n  v a r i a n c e .  Dur ing t h i s  test, t h e  phase 
accumula t ion  between t h e  test  RFS and t h e  r e f e r e n c e  ces ium c l o c k ,  f r equency  
performance , and test. t e l e m e t r y  were recorded  t o  d e t e r m i n e  t h e  a c t u a l  t ime 
p r e d i c t i o n  e r r o r  accumulated d u r i n g  t h e  t e s t  ( R e f e r e n c e  3 ) .  

T h i s  t ime p r e d i c t i o n  e r r o r  i s  the d i f f e r e n c e  i n  the a c t u a l  phase  accumu- 
l a t i o n  and t h e  p r e d i c t e d  phase .  The time e r r o r  i s  s e n s i t i v e  to e x t e r n a l .  arid 
i n t e r n a l  env i ronmenta l  in f  Luences on t h e  c l o c k .  



The b e a t  f requency ,  A f / f ,  i s  shown i n  F i g u r e  3 .  The f requency was calcu- 
l a  t ed  from 1,000- second per iod  a v e r a g e  d a t a  , which was then averaged uvcr 
10 d a t a  p o i n t s  t o  conform t o  computer s t o r a g e  requ i rements .  Examination n f  t h e  
e n t i r e  140-day per iod  shows a n  i n i t i a l  "warmup" p e r i o d  of a b o u t  50 days ,  
d u r i n g  which t h e  d r i f t  changes from a b o u t  minus 6 x Af/E/day t o  rili;lus 
2 x 1013 A f l f l d a y .  The f requency  d r i f t  i s  r e l a t i v e l y  c o n s t a n t  from Day 50 to 

Day 140,  e x c e p t  f o r  a  d i p  from Day 70 t o  Day 86 .  T h i s  d i p  c o r r e l a t e .  t o  a drop 
the c l o c k  b a s e p l a t e  t empera tu re  of a b o u t  0 .8 '~ .  'This p o i n t s  o u t  t h e  c r i t i c a l  
r o l e  t h a t  t empera tu re  s t a b i l i t y  p l a y s  w i t h  f requency and tlme p r e d i c t i o n  
e r r o r .  

The A l l a n  v a r i a n c e ,  
O Y '  

can be c a l c u l a t e d  b o t h  w i t h  and w i t h o u t  t h e  
warmup p e r i o d  d a t a .  I t  can be seen  i n  F i g u r e  4 t h a t  the  main e f f e c t  of t h e  
behav ior  is on t h e  long-term v a l u e s  o r  t h e  "random walk," The t o t a l  da t a  (7 

r e p r e s e n t s  t h e  u s u a l  RFS A l l a n  v a r i a n c e  s i g n a t u r e ;  whereas,  t h e  day  50-150 0 
Y 
Y 

v a l u e s  a r e  b e t t e r  i n  terms of random walk. I f  p is the  s l o p e  of t h e  random 
walk p o r t i o n  of t h e  A l l a n  v a r i a n c e  p l o t  where u - t p f o r  l a r g e  t ,  then H = 0.7 

Y f o r  Day 0  t o  Day 140 d a t a ,  and p 0 . L  f o r  Day 50 to  Day 140 d a t a .  

Excluding t h e  d a t a  which was a f f e c t e d  by the  warrnup o r  t empera tu re  
change,  t h e  t ime p r e d i c t i o n  e r r o r  i s  found t o  be very  s m a l l .  T h i s  p o i n t s  o u t  
t h e  importance t o  t h e  time e r r o r  of s m a l l  t empera tu re  changes t o  t h e  RFS. 
S i n c e  t h e  o n - o r b i t  Rb s t a n d a r d s  now have a basep la  t e  t empera tu re  c o n t r o l l e r  
t h a t  c o n t r o l s  t h e  c l o c k  t empera tu re  t o  w i t h i n  +0 . lOc ,  e x c e l l e n t  time e r r o r  
v a l u e s  on o r b i t  a r e  expec ted  a s  evidenced i n  Navs t a r  8 .  

1 T h i s  t e s t  h a s  shown t h a t  t ime p r e d i c t i o n  e r r o r  i s  very  s e n s i t i v e  to  ' env i ronmenta l  i n f l u e n c e s ,  b o t h  e x t e r n a l  and i n t e r n a l  to  the  RFS. S p e c i f i c a l l y ,  

, t h e  a p p a r e n t  a g i n g  of t h e  R b  lamp r e p r e s e n t s  a n  i n t e r n a l ,  s y s t e m a t i c  change 
, and c o r r e l a t e s  w i t h  t h e  c l o c k  f requency c h a r a c t e r i s t i c s .  T h i s  c h a r a c t e r i s  t i c  

i n f l u e n c e s  b o t h  t h e  c l o c k  warmup t i m e  and t h e  a p p a r e n t  random walk p o r t i o n  of 
the A l l a n  v a r i a n c e .  Measuring t h e  long-term A l l a  v a r i  rlce d u r i n g  t h i s  warmup B p e r i o d  g i v e s  a random walk s l o p e  i n  t h e  t = 10' - 10 region.  Howcver , t h i s  
does  n o t  r e p r e s e n t  random walk behav ior  of t h e  c l o c k  t h a t  has warmed up, b u t  a 
s y s t e m a t i c  change.  Once t h e  RFS has been on f o r  50 t o  60 d a y s ,  t h e  lamp 
v o l t a g e  c u r v e  beg ins  t o  s t r a i g h t e n  o u t  and t h e  RFS random walk v a l u e s  d e c r e a s e  
d r a m a t i c a l l y .  Data  beyond t h i s  60-day warmup per iod  bes t  c h a r a c t e r i z e s  the  
f requency  s t a n d a r d  i f  t h e  t empera tu re  i s  h e l d  w i t h i n  +O . roc .  - 

It was s e e n  from t h e  b a s e p l a t e  temperature  t h a t  a 0 . 8 ' ~  temperature  
p l a t e a u  r e s u l t e d  i n  a s m a l l  f requency  s h i f t .  For  a  15-day p e r i o d ,  t h i s  gave a 
600 t o  700-nanosecond o f f s e t .  T h i s  p e r i o d  i n f l u e n c e d  l o n g e r  d a t a  l e n g t h  p re -  
d i c t i o n  i n t e r v a l s  b e f o r e ,  d u r i n g ,  and a f t e r  t h e  occur rence  of t h e  p l a t e a u .  A l l  
subsequen t  RFS's now are being c o n t r o l l e d  to  + 0 . l 0 c  by a ternpera1:ure - 
c o n t r o l l e r .  

The f i n a l  t e s t  p e r i o d  (beyond t h e  lamp warmup and t h e  0 . 8 ' ~  temperature  
v a r i a t i o n )  d a t a  r e s u l t e d  i n  e x c e l l e n t  time p r e d i c t i o n  e r r o r  v a l u e s  w i t h  the  
l o n g e r  p e r i o d  p l o t s ,  s a t i s f y i n g  t h e  131-meter, 14-day u s e r  range e r r o r  
requ i rement .  T h i s  i s  s i g n i f i c a n t  i n  t h e  view of t h e  GPS autonomous o p e r a t i o n  
requ i rements  , which were p r e v i o u s l y  thought  opt imized by o n l y  t h e  ces ium 
s t a n d a r d .  



CONCLUSION 

Cnrrsidering t h e r e  were no space q u a l i f i e d  Rb o r  cesium Erecluency 
s t a n d a r d s  ava l  l a b l e  11 y e a r s  ago a t  t h e  s t a r t  of the  GPS program, t h e  develop- 
r n c r r t  and o n - o r h i t  performance of bo th  t y p e s  of s t a n d a r d s  h a s  been o u t s  t and ing .  
T h i s  i s  n o t  t o  s a y  t h a t  t h i s  program has n o t  exper ienced  the  normal types  of 
problems a s s o c i a t e d  w i t h  new hardware.  As s u b s t a n t i a t e d  by o n - o r b i t  per-  
f ormancc d a t a ,  the c o r r e c  t l v e  ac Lions taken t o  e l i m i n a t e  the  problems have 
been ve ry  ttffcc t i v e ,  No t r a n s f o r m e r  o r  VCXO oven o s c i l l a t i o n  problems hqve 
occur red  s i n c e  the implemctl tat ion of c o r r e c t i v e  a c t i o n s  i n  the  Dash 0003 Rb 
f requency  s t a n d a r d s .  No lamp probl.erns have occur red  s i n c e  the c o r r e c t i v e  
ac t l o n  I.mplementn Lion i n  the  Dash 0004 s t a n d a r d s ,  The same r e s u l t s  are 
appsrexlt  i n  the  cesiurn f requency  s t ~ n d a r d s .  The c o r r e c t i v e  a c t i o n s  taken 
: ~ s s o c i a t e d  w i t h  the power supp ly  problern have n o t  r e -occur red  i n  any of the  
PPM or: Dash 0091 u n i t s .  A 1  though t h e r e  i s  no t  s u f f i c i e n t  o n - o r b i t  d a t a  t o  
v e r i f y  the  c o r r e c  Live measures raker1 to  e l i m i n a t e  e a r l y  d e p l e t i o n  of  the  
ces ium,  more than  24 months of l a b o r a t o r y  data have accumulated a t  NKL, t h a t  
clernonstrates the  e f f e c t i v c n e s s  of  t h i s  change.  

The v a l i d a t i o n  of  t he  approach  t aken  on t h e  GPS program t o  have f requency  
s t a n d a r d s  w i t h  b o t h  a p r imary  and secondary  mode of o p e r a t i o n  i s  v e r y  
a p p a r e n t .  T f  t h i s  approach  had n o t  been t aken ,  b o t h  Navstar' s 1 and 2 would 
have been i n o p e r a t i v e  i n  less  than  3 y e a r s .  Both Navstar  1 and 2 have been 
ope ra t ing  In the  backup mode f o r  approx imate ly  4 y e a r s .  The backup mode of 
opera  t i o n  i s  s t i l l  a v a i l a b l e  on a l l .  o t h e r  Navstar space vehicles, i f  r e q u i r e d  
; ~ t  sorile l a t e r  time t o  i l l u s t r a t e  t h e  e f f e c t i v e n e s s  of t h i s  approach .  A t o t a l  
(a1 1 c l u c k s )  of 312 months (26  y e a r s )  of on -o rb i t  t jme have accumulated in the 
prlmary mode of o p e r a t i o n  and 428 months (35 .7  y e a r s )  i n c l u d i n g  t h e  lbackup 
mode of opera  t i o n .  
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