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ABSTRACT 

The Navstar  Global  P o s i t i o n i n g  System i s  a mul t i -  
s e r v i c e  n a v i g a t i o n  system w i t h  t h e  Joint Program 
O f f i c e  a t  SAYSO. T h i s  sys tem u t i l i z e s  a p a s s i v e  
n a v i g a t i o n  system (one way s i g n a l s  from s a t e l l i t e  
t o  u s e r )  with a f r e  uency s t a n d a r d  s t a b i l i t y  (cry) 
of b e t t e r  t h a n  a t  one day  f o r  t h e  i n i t i a l  
phase  of t h e  program and a s t a b i l i t y  of b e t t e r  than 
10-13 a t  one day f o r  the o p e r a t i o n a l  system. This  
paper d e s c r i b e s  t h e  development and test  of the  min- 
i a t u r e  Rb gas  c e l l  a tomic  c l o c k  b u i l t  by  Rockwell 
I n t e r n a t i o n a l  f o r  t h e  i n i t i a l  Navstar  GPS s a t e l l i t e s .  
Th i s  s m a l l  c lock p r o v i d e s  t h e  t i m i n g  s i g n a l  f o r  t h e  
d u a l  f requency  PRN Navigat ion System. Th is  1 7 0  
c u b i c  inch atomic c l o c k  weighs 8.8 pounds and op- 
e r a t e s  on 24.5 w a t t s  DC. T h i s  Frequency s t a n d a r d  
f e a t u r e s  two modes of o p e r a t i o n  (open loop  and 
c l o s e d  l o o p )  w i t h  remote f requency  a d j u s t  c a p a b i l -  
i t y  i n  e i t h e r  mode, The f requency s t a n d a r d  u t i l i z e s  
two crystals and o p e r a t e s  a t  a s u b m u l t i p l e  of t h e  
n a v i g a t i o n  system carrier f r e q u e n c i e s ,  10.23 MHz. 

INTRODUCTION 

The GPS s a t e l l i t e s  r e q u i r e  f requency s t a n d a r d s  which a r e  small, l i g h t -  
weight and ruggedized t o  m e e t  l aunch  requ i rements  and are s u f f i c i e n t l y  
r e l i a b l e  t o  meet 5 y e a r s  of on-orb i t  s e r v i c e .  S t a b i l i t y  of  t h e  fre- 
quency s t a n d a r d  must be such  t h a t  p r e c i s e  t iming  i s  mainta ined between 
t h e  per iods  of s a t e l l i t e  update .  The f requency s t a n d a r d  t o  be  u t i l i z e d  
f o r  t h e  GPS concept  v a l i d a t i o n  phase (Phase I) i s  a Roclcwell b u i l t  
Rubidium (Rb) d e v i c e  shown i n  F i g u r e  1. 

Rb Frequency Standard Development Program 

The s p e c i f i c  requ i rements  p laced  upon each of t h e  spacehorae f requency 
s t a n d a r d s  t o  e n s u r e  t h e  performance of i t s  p o r t i o n  of t h e  NAVSTAR GPS 
f u n c t i o n  are g iven  by Table 1 and F i g u r e s  2 and 3 ,  

A f t e r  conduc t ing  a survey  of a v a i l a b l e  f requency s t a n d a r d s ,  i t  was de- 
c i d e d  t o  under take  a development program based upon a commercial Rb 
f requency  s t a n d a r d  produced by Efratom Inc. The Efratom model FRK 
Rubidium f requency  s t a n d a r d  was s e l e c t e d  because  i t s  s i z e ,  we igh t ,  



power and s t a b i l i t y  met the GPS criteria and it had previously flown 
on NRL's satellite, NTS I. After comparing this unit with the space- 
borne frequency standard requirements Rockwell International con- 
cluded that the following modifications and additions were required: 

1. Subst i tute  MIL parts for commercial parts. 

2. Analyze and revise circuits fox optimum performance. 

3. Repackage to meet shock and vibration requirements. 

4. Improve thermal des* for vacuum operation, 

5. Characterize the "C" field. 

6. Shield for natural radiation. 

7. Add 10.23 MHz synthesizer circuit with power amplifier. 

8. Add digital tuning circuits for both C-field and varactor 
frequency adjustment capability. 

9. Redesign power supply to accommodate the additional circuits. 

In this paper we will review the miniaturization techniques utilized 
by Efratom in their Rb frequency standard and briefly look at the 
major additions incorporated by Rockwell. The major additions consist 
of the 10.23 MHz synthesizer, digital tuning and repackaging as shown 
by figure 4. 

Rb Miniaturization Techniques 

The first Efratom step towards a compact design of their comercial 
unit was the reduction in size of the optical package. This was ac- 
complished by abandoning the optical filter and by combining the 
filter function with the resonance function in the Rubidium gas cell. 
This "integrated cell" design is achieved by using suitable isotope 
mixtures in the lamp as well as the gas cell. This also has the ad- 
vantage of placing the lamp much closer to the cell and thus makes 
more efficient use of the lamp radiation. 

The efficient application of the 6.83.....GHz magnetic field to the 
gas cell was also a variation from the classical approach. The cell 
is contained inside a microwave cavity which must be excited in a 
mode that possesses a magnetic field component along the optical axis. 
With conventional designs this requirement is satisfied by exciting 
the cavity in the TE 011 mode. Unfortunately this mode requires at 
6.83,....GHz a minimum cavity diameter of about 2-314 inches and it 
is not possible to reduce this size substantially by using a dielectric 



f i l l i n g .  There fore  t h i s  t y p e  of c a v i t y  i s  n o t  suited f o r  m i n i a t u r i z a -  
t i o n ,  p a r t i c u l a r l y  since t h e r e  is  a l s o  a mismatch between i t s  s h e  and 
t h a t  of t h e  much smaller gas c e l l ,  

To overcome t h i s  problem a new c y l i n d r i c a l  c a v i t y  was developed which 
i s  e x c i t e d  i n  t h e  TE 111 mode. Its diamete r  i s  o n l y  1.1 inches, how- 
e v e r ,  i t s  l e n g t h  would have been e x c e s s i v e .  To reduce t h e  l e n g t h ,  
two ad jus tment  screws have been i n s e r t e d  which p r o j e c t  into t h e  re- 
g i o n  of maximum e l e c t r i c  f i e l d  i n t e n s i t y  i n s i d e  t h e  c a v i t y ,  T h i s  r e -  
s u l t s  i n  an o v e r a l l  l e n g t h  of o n l y  1.57 inches.  The gas c e l l ,  which 
is  f i t t e d  snug i n s i d e  the c a v i t y ,  i s  provided wi th  two r e c e s s e d  fun-  
n e l s  ( s e e  f i g u r e  5) t o  pe rmi t  i n s e r t i o n  of t h e  ad jus tment  screws. 
T h i s  d e s i g n  made i t  a c t u a l l y  p o s s i b l e  t o  i n c r e a s e  the s i z e  of t h e  g a s  
c e l l  and a t  t h e  same t i m e  reduce t h e  o v e r a l l  s i z e  of t h e  r esonance  

The ad jus tment  screws a l s o  s e r v e  t h e  purpose  of i n c r e a s i n g  t h e  magni- 
t u d e  of t h e  RF magnet ic  f i e l d  component i n  t h e  d i r e c t i o n  of t h e  o p t i c a l  
axis.  S i n c e  i n  t h e  TE 111 mode this component i s  s t r o n g e s t  on the  
p e r i p h e r y  of t h e  c a v i t y  t h e  photo d e t e c t o r  has been i n c r e a s e d  i n  s i z e  
t o  a lmos t  t h e  d iamete r  n f  t h e  c a v i t y  t o  pe rmi t  i n t e r c e p t i o n  of the. 
p e r i m e t e r  r a d i a t i o n .  The photo c e l l  i s  sandwiched between t h e  c a v i t y  
and t h e  gas c e l l  and t h u s  c o v e r s  t h e  c e l l ' s  e n t i r e  face. T h i s  d e s i g n  
h a s  the  added b e n e f i t  of i n t e r c e p t i n g  most of t h e  a v a i l a b l e  o p t i c a l  
radiation. 

10.23 MHz Frequency T r a n s l a t i o n  Loop 

Because t h e  o u t p u t  of t h e  Efratom f requency  s t a n d a r d  i s  a t  10.0 WHz, 
t h e r e  e x i s t s  a need t o  c o n v e r t  t h e  Rubidium loop f requency  t o  t h e  GPS 
requ i rement  of 10.23 MHz, T h i s  f u n c t i o n  cou ld  be accomplished eco- 
nomica l ly  by direct d i g i t a l  s y n t h e s i s  bu t  t h e  e x i s t i n g  commercial u n i t  
h a s  m a r g i n a l  phase n o i s e  performance from 1 t o  1 0  h e r t z  from t h e  c a r -  
rier. T h e r e f o r e  a d e c i s i o n  w a s  made t o  i n c o r p o r a t e  a secondary loop  
which would s e r v e  t h e  d u a l  purpose  of f requency  t r a n s l a t i o n  and i m -  
provement of s p e c t r a l  p u r i t y .  The s t r a t e g y  behind t h i s  secondary 
l o o p  i s  t o  use a v e r y  p u r e  o s c i l l a t o r  i n  t h e  secondary loop  and t h e n  
t o  set  the loop  bandwidth such t h a t  there i s  an a t t e n u a t i o n  o f  primary 
l o o p  phase  noise  i n  t h e  r e g i o n  above 0.1 Hertz  from t h e  c a r r i e r  and 
then have t h e  pr imary loop  t a k e  over  v e r y  c l o s e  (0.1 H e r t z )  t o  the 
carrier, 

The secondary VCXO c o n s i s t s  of a c r y s t a l  o s c i l l a t o r  w i t h i n  a s t a i n l e s s  
steel Dewar f l a sk .  The t empera tu re  inside t h e  f l a s k  i s  p r e c i s e l y  con- 
t r o l l e d  by two p r o p o r t i o n a l  ovens. The q u a r t z  c r y s t a l  within t h e  
o s c i l l a t o r  i s  a Premium 'Q' t y p e  which has excellent r a d i a t i o n  re- 
s i s t a n c e .  The method used f o r  phase l o c k i n g  t h e  secondary loop  con- 
sists of he te rodyning  t h e  10.0 MHz a g a i n s t  t h e  10.23 MHz o s c i l l a t o r  
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output and then using the  d i f fe rence  frequency as an e r r o r  frequency 
input  (see f i g u r e  6).  

Table 2 i s  a t abu la t ion  of the  pe r t inen t  performance c h a r a c t e r i s t i c s  
of t h e  secondary loop, The phase noise from the  primary loop is  a t -  
tenuated by an order  of magnitude a t  1 Hertz with an add i t iona l  order  
of magnitude a t  10 Hertz. A t  approximately 25 Hertz a 3 pole f i l t e r  
increases  the a t t enua t ion  by 18 db/octave. This second f i l t e r  a t ten-  
ua tes  the  20 KHz sidebands generated i n  the  230 KHz synthesizer .  

D i g i t a l  Tuning 

The remote tuning technique is s imi la r  i n  concept t o  the tuning of t h e  
Efratom u n i t  i n  the  laboratory.  This method increases  or  decreases 
the  current  t o  the  resonator  C-field. Also, i n  the event of Rb c i r c u i t  
f a i l u r e ,  t h e  10.23 MHz VCXO can be operated independently of the  Rb  
loop and t h e  frequency can be remotely tuned by ad jus t ing  the VCXO 
con t ro l  voltage. The frequency con t ro l  requirements a r e  a s  follows: 

1. Provide a fixed current source t o  induce a magnetic field 
f o r  an absolute  frequency. 

2. Provide a tunable current  source t o  induce a contro l led  mag- 
n e t  i c  field change. 

3. Provide a tunable vol tage  source t o  induce a con t ro l l ed  
change i n  the  output frequency of the  10.23 MHz VCXO when 
operat ing i n  the  back-up mode (VCXO only). 

The R b  frequency c o n t r o l  c o n s i s t s  of a f ixed current  source of approx- 
imately 7.5 m a  which sets t he  frequency output near 10.23 MHz. This 
fixed current  source i s  p a r a l l e l l e d  by a current  source which is  var i -  
a b l e  from 0 t o  2.2 ma.  The sum of these  t w o  sources determine the 
t o t a l  C-field cur ren t  and, thus,  the  output £ r e  uency. The tuner  
s p e c i f i c a t i o n  requ i res  a t o t a l  range of 4 x with  steps no l a r g e r  
than 4 x 10-12. Data developed on t y p i c a l  Rb  physics packages in- 
d i c a t e s  t h a t  a one micro-ampere current  change w i l l  r e s u l t  i n  a f re -  
quency change of 2 1- 0.4 p a r t s  i n  1012. I f  t h e  2.2 m a  v a r i a b l e  cur- 
r e n t  is d i v i s i b l e  i z t o  4096 parts,  we have a minimum current  change of 
approximately 0.5 microamperes per s tep.  This corresponds approx- 
imately t o  a minimum s t e p  change of one part  i n  1012 a t o t a l  range of 
4096 (1  x 1012) o r  4 x loG. The VCXO tuner has a spec i f i ed  tuning 
range of 4 x 10-7 w i t h  s t e p s  no l a r g e r  than 2.5 x 10-~0 .  

This tuning technique i s  implemented as shown by f i g u r e  7. A s e r i a l  
output from the  command decoder (TTL output)  is in te r faced  with the  
d i g i t a l  tuning system, The TTL word i s  t r a n s l a t e d  t o  C-MOS levels and 
loaded i n t o  a s e r i a l  t o  p a r a l l e l  r e g i s t e r  and then i n t o  a holding 



r e g i s t e r .  The 12 bit D t o  A c o n v e r t e r  t h e n  p r o v i d e s  a v o l t a g e  ou tput  
(0 t o  1 0  v o l t s )  t o  b i a s  t h e  t u n a b l e  c u r r e n t  and v o l t a g e  sources .  

Repackaging 

The major repackag ing  c o n s i d e r a t i o n s  included the  magnetic and the rmal  
e f f e c t s  of t h e  f requency s t a n d a r d  i n  t h e  s p a c e c r a f t  environment.  

Magnetic S h i e l d i n g  

To i n s u r e  t h a t  t he  clock frequency i s  n o t  affected by t h e  expected 
one gauss  change i n  magnet ic  f i e l d  near t h e  f requency  s t a n d a r d s  t h r e e  
shields a r e  u t i l i z e d  ( f i g u r e  8) .  The r e s o n a t o r  i s  f i r s t  s h i e l d e d  from 
t h e  e l e c t r o n i c s  w i t h  a 0.050 i n c h  t h i c k  mumental s h i e l d .  The t o t a l  
p h y s i c s  package i s  t h e n  con ta ined  w i t h i n  a 0.030 t h i c k  mumetal s h i e l d ,  
F i n a l l y , t o  s h i e l d  the e n t i r e  f requency s t a n d a r d  from e x t e r n a l  f i e l d s  
i t  i s  covered by a 0.050 t h i c k  mumetal cover  and a 0.030 t h i c k  mumetal 
b a s e  s h i e l d .  

Thermal Cont ro l  

To m a i n t a i n  the n e c e s s a r y  t empera tu re  c o n t r o l  of t h e  c l o c k s  t empera tu re  
s e n s i t i v e  components a t o t a l  of s i x  h e a t e r s  a r e  used. The 10.23 MHz 
c r y s t a l  i s  tempera tu re  c o n t r o l l e d  within a double  oven, whereas t h e  
1 0  MHz c r y s t a l  i s  k e p t  n e a r  i t s  turn-around p o i n t  w i t h  a s i n g l e  h e a t e r .  
To generate t h e  c o r r e c t  vapor pressure the Rb lamp i s  k e p t  a t  approx- 
i m a t e l y  109°C w i t h  a h e a t e r  as shown by f i g u r e  9, Two h e a t e r s  a r e  
a l s o  used t o  c o n t r o l  t h e  r e s o n a t o r  assembly t empera tu re .  One h e a t e r  
i s  wrapped around t h e  r e s o n a t o r  assembly and i s  main ta ined  a t  75°C. 
T h i s  assembly i s  then con ta ined  wi th in  a copper oven which i s  con- 
t r o l l e d  t o  68°C. 

Thermal D i s s i p a t i o n  

Heat i s  t r a n s f e r r e d  from t h e  i n d i v i d u a l  f requency  s t a n d a r d  components 
th rough  t h e  clock's aluminum frame and b a s e p l a t e  t o  t h e  s p a c e c r a f t  
s t r u c t u r e .  F i r s t ,  a l l  h e a t  sources were i d e n t i f i e d  ( h e a t e r s  and e l e c -  
t r i c a l  components); t h e n , h e a t  p a t h s  between t h e  h e a t  s o u r c e s  and 
base p l a t e  were i d e n t i f i e d .  For t h o s e  c a s e s  where t h e  h e a t  p a t h s  were 
n o t  s u f f i c i e n t  a d d i t i o n a l  measures were taken t o  i n c r e a s e  t h e  capac- 
i t y  f o r  h e a t  f low as shown by f i g u r e  10. The t e c h n i q u e s  used t o  en- 
hance t h e  h e a t  t r a n s f e r  were h i g h  c o n d u c t i v i t y  bonding m a t e r i a l  be- 
tween b e r y l l i u m  oxide i n s u l a t o r s  and c i r c u i t  boards ,  the rmal  compound 
between mating s u r f a c e s  (of t h e  p h y s i c s  paclcage, t h e  10.23 NHz o s c i l -  
l a t o r ,  and the 1 0  lIHz c r y s t a l  i n t e r f a c e ) .  Also,  t o r q u e  r e q u i r e m e n t s  
were e s t a b l i s h e d  f o r  t h e  mounting screws used t o  s e c u r e  t h e  circuit 
boards .  R W  w a s  a l s o  added a t  t h e  mounting edges  of t h e  c i r c u i t  
boards .  And f i n a l l y ,  t h e  shield a t  t h e  baseplate was bonded 



with a thermally conductive adhesive. Although the operating tempera- 
ture of the frequency standard is predicted to be from 20 to 3S°C on 
orbit, a component temperature analysis was performed with the base 
plate at 4S°C (worst case). This analysis demonstrated that components 
were operating well within their specified temperature range. 

Development Testing 

To verify design concepts and analysis, one prototype and three 
Engineering Models (EM) were built for purposes of being subjected 
to development tests. The major development test results are presented 
here. 

Stability - One of the first tests conducted on the prototype unit was 
long term stability in a vacuum with the baseplate at 28.4'~. Stabil- 
it of this unit, as shown in figure 11, was 3.4 x 10-13 at a tau of 5 10 seconds. This unit also displayed drift of 3.5 parts in 1013 per 
day, More recent stability data for EM2 was taken at ambient tempera- 
ture and pressure conditions out to a tau of 3 x 104 seconds; a sta- 
bility of 2 x 10-13 was demonstrated. 

Phase noise - Two engineering units (EM1 & EM2) were tested for phase 
noise from 1 to 1000 Hertz from the carrier. Both units were at least 
10 db better than specification requirements (see figure 12). 

Power Demand - A test of power vs baseplate temperature was conducted 
on EM2 in a vacuum. The test was conducted at three voltage levels, 
As shown in figure 13, at the expected on-orbit temperature of 3S°C 
and the nominal voltage of 26.5 VDC the power required for operation 
was 24.5 watts. For the worst case test at the coldest expected 
temperature of 20°C and a maximum voltage of 28 VDC the power demand 
was 28 watts. 

Frequency change with Temperature - The EM1 test unit was placed in a 
vacuum and stabilized at 46OC.  The temperature was then reduced to 
24.6'~ in less than 1-112 hours. After stabflization, the frequency 
change was measured to be 2 parts in lo1* as shown on figure 14. 

Cold Start - To verify the ability of the unit to start after being 
subjected to low temperatures EM2 was stabilized at -30°C (lO°C lower 
than worst case spececraft temperature). The unit then responded to 
the turn-on command and the power output was measured to be well with- 
in the 17 to 20 dbm specification requirement as shown by figure 15, 

Magnetic Susceptibility - The EM2 test unit was placed in a magnetic 
field which was controlled with a helrnholtz coil as shown in figure 16. 
After several uasuccessful attempts to determine frequency changes with 
a magnetic field change of less than one gauss the unit was subjected 



t o  a 5 gauss change. The test r e s u l t e d  i n  a f requency  change of less 
t h a n  2 x 10-13 p e r  gauss  i n  t h e  most s e n s i t i v e  a x i s  ( o p t i c a l  ax i s ) .  

Shock and V i b r a t i o n  - I n  addi t ion  t o  t h e  test  d a t a  i n c l u d e d  h e r e  t h e  
u n i t s  have s u c c e s s f u l l y  completed pyro technic  shock and v i b r a t i o n  
t e s t s .  The v ib ra t ion  t e s t i n g  inc luded  a  t e s t  a t  0.35 g 2 / ~ z  and 
0.5 g 2 / ~ z .  T h i s  l a t t e r  l eve l  i s  far in excess of t h e  levels expected 
d u r i n g  launch. 

Future  T e s t s  - P r e s e n t l p  t h e  u n i t s  do n o t  meet e l e c t r o m a g n e t i c  i n t e r -  
f e r e n c e  requ i rements ,  There fore ,  modifications and testing will con- 
t i n u e  i n  t h i s  area. Also ,  a long t e r m  s t a b i l i t y  tes t  is  planned t o  
b e  conducted w i t h  the u n i t  i n  a vacuum and t h e  baseplate temperature 
b e i n g  c y c l e s  4 O C .  T h i s  test w i l l  c l o s e l y  s i m u l a t e  t h e  expected on- 
o r b i t  c o n d i t i o n s .  
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MR. RUEGER: 

Thank you v e r y  much. T h i s  shows an example of  a v e r y  f i n e  
e n g i n e e r i n g  j o b  on a v e r y  s i m p l i f i e d  rub id ium t y p e  s t a n d a r d .  

MR. McDADE: 

McDade, G e n e r a l  E l e c t r i c .  

Were you r e q u i r e d  t o  o p e r a t e  d u r i n g  t h e  shock and v i b r a t i o n  
tests? 

MR. RINGER: 

We o n l y  m o n i t o r e d  f o r  t h e  p r e s e n c e  o f  a s i g n a l  and w e  
mon i to red  c u r r e n t  i n p u t  o n l y  t o  d e t e r m i n e  any c a t a s t r o p h i c  
f a i l u r e s .  There  w a s  no r e q u i r e m e n t  d u r i n g  e i t h e r  t h e  shock 
o r  t h e  v i b r a t i o n  t es t s  t o  meet any k i n d  o f  a f r e q u e n c y  
s t a b i l i t y ,  and of  c o u r s e  when w e  l a u n c h ,  a l l  t h e  c l o c k s  
w i l l  b e  t u r n e d  o f f .  

SPEAKER : 

On your f r e q u e n c y  s t a b i l i t y  p l o t ,  c o u l d  you t e l l  m e  what 
you measured it a g a i n s t ?  

MR. RINGER: 

T h i s  p l o t  h e r e  w a s  a g a i n s t  Hewle t t -Packard  5061 ces ium.  
S i n c e  t h e n  w e  have purchased  5061,  w i t h  a h i g h  pe r fo rmance  
c a p a b i l i t y  and a l l  of o u r  f u r t h e r  t e s t s  w i l l  be done with 
t h e  h i g h  per formance  u n i t .  

MR. RUEGER: 

T h i s  looked  a l i t t l e  b i t  more n o i s y  t h a n  what you normal ly  
e x p e c t  from a rub id ium s t a n d a r d .  Do you f e e l  t h a t  w a s  
m o s t l y  t h e  r e f e r e n c e  you w e r e  measur ing  a g a i n s t ?  

MR. RINGER: 

L a t e r  d a t a  shows t h a t  w e  g e t  down t o  o u r  f l i c k e r  f l o o r  much 
q u i c k e r  u s i n g  t h e  004 s t a n d a r d ,  s o ' I  t h i n k  t h i s  long- te rm 
s t a b i l i t y  d a t a  h e r e ,  as much as  a n y t h i n g ,  w a s  a measure of . 
t h e  H P  cesium. 




