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ABSTRACT 

The r u b i d i u m - c r y s t a l  o s c i l l a t o r  h y b r i d  (RbXO) w i l l  make 
p r e c i s e  t i m e  a v a i l a b l e  t o  systems t h a t  l a c k  t h e  power 
r e q u i r e d  by a t o m i c  f requency  s t a n d a r d s .  The RbXO c o n s i s t s  
o f  two subassembl ies  i n  s e p a r a t e  e n c l o s u r e s .  One c o n t a i n s  
a  s m a l l  r u b i d i u m  f r e q u e n c y  s t a n d a r d  (RFS) w i t h o u t  i t s  
i n t e r n a l  o v e n - c o n t r o l  l e d  c r y s t a l  o s c i  1  l a t o r  (OCXO) , p l u s  
i n t e r f a c e  c i r c u i t s .  The second c o n t a i n s  a  low-power O C X O ,  
and a d d i t i o n a l  i n t e r f a c e  c i r c u i t s .  The OCXO i s  ON 
c o n t i n u o u s l y .  P e r i o d i c a l l y ,  e . g . ,  once a  week, t h e  u s e r  
system a p p l i e s  power t o  t h e  KFS. A f t e r  t h e  few m i n u t e s  
n e c e s s a r y  f o r  t h e  warmup o f  t h e  KFS, t h e  i n t e r f a c e  c i r c u i t s  
a d j u s t  t h e  f r e q u e n c y  o f  t h e  OCXO t o  t h e  RFS r e f e r e n c e ,  
t h e n  s h u t  o f f  t h e  RFS. The O C X O  e n c l o s u r e  i s  s e p a r a b l e  
f r o m  t h e  KFS e n c l o s u r e  so t h a t  manpacks w i l l  be a b l e  t o  
o p e r a t e  w i t h  minimum s i z e ,  w e i g h t ,  and power consumpt ion ,  
w h i l e  h a v i n g  t h e  a c c u r a c y  o f  t h e  RFS f o r  t h e  d u r a t i o n  o f  
a  m i s s i o n .  

A  p r o t o t y p e  RbXO's RFS has o p e r a t e d  s u c c e s s f u l l y  f o r  4200 
ON-OFF c y c l e s .  P a r a l l e l  e f f o r t s  on a  Phase I 1  RbXO 
development a r e  i n  p r o g r e s s .  Two sou rces  f o r  t h e  RbXO 
a r e  schedu led t o  be a v a i l a b l e  d u r i n g  1986. 

INTRODUCTION 

The r u b i d i u m - c r y s t a l  o s c i l l a t o r  h y b r i d  (KbXO f o r  s h o r t )  i s  i n t e n d e d  t o  
s a t i s f y  t h e  r e q u i r e m e n t s  o f  systems t h a t  need f r e q u e n c y  ( o r  c l o c k )  a c c u r a c i e s  
t h a t  a r e  c u r r e n t l y  beyond t h e  c a p a b i l i t i e s  o f  c r y s t a l  o s c i l l a t o r s ,  b u t  
wh ich  canno t  t o l e r a t e  t h e  h i g h  power consumpt ion  o f  a t o m i c  f requency  
s t a n d a r d s .  

Rub id ium f r e q u e n c y  s t a n d a r d s  (RFS) t y p i c a l l y  have abou t  100 t i m e s  b e t t e r  
l o n g - t e r m  s t a b i l i t y  t h a n  t h e  b e s t  o v e n - c o n t r o l l e d  c r y s t a l  o s c i l l a t o r s  
(OCXO's). RFS's, however, a l s o  consume abou t  100 t i m e s  more power than  
t h e  lowest -power-consuming O C X O .  The RbXO w i  11 p r o v i d e  t h e  b e s t  qua1 i t i e s  
o f  b o t h  t y p e s  o f  o s c i l l a t o r s ,  i . e . ,  i t  w i l l  have t h e  l o n g - t e r m  s t a b i l i t y  
o f  a RFS w i t h  o n l y  s l i g h t l y  more power consumpt ion  than  t h e  O C X O .  

PRINCIPLE OF OPERATION OF THE RbXO 

A RFS n o r m a l l y  c o n s i s t s  o f  an a t o m i c  (Rb) r e s o n a t o r ,  an oven c o n t r o l  l e d  
c r y s t a l  o s c i l l a t o r  (OCXO), p l u s  m u l t i p l i e r  and feedback c i r c u i t s ,  i n  a 
s i n g l e  e n c l o s u r e .  The RbXO c o n s i s t s  o f  two subassembl ies  i n  s e p a r a t e  
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be capab le  o f  i n t e r f a c i n g  w i t h  e i t h e r  a  10 MHz TMXO, o r  any  10 MHz 
H e w l e t t - P a c k a r d  10811 e q u i v a l e n t  OCXO, o r  any  comparable s t a b i l i t y  O C X O . "  
I f ,  f o r  whatever  reason,  t h e  TMXO i s  n o t  a v a i l a b l e ,  t h e  power consumpt ion  
o f  t h e  RbXO would  be h i g h e r  because o t h e r  O C X O  c a n d i d a t e s  consume s e v e r a l  
t i m e s  more power.  

RbXO ENERGY CONSUMPTION AND TIME AND FREQUENCY UNIT 

S i g n i f i c a n t l y  l o w e r  e n e r g y  consumpt ion  i s  one o f  t h e  m a j o r  advantages o f  
t h e  RbXO o v e r  c o n t i n u o u s l y  o p e r a t e d  KFS1s,  A compar ison o f  t h e  e x p e c t e d  
RbXO pe r fo rmance  w i t h :  t h e  per formance o f  a  RFS; t h e  expec ted  performance 
o f  p r o d u c t i o n  TMXO1s; and an HP 10811 t y p e  O C X O  (e .g .  t h e  P i e z o  C r y s t a l  
model no .  007)  i s  shown i n  Tab le  1. The compar ison i s  based upon t h e  E f r a t o m  
M l O O O  s p e c i f i c a t i o n s  f o r  t h e  RFS, t h e  use o f  t h e  TMXO f o r  t h e  O C X O  o f  t h e  
KbXO, and assumes t h a t  a  p a i r  o f  l i t h i u m  b a t t e r i e s 2  (BA-5590/U) a r e  a v a i l a b l e  
f o r  power ing  t h e  o s c i l l a t o r s ,  The RbXO i n c r e a s e s  t h e  b a t t e r y  l i f e  f r o m  
l e s s  t h a n  a day w i t h  a c o n t i n u o u s l y  o p e r a t e d  RFS, t o  52 days.  

Each BA-5590 has a  c a p a c i t y  o f  abou t  6 . 5  Ah, and a volume o f  883 cm3. 
T h e r e f o r e ,  a " t i m e  and f requency  u n i t "  c o n s i s t i n g  o f  an KbXO, two BA 5 5 9 0 1 s ,  
a  t i m e  code g e n e r a t o r  and a  f r e q u e n c y  d i s t r i b u t i o n  system c o u l d  o p e r a t e  
c o n t i n u o u s l y  w i t h o u t  b a t t e r y  rep lacemen t  f o r  o v e r  a  month w h i l e  o c c u p y i n g  
a  volume on t h e  o r d e r  o f  3200 cm3 (195 i n 3 ) ,  e . g . ,  a  box o f  s i z e  14 cm 
X 15 cm X 15  cm (54" X 6"  X 6 " ) .  

PHASE I RbXO DEVELOPMENT 

D u r i n g  Phase I o f  t h e  RbXO Development e f f o r t  ( u n d e r  an FY-83 c o n t r a c t  
w i t h  E f r a t o m ,  I n c . ) ,  a b readboard  RbXO was des igned  and c o n s t r u c t e d .  The 
b readboard  c o n s i s t s  o f  an E f r a t o n l  M1000 RFS, and an i n t e r f a c e  box  t h a t  
c o n t a i n s  t h e  i n t e r f a c e  c i r c u i t s ,  a government f u r n i s h e d  m i n i a t u r e  UCXO 
( t h e  "TMXO"), a  t i m e - o f - d a y  c l o c k ,  and a  t i m e r  w i t h  wh ich  t h e  ON-OFF 
i n t e r v a l s  o f  t h e  RFS can be s e t .  The d imens ions  o f  t h e  i n t e r f a c e  box  a r e  
a b o u t  17"  X 16.5"  X 6". A  copy  o f  t h e  Phase I f i n a l  r e p o r t  i s  a v a i l a b l e  
t o  q u a l i f i e d  r e q u e s t e r s  f r o m  t h e  Defense T e c h n i c a l  I n f o r m a t i o n  ~ e n t e r . 3  

RbXO PROTOTYPE TEST RESULTS 

As t h e  r e 1  i a b i l i t y  unde r  i n t e r m i t t e n t  o p e r a t i o n  i s  a  m a j o r  u n c e r t a i n t y  
abou t  t h e  KbXO approach,  as soon as t h e  RbXO p r o t o t y p e  was r e c e i v e d  i n  
A p r i l  1984, i t  was p l a c e d  on t e s t  a t  l a b o r a t o r y  ambient  t e m p e r a t u r e .  The 
i n t e r f a c e  box was s e t  t o  t u r n  on t h e  RFS once an hou r  f o r  5  m i n u t e s  each 
t i m e .  The t i m e  e r r o r  was measured by  compar ing  t h e  RbXO's 1 pps o u t p u t  
w i t h  t h a t  o f  a  Hew le t t -Packa rd  5601 ces ium s t a n d a r d .  

D u r i n g  t h e  f i r s t  700 hou rs  ( i . ,  700 o n - o f f  c y c l e s ) ,  t h e  average t i m e  
e r r o r  was abou t  8 microseconds p e r  day.  Changing t h e  ON t i m e  changed t h e  
s l o p e  o f  t h e  accumula ted t i m e  e r r o r  c u r v e ;  e . g . ,  i n c r e a s i n g  t h e  ON t i m e  
t o  6 m i n u t e s  r e s u l t e d  i n  a  s l o p e  o f  about  10 microseconds p e r  day  ( w h i c h  
co r responds  t o  an average f r e q u e n c y  o f f s e t  o f  1 . 2  X 1 0 - l o ) .  The v a r i a t i o n  
o f  t i m e  e r r o r  w i t h  ON t i m e  was t h e  r e s u l t  o f  t h e  v a r i a t i o n  o f  t h e  KFSis 
f r e q u e n c y  o f f s e t  w i t h  warmup t i m e .  





After  about 1500 on-off c y c l e s ,  the  RFS was cooled t o  - 45 "C ,  while t h e  
i n t e r f a c e  box remained a t  l abo ra to ry  ambient. The s lope of the  time e r r o r  
vs .  elapsed time changed t o  -25 microseconds per  day. Af te r  about 90 on-off 
cyc l e s  a t  -45"C, the  RFS's i n t e r n a l  c r y s t a l  o s c i l l a t o r  f a i l e d  t o  hold lock;  
i . e . ,  i t  would lock f o r  a few seconds, then unlock, then lock ,  e t c .  When 
t he  temperature was increased g radua l ly ,  r e l i a b l e  locking s t a r t e d  to occur 
a t  about +lO°C. After  cool ing  aga in ,  the  f a i l u r e  t o  lock was reproduced. 

The RFS was returned t o  Efratom f o r  f a i l u r e  a n a l y s i s .  Efratom confit-meu 
the  f a i l u r e  a t  low temperatures  and determined t h a t  the cause o f  f a i l u r e  
was i n s u f f i c i e n t  gain in the  c r y s t a l  o s c i l l a t o r  c i r c u i t .  Replacement o f  
the  c r y s t a l  o s c i l l a t o r  and r e s e t t i n g  the  c r y s t a l  o s c i l l a t o r  gain correcxed 
the problem. Since the  KFS in  the Phase I 1  and prod~lct ion KbXO's w i l l  
not conta in  an in t e rna l  c r y s t a l  o s c i l l a t o r ,  t h i s  f a i l u r e  i s  not s i g n i f i c a n t .  

Af t e r  r e c e i p t  of the  repa i red  RFS,  t he  on-off cyc l ing  was continued a t :  
room ambiect f o r  1176 cyc le s .  The RFS was then temperature-cycled d a i l y  
f o r  38 days between -55°C and + 7 0 ° C ,  and on-off cycled about hour1.y during 
t h i s  38 day per iod ,  f o r  a t o t a l  of 840 on-off cyc l e s .  The time e r r o r  was 
measured each day a f t e r  s t a b i l i z i n g  the  temperature a t  60°C. The accumulated 
time e r r o r  vs .  e lapsed time had a s lope of - 5 1  ~ l s e c  per da a s  shown in 

f d  Figure 1, i nd ica t ing  a  cons tan t  frequency o f f s e t  of - 5 . 9  X 10- * 
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Figure 1 .  Time error vs.  elapsed time 



D u r i n g  t h e  tempera tu re  c y c l i n g ,  f r e q u e n c y  vs .  t e m p e r a t u r e  d a t a  was c o l l e c t e d  
once a week d u r i n g  a c y c l e  f r o m  -55°C t o  +70°C t o  -55°C. The RFS was ON 
c o n t i n u o u s l y  d u r i n g  t h e  f r e q u e n c y  vs .  t e m p e r a t u r e  r u n .  The r e s u l t  o f  one 
such r u n  i s  shown i n  F i g u r e  2.  The f r e q u e n c y  e x c u r s i o n  was w i t h i n  t h e  
M-1000's 3 X 1 0 - l o  s p e c i f i c a t i o n .  

TEMPERATURE OC 

Figure 2. RFS frequency vs.  temperature characteristic. 

The o n - o f f  c y c l i n g  h i s t o r y  of t h e  RbXO p r o t o t y p e  RFS i s  summarized i n  Tah le  
11. The summary i n c l u d e s  600 c y c l e s  t h e  KFS e x p e r i e n c e d  a t  E f r a t o m  p r i o r  
t o  sh ipment .  That  t h e  RFS s t a y e d  w i t h i n  s p e c i f i c a t i o n s  f o r  o v e r  4200 o n - o f f  
c y c l e s  ( a s i d e  f r o m  t h e  f a i l u r e  o f  t h e  RFS's i n t e r n a l  c r y s t a l  o s c i l l a t o r )  
i s  v e r y  encourag ing  because i t  i n d i c a t e s  t h a t  i n h e r e n t  f a i l u r e  mech,lnisms 
due t o  o n - o f f  c y c l i n g  do n o t  e x i s t .  O f  course,  a d d i t i o n a l  u n i t s  nfred t o  
be t e s t e d .  S i x t e e n  a d d i t i o n a l  u n i t s  a r e  schedu led t o  be t e s t e d  d u r i n g  
t h e  Phase I I  KbXO development,  a s  i s  d e s c r i b e d  be low.  

Upon c o m p l e t i o n  o f  t h e  4206 o n - o f f  c y c l e s ,  t h e  RbXO p r o t o t y p e  RFS was p l a c e d  
on l o n g - t e r m  a g i n g  w h i l e  c o n t i n u o u s l y  ON, i n i t i a l l y  a t  23°C. The r e s u l t s  
f o r  t h e  f i r s t  44 days a t  23°C a r e  shown i n  F i g u r e  3 .  ( S t r a i g h t  l i n e s  i n  
t h e  c u r v e  i n d i c a t e  t h a t  no d a t a  was c o l l e c t e d  d u r i n g  t h e  p e r i o d . )  (In day 
12, a momentary power i n t e r r u p t i o n  r e s u l t e d  i n  a  f r e q u e n c y  o f f s e t  o f  - 4  
X 1 0 - l 1  and an i n c r e a s e d  a g i n g  r a t e .  On day 25, an i n t e n t i o n a l  10-second 
power i n t e r r u p t i o n  r e t u r n e d  t h e  f r e q u e n c y  t o  i t s  p r e v i o u s  v a l u e .  The cause 
o f  t h i s  " g l i t c h "  has n o t  y e t  been de te rm ined .  However, i f  we i g n o r e  t h e  
o f f s e t s ,  t h e  t o t a l  a g i n g  i s  7 X 10-12 i n  44 days,  and t h e  a g i n g  r a t e  a t  
day 44 i s  abou t  1 X 10-13 p e r  day.  



RbXO BREADBOARD RFS HISTORY 
(APRIL 1984 TO NOVEMBER 1984) 

# ON/OFF CYCLES TEMP TIME ERROR/DAY REMARKS 

AT EFRATOM 23 
23 

-45 
23 

T CYCLED 

INTERNAL XO FAILED 
NO DATA TAKEN 
-55 TO 70 DEG, C 

- - - 
~ A S E C  AVG 

ERRATIC 
- - -  

51 NSEC AVG 

4206 I VARIOUS I TOTAL NUMBER OF 
CYCLES. 

TABLE II 

' I  
UNINTENTIONAL INTENTIONAL 

POWER INTERRUPT POWER INTERRUPT 

Figure 3.  RFS aging a f t e r  4200 o n - o f f  cycles 



PHASE 11 RbXO DEVELOPMENT 

On 26 June 1984, two f i r m  f i x e d  p r i c e  c o n t r a c t s  were s igned  f o r  Phase I 1  
of  t h e  RbXO program, one w i t h  t h e  E f r a t o m  D i v i s i o n  o f  B a l l  Corp. ,  t h e  
o t h e r  w i t h  E . G . &  G. ,  I n c ,  The t o t a l  c o s t  o f  t h e  two c o n t r a c t s  i s  $668,000. 
Bo th  companies a r e  t o  meet t h e  same r e q u i r e m e n t s  and b o t h  programs a r e  
o f  18 months d u r a t i o n .  S a l i e n t  f e a t u r e s  o f  t h e  r e q u i r e m e n t s  a r e :  

1) S i z e :  80 cu. i n .  (517 cm3) p l u s  t h e  s i z e  o f  t h e  OCXO 
2 )  O p e r a t i n g  tempera tu re  range:  -55°C t o  +68"C 
3 )  RFS the rma l  r e t r a c e / h y s t e r e s i s :  5 X 1 0 - l 1  a t  a l l  o p e r a t i n g  

tempera tu res  
4 )  KFS f r e q u e n c y  vs .  t e m p e r a t u r e :  14 X 
5 )  RFS a g i n g  a f t e r  30 days a t  60°C amb ien t :  1 X 10-12 p e r  day 
6 )  Power consumpt ion a t  - 5 5 "  ( a f t e r  warmup): 23W f o r  t h e  RFS, 80mW 

f o r  t h e  i n t e r f a c e  c i r c u i t s  
7 )  Hardened t o  t a c t i c a l  r a d i a t i o n  l e v e l s ,  
8)  Usab le  w i t h  5MHz and lOMHz O C X O ' s  
9 )  D e l i v e r a b l e  hdrdware f r o m  each c o n t r a c t o r :  8 HbXO's, f o u r  o f  wh ich  

have passed t h e  d e s i g n  v e r i f i c a t i o n  t e s t ,  p l u s  f o u r  wh ich  a r e  t o  
be t e s t e d  b y  t h e  government, and 3 HbXO demons t ra to rs  t h a t  i n c l u d e  
a d i g i t a l  c l o c k  and t i m e r  f o r  t u r n i n g  t h e  KFS ON p e r i o d i c a l l y .  

THE DESIGN VERIFICATION TEST 

T h i s  r e q u i r e m e n t  o f  t h e  Phase 11 RbXO development c a l l s  f o r  t h e  KbXO t o  
be t e m p e r a t u r e - c y c l e d  f r o m  -55°C t o  t68"C t o  -55°C once a day, and f o r  
t h e  KFS be t u r n e d  ON and OFF t w e n t y  t i m e s  a  day f o r  a  t o t a l  o f  3600 o n - o f f  
c y c l e s ,  a c c o r d i n g  t o  a s p e c i f i e d  schedu le .  T h i s  t e s t  i s  i n t e n d e d  t o  uncover  
f a i l u r e  mechanisnis and s t a b i l i t y  changes due t o  t h e  d u t y  c y c l i n g  mode o f  
o p e r a t i o n .  

P r i o r  t o  t h i s  progrdm, t h e r e  had been o n l y  hea rsay  t y p e  o f  i n f o r l n a t i o n  
on %he s t a b i l  i t y  and r e l i a b i l i t y  o f  KFS1s o p e r a t i n g  i n t e r m i t t e n t l y .  A 
m a j o r  goa l  o f  the  Phase I 1  RbXO program i s  t o  d e t e r m i n e  t h e  degree of' r i s k  
due t o  t h e  i n t e r m i t t e n t  o p e r a t i o n  and t o  m i n i m i z e  t h e  r i s k  t h r o u g h  p r o p e r  
RbXO d e s i g n .  A second goa l  i s  t o  de te rm ine  t h e  s t a b i l i t y  o f  HFS1s under  
i n t e r m i t t e n t  o p e r a t i o n .  

RbXO SCHEDULE 

The RbXO program schedu le  o f  m a j o r  m i l e s t o n e s  i s  a s  f o l l o w s :  

1 .  Br5eadboard phase: comple te  
2. Des ign and b u i l d :  August  1984 t o  March 1985 
3. Des ign v e r i f i c a t i o n  t e s t  b y  c o n t r a c t o r s :  March 1985 t o  September 

1985 
4. D e l i v e r y  o f  t h e  16 RbXO's t o  government:  Oct  - Nov 1985 
5 .  Des ign v e r i f i c a t i o n  t e s t s  b y  government:  December 1985 t o  June 

1986 
6. Government l o n g - t e r m  t e s t s  s t a r t :  J u l y  1986. 

M i l e s t o n e s  3  t o  6 assume t h a t  t h e  c o n t r a c t o r s '  d e s i g n  v e r i f i c a t i o n  t e s t s  



a r e  s u c c e s s f u l  on t h e  i n i t i a l  a t t e m p t s .  I f  f a i l u r e s  occu r ,  c o n t r a c t o r s  
w i l l  have t o  c o r r e c t  t h e  p rob lem and r e p e a t  t h e  t e s t s .  The schedu les  w i l l  
t h e n  s l i p .  

CONCLUSIONS 

The RbXO w i l l  make p r e c i s e  t i m e  a v a i l a b l e  i n  systems t h a t  l a c k  t h e  power 
r e q u i r e d  b y  a tomic  f r e q u e n c y  s tandards .  The f e a s i b i l i t y  o f  t h e  RbXO has 
been demonst ra ted.  That  the p r o t o t y p e  KFS has o p e r a t e d  p r o p e t l y  f o r  4200 
o n - o f f  c y c l e s  i s  encourag ing .  ( I f  t h e  RFS i s  o n - o f f  c y c l e d  once a  week, 
t h e  4200 c y c l e s  co r respond  t o  an 80 y e a r  1  i f e !  ) 

P a r a l l e l  e f f o r t s  on t h e  Phase I 1  RbXO development a r e  i n  p r o g r e s s .  Two 
sou rces  f o r  t h e  RbXO a r e  schedu led  t o  be a v a i l a b l e  d u r i n g  1986. 

ACKNOYLEDGEHENTS 

The a u t h o r s  w i s h  t o  acknowledge Dr .  Raymond L .  F i l l e r  and Mr. Dennis Bowman 
f o r  t h e i r  c o n t r i b u t i o n s  t o  t h e  c o l l e c t i o n  and a n a l y s i s  o f  t h e  da ta .  

REFERENCES 

1. D. Brown, e t  a l . ,  " M a n u f a c t u r i n g  Methods and Techno logy f o r  T a c t i c a l  
M i n i a t u r e  C r y s t a l  O s c i l l a t o r , "  Proc .  3 8 t h  Annual Frequency C o n t r o l  
Symposium, pp. 380-386, 1984. 

2. US Army B a t t e r y  A p p l i c a t i o n s  Manual, June 1984; c o p i e s  can  be r e q u e s t e d  
f r o m  Power Sources D i v . ,  ATTN: DELET-PB, US Army E l e c t r o n i c s  Techno logy 
and Dev ices  L a b o r a t o r y ,  F t .  Monmouth, NJ 07703-5302. 

3 .  R*D. Pau l ,  "Rubid ium O s c i l l a t o r  and Time-of-Day-Clock,"  Research and 
Development Techn ica l  Repor t  DELET-TR-83-0412-F, A p r i l  1984, AD-B086125L. 




