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ABSTRACT 

The work a t  EG&G, I n c .  on a second-source rub id ium f r e -  
quency s tandard f o r  use i n  t h e  GPS n a v i g a t i o n  s a t e l l i t e s  
has now reached t h e  p ro to t ype  stage. Th i s  paper descr ibes 
(1) t h e  d e s i g n  o b j e c t i v e s  and app roach ,  ( 2 )  t h e  more 
impor tan t  des ign features,  ( 3 )  t he  s i g n a l  parameters and 
e r r o r  budget, and ( 4 )  t he  e a r l y  r e s u l t s  o f  t h i s  program up 
t o  t h e  present.  

INTRODUCTION 

Since March 1980, EG&G, Inc . ,  has been engaged i n  a program t o  develop 
a rub id ium frequency s tandard (RFS) f o r  t h e  Department o f  Defense, 
NAVSTAR G l  obal  P o s i t i o n i n g  System ( GPS) . Th i s  paper descr ibes t h e  RFS 
des ign o b j e c t i v e s  and approach as w e l l  as t h e  e a r l y  t e s t  r e s u l t s  
ob ta i ned  up t o  t h e  p resen t  p r o t o t y p e  s tage o f  development. 

The bas ic  o b j e c t i v e  i n  t h e  RFS development i s  t o  meet t h e  s t r i n g e n t  
s t a b i l i t y  , re1  i a b i  1 i ty , and r a d i a t i o n  hardness requirements o f  t h e  
Phase I I 1  NAVSTAR sate1 li tes .  A summary o f  t h e  general  s p e c i f i c a t i o n s  
i s  con ta ined  i n  Table 1.* The o v e r a l l  des ign approach has been t o  
choose a c o n f i g u r a t i o n  t h a t  f avo rs  t h e  h i g h e s t  poss ib l e  performance 
and, wherever poss ib l e ,  uses mature S- leve l  q u a l i t y  p a r t s .  A1 1 p a r t s  
w i l l  be sub jec ted  t o  ex tens i ve  screening.  

The design o b j e c t i v e  o f  r a d i a t i o n  hardness w i l l  be met by c i r c u i t  
design, component s e l e c t i o n ,  and pass ive  sh ie l d i ng .  

To ensure t h e  h i g h e s t  p o s s i b l e  performance, t h e  des ign u t i l i z e s  a 
d i s c r e t e  f i l t e r  c e l l  arrangement t o  p e m i  t separate c o n t r o l  o f  the 
o p t i c a l  pumping spectrum. T h i s  a l l ows  t he  l i g h t  s h i f t  e f f e c t  t o  be 
i ndependently nu1 l e d  and reduces i nhomogenei t i e s  i n  t h e  abso rp t i on  
c e l l .  

*Tables a r e  l o c a t e d  a t  t h e  end o f  t h e  paper. 



The synthes izer  i s  based on a 10.23 MHz output  and uses a d i r e c t  
pr imary loop m u l t i p l i e r  cha in  f o r  h igh  spec t ra l  p u r i t y .  The physics 
package makes e f f e c t i v e  use of the  vacuum environment f o r  thermal 
i n s u l a t i o n ,  thus  reducing oven opera t ing  power. 

The e a r l y  r e s u l t s  o b t a i n e d  d u r i n g  t h e  p r o t o t y p e  development  a r e  
encouraging, and t h e  u n i t  uses l e s s  than h a l f  the  power than t h e  
o r i g i n a l  GPS rubid ium c lock  (12 versus 28 wat ts ) ,  al though i t  i s  
somewhat l a r g e r  (260  v e r s u s  170 c u b i c  i n c h e s )  and h e a v i e r  (10 .5  
i n c l u d i n g  r a d i a t i o n  s h i e l  d ing  versus 9.7 pounds). The weight  f a c t o r  
has on ly  r e c e n t l y  increased i n  importance, and a we igh t  reduc t ion  
e f f o r t  i s c u r r e n t l y  underway. 

It i s  expected t h a t  one o f  t h e  pro to type u n i t s  w i l l  be subjected t o  
extended s t a b i l i t y  t e s t i n g ,  which w i l l  be fo l lowed by t h e  b u i l d i n g  and 
t e s t i n g  of q u a l i f i c a t i o n  u n i t s .  Th i s  program should r e s u l t  i n  t he  
p r o d u c t i o n  o f  t h e  most  s t a b l e  r u b i d i u m  c l o c k s  y e t  manufac tured.  

SYSTEM BLOCK DIAGRAM 

A block diagram o f  t he  complete RFS system i s  shown i n  F igu re  1. The 
major sect ions,  which a re  discussed separate ly  on the  f o l l o w i n g  pages, 
a re  1 i s t e d  below: 

( I )  The physics package t h a t  serves as a frequency d i s c r i m i n a t o r  by 
generat ing an e r r o r  s igna l  whose magnitude and sense i ndicates 
the  d i f f e rence  i n  frequency between t h e  microwave e x c i t a t i o n  and 
t h e  s tab le  a tomic  resonance. 

( 2 )  The support ing e l e c t r o n i c s  t h a t  a l l ow  proper opera t ion  o f  t he  
physics package. 

( 3 )  The pr imary 1 oop t h a t  produces an ou tpu t  s igna l  whose frequency 
i s  l o c k e d  t o  an e x a c t  s u b m u l t i p l e  of t h e  a t o m i c  resonance. 

( 4 )  The secondary loop t h a t  synthesizes the  desi red 10.23 MHz output.  

( 5 )  The c o n t r o l  c i r c u i t s  t h a t  a l l ow  remote tuning,  mode se lec t ion ,  
and moni t o r i  ng. 

(6) The power supply. 





Physics Package 

The physics package design i s  based on classical rubidium frequency 
standard principles,  except for  the use of a smaller TElll cavity. 
This approach gives the highest performance consistent w i t h  allowable 
size.  The discrete f i l t e r  ce l l  gives zero l i g h t  s h i f t  (ZLS)  over a 
range of l i g h t  intensity and a high S I N  rat io .  This permits operation 
a t  a relat ively low l i g h t  level,  thus reducing temperature and r f  
power dependencies. 

The character is t ics  of the lamp, f i l t e r ,  and absorption cel l  are  shown 
in Table 2. The lamp operates in  the Kr-Rb mi xed mode and i s  excited 
with 0.45 watt of rf  power a t  110 MHz. The lamp Dl 1 ine emission a t  
794.7 nm i s  shown in  Figure 2a; i t  i s  f ree  of self-reversal.  Lamp 
l i f e  i s  aided by t i g h t  heat sinking, a lkal i  res i s tan t  glass,  high 
vacuum processing, and calorimetric measurement of rubidium f i  11. 

An example of c a l o r i m e t r i c  measurement i s  ,shown i n  Figure 3. A 
different ial  scanning calorimeter, Perkin-Elmer DSC-2C, i s  used t o  
measure the heat energy required t o  melt the rubidium i n  a lamp. This 
allows (using the known heat of fusion of Rb) the amount of r u b i d i u m  
t o  be determined with a resolution of a few uG. A t e s t  program i s  
underway t o  evaluate lamp l i f e  using t h i s  technique. 

The f i l t e r  cel l  i s  operated in a separate oven whose temperature i s  
adjusted fo r  ZLS. The spectrum of the f i l t e r e d  l igh t  i s  shown i n  
Figure 2b. Notice tha t  ZLS f i l t r a t i o n  corresponds to  only a s l igh t  
attenuation of the s k i r t  of the unwanted hyperfine optical component. 
Heavier f i l t r a t i o n  with a longer or hotter isotopic f i l t e r  gives a 
stronger signal and lower f i l t e r  ce l l  TC b u t  only a t  the expense of a 
large negative l igh t  s h i f t  coefficient.  The f i l t e r  cell  buffer gas 
and pressure were chosen t o  give optimum signal and lowest PC under 
ZLS conditions. 

The absorption cell  buffer gases are chosen for  narrow linewidth and 
low TC. The mix r a t i o  i s  adjusted fo r  a sl ightly positive TC t o  
par t ia l ly  compensate for  the f i l t e r  cell  TC. The nominal f i l l  pres- 
sure i s  determined by the synthesizer r a t io  and i s  suff ic ient  to  
reduce the wall re1 axation r a t e  without excessive buffer gas co l l i  - 
s ional  broadening. The absorpt ion c e l l  1 ength i s  optimized f o r  
maximum signal a t  the chosen l i g h t  intensity and temperature, the 
l a t t e r  being t h e  c o o l e s t  p r a c t i c a l  value f o r  t h e  required upper 
ambient 1 imi t o f  45°C. 
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A c ross-sec t iona l  view o f  the  physics package i s  shown i n  F igu re  4. 
The th ree  ovens are supported by a  f i b e r g l a s s  s t r u c t u r e  w i t h  f i n g e r -  
1  i k e  tabs t h a t  combine r i g i d i t y  w i t h  low thermal conductance. Th i s  
makes e f f e c t i v e  use o f  t he  vacuum environment f o r  thermal i n s u l a t i o n .  
Low thermal c o n d u c t i v i t y  leads and low emi s s i v i  ty go ld  f o i l  f u r t h e r  
reduce losses  so t h a t  t he  e n t i r e  physics package requ i res  on ly  1.8 
wa t t s  o f  oven power under nominal ope ra t i ng  cond i t ions .  

It i s  important  t o  avoid any c o n d i t i o n  t h a t  can d i s t o r t  t he  shape o f  
t h e  absorp t ion  li ne, because any such i nhomogenei ty w i  11 c o n t r i b u t e  t o  
t h e  rf power dependence. A l e n s  i s  used t o  c o l l i m a t e  t h e  lamp output  
and prov ide  a  uniform l i g h t  d i s t r i b u t i o n ,  t h e  f i l t e r  c e l l  i s  adjusted 
f o r  ZLS, a  two-sect ion C - f i e l d  c o i l  c o n f i g u r a t i o n  prov ides a  un i fo rm 
magnetic b ias  f i e l d ,  and a  w e l l  bonded absorp t ion  c e l l  w i t h  modest 
pressure s h i f t  c o e f f i c i e n t  p rov i  des 1  ow temperature gradients.  A1 1  
oven w i  ndows a re  sapphi r e  f o r  h igh  thermal c o n d u c t i v i t y  . 
Another cons idera t ion  i s  the  res idua l  magnetic f i e l d  o f  t he  oven 
h e a t e r s  which,  p a r t i c u l a r l y  f o r  t h e  c a v i t y ,  can i n d u c e  a pseudo 
temperature c o e f f i c i e n t .  Prec ise  r e g i s t r a t i o n  o f  a t h i n  double-1 ayer 
b lanke t  heater  and low oven supply c u r r e n t  reduce t h i s  e f f e c t  t o  
2  uG/mA o r  2  x 1 0 - 1 4 / " ~ .  

The microwave c a v i t y  i s  e x c i t e d  w i t h  an E-probe and has s l o t t e d  end 
c o v e r s  t h a t  s u p p o r t  t h e  d e s i r e d  T E l l l  mode w h i l e  a l l o w i n g  l i g h t  
t ransmiss ion w i t h o u t  s i g n i f i c a n t  microwave leakage. 

The physics package inc ludes  two 0.025 i nch  H i  pernom c y l  i n d r i c a l  
magne t i c  s h i e l d s .  The m a j o r  p h y s i c s  package p a r t s  a r e  shown i n  
F igu re  5. 

Support i  nq E lec t ron i cs  

D i  r e c t l y  associated w i t h  the  physics package are the  temperature 
c o n t r o l  l e r s ,  1  amp e x c i t e r ,  photodetector  preamp1 i f i e r ,  and magnetic 
b i a s  c u r r e n t  supply. These c i r c u i t s  determine, t o  a  l a r g e  extent ,  t h e  
o v e r a l l  frequency s t a b i l i t y  t h a t  i s  achieved. 

The temperature c o n t r o l l e r s  (F igure  6) a r e  dc thermis tor  br idges and 
d i s s i p a t i v e  regu la tors ,  w i t h  s t a t i c  thermal gains o f  about 2000. The 
oven demand power i s  determined by the  one hour warmup requ i red  f o r  
ground t e s t i n g  i n  a i r .  Vacuum cond i t i ons  n o t  only  reduce the  oven 
losses  b u t  a l s o  r a i s e  the  thermal gains and servo s t a b i l i t y  margins. 
Care i s  taken t o  h o l d  the rm is to r  s e l f - h e a t i n g  constant  a t  a f r a c t i o n  
o f  a  degree C.  
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F i g u r e  5 - Breadboard physics package p a r t s  
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F igu re  6 - Basic temperature c o n t r o l l e r  c i r c u i t  

The lamp e x c i t e r  (F igure  7 )  i s  a s t r a i g h t f o r w a r d  Clapp power o s c i l  l a -  
t o r  w i t h  the  lamp loca ted  i n s i d e  the  ser ies- tuned c o i l .  The lamp 
network presents a range o f  loads as a  f u n c t i o n  o f  lamp mode, and t h e  
c i r c u i t  has been charac ter ized under these var ious  cond i t ions  t o  
ensure proper  operat ion.  S t a r t i n g  may r e q u i r e  the  e x c i t e r  t o  red i s -  
t r i b u t e  condensed rub id ium i n s i d e  t h e  lamp by rf i n d u c t i o n  heat ing. 
I g n i t i o n  takes p lace when s u f f i c i e n t  vo l tage e x i s t s  across the  lamp 
c o i l .  The running c o n d i t i o n  i s  s t a b i l  i z e d  aga ins t  environmental 
changes and supply r i p p l e  by a c u r r e n t  r e g u l a t o r  c i r c u i t .  
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F i g u r e  7 - Basic lamp e x c i t e r  c i r c u i t  
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Primarv LOOD E lec t ron i cs  

The servo a m p l i f i e r ,  c r y s t a l  o s c i l l a t o r ,  and r f  mu1 t i p l  i e r  cha in  t h a t  
complete the  pr imary l oop  are  shown i n  F i g u r e  10. No synthes is  o r  
m ix ing  i s  done i n  t h i s  loop t o  avo id  i n s t a b i l i t y  caused by asymme- 
t r i c a l  components on the  microwave spectrum. The amount o f  frequency 
o f f s e t  caused by a s i n g l e  spur ious component scales d i r e c t l y  w i t h  i t s  
power and i n v e r s e l y  w i t h  i t s  separa t ion  from t h e  main c a r r i e r .  A 
t y p i c a l  s e n s i t i v i t y  i s  5 x 10- l3  f o r  a component equal i n  power and 
5 MHz away. D i r e c t  mu1 t i p l  i c a t i o n  e s s e n t i a l l y  e l im ina tes  t h i s  e f f e c t .  
The most c r i t i c a l  components are  a t  f18.7 kHz ( f rom t h e  secondary 
1  oop synthes izer )  t h a t  are we1 1  suppressed (>-60 dBC) and symmetrical. 

1 '"YE p K G l ~ ~ ~ ~ ~ {  smvo t c o N m o L {  Yc10 1 X I P I  1 
SUPPORTING SIG. AMPLIFIER VOLT, 

ELECTRONICS 

1 OUTPUT TO SYNTH. 
t 

F igu re  10 - Primary 1  oop b lock diagram 

The servo a m p l i f i e r  (F igure  11) c o n s i s t s  o f  a  main fundamental detec- 
t o r l i n t e g r a t o r  channel, a second h a m o n i c / a c q u i s i t i o n  channel, and 
t h e  modulat ion reference l o g i c .  The modulat ion r a t e  i s  der ived by 
d i v i s i o n  o f  t h e  10.23 MHz ou tpu t  t o  approximately 146 Hz. The servo 
amp1 i f i e r  c i r c u i t s ,  a1 though s t ra igh t fo rward ,  r e q u i r e  care i n  execu- 
t i o n  and component se lec t i on ,  s ince the  system i s  a frequency l ock  
1  oop and o f f s e t s  d i r e c t l y  cause frequency e r ro rs .  
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F i g u r e  11 - Basic servo a m p l i f i e r  c i r c u i t  
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The crystal osc i l la tor  (made by Frequency Electronics, Inc.)  uses an 
FC-type crystal  which, by vir tue of i t s  excel lent  temperature charac- 
t e r i  s t i c ,  avoids the need for  ovenization. 

The r f  mu1 tip1 i e r  chain (Figure 1 2 )  consists of a phase modulator, two 
p u s h - p u s h  doublers, and a X81 step recovery diode ( S R D )  mu1 t i p l i e r .  
An A L C  loop i s  used t o  maintain constant drive to the SRD multiplier. 
This approach gives high s t ab i l i t y  and spectral purity w i t h  m i n i m u m  
complexity. Particular care i s  taken t o  avoid frequency offsets  
caused by even-order modulation dis tor t ion.  A relat ive second har- 
monic distortion level of -70 dB can cause an of fse t  of 5 x 10-12 
and thus must be constant t o  a few percent t o  obtain good frequency 
s t ab i l i t y .  A pure modulation waveform i s  generated by passive inte-  
gration of a precision squarewave, and a highly 1 inear phase modulator 
character is t ic  i s  obtained by applying small excursions t o  a hyper- 
abrupt varactor diode biased a t  an " S "  shaped inflection point. A 
more subtle factor  i s  the dis tor t ion caused by AM and subsequent 
AM-to-PM conversion i n  t he  m u 1  t i p l i e r  chain.  A simple R C  phase 
sh i f t e r  c i r cu i t  introduces equal amounts of AM and PM and thus can 
cause considerable dis tor t ion.  The a1 1 -pass phase modul ator configur- 
ation shown in Figure 1 2  provides about 26 dB o f  AM rejection and thus 
greatly reduces t h i s  problem. 
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CONTROL T 0 MOD ATTENUATOR 
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Figure 1 2  - Basic rf multiplier chain and c i r c u i t  
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The SRD mu1 t i p l i e r  (made by Frequency Sources, I n c . )  uses  a  l o w  
capacitance diode i n  a  shunt mode w i t h  ex terna l  dc bias. A tempera- 
t u r e  s t a b i l i t y  o f  0.01 dBI0C i s  t y p i c a l  f o r  t he  -50 pW microwave 
ou tpu t  which can be ad jus ted  t o  t h e  optimum l e v e l  by an i n t e r n a l  P I N  
diode a t tenuator .  

Secondary Loop and Synthesizer 

The 10.23 MHz ou tpu t  i s  der ived from a  p r e c i s i o n  ovenized c r y s t a l  
o s c i l l a t o r  (made by Frequency E lec t ron i cs ,  Inc . )  t h a t  i s  phase locked 
t o  t h e  pr imary 1  oop by the  synthesizer .  (See F igu re  13. ) The +18 dBm 
ou tpu t  i s  obta ined v i a  an ou tpu t  a m p l i f i e r  t h a t  has s u f f i c i e n t  tank 
c i  r c u i  t Q t o  m a i n t a i n  a  p h a s e - c o n t i  nuous o u t p u t  u n d e r  t r a n s i e n t  
r a d i a t i o n .  S u f f i c i e n t  i s o l a t i o n  i s  p rov ided by the d i v i d e r  i n p u t  
c i r c u i t s  t o  keep the  ou tpu t  spectrum f r e e  (-100 dBC) o f  synthesizer  
spu r i  i . 

m l 8 . f  KHz 

LOOP 

LOOP AMP 
8. FILTER v 4'zw + 18 dBm 

CONTROL 
10.23 MHz 
OUTPUT 

VOLT. 
OUTPUT 

AMP 

F igu re  13 - Synthesizer b lock diagram 

The synthes izer  cons i s t s  o f  a  p a i r  o f  d i v i d e r s  t h a t  d i v i d e  t h e  pr imary 
and secondary 1  oop frequencies down t o  t h e i r  common f a c t o r  o f  - 18.7 
kHz. A phase de tec to r  and l oop  f i l t e r  generates a  c o n t r o l  vo l tage f o r  
t he  10.23 MHz c r y s t a l  o s c i l l a t o r .  Rapid l ock  a c q u i s i t i o n  i s  accom- 
p l i s h e d  by l o g i c  t h a t  presets t h e  d i v i d e r s  t o  the  proper  phase r e l a -  
t i onsh ip .  Th i s  a1 so prov ides  f a s t  recovery from a r a d i  a t i o n - i  nduced 
upset. 

Power Supply -- 
The power supply cons i s t s  o f  an i n p u t  f i l t e r ,  a dc/dc converter,  and 
two l i n e a r  regu la to rs  as shown i n  F igu re  1. The dcldc conver te r  
(F igure  1 4 )  uses a  sing1 e-ended f l yback  c o n f i g u r a t i o n  t h a t  p rov ides  
bo th  dc i s o l a t i o n  and regu la t i on .  I t s  +28 V and +5 V outputs a re  used 
d i r e c t l y  as heater  and l o g i c  supp l ies  respec t i ve l y  w h i l e  t he  f16 V 
outputs  are f u r t h e r  s tab i  1  i z e d  by p rec i  s i on  1.i near regul  a to rs  be fore  



supp l y i ng  t h e  anal og c i r c u i t s .  Under normal ope ra t i ng  c o n d i t i o n s  i n  
vacuum, t h e  RFS c i r c u i t s  consume under 10 wa t t s .  The t o t a l  dc i n p u t  
i s  expected t o  be 28 w a t t s  demand du r i ng  warmup and 12 wa t t s  steady 
s t a t e .  

l NPUT 

CONTROL 
CIRCUIT 

l- SENSE I_) 

F i g u r e  14 - Bas ic  power supply c i r c u i t  

Packaging --- 

The o v e r a l l  RFS package, shown i n  F i g u r e  15 ,  c o n s i s t s  o f  an aluminum 
s t r u c t u r e  w i t h  aluminum and Hipernom covers f o r  magnet ic,  E M I ,  and 
r a d i a t i o n  sh ie l d i ng .  The ho l l ow  c e n t e r  of the  s t r u c t u r e  ho lds  the 
phys ics  package, secondary c r y s t a l  o s c i l l a t o r ,  t he  lamp e x c i t e r ,  
preamp1 i f i e r ,  and SRD mu1 t i p 1  i e r .  The o t h e r  e l e c t r o n i c  c i r c u i t s  a r e  
on 13 c i r c u i t  boards l o c a t e d  i n s i d e  compartments t h a t  comprise t h e  
o u t s i d e  w a l l s  o f  the s t r u c t u r e ,  A d d i t i o n a l  l o c a l  r a d i  a t i o n  s h i e l d i n g  
i s  used as requ i red .  T h i s  approach meets a l l  thermal,  e l e c t r i c a l ,  
mechanical, magnetic, and r a d i a t i o n  requirements as w e l l  as a l l  owing 
good access t o  most c i r c u i t  boards. 
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F i g u r e  15 - RFS out1 i ne drawing 
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Signal Parameters 

The ope ra t i ng  cond i t ions  and s igna l  parameters o f  t h e  physics package 
a re  summarized i n  Table 3. I n  general, these values i n d i c a t e  a good 
s igna l  and excep t i ona l l y  1  ow s e n s i t i v i t i e s .  

The S I N  r a t i o  of a  passive rubid ium frequency standard i s  1  im i  t e d  by 
t h e  shot  no ise  o f  t he  dc photodetector  cur ren t ,  I,, which sets a  
l e v e l  o f  wh i te  frequency no ise  and g ives a time-domain frequency 
s t a b i l i t y  t h a t  va r i es  as r-l l2, where T i s  t he  averaging time. 

The frequency s t a b i l i t y  can be est imated simply from t h e  values o f  
I, and t h e  d i sc r im ina to r  s igna l ,  D. For  1, = 82 FA, t h e  shot  no ise  
cur ren t ,  in, i s :  

Th i s  es tab l ishes  the  wh i te  f r e  uency no ise  1  evelb i n  re1  a t i o n  t o  t h e  D 
va lue o f  240 pA p e r  1 x 10*18, g i v i n g  a f r a c t i o n a l  frequency no ise  
power spec t ra l  dens i ty  o f :  

Th is  r e s u l t s  i n  a  time-domain s t a b i l i t y  o f :  

which may be converted t o  a  frequency-domain value o f :  

where vo i s  the  c a r r i e r  frequency o f  10.23 MHz. Then, 

L( f )  = 2.4 x 10-10 f - 2  and g( 1 )  = -96 dBC/Hz. 

The measured no ise  l e v e l  i s  5.5 p A f i  r a t h e r  than the  5.1 p~/<~i 
value expected from shot  noise only .  The noise 1  eve1 i s  0.7 p~/fl 
w i t h o u t  1 i g h t ,  a l s o  i n d i c a t i n g  a n e g l i g i b l e  c o n t r i b u t i o n  from t h e  



- 

photode tec to r  and pre-amp1 i f i e r .  T h i s  i s  p o s s i b l e  p r i m a r i l y  because 
o f  t h e  use o f  a very h i gh  q u a l i t y  EG&G custom pho tode tec to r  t h a t  has a  
h i  gh leakage res i s tance  (>50K 2 ) a t  t h e  65°C ope ra t i ng  temperature.  

The ac tua l  no i se  r e s u l t s  i n  an es t imated  t ime-domain s t a b i l i t y  o f  1.6 
x 1 0 - l 2  ~ - 1 / 2 ,  The observed va lue  i s  4 x 10- l2  i-'I2 uncor rec ted  f o r  
t h e  (unknown) c o n t r i b u t i o n  o f  t he  re fe rence .  

The S/N r a t i o  can be def ined a s  t h e  rms va lue  o f  the  maximum fundamen- 
t a l  e r r o r  s i gna l  c u r r e n t  d i v i d e d  by t h e  rms no i se  c u r r e n t  i n  a  1 Hz 
bandwidth. 

Values o f  over  90 dB have been ob ta ined  w i t h  t h i s  des ign by ope ra t i ng  
t h e  lamp i n  t he  more i n t e n s e  red  ( a l l  Rb) mode, and over  80 dB i n  t h e  
mixed (Kr-Rb) mode. However, h i g h e r  l i g h t  i n t e n s i t y  a l s o  r e s u l t s  i n  
l a r g e r  temperature c o e f f i c i e n t s ,  r f  power s h i f t ,  and o t h e r  sens i  t i v i  - 
t i e s .  F o r  t h e  GPS a p p l i c a t i o n ,  i t  i s  cons idered  a  b e t t e r  t r a d e o f f  t o  
f a v o r  1 ong-term and env i  ronmental s t a b i  1  i t y  by ope ra t i ng  a t  modest 
l i g h t  i n t e n s i t y  where t h e  S/N r a t i o  i s  about  7 5  dB. 

ERROR BUDGET 

The RFS frequency i s  i n f l u e n c e d  by a number o f  f a c t o r s  t h a t  can a f f e c t  
i t s  s t a b i l i t y .  Some o f  these f a c t o r s  i n v o l v e  dependencies o f  t h e  
phys i cs  package and o thers  a r e  a r e s u l t  o f  e l e c t r o n i c  c i r c u i t  sens i -  
t i v i t i e s .  The l a r g e s t  o f  these f a c t o r s  a re  l i s t e d  i n  Tab le  4. Also 
shown i n  Table 4 a r e  t h e  r e s u l t i n g  i n d i v i d u a l  temperature c o e f f i c i e n t s  
and t h e  t o t a l  worst-case and rms va lues expected. These f a c t o r s  a l s o  
govern t h e  ag ing  r a t e  and r a d i a t i o n  s e n s i t i v i t y  o f  t h e  u n i t .  

TEST RESULTS AND CONCLUSIONS 

T e s t s  o f  a  b r e a d b o a r d  v e r s i o n  o f  t h e  RFS have  g i v e n  e n c o u r a g i n g  
r e s u l t s .  The r e s u l t s  o f  s t a b i l i t y  t e s t s  conducted on t h e  p r imary  l o o p  
w i t h  t h e  phys i cs  package i n  a  thermovac chamber and most e l e c t r o n i c  
c i r c u i t s  on t h e  bench i n  a i r  a re  shown i n  F i g u r e  16. The measured 
t ime-domain s t a b i l i t y  i s  w i t h i n  t h e  goal s p e c i f i c a t i o n .  The r e s u l t s  
a r e  uncor rec ted  f o r  t h e  c o n t r i b u t i o n  o f  t h e  re fe rence  and a r e  p robab ly  
l i m i t e d  by t h e  re fe rence  s t a b i l i t y  i n  t h e  medium term reg ion .  The 
r e g i o n  near  T = 1 second w i l l  be determined by t h e  secondar l o o p  
c r y s t a l  o s c i l l a t o r ,  which has a  measured s t a b i l i t y  o f  4 x 1 0 - 1 l  The 
RFS s t a b i l i t  i n  t h e  medium t e r m  r e g i o n  i s  a t  l e a s t  as l ow  as 
4 x 1 0 - l 2  7-f i2 and reaches below 1 x 10-13 between r = 104 and 105 
seconds. The Rb re fe rence  i s  b e t t e r  i n  t h e  medium term reg ion ,  b u t  
t h e  Cs r e f e r e n c e  has been f o u n d  t o  be b e t t e r  a t  104 seconds and 
1  onger, probably  because of  t h e  baromet r i c  s e n s i t i v i t y  o f  t h e  rub id ium 
re fe rence  u n i t .  The GPS RFS i s  immune t o  t h i s  e f f e c t  i n  t h e  thermovac 
chamber.  A d r i f t  r a t e  o f  u n d e r  1 x 10-13 p e r  day and  a p h y s i c s  



package temperature coefficient of 1 x 1 0 - ~ 3 / " ~  has been obtained. 
I t  i s  reasonable to  assume tha t  the 105 second s t ab i l i t y  wi 11 be 
even be t te r  i n  the prototype version, when a l l  c i r cu i t s  are packaged 
and operated within the control led thernovac environment. Overall, 
the RFS program i s  on schedule and a l l  objectives are being met. 
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Figure 16 - Time-domain s t a b i l i t y  of the breadboard 
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Table 1 -Condensation o f  spec i f i ca t i ons  f o r  t h e  Phase I11 GPS RFS 

Output 

Operat ing Temperature 

Frequency Stabi  1 i t y  
(F igure  16) 

Phase Noise 

Spurious 

Temperature Coef fi c i  e n t  

D r i f t  

Voltage Sensi ti v i  ty 

Mag S u s c e p t i b i l i t y  

Warmup Time 

R e l i a b i l i t y  

f = 10.23 MHz norni nal , +18 dBm nomi nal  

$ ( T )  = 1 x 10-11 f o r  r = 1 and 10 
seconds decreasing asf i  t o  goal o f  
1 x 10-13 a t  105 seconds 

L( 1 )  = -83 dBC/Hz maximum, decreasing 
a t  10 dB/decade t o  5 kHz 

-100 dBC maximum, 5 kHz t o  20 MHz from 
c a r r i e r  

< 1 x 10-1213 Gauss 
f 

- 

1 hour 

73% f o r  7.5 years '  opera t ion  



Table 2 -- Lamp and cell  characteristics 

Lamp F i  1 t e r  Cell Absorption Cell 

Glass (Corning # )  1720 7070 7070 

Outside Diameter, 
inches 0 . 3 1  1 .09  1.09 

Inside Length, 
i nch es 0 .54  0 .18  0.45 

I sotope 87 85 8 7 

B u f f e r  Gas Kr A r N2/Ar = 0.731 

Pressure, Torr  7 120 14.2* 

Operating 
Temperature, "C 

, Temperature Coef f i ci ent 
1 p p l ~ l l / o ~  1 0 1 -6 
-. 

*Offset = +2.78 kHz. 



Table 3 - Breadboard RFS opera t ing  c h a r a c t e r i s t i c s  

Si  gnal 

Second Harmonic S i  gnal : 45 mV rms* 

Maximum Fundamental S i  gnal : 165 mV rms* 

L igh t :  8.23 Vdc* 

D iscr imi  na tor  Slope: 1.2 mV per  1 x  10-lo* 

L i  newi dth: 252 ~ z t  

S e n s i t i v i t i e s  

L i g h t  S h i f t :  - 0  f 1 x  10-121% 

Lamp Oven TC: - 0  ? 3  x 10 -12 / "~  

F i l t e r  C e l l  TC: z - 6  x l o - l l / " c  
Absorpt ion C e l l  TC: ;+ 3 x  10-111"~ 

RF Power S h i f t  =.f 2 x 10-121d~ 

Lamp E x c i t e r  TC: - 0  t 5 x  10-141"~ 

Noise 

Shot Noise: 5.1 p~/fi 
Total  Noise: 5.5 p~lfi 
S i  gnal : 33 nA rms 

( S I N ) :  76 dB i n  1 Hz BW 

L ine  Q: 16 x  106 

Pred ic ted Stabi  1  i ty : oY(') = 1.6 x 10-12 r -112 

* A t  preamp output  w i t h  ZT(ac) = 5 MG, ZT(dc) = 100 KG. 

t ~ u l  1 wid th  between i n f l e c t i o n  p o i n t s  w i t h  normal l i g h t  and rf. 



Table 4 - Frequency e r r o r  budget 

Factor 7 
Magnetic Bias Current 

Lamp Exciter  TC 

F i l t e r  Cell TC 

d $ / d t  E f f e c t s  

RF Level S h i f t  

Residual Heater F i  el  d 

Absorption Cell TC 

VCXO Dynamic TC 

Servo Integrator  

Power Supply 

Modul at ion Dev i  ation 

Sens i t iv i ty  TC, pp1014/0~ I 

Mi scel laneous --- -I- 1.0 
.- 

Total I""-- Worst-case 23.5 

I rms 9.2 



QUESTIONS AND ANSWERS 

PROFESSOR ALLEY: 

What a r e  t h e  dimensions? 

MR. RILEY: 

I have them r i g h t  here. L e t  me j u s t  read them o f f ,  so t h a t  I g e t  
i t  r i g h t .  

The he igh t  of t he  package i s  seven inches. Tha t ' s  what r e a l l y  
increased over t h e  e x i s t i n g  one because the  he igh t  was ava i l ab le .  
The f o o t p r i n t  area i s  about t h e  same as the  e x i s t i n g  one which i s ,  
ca l l  i t  f i v e  by e igh t .  Rough numbers. 




