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ABSTRACT 

The rub id ium-crysta l  o s c i l l a t o r  hyb r i d  (RbXO) w i l l  make 
p rec ise  t ime a v a i l a b l e  t o  systems t h a t  l ack  the power 
requ i red  by atomic frequency standards. The RbXO cons is ts  
o f  two subassemblies i n  separate enclosures. Orle conta ins 
a small rub id ium frequency standard (RFS) wi thout  i t s  
i n t e r n a l  oven-control l e d  c r y s t a l  osc i  1 l a t o r  (OCXO) , p lus  
i n t e r f a c e  c i r c u i t s .  The second conta ins a low-power OCXO, 
and add i t i ona l  i n t e r f a c e  c i r c u i t s .  The OCXO i s  ON 
cont inuously.  P e r i o d i c a l l y ,  e.g., once a week, the user 
system app l ies  power t o  the RFS. A f t e r  the few minutes 
necessary f o r  the warmup o f  the  RFS, the  i n t e r f a c e  c i r c u i t s  
ad jus t  the frequency o f  the OCXO t o  t he  RFS reference, 
then shut o f f  the RFS. The OCXO enclosure i s  separable 
f rom the  RFS enclosure so t h a t  manpacks w i l l  be ab le  t o  
operate w i t h  minimum size, weight, and power consumption, 
wh i l e  having the accuracy o f  the RFS f o r  the dura t ion  o f  
a mission. 

A p ro to type  RbXO's RFS has operated success fu l l y  f o r  4200 
ON-OFF cycles.  P a r a l l e l  e f f o r t s  on a Phase I 1  RbXO 
development are i n  progress. Two sources f o r  the RbXO 
are  scheduled t o  be a v a i l a b l e  dur ing  1986. 

INTRODUCTION 

The rub id ium-crysta l  o s c i l l a t o r  hyb r i d  (RbXO f o r  sho r t )  i s  intended t o  
s a t i s f y  the requirements o f  systems t h a t  need frequency ( o r  c lock )  accuracies 
t h a t  are c u r r e n t l y  beyond the  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 ,  bu t  
which cannot t o l e r a t e  the h igh  power consumption o f  atomic frequency 
standards. 

Rubidium frequency standards (RFS) t y p i c a l l y  have about 100 t imes b e t t e r  
long-term s t a b i l i t y  than the  bes t  oven-control 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 about 100 t imes more power than 
the lowest-powr-consuming OCXO. The RbXO wi 11 prov ide the best  qua1 i t i e s  
of both types o f  o s c i l l a t o r s ,  i .e . ,  i t  w i l l  have the long-term 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 consumption than the OCXO. 

PRINCIPLE OF OPERATION OF THE RbXO 

A RFS normal ly  cons is ts  o f  an atomic (Rb) resonator,  an oven c o n t r o l l e d  
c r y s t a l  osc i  1 l a t o r  (OCXO) , p lus  mu1 t i p 1  i e r  and feedback c i r c u i t s ,  i n  a 
s i ng le  enclosure. The RbXO cons is ts  o f  two subassemblies i n  separate 
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enclosures. One conta ins a  small RFS, w i thou t  the  OCXO, p l u s  i n t e r f a c e  
c i r c u i t s .  The second conta ins a  low-power OCXO 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 cont inuous ly .  P e r i o d i c a l l y ,  the user system 
app l ies  power t o  the RFS. A f t e r  the few minutes necessary f o r  the  warmup 
o f  the  RFS, the i n t e r f a c e  c i r c u i t s  ad jus t  t he  frequency o f  ( "syn ton ize" )  
the OCXO t o  the RFS reference, then shuts o f f  the RFS. For manpack 
app l i ca t i ons ,  the OCXO subassembly w i l l  be separable from the  r e s t  o f  the 
RbXO so t h a t  the  manpack can operate w i t h  minimum s ize,  weight, and power 
consumption, wh i le  having n e a r l y  the accuracy o f  the  RFS f o r  the  du ra t i on  
o f  a  mission. 

The f o l l o w i n g  w i l l  i l l u s t r a t e  how the RbXO i s  expected t o  operate.  The 
RFS i s  expected t o  be ab le  t o  mainta in  a  frequency accuracy o f  +1 X 10-9 
f o r  a  pe r i od  o f  ten years when operated i n  a  du ty -cyc l ing  mode (e.g. ,  5 
micutes ON t ime per week). The OCXO can be expected t o  have an ag ing ( o r  
" d r i f t " )  r a t e  o f  b e t t e r  than 1 X 10- lo per day when operated f o r  extended 
per iods,  and a maximum frequency o f f s e t ,  due t o  a11 o ther  f a c t o r s ,  o f  5 1  

X One can then determine the  worst-case t ime e r r o r s  f o r  varaious 
scenarios. For example, i f  the RbXO syntonizes the OCXO once a week, then, 
f o r  any pe r i od  o f  a  month a f t e r  synchron izat ion,  the RbXO w i l l  be ab le  
t o  ma in ta in  a  t ime accuracy of b e t t o r  thdn ten  mi l l i seconds  ( i  .e., under 
t h i s  scenar io the wcrst-case o f f s e t  would be 2.7 X 10-9). 

For comparison, the same OCXO w i thou t  the  RbXO would accumulate an o f f s e t ,  
due t o  aging alone, of about 3 X one year a f t e r  i t s  c a l i b r a t i o n .  A t  
t h a t  time, i t  would be ab le  t o  mainta in  an accuracy o f  o n l y  100 msec f o r  
a  one month resynchron izat ion i n t e r v a l .  I f  the user needed 100 msec per  
month o r  b e t t e r  accuracy, then the OCXO would have t o  be re turned t o  depot 
f o r  r e c a l i b r a t i o n  a t  i n t e r v a l s  o f  one year o r  l ess .  

POTENTIAL RbXO APPLICATIONS 

One can env is ion  several p o t e n t i a l  m i l i t a r y  app l i ca t i ons  f o r  the  RbXO. 
Exarrples are:  

1. Manpacks and teampacks 
2. Vehic les - where, al though s u f f i c i e n t  power i s  a v a i l a b l e  f o r  a  

RFS wh i le  the veh i c l e  generator i s  ON, p rec ise  t ime must be 
maintained even when the  generator i s  OFF. 

3. Troop t r anspo r t  veh ic les  - a f t e r  the veh i c l e  t r anspo r t s  the  t roops 
i n t o  the f i e l d ,  the  RFS stays w i t h  the veh ic le ,  the  OCXO's i n  
the  manpack(s) are disconnected from the  RFS a t  the  s t a r t  o f  a  
mission, and are reconnected a t  the conc lus ion o f  the mission, 

4. M i ss i l es  and remotely p i l o t e d  vehic les  (RPV) - the  RFS stays w i t h  
the launcher, the  OCXO goes w i t h  the  m i s s i l e  o r  RPV. 

THE OCXO 

A min ia tu re ,  low-power OCXO i s  a  key p a r t  o f  the  RbXO. The main candidate 
f o r  t h i s  i s  the Tac t i ca l  M in ia tu re  Crys ta l  O s c i l l a t o r  ( T M X O ) , ~  which i s  
c u r r e n t l y  the  sub ject  o f  a  Manufactur ing Methods and Technology con t rac t  
w i t h  Bendix, Inc .  Since the TNXO i s  no t  y e t  ava i l ab l e  i n  p roduc t ion  
quan t i t i e s ,  and i n  order  t o  minimize the r i s k  associated w i t h  t h i s  task,  
the RbXO techn ica l  requirements spec i f y  t h a t  "The RbXO i n t e r f a c e  s h a l l  



be capable 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 
Hewlett-Packard 10811 equ iva len t  OCXO, o r  any comparable s t a b i l i t y  OCXO." 
If, f o r  whatever reason, the  TMXO i s  n o t  ava i l ab le ,  the power consumption 
o f  the RbXO would be h igher  because o ther  OCXO candidates consume several  
times mcre power. 

RbXO ENERGY CONSUMPTION AND TIME AND FREQUENCY UNIT 

S i g n i f i c a n t l y  lower energy consumption i s  one o f  the  major advantages o f  
the RbXO over cont inuously  operated RFS's. A comparison o f  the expected 
RbXO performance wi th :  the performance o f  a RFS; the expected performance 
o f  product ion TMXO's; and an HP 10811 type OCXO (e.g. the  Piezo Crys ta l  
model no. 007) i s  shown i n  Table 1. The comparison i s  based upon the Efratom 
MlOOO spec i f i ca t i ons  f o r  the RFS, the use o f  the TMXO f o r  the OCXO o f  the 
RbXO, 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) are ava i l ab le  
f o r  powering the o s c i l l a t o r s .  The RbXO increases the b a t t e r y  l i f e  from 
less  than a day w i t h  a cont inuously  operated RFS, t o  52 days. 

Each BA-5590 has a capac i ty  o f  about 6.5 Ah, and a volume o f  883 cm3. 
Therefore, a " t ime and frequency u n i t "  cons i s t i ng  o f  an RbXO, two BA 55901s, 
a t ime code generator and a frequency d i s t r i b u t i o n  system cou ld  operate 
cont inuously  wi thout  b a t t e r y  replacement f o r  over a month wh i le  occupying 
a volume on the order  o f  3200 cm3 (195 i n3 ) ,  e.g., a box o f  s i z e  14 cm 
X 15 cm X 15 cm (5%" X 6" X 6 " ) .  

PHASE I RbXO DEVELOPUENT 

During Phase I o f  the RbXO Development e f f o r t  (under an FY-83 con t rac t  
w i t h  Efratom, Inc.), a breadboard RbXO was designed and constructed. The 
breadboard cons is ts  o f  an Efratom MlOOO RFS, and an i n t e r f a c e  box t h a t  
contains the i n te r f ace  c i r c u i t s ,  a government furn ished m in ia tu re  OCXO 
( t he  "TMXO"), a t ime-of-day c lock,  and a t ime r  w i t h  which the  OM-OFF 
i n t e r v a l s  o f  the RFS can be se t .  The dimensions o f  the i n t e r f a c e  box are 
about 17" X 16.5" X 6". A copy o f  the Phase I f i n a l  r epo r t  i s  a v a i l a b l e  
t o  q u a l i f i e d  requesters f rom tne  Defense Technical In format ion ~ e n t e r . 3  

RbXO PROTOTYPE TEST RESULTS 

As the r e l i a b i l i t y  under i n t e r m i t t e n t  operat ion i s  a major unce r ta i n t y  
about the RbXO approach, as soon as the RbXO prototype was rece ived i n  
A p r i l  1984, i t  was placed on t e s t  a t  l abo ra to r y  ambient temperature. The 
i n t e r f a c e  box was se t  t o  t u r n  on the RFS once an hour f o r  5 minutes each 
time. The t ime e r r o r  was measured by comparing the RbXO's 1 pps output  
w i t h  t h a t  o f  a Hewlett-Packard 5601 cesium standard. 

During the f i r s t  700 hours ( i .e . ,  700 on-o f f  cyc les ) ,  the average t ime 
e r r o r  was about 8 microseconds per  day. Changing the ON t ime changed the 
slope o f  the accumulated t ime e r r o r  curve; e.g., i nc reas ing  the ON t ime 
t o  6 minutes resu l t ed  i n  a slope o f  about 10 microseconds per  day (which 
corresponds t o  an average frequency o f f s e t  o f  1.2 X 10-10). The v a r i a t i o n  
o f  t ime e r r o r  w i t h  ON t ime was the r e s u l t  o f  the  v a r i a t i o n  o f  the  RFS's 
frequency o f f s e t  w i t h  warmup t ime. 
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A f t e r  about 1500 on-o f f  cyc les,  the RFS was cooled t o  -45"C, wh i l e  the 
i n t e r f a c e  box remained a t  l abo ra to r y  ambient. The slope o f  the  t ime e r r o r  
vs. elapsed t ime changed t o  -25 microseconds pe r  day. A f t e r  about 90 on -o f f  
cyc les  a t  -45OC, 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  ho ld  lock ;  
i .e., i t  would l ock  f o r  a few seconds, then unlock,  then lock,  e t c .  When 
the  temperature was increased gradual ly ,  re1 i a b l e  l o c k i n g  s t a r t e d  t o  occur 
a t  about +lO°C. A f t e r  coo l i ng  again, the  f a i l u r e  t o  l ock  was reproduced. 

The RFS was re turned t o  Efratom f o r  f a i l u r e  ana lys is .  Efratom confirmed 
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  ga in  i n  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  ga in  co r rec ted  
the problem. Since the  RFS i n  the  Phase I1  and product ion RbXO's w i l l  
no t  con ta in  an 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 ,  t h i s  f a i l u r e  i s  no t  s i g n i f i c a n t .  

A f t e r  r e c e i p t  o f  the repa i red  RFS, the on -o f f  c y c l i n g  was cont inued a t  
room ambient f o r  1176 cyc les.  The RFS was then temperature-cycled d a i l y  
f o r  38 days between -55OC and +70°C, and on -o f f  cyc led  about hou r l y  dur ing  
t h i s  38 day per iod,  f o r  a t o t a l  o f  840 on-o f f  cyc les.  The t ime 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 
t ime e r r o r  vs. elapsed t ime had a slope o f  -51  psec per  da as shown i n  Id Figure 1, i n d i c a t i n g  a constant frequency o f f s e t  o f  -5.9 X 10' . 

ACCUMULATED T I M E  ERROR (v.. CESIUM) 
(TEMPERATURE CYCLED) 

. . 
Slope: -51 psec/day 

DAYS 
-2.0 

o r) o n o o m o I * r( (U m m P 

Figure 1. Time e r r o r  vs. elapsed t i m e  



During the  temperature cyc l i ng ,  frequency vs. temperature data was c o l l e c t e d  
once a week dur ing  a  cyc le  from -55°C t o  +70°C t o  -55°C. The RFS was ON 
cont inuous ly  dur ing  the  frequency vs. temperature run. The r e s u l t  o f  one 
such run i s  shown i n  F igure 2. The frequency excurs ion was w i t h l n  the 
M-1000's 3  X 10-10 s p e c i f i c a t i o n .  

Figure 2. RFS frequency vs. temperature character is t ic .  

The on -o f f  c y c l i n g  h i s t o r y  o f  the RbXO pro to type  RFS i s  summarized i n  Table 
11. The summary inc ludes 600 cyc les  the  RFS experienced a t  Efratom p r i o r  
t o  shipment. That the RFS stayed w i t h i n  s p e c i f i c a t i o n s  f o r  over 4200 on-o f f  
cyc les (as ide from the  f a i l u r e  o f  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 )  
i s  very encouraging because i t  i nd i ca tes  t h a t  inheren t  f a i l u r e  mechanisms 
due t o  on -o f f  c y c l i n g  do no t  e x i s t .  O f  course, a d d i t i o n a l  u n i t s  need t o  
be tested.  Sixteen a d d i t i o n a l  u n i t s  a re  scheduled t o  be t es ted  du r i ng  
the Phase I 1  RbXO development, as i s  descr ibed below. 

Upon complet ion o f  the 4206 o n - o f f  cyc les,  the  RbXO pro to type  RFS was placed 
on long-term aging whi le  cont inuous ly  ON, i n i t i a l l y  a t  23OL". The r e s u l t s  
f o r  the  f i r s t  44 days a t  23°C a re  shown i n  F igure 3. ( S t r a i g h t  l i n e s  i n  
the curve i n d i c a t e  t h a t  no data was c o l l e c t e d  dur ing  the  per iod . '  On day 
12, a  momentary power i n t e r r u p t i o n  r esu l t ed  i n  a  frequency off:,et o f  - 4  
X 10- l1  and an increased aging ra te .  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  re turned the frequency t o  i t s  prev ious value. The cause 
o f  t h i s  " g l i t c h "  has no t  y e t  been determined. However, i f  we ignore  the  
of fsets ,  the t o t a l  aging i s  7 X 10-12 i n  44 days, and the ag ing r a t e  a t  
day 44 i s  about 1 X 10-13 per  day. 



RbXO BREADBOARD RFS HISTORY 
(APRIL 1984 TO NOVEMBER 1984) 

# ON/OFF CYCLES TEMP TIME ERROR/DAY - REMARKS 

23 
23 
-45 
23 

T CYCLED 

4206 I VARIOUS - - - I TOTAL NUMBER OF 
CYCLES. 

- .- -. 
8,uSEC AVG 

ERRATIC 
o - - 

5 1  ASEC AVG 

TABLE I I  

AT EFRATOM 

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

1, 
UNINTENTIONAL INTENTIONAL 
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Ffgure 3. RFS agf ng after  4200 on-off cycles 



PHASE I 1  RbXO DEVELOPMENT 

On 26 June 1984, two f i r m  f i x e d  p r i c e  con t rac ts  were signed f o r  Phase I 1  
o f  the RbXO program, one w i t h  the  Efratom D i v i s f o n  o f  Ba:l Corp., the  
o ther  w i t h  E.G.& G., Inc .  The t o t a l  cost  o f  the two con t rac ts  i s  $668,000. 
Both companies are t o  meet the  same requirements and both programs a re  
o f  18 months dura t ion .  S a l i e n t  features o f  the  requirements are:  

Slze: 80 cu. i n .  (517 cm3) p l us  the  s i ze  o f  the OCXO 
Operat ing temperature ranpe: -55°C t o  +68"C 
RFS thermal r e t r ace lhys te res i s :  5 X 10-11 a t  a l l  operating 
temperatures 
RFS frequency vs. temperature: '4 X 10-10 
RFS aging a f t e r  30 days a t  60°C ambient: 1 X 10-12 per  day 
Power consumption a t  -55" ( a f t e r  warmup): 23W f o r  the  RFS, 80mW 
f o r  the i n t e r f a c e  c i r c u i t s  
Hardened t o  t a c t i c a l  r a d i a t i o n  leve ls ,  
Usable w i t h  5MHz and lOMHz OCXO's 
De l i ve rab le  hardware from each con t rac to r :  8 RbXO's, four of which 
have passed the design v e r i f i c a t i o n  t e s t ,  p l us  f o u r  which a re  t o  
be tes ted  b j  the government, and 3 RbXO demonstrators t h a t  inc lude  
a d i g i t a l  c lock and t ime r  f o r  t u rn i ng  the RFS ON p e r i o d i c a l l y .  

THE DESIGN VERIFICATION TEST 

This req~ l i rement  o f  the Phase I 1  RbXO development c a l l s  f o r  the RbXO t o  
be temperature-cycled from -55°C t o  +6a°C t o  -55°C once a c l y ,  and f o r  
the RFS be turned ON and OFF twenty t imes a day f o r  a t o t a l  o f  3600 on -o f f  
cycles,  according t o  a s p e c i f i e d  schedule. This t e s t  i s  intended t o  uncover 
f a i l u r e  mechanisms and s t a b i l i t y  changes due t o  the duty  c y c l i n g  mode o f  
operat ion.  

P r i o r  t o  t h i s  program, the re  had been o n l y  hearsay type o f  i n f o rma t i on  
on the s t a b i l i t j  and re1 i a b i l i t y  o f  RFS's opera t ing  i n t e r m i t t e n t l y .  A 
major goal of  the Phase I 1  RbXO program i s  t o  determine the degree o f  r i s k  
due t o  the i n t e r m i t t e n t  opera t ion  and t o  minimize the r i s k  through proper 
RbXO design. A second goal i s  t o  determine the  s t a b i l i t y  o f  RFS's under 
i n t e r m i t t e n t  operat ion.  

RbXO SCHEDULE 

The RbXO progrdm schedule o f  major mi lestones i s  as fo l l ows :  

1. Breadboard phase: complete 
2. Design and b u i l d :  August 1984 t o  March 1985 
3. Design v e r i f i c a t i o n  t e s t  by con t rac to rs :  March 19'5 t o  September 

1985 
4. Del i v c r y  o f  the 16 RbXO's t o  government: Oct - Nov 1985 
5. Design v e r i f i c a t i o n  t e s t s  by government: December 1985 t o  June 
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6. Government long-term t e s t s  s t a r t :  J u l y  1986. 

Mi lestones 3 t o  6 assume t h a t  the con t rac to r s '  design v e r i f i c a t i o n  t e s t s  



are successful on the i n i t i a l  attempts. If f a i l u r e s  occur, contractors 
w i l l  have t o  cor rec t  the problem and repeat the tes ts .  The schedules w i l l  
then s l i p .  

The RbXO w i l l  ;#lake prec ise t ime ava i lab le  i n  systems t h a t  lack  the power 
requi red by atomic frequency standards. The f e a s i b i l i t y  o f  the RbXO has 
been demonstvted. That the prototype RFS has operated proper l y  f o r  4200 
on-of f  cycles i s  encouraging. ( I f  :?a RFS i s  on-of f  cycled once a week, 
the 4200 cycles correspand t o  an 80 year 1 i f e !  ) 

Pa ra l l e l  e f f o r t s  on the Phase I 1  RbXO development are i n  progress. Twc 
so+~:ces fo r  the RbXO are scheduled t o  be avai1ab:e dur ing 1986. 
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