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ABSTRACT 

This  paper descr ibes  the on-orbi t opera t ional  performance of the 
frequency s tandards on the GPS 1-10 Navstar s a t e l l i t e s .  The h i s t o r y  of the Rb 
frequency s tandards showing the improvements incorpora ted a t  var ious s tages  of 
the program and the corresponding r e s u l t s  a r e  presented. Also presented is the 
opera t iona l  h i s to ry  of the Nevstar Cesium Frequency Standards. The frequency 
s tandards configurat ion da ta  presented w i l l  cover the chronology of events  
from the concept va l ida t ion  s a t e l l i t e s ,  Navstars 1-10, s t a r t i n g  i n  1978 to the 
present ,  including the configurat ions of clocks to  be used on the GPS 
Product ion Program. 

Data w i l l  be presented a d d i t i o n a l l y  showing the r e s u l t s  of long-term 
laboratory t e s t i n g  of a production Rb frequency standard with th,: necessary 
data  taken to  c a l c u l a t e  D e l t a  F, d r i f t ,  t i m e  e r r o r ,  and Allan variance. 
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The evo lu t ion  of the Rb frequency s tandards  (RFS) on the GPS program 
s t a r t e d  wi th  the  Block I concept v a l i d a t i o n  program beginning wi th  a proposal  
program i n  1973, followed by the (GPS 1-8) prototype space 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, con t rac ted  i n  1978, 
provided both  nav iga t ion  and nuc lea r  d e t e c t i o n  c a p a b i l i t y .  The product ion qua1 
v e h i c l e  (GPS-12) was con t rac ted  i n  1980, and the  production v e h i c l e s  (GPS 13- 
40) i n  1982. During the  proposal  phase of t h i s  program, the  on-board frequency 
s tandards  were considered the most c r i t i c a l  i tem wi th in  the  GPS n a v i g a t i o n a l  
system f o r  achieving user  p o s i t i o n  accuracy.  Therefore ,  a cons iderab le  amount 
of e f f o r t  was devoted t o  the  frequency s tandards .  To minimize the  r i s k  t o  t h e  
GPS program on t h i s  c r i t i c a l  item, the  i n i t i a l  GPS v e h i c l e s  (GPS 1 through 3) 
incorporated th ree  Rb frequency s tandards ,  each w i t h  a backup mode. T h i s  was 
achieved by opera t ing  a high performance VCXO without Rb reference.  T h i s  
design concept r e s u l t e d  i n  the  redundancy p o t e n t i a l  o f  s i x  frequency s tandards  
per  veh ic le .  L a t e r  space v e h i c l e s ,  s t a r t i n g  wi th  GPS 4 ,  included a n  a d d i t i o n a l  
cesium frequency s tandard,  a l s o  wi th  a backup VCXO mode. T h i s  extended 
redundancy was deemed necessary  i n  l i e u  of the  more convent ional  dua l  
redundancy. The a c t u a l  on-orbi t GPS frequency s tandard opera t ing  h i s  to ry ,  
shown i n  Figure  1, i l l u s t r a t e s  the  r e s u l t s  of t h i s  hardware implementation. 

A s  of mid-1973, no space-borne s u p p l i e r s  of atomic frequency s tandards  
e x i s t e d .  Therefore ,  Rockwell pursued a plan to review a l l  c r e d i b l e  cand ida tes  
f o r  conversion from commercial t o  aerospace u n i t s .  The plan t o  develop a Rb 
frequency s tandard was t o  s e l e c t  the  b e s t  a v a i l a b l e  vol tage-control led  c r y s t a l  
o s c i l l a t o r  (VCXO) and phase lock  i t  to  a small Rb s tandard.  The des ign  was LO 

be such t h a t  i f  the  Rb atomic physics  package f a i l e d ,  the  VCXO could be 
u t i l i z e d  a s  a backup device.  T h i s  c o n d i t i o n  would s t i l l  mainta in  frequency 
s t a b i l i t y  f o r  a s p e c i f i c  per iod of time to  mainta in  nav iga t ion  accuracy over 
the  t e s t  a r e a .  The development of t h i s  Rb frequency s tandard s t a r t e d  dur ing 
the  GPS proposal  phase. Efraton! commercial u n i t s  were procured and underwent 
the  fol lowing modif icat ions  a d  t e s t s :  

1. Commercial p a r t s  were replaced wi th  high 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 low 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 w c i a l  Rb components wi th  m u l t i p l e  b u f f e r  gases  were 
designed t o  reduce tempera tu re  s e n s i t i v i t y .  

4. The u n i t  was repackaged to  accommodate t h e  GPS boos t  v i b r a t i o n  
environment . 

5. One u n i t  was subjected t o  r a d i a t i o n  t e s t s  to  v e r i f y  opera t ion  t o  GPS 
requirements . 

6. The National Bureau of Standards  was con t rac ted  to  perform bo th  
ambient and vacuum s t a b i l i t y  tests. 



This  plan has resu l ted  in  the development of very s t a b l e ,  high- 
r e l i a b i l i t y  Rb frequency standards,  but  no t  without the normal development 
problems associated with new hardware. A s  t h i s  program progressed, ten 
d i f f e r e n t  models of the Rb standards have evolved. The p a r t  nusbers of the 
d i f f e r e n t  models of each frequency standard a r e  shown i n  Figure 1. The f i r s t  
Rb standards on Navstar 's  1 and 2 accumulated a t o t a l  of 44 months of 
opera t ion  with s i x  f a i l u r e s ,  which necessi ta ted switching to  the backup mode 
(1978-1980). The l a s t  42 months of GPS Rb clock operat ion on Navstar 's  5 ,  6 ,  
and 8 have been f a i l u r e  f r ee .  This  v a s t  improvement can be mostly a t t r i b u t e d  
t o  the clock improvements a s  the program progressed. 

Although Rockuell was not d i r e c t l y  involved i n  the e a r l y  s tages  of 
development of the cesium frequency standards,  the on-orbi t chronology or  
events were very s imi la r  to the Rb clocks. The f i r s t  engineering development 
model f a i l e d  a few hours a f t e r  turn-on. The problem was corrected i n  the pre- 
production models (PPM) a s  ve r i f i ed  by a t o t a l  of 77 months of operation f o r  
two un i t s  with only one f a i l u r e .  This  f a i l u r e  w i l l  be addressed in  the 
subsequent paragraphs a s  wel l  a s  a desc r ip t io r  of the co r r ec t ive  ac t ions  taken 
t o  el iminate  the problem. 

RFS ORBITAL ANOMALIES 

On-orbit operation data  of GPS Rb frequency standards s t a r t e d  with 
Navstar 1 in  March, 1978, followed by Navstar 2 i n  May, 1978. The o r i g i n a l  
Dash 001 p a r t  number clocks were used i n  Pos i t ions  1, 2 ,  and 3 on Navstar 1 
and i n  Pos i t ions  3 on Navstar 2. Dash 002 clocks were used i n  Pos i t ions  1 and 
2 and Navs t a r  2. The only d i f fe rence  i n  the Dash 002 from the Dash 001 clocks i 
was a time constant  change i n  the servo cont ro l  loop. A s  shown i n  Figure 1 ,  
three types of problems were experienced: 

1. Power supply transformer f a i l u r e s  

2. Lamp f a i l u r e s  

3. Low frequency o s c i l l a t i o n  of the VXOO heater  con t ro l  

The operating summary of GPS standards i s  shown i n  Table 1.  The following 
paragraphs w i l l  address each type of problem, co r r ec t ive  ac t ions  taken, and 
r e su l t s .  

Transformer problems were experienced on both the Dash 001 and Dash 002 
standards.  The transformer problem was i so l a t ed  to  be a s h o r t  c i r c u i t  between I 

the primary and secondary windings, which took time to  mater ia l ize .  After  
extensive ana lys is  and t e s t i ng ,  the cause of the problem was i so la ted  to  a 
number of f ac to r s  i n  the transformer design and f ab r i ca t ion  processes: 

I 

1. The pot t ing compound, used in  the transformer, so£ tened the wire 
iasula  t ion.  4 

2. The transformer core,  around which the wire was would, had sharp edges 
and gradually wore through the insu la t ion  which has thinned when 
s tretched over the sharp edges on the core. 



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 h e  t ransformer  assembly 
and p rocess  i n s  t r u c t i o n s .  

4. The t ransformer  l e v e l  sc reen ing  test were inadequate to  i d e n l i f y  o r  
s c r e e n  o u t  t h i s  type of  problem. 

The primary 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 ,  compatible wi th  t h e  wire i n s u l a t i o n  c o a t i n g ,  was 
s e l e c t e d .  

2. A very  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 ransformer  
cores .  

3. A parylece/RTV coa t ing  was a p p l i e d  t o  the  cores .  

4. Very d e t a i l e d  f a b r i c a t i o n  and process  i n s t r u c t i o n  procedures were 
prepared. 

5. Each t ransformer  was exposed t o  a very d e t a i l e d  Acceptance T e s t  
Procedure which included post -pot t ing t e s t ,  thermal c y c l i n g ,  and burn- 
i n  t e s t i n g .  

6. Extensive  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 ransformer  was i n s t a l l e d  i n  a l l  Dash 003 and subsequent c locks .  
R e s u l t s  of t h i s  change a r e  very  apparen t  from t h e  d a t a  shown on Table 1. A 
t o t a l  of  186 months (15.6 yea r s )  of on--orbi t  o p e r a t i o n  have accumulated wi th  
no t ransformer  f a i l u r e s .  R e f e r r i n g  t o  Figure  1, no te  t h a t  Frequency Standard 1 
on Navstar  3 nas been o p e r a t i n g  cont inuously  f o r  70 months (approximate ly  
s i x  y e a r s ) ;  t h i s  provides  a very  high degree of conf idence t h a t  t h e  
t ransformer  problem has  been c o r r e c t e d .  

The Rb lamp f a i l u r e s  were perhaps t h e  most c r i t i c a l  on-orbi t  problem 
encountered on the  e a r l y  space  veh ic les .  To i n v e s t i g a t e  the  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, t h e  Nat ional  
Bureau of Standards ,  Duke Univers i ty ,  the  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  to  be the  lamp, a p lan  was 
i n i t i a t e d  t o  d u p l i c a t e  the  on-orbi t  f a i l u r e s  i n  the  l a b o r a t o r y .  Lamps were 
prepared wi th  an  i n t e n t i o n a l l y  low Rb f i l l ,  i n s t a l l e d  i n t o  the  physics  
packages, and subsequent ly  i n s t a l l e d  i n  t o  s e v e r a l  frequency s tandards.  
Laboratory t e s t i n g  on t h e s e  s t a n d a r d s  dup l i ca ted  the  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  the  same lamp v o l t a g e  decay c h a r a c t e r i a  t i c s  symholic of 
the  suspected lamp f a i l u r e s  a s  i l l u s t r a t e d  i n  Figure  2. 

To determine the amount of Rb i n  the  lamps, a three-fold  c o r r e c t i v e  p lan  
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 he  f i l l  would be determined by neu t ron  
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 ca lor imet r ic  measurement u t i l f  zing a d i f f e r e n t i a l  scanning 
calor imeter  is now used. 

NEUTRON ACTIVATION ANALYSIS OF Rb LAMPS 

Neutron a c t i v a t i o n  ana lys is  was one of the methods used to determine the 
quant i ty  of Rb-87 i n  the lamps. The procedure is a s  follows: Lamps a r e  
inser  ted in to  a nuclear  reac tor  and i r r ad i a t ed  with thermal neutrons f o r  about 
a n  hour. I n  addi t ion  to  the lamps being tes ted ,  a spec i a l  lamp with no Rb, and 
another lamp with a prec ise ly  weighed milligram quant i ty  of Rb metal a l s o  a r e  
i r rad ia ted .  The thermal neutrons a r e  absorbed i n t o  the Rb i n  the lamps, 
producing one o r  more short-l ived radioact ive species.  The r e su l t an t  
r ad ioac t iv i ty  is measured by counting with a li thium-drif ted germanium gama 
ray spectrometer the i n t e n s i t y  of c e r t a i n  gama  rays emitted by the ac t iva ted  
Rb. The empty bulb provides the background counting r a t e ,  and the bulb with a 
known milligram quant i ty  of rubidium is used to  determine the number of counts 
per second ( l e e r  background) per n i l l ig ram of Rb. The amount of rubidium i n  
each lamp then is obtained f ~ o m  the s ing le  r a t i o s  of counts l e s s  background to  
the known standard. Thir  technique i r  no longer used due to  cost.  

DESTRUCTIVE ANALYSIS 

Destructive ana lys is  is a method by which the Rb f i l l  of a sample of 
lamps was made from the same production manifold. Since a l l  of the lamps on 
the manifold a r e  f i l l e d  a t  the same time, it was assumed t h a t  the remainder of 
the lamps had the same f i l l  a s  the sample. Good r e s u l t s  were achieved using 
t h i s  technique. However, the production y i e ld  was small. With a manifold of 
f i v e  lamps, three were used t o  determine the Rb f i l l  and only NO remained f o r  
clock usage. 

The frequency standard dash numbers were changed t o  i den t i fy  the types of 
lamps. Dash 4, 5 ,  6 ,  and 7 clocks had the lamp f i l l  measured by neutron 
ac t iva t ion ,  and the Dash 8 ,  11, and 12 clocks had the f i l l  measured by 
des t ruc t ive  ana lys is .  The usage of thzse dash numbers on the GPS s a t e l l i t e s  
s t a r t i n g  with Navstar 5 is shown on Figure 1. Table 1 summarizes the operating 
h i s  tory of these frequency standards thorough November 1984. Note t h a t  
44 months of fa i lure- f ree ,  on-orbit opera t i on  has accumulated. 

CALORIMETRIC MEASUREMENT 

The newest technique t h a t  is used to determine the amount of Rb f i l l  is 
making use of a d i f f e r e n t i a l  scanning calor imeter ,  Perkin-Elmer DSC-2C. This 
instrument i s  used to measure the hea t  energy required t o  melt  the Rb i n  a 
lamp. This allows (using the known hea t  of fusion of Rb)(6.2 callgram) the 
amount of Rb to  be determined with a reso lu t ion  of a few micrograms. L i f e  t e s t  
data  shows t h a t  the Rb consumption (due t o  Rb d i f fus ion  i n t o  the g lass )  
c lose ly  obeys a power law model and thus allows an est imate of lamp l i f e  to  be 
made. The key va r i ab l e  i s  the i n i t i a l  Rb f i l l  and i ts  measurements. 



VCXO ON-ORBIT PROBLEH 

Rb Frequency Standard 2 on Navstar 2 was turned on Hay 2 ,  1978. A t  turn- 
on, the  Kalman f i l t e r  r e s i d u a l s  ind ica ted  a c y c l i c  e r r o r  wi th  a per iod of 
54 seconds. The t r o u b l e  shoot ing plan t o  determine which p a r t  of t h e  frequency 
s tandard was a t  f a u l t ,  was t o  switch the  s t andard  t o  the  backup mode, record 
range d a t a ,  and process  t h i s  d a t a  to  determine the  d e l t a  range r e s i d u a l s .  T h i s  
d a t a  was procecsed by the  Aeroepsce Corporation.  The r e s i d u a l  e rLors  showed 
the same c y c l i c  per iod a s  the  primary mode except  the  range e r r o r  magnitude 
had increased by a f a c t o r  of the  se rvo  loop g a i n  Th is  i n c r e a s e  i n  short-term 
e r r o r  c l e a r l y  showed t h e  problem to  be a s s o c i a t e d  wi th  the  10.23 MHz VCXO. 

Laboratory t e s t i n g  was i n i t i a t e d  a t  both Rockwell and Frequency 
E l e c t r o n i c s  Inc . ,  (FEI) the  VCXO manufacturer.  The i n i t i a l  hypothesis  was 
t h a t  the  o s c i l l a t i o n  was caused by e i t h e r  the  inner  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  hypothesis ,  the  o u t e r  h e a t e r  was forced t o  o s c i l l a t e  w i t h  a 
30-second period.  No e f f e c t  was observed on the  VCXO o u t p u t  frequency. Th is  
t e s t  v e r i f  led  the  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 the  probable causes  of the  inner  oven o s c i l l a t i o n  
was i s o l a t e d  to  two a reas :  

1. A mechanical bond s e p a r a t i o n  a t  the  the rmis to r ,  hea te r  winding, o r  
h e a t e r  t r a n s i s t o r  

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

FEI, a f t e r  ex tens ive  t e s t i n g  inc lud ing  aging,  v i b r a t i o n ,  x-ray, and 
neutron radiography, could n o t  d e t e c t  any the rmis to r  bond d e f e c t s .  The 
conclus ion reached was t h a t  the 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 
separa t ion .  

A computer s imula t ion  of the  inner  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  R8 would cause  a n  o s c i l l a t i o n  wi th  a 53-second per iod.  Laboratory t e s t  
wi th  a s h o r t  a c r o s s  t h i s  r e s i s t o r  dup l ica ted  the  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 the  Autonet ics  t e s t  d a t a  i n d i c a t e d  t h a t  t h e  anornely was n o t  
p resen t  p r i o r  t o  launch and t h e r e f o r e  was caused by t h e  launch environment. 
The f i n a l  conclus ion was t h a t  the  s h o r t  a c r o s s  R8 was caused by an  i s o l a t e d  
workmanohip d e f e c t  i n  t h e  rou t ing  of jumper wires i n  t h e  assembly. T h i s  
conclus ion 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  the  o s c i l l a t i o n  has  n o t  
re-occurred on any space v e h i c l e  Rb c locks .  

A very s i g n i f i c a n t  f a c t  about  the  e f f e c t i v e n e s s  of these  changes and t h e  
improved r e l i a b i l i t y  can be seen by no t ing  the  t o t a l  ~ p e r a t i n g  h i s  to ry  of t h e  
Dash 3 and subsequent s t andards .  Clock 1 on Navstar 3 ,  has  been o p e r a t i n g  f o r  
73 months; Clock 3 on Navstar 4 f o r  35 months; and the  44 months accumulated 
on Navstar ' s  5 through 8 y i e l d  a t o t a l  of 152 months (approximately 13 years )  
of f a i l u r e - f r e e  opera t ion .  



CFS ORBITAL ANOMLIES 

A s  previously s t a t ed ,  the f irst  GPS s a t e l l i  te to  have a cesium frequency 
standard (CFS), i n  add i t i on  t o  th ree  Rb s tandard,  was Navstar 4. A government- 
furnished engineering development model (PDISOOZ), b u i l t  by Frequency and Time 
Systems (lTS),  was i n s t a l l e d  i n t o  CPS-004 on February 17, 1978; success fu l ly  
completed a l l  ground space vehic le r  t es t ing ;  and was launched on December 11, 
1978, A t o t a l  of 493 space vehicle  operat ing hours were accumulated p r io r  t o  
launch. On February 23, 1979, i t  was turned on, operated c o r r e c t l y  f o r  spprox- 
imately 12 hours, and f a i l e d .  The r e s u l t s  of an A i r  Force anomaly team 
concluded t h a t  the spacecraf t telemetry ind ica t ions  were no t  conclusive to 
i s o l a t e  the exac t  cause of the problem. The frequency standard had switched to  
the backup mode of operat ion because the cesium-half of the power supply was 
of f .  There a r e  two possible  f a i l u r e s  t h a t  would cause t h i s  condition: (1) the 
re lay  t h a t  feed2 the second inve r t e r  could have f a i l e d ,  and (2)  the high- 
voltage power supply could have f a i l ed .  The conclusion reached was t h a t  the 
cesium-half of the power supply had apparent ly  f a i l e d .  The r e s u l t s  of the 
team's inves t iga t ion  ve r i f i ed  t h a t ,  i f  required,  the backup VCXO mode of t h i s  
clock was s till opera ti onal. 

Numerous design changes were incorporated i n t o  the pre-production model 
power suppl ies .  Table 2 is a sumary  of the operat ing h i s to ry  of c locks  wirh 
modified power suppl ies .  PPM-2 operated on Navstar 5 fo r  31 months with no 
problems. The u n i t  was turned of f  becailse of a space veb'cle a t t i t u d e  con t ro l  
problem. PPM-11 operated on Navstar 6 fo r  44 months. This  u n i t  was turned of f  
because of a de;letion of cesium. The two dash 0001 Rockwell u n i t s  on 
Navstar 's  9 and 10 have a t o t a l  of 7 months operat ing time. A r e s u l t a n t  t o t a l  
of 84 months of operat ing time has accumulated on a l l  CFS' s with no power 
supply r e l a t ed  problems. This  record c l e a r l y  shows t h a t  the problem has been 
corrected. 

A s  s t a t ed  i n  the previous paragraph, PPM-11 was turned of f  because of the  
deplet ion of cesium. Under normal operat ing condi t ions,  the one gram of cesium 
i n  these u n i t s  was considered to  be more than adequate t o  s a t i s f y  the speci- 
f i e d  5-year operat ing l i f e  of the PPM uni t s .  Af te r  reviewing the on-orbit 
operat ing da t a ,  i t  became apparent t h a t  a cesium leak  developed i n  the cesium 
oven assembly a f t e r  8 months of operation. This  add i t i ona l  l o s s  of cesium over 
a 36-month period caused the e a r l i e r  than expected deple t ion  of cesium. This  
same problem developed on another PPM u n i t  (SIN 10) during space vehic le  
tes t ing .  The u n i t  was returned to  FTS and a f a i l u r e  ana lys i s  was performed. 
The r e s u l t s  of t h i s  ana lys i s  showed t h a t  there  was a microscopic tunnel i n  a 
braze j o i n t  i n  the oven assembly. Because of the suppl ie rs  p ropr ie ta ry  na ture  
of t h i s  informa t ion ,  no add i t i ona l  d e t a i l s  a r e  presented. 

A s  a r e s u l t  of t h i s  ana lys i s ,  the  following co r r ec t i ve  ac t i ons  were 
i n s  t i  tuted by FTS i n  both t h e i r  commercial and h igh - r e l i ab i l i t y  tube 
fabr ica  t ions: 

1. A new brazing procedure was developed. 

2. Helium l eak  t e s t i n g  i r  performed on a l l  brazed jo in 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 inspec t ion  po in t s  were i n s  ti tu ted dur ing 
the  f a b r i c a t i o n  process. 

I n  a d d i t i o n  t o  these  a c t i o n s ,  FTS a l s o  has increased the  amount of cesium f i l l  
t o  1.5 grams t o  provide a n  a d d i t i o n a l  s a f e t y  margin f o r  the  production tubes 
t h a t  have 7-112 year  s p e c i f i c a t i o n  requirement.  

The c n l y  c o r r e c t i v e  measure, i n  e f f e c t  a t  the  time the  tubes were f a b r i -  
ca ted ft.r the  s t andards  on Navstar ' s  8 ,  9 ,  and 10, was the  s t r i c t e r  q u a l i t y  
c o n t r o l  and the  i n s  t i  t u t i o n  of i n s p e c t i o n  po in t s .  Therefore ,  t h e  e f f e c t i v e n e s s  
of a l l  of these  changes w i l l  n o t  be f u l l y  v e r i f i e d  by on-orbi t  d a t a  of the  
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, the Naval Research Laboratory (NRL) 
has l i f e  t e s t i n g  i n  progress  on two tubes  t h a t  were f a b r i c a t e d  w i t h  a l l  
improvements . Twen ty-f c u r  months of continuous opera t i n g  Lime have been accu- 
mula ted on each tube wi th  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  demonstrating the r e l i a b i l i t y  of the  
cesium frequency s tandards  is  the  t e s t i n g  of PPM-14 a t  NRL. T h i s  u n i t  has  the  
same tube con£ igura  t i o n  a s  the u n i t s  opera t ing  on Navstar'  s 9 and 10. The test 
s t a r t e d  a t  NRL on November 17, 1982, and is s t i l l  i n  progress .  Adding t o  this, 
the  6-month opera t ing  time of PPM-14 a t  Rockwell. y i e l d s  30 months of opera t ion  
wi th  no problems. 

RFS LONG-TERM LABORATORY TEST 

An unmodeled dev ia t ion  of a GPS v e h i c l e  c l o c k  from GPS time, l eads  to 
e r r o r s  i n  nav iga t iona 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 n  of the  c locks  i n  terms of the  time d i f f e r e n c e  o r  phase 
o f f s e t ,  frequency o f f  s e t ,  and the  frequency d r i f t  wi th  r e s p e c t  t o  GPS time. I n  
the  even t  the  v e h i c l e  is  n o t  uploaded wi th  t h i s  da ta ,  the  r a t e  a t  which time 
e r r o r  is accumulated depends on the  v a l i d i t y  of the  p rev ious ly  uploa,ded char-  
a c t e r i z a t i o n  data .  

I n  ~ r d e r  t o  p r e d i c t  p r e c i s e  use r  time e r r o r s  f o r  systems such a s  GPS, 
David Al lan of the  Nat ional  Bureau of Standards  (NBS) has  published a model 
(References 1, 2 )  f o r  the  p r e d i c t i o n  of time e r r o r  based on t h e  previous 
performance of the  c lock  i n  terms of the  Al lan var iance ,  o ( t )  , and the  l eng th  
of t e s t  da ta .  Th i s  model has s e t  GPS autonomous o p e r a t i o x  s tandards  and pre- 
d i c t i o n  of a v a i l a b l e  nav iga t iona l  accuracy versus  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  t o  b e t t e r  c h a r a c t e r i z e  the  
Rb frequency s tandards  developed f o r  GPS a s s o c i a t e d  wi th  t h e  autonomous opera- 
t i o n a l  goa l s .  i n  o r d e r  to  perform t h i s  t a sk ,  a n  140-day s t a b i l i t y  t e s t  was 
completed from February to  June 1983, wi th  the  necessary  d a t a  taken t o  calcu- 
l a t e  d r i f t ,  time e r r o r ,  and Allan var iance.  During t h i s  t e s t ,  t h e  phase 
accumulation between the  test RFS and the  re fe rence  cesium clock,  frequency 
performance , and test te lemetry  were recorded to determine the  a c t u a l  time 
p r e d i c t i o n  e r r o r  accumulated dur ing  the  t e s t  (Reference 3 ) .  

This  time p r e d i c t i o n  e r r o r  is 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 red ic ted  phase. The time e r r o r  is  s e n s i t i v e  t o  e x t e r n a l  and 

I i n t e r n a l  environmental in f luences  on the  clock.  



The bea t  frequency, A f l f ,  is shown i n  Figure 3. The frequency was calcu- 
l a t ed  from 1,000-recond period average da t a ,  which was then averaged over 
10 data  points  to  conform t o  computer s torage  requirements. Examination of the 
e n t i r e  140-day period shows an i n i t i a l  "warmup" p e r i v 4  of about 50 days. 
dur ingl rh ich  the d r i f t  changes from about minus 6 x 10 Af/f/day to  minus 
2 x 10 Aflflday. The frequency d r i f t  is  r e l a t i v e l y  constant  from Day 50 to 
Day 140, except f o r  a d ip  from Day 70 to  Day 86. This  d ip  c o r r e l a t e s  to  a drop 
the clock baseplate  temperature of about 0.8'~. This  points  out  the c r i t i c a l  
r o l e  t h a t  temperature s t a b i l i  ty plays with frequency and time predict ion 
e r ro r .  

The Allan variance, o y ,  can be ca lcu la ted  both with and without the 
warmup period data.  I t  can be seen i n  Figure 4 t ha t  the main e f f e c t  of the 
behavior is on the long-term values o r  the "random walk." The t o t a l  data o Y 
represents  the usual RFS Allan variance s ignature;  whereas, the day 50-1500 
values a r e  b e t t e r  i n  terms of random walk. I f  p is the slope of the random 
walk port ion of the Allan variance p l o t  where a - t p f o r  l a rge  t, then j~ = 0.7 
f o r  Day 0 to Day 140 da ta ,  and P O .  1 f o r  Day 50 to Day 140 data  . 

Excluding the data  which was a f fec ted  by the warmup o r  temperature 
change, the time predict ion e r r o r  is found to be very small. This points  out  
the importance to  the time e r r o r  of small temperature changes to the RFS. 
Since the on-orbi t Rb standards now have a basepla t e  temperature con t ro l l e r  
t ha t  cont ro ls  the clock temperature to within t0. 1°C, exce l l en t  time e r r o r  
values on o r b i t  a r e  expected a s  evidenced i n  Navs t a r  8. 

This t e s t  has shown t h a t  time predict ion e r r o r  is very sens i t i ve  to  
environmental influences,  both ex terna l  and i n t e r n a l  to the RFS. Spec i f i ca l ly ,  
the apparent aging of the Rb lamp represents  an i n t e r n a l ,  systematic change 
and c o r r e l a t e s  with the clock f requenc . c h a r a c t e r i s t i c s  This c h a r a c t e r i s t i c  
inf luences both the clock warmup time and the apparent random walk port ion of 
the Ll lan  variance. Pleasuring the long-term Alla nce during t h i s  warmup 
period gives a random walk slope in  the t = 10' _VB3 region. However, t h i s  
does not  represent  random walk behavior of the clock tha t  has warmed up, but  a 
systematic change. Once the RFS has been on f o r  50 to 60 days, the lam:, 
voltage curve begins t o  s t raighten ou t  and the RFS random walk values decrease 
drama t i c a l l y .  Data beyond t h i s  60-day warmup period be8 t charac te r izes  the 
frequency standard i f  the temperature is held within - +O.lOc. 

I t  was seen from the baseplate  temperature t ha t  a 0 . 8 ' ~  temperature 
plateau resu l ted  i n  a small  frequency s h i f t .  For a 15-day period, t h i s  gave a 
600 to 700-nanosecond o f f s e t .  This period influenced longer data length pre- 
d i c t ion  i n t e r v a l s  before, during, and a f t e r  the occurrence of the plateau.  A l l  
subsequent RFS'r now a r e  being cont ro l led  to - +O.lOc by a temperature 
con t r o l l e r .  

The f i n a l  t e s t  period (beyond the lamp varmup and the 0 . 8 ' ~  temperature 
variat . ion) data resu l ted  i n  exce l l en t  time predict ion e r r o r  values with the ! 
longer period p lo t s ,  s a t i s fy ing  the 13 1-meter , 14-day user range e r r o r  
requirement. This is s i g n i f i c a n t  i n  the view of the GPS autonomous operat ion 
requirements, which were previously thought optimized by only the cesium 
s tandard. 



CONCLUSION 

I 

Considering the re  were no space q u a l i f i e d  Rb o r  cesium frequency 
s t andards  a v a i l a b l e  11 y e a r s  ago a t  the s tar t  of the  GPS program, the develop- 

, ment and on-orbi t  performance of  both types of s t andards  has been ou t s t and ing .  
i This  is  n o t  t o  edy t h a t  t h i s  program has no t  ex2er ienced the normal types of 
/ problems a s s o c i a  ted wi th  new hardware. A s  s u b s t a n t i a t e d  by on-orbi t per- 

formance da ta  , the c o r r e c t i v e  a c t i o n s  taken t o  e l i m i n a t e  the problems have 
been very e f f e c t i v e .  No transformer o r  VCXO oven o s c i l l a t i o n  problems have 
occurred s i n c e  the implementation 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  ~ e q u e n c y  s tandards .  No lamp problems have occurred s i n c e  the c o r r e c t i v e  
a c t i o n  implementation i n  the Dash 0004 s t andards .  The same r e s u l t s  a r e  
apparent  i n  the cesium frequency s tandards .  The c o r r e c t i v e  a c  t i o c s   take^^ 
a s s o c i a t e d  with the power supply problem have n o t  re-occurred i n  any of the 
PPM o r  Dash 0001 u n i t s .  A 1  though the re  i s  no t  s u f f i c i e n t  on-orbit  d a t a  t o  
v e r i f y  the c o r r e c t i v e  measures taken 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 
cesium, more than 24 months of l abora to ry  d a t a  have accumulated s t  NRL t h a t  

', demonstrates the e f f e c t i v e n e s s  of t h i s  change. 

The v a l i d a t i o n  of the  approach taken on the  GPS program to  have frequency 
s t andards  wi th  both  a primary and secondary mode of o p e r a t i o n  is  very  
apparent .  I f  t h i s  approach had n o t  been taken, bo th  Kavs ta r ' s  i and 2 would 
have been i n o p e r a t i v e  i n  l e s s  than 3 years .  Both Navstar  1 and 2 have been 
opera t ing  i n  the backup mode f o r  approximately 4 yea r s .  The backup mode of 
o p e r a t i o n  is 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 v e h i c l e s ,  i f  r equ i red  
a t  some l a t e r  time t o  i l l u s t r a t e  the  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  
( a l l  c l o c k s )  of 312 months (26 yea rs )  of on-orb i t  time have accumulated i n  the  
primary mode of o p e r a t i o n  and 428 months (35.7 y e a r s )  inc lud ing  the  backup 
mode of opera t ion .  
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Table 1, GPS Rubidium Frequency S tanda rd  O p e r a t i n g  Sulnmary (Pr imary  Mode) 

T a b l e  2. GPS Cesium Frequency S tanda rd  O p e r a t i n g  Summary 

L 

N a v r u r  

1 

2 

Tom1 
(months) 

22 

22 

6 

9 

10 

T o t a l  

PIN 

-0001 

-0001 

To.al 

P a l l u r e s  

3 

3 

PPH 
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PPM 
14 
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i 

0 

P a i l u t e  
node 
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XFm 

Lamp¶, 

1978 

10 

b 

0 

0 

0 

Comen t s  

BIU-backup mode 
Hust upd.-re every 

a r b i t  

Lou frequency 

0 

1979 

12 

12 

0 

0 

0 

0 

10 

1980 

HIU 

4 

7 
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0 

7 

4 

1981 

B/U 

B / U  

12 
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0 

20 

11 

1982 

BIU 

BIU 

12 
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0 

24 

$ 1 2 4  

1983 

BIL! 

BIU 

12 
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0 

23 

1984 

B/U 

BIU 

42 0 

1 

5 

2 

8 

1 

0 

0 

2 

44 

5 

2 

82 

None No fa i lures-42  months 
of o p e r a t i o n  

Depletion 
of Ca 

None 

None 

Backup (VCXO) mode 
s t i l l  o p e r a t i o n a l  

Honths 0:' o p e r a t i o n /  
f a i l u r e  8212 - 41 

4ddl t i o n a l  * e s t i n g :  
24 months a t  XRL, 
6 months a t  Rockwell 




