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ABSTRACT 

For some time now the  Efratom 4-inch cubed Rubidium 
Osc i l l a to r  has been used in numerous navigation 
and secure conlniuni c a t i  on systerris. The S E E K T A L K  
program, however, a n d  other  prograrrls of simi 1 a r  
na tu re ,  present new challenges t o  o s c i l l a t o r  makers 
in ternis of warm-up time, s i z e ,  power, operating 
environment, and uni t  cost  in la rge  q u a n t i t i e s .  

This paper wil l  present our approach t o  these new 
warrn-up and s i z e  chal lengcs as we1 1 as the  problertis 
involved in these t a sks .  I n  order  t o  define the  
in~provenients needed, a conlpari son wi 1 1  be rnade 
between the  perforrr~ance of the present o f f - the -  
shel f  M-100 Mil i  t a ry  Rubidiu~ii Oscil l a t o r  and t h a t  
expected f o r  the Sub-Mi ni a tu re  Kubi d i  urtl Osci 1 1  a t o r  
t h a t  i s  current ly  in development ( ca l l ed  M-1000). 
Methods of achieving 1.5 minute warm-up wi 1 1  be 
discussed as we1 1 a s  improvements in performance 
under adverse envi ronmental conditions , incl udi ncg 
temperature, v ib ra t ion ,  a n d  magnetics. L'xpected 
perforn~ance curves of the new o s c i l l a t o r  a s  well 
as  our microelectronics dpproach w i  1 1  be presented. 

An a t t m p t  wil l  be made t o  construct  an o s c i ;  l a t u r  
e r r o r  budget under a  s e t  of a r b i t r a r y  nlission con- 
d i t ions .  

I n  order  t o  c l ea r ly  indica te  the improvements t h a t  will  be rea l ized  f o r  
t h i s  new M-1000 Osc i l l a to r  development, Table 1 i s  provided t o  cornpare 
the  off-the-she1 f  M-100 Osci 1 1  a t o r  with the M-1000. The SEEKTA1.K pro- 
grani spec requirements a re  shown a s  t e n t a t i v e  desigrl goal s ,  pending a 
f ina l  Air Force spec re lease  in ea r ly  1981. The rriost ctiallenging per- 
fornlance requi relrients a re  ( a )  u l t r a  f a s t  warm-up, ( b )  MIL-€-5490 Class I1 
' t e l i ip~a tu re  envi ronment , ( c )  operation in a severe vi brat ion envi ronnicnt 
and  ( d )  o u r  attempt t o  make the i~i-1000 l e s s  t h a n  one h ~ l f  the  volume o f  



t h e  p resen t  M-100 O s c i l l a t o r .  F igure  1 d e p i c t s  t h e  s u b j e c t  o s c i l l a t o r s .  
The M - 1 0 0  m a s u r e s  approx imate ly  4" x 4"  x  4.8" ( o r  % 77 i n 3 )  and t he  
M-1000 approx imate ly  2.3" x 3.5" x 4" ( o r  % 33 i n 3 )  w i t h  f u t u r e  goals  
toward f u r t h e r  r e d u c t i o n  i n  s i ze .  

F igure  2 i s  a f u n c t i o n a l  b l ock  diagram o f  t he  p resen t  o f f - t h e - s h e l f  M-100 
o s c i l l a t o r .  The h i g h l y  s t a b l e  o u t p u t  o f  t h e  M-100 i s  ob ta ined  f rom a  
13 MHz vo l  t age -con t ro l  l e d  c r y s t a l  o s c i  1  l a t o r  ( V C X O )  , whose frequency i s  
locked  t o  an atomic f requency re ference.  The atomic re fe rence  i s  p ro -  
v ided  by the  6.834 ... GHz ground-state hype r f i ne  t r a n s i t i o n  o f  8 7  Rb. 
The V C X O  i s  l ocked  t o  t h e  rub id ium resonant  f requency f ~ b ,  a t  approx i -  
mate ly  6.8 GHz, i n  t he  f o l l o w i n g  manner: A microwave s i g n a l ,  hav ing a 
frequency i n  t h e  v i c i n i t y  o f  f ~ b ,  i s  synthes ized f rom the  10 RHz V C X O  
ou tpu t .  Th is  microwave s i g n a l  i s  used t o  e x c i t e  r ub id i um atoms t h a t  a re  
con ta ined  w i t h i n  a  microwave c a v i t y .  The frequency syn thes is  scheme i s  
designed so t h a t  t h e  V C X O  f r e q  ency i s  e x a c t l y  10 MHz when t h e  microwave 
frequency i s  e x a c t l y  equal t o  ?Rb. The frequency o f  t h e  s i g n a l  a p p l i e d  
t o  t he  nlicrowave c a v i t y  can be ma in ta ined  equal t o  f ~ b  by genera t ing  an 
e r r o r  s i gna l  when t he  microwave frequency d i f f e r s  f rom ~b  and us ing  
t h i s  e r r o r  s i g n a l  t o  servo t he  V C X O  v i a  i t s  c o n t r o l  vo l tage .  

TABLE -1- SPEC COMPARISON (Sheet 1 o f  7 )  11-4-80 

DESCRIPTION 

Output 

Inpu t  Power 

Transient  
P r o t e c t i o n  

Warm-up 
Charac te r i s t i cs  

Wa nn- up 
Power 

SEEK TALK 
SPFC 

10 MHz s i n e  wave 
0 .5  Vrms + 10% 

50 Ohms 1 10% 

c13W I3 25°C (Amb) 
22-32 YDC 

( 2 C  VDC Nom) 

MIL-STD-704 
Category A 

5 1.5 minutes t o  
reach 5 ~ 1 0 - ' ~  Q 
25°C (Amb); 
<4 min. from 
-55°C (Amb). 

Power a v a i l a b l e  
n o t s p e c i f i e d  
w i t h  engines 
running.  

OFF-THE-SHELF 
M-100 OSC, 

10 MHz s i n e  wave 
0.5 Vrmst30,-10% 

SO Ohms t 10% 

17W O 25°C 
22.5-32 vnc 
Separate Heater 

power a v a i l -  
ab le.  

MIL-STO-704 
Category C 

s 10 minutes t o  
reach 2x10-10 13 
25°C (Amb.) 
< 25  minutes f r o m  

-55°C (Anb. )  

4 min. o p t i o n ,  
~ 1 0 0 w a t t s .  

- 

- I N  DEVFLOPMENT 
M-1000 OSC. 

Same as M-100 

same as SEEK 
TALK 

~eparat?;7 ieater  
power a v a i l a b l e  

Same a s  H-100 
(Workiny on a 
compromise 704A 
Spec) 

Sanle as SEEK 
TALK 

. 100 wa t t s ;  * 
T. 80W t y p i c a l  
f o r  l ess  than 
1 minute. 

- 
REMARKS 

704C should be adequatc 
f o r  program. 

Pushiny AF Spec change 
from A t o  C.  

Max peak c u r r e n t  a t  
32 VOC <6A 

4 



TABLE -1- SPEC COMPARISON (St leet 2 7) 11-4-80 

OFF-THI -SHELF I N  DEVkL0PMENT ' 
DESCRIPTION SEEK TALK M-100 O S C .  M-  1000 OSC.  REMARKS 

SPEC 

Power On/Dff I 1 ~ 1 0 - ~ '  wr t h  Rett-ace wi t b i n  ; : Sar~le as M-100 
C y c l i n g  (Ret race:  o f f  t i n r s  <: I h r .  few p a r t s  I n  l O  

< 5x10-" f rom .- 4x10- I '  frwm c73xlO-'- frorr; 
Ope ra t i ng  -55°C t o  155"CAmb -55'1. tcl - i60UC -5FJ0(:  to +7lUC 
Tcmperdture 7 l0CAnb . fo r  30 min. Amb; ( r i i Z ' , C  AIIIL , ( 80'C 

W e f e r  Class I 1  E a s e p l d t e ) .  p a r t i  8 a s c p l a t ~ )  p a r t s  
-55OC t o  +71"L Amn l r  10' : ) t t s e t  a t  I F  !C' cl f fset.  a t  

9LJ0Ci:.'~b.for 30 111in 71°C j ir-n.  O l i 5  95': >,mb 

Long Term D r i f t  5 ~ l O - ' ~ / y e a r  3 r l o - ! i / f i ) o n t k  6 x i 3 - " / 1 a n t k  
3 in-'.lycar . -" 5 x 1 0 ~ ' ' l y e a r  

1  x l o - :  . /month 
o p t i o n  a v a i l d h l e  

S h o r t  Term <4~10 -11 .  r -- 1s Salne Sane 
S tab i  1  i t y  ~ l x l O - ' ~ ,  .(- 10s 

<4x10-12, I -100s 

T r i m  Range / 3 x l o - '  Same Same 
Adjus t f l l ~ n t  

TABLE -1- SPEC COMPARISON (Sheet  3 o f  1 )  11-4-80 

OESCRlPTION 
' OFF-THE-SHELF I N  DEVELOPMENT ' 

SEEK TALK 
SPFC M-100 OSC. 

M-1000 05C. REMARKS 

Vol tage No t  s p e c i f i e d .  1 x l o - ' '  f o r  Sarre as M-1I10 
V a r i a t i o n  i 104. i n p u t  

v o l t a g e  change. 

Magnet ic  F i e l d  Meets spec under  8 x 10- lL , 'gauss 
c. !/Gdilss N o t f :  (;dl15';. 7 9 , 5 9 A y - ~  

1 x 1 0 - " / ~ a u s s  ( w o r s t  cdse 
o r i e n t a t i o n )  

S igna l  t o  No i se  r 120 dB @ 100 Hz r 120 dB I! 100 Hz Sam as M-100 
($56 1Hz BW) > 130 dB @ 1 KHz r 135 dB B 1  KH2 

H a m n i c  / 30 dB down Same S a m e  
Nan H a m n i c  80 dB down 

S i n u s o i d a l  
< 1 x 1 0 - l o  

$ - 1 4 ~ ~ - 0 +  10" D . A .  Tested t o  % l g  Goal i s  t o  i m -  More t e s t i n g  needed t o  
V i b r a t i o n  1 5 - 2 3 ~ ~ -  ? lg pk 20-500 Hz; p a r t s  prove M-100 e v a l u a t e  per formdnce 
( o p e r a t i o n a l )  2 4 - 5 2 ~ ~ - 0 .  036" D . A .  i n  l o q  a t  nar row p e r f o r m n c e  

54 -500~2 -  r 5gpk c r i t i c a l  f r e q .  s i g n i f i c a n t l y  

* 



TABLE -1- SPEC COMPARISON (Sheet 4 o f  7) 11-4-80 

DESCRIPTION - 
Random V i b r a t i o n  
(opera t iona l )  

Acoust ica l  
Noise 

Storage Temp. 
(non-operational)--prefer 

Accelerat ion 
(opera t iona l )  

Tempera t u r n  
A1 t i  tude 

TABLE -1- SPEC COMPARISON (Sheet 5 o f  7) 11-4-80 

SEEK TALK 
SPFC 

1 x l o - ' '  
15 -50~z-0 .02g~ /Hz  
$1-3OOHz-+4dB/oct. 
301-1KHz-0. l g2 /Hz  
lOC)l-2KHz-6dB/oct. 

1 x 1 0 - l o  
MIL-5TO-810 
Method 515.2 
Procedure I 
Category A 

-61°C t o  t 8 0  C 

Class 11: 
-62°C t o  +95OC 

< 1 x lo - '  f o r  
l o g ' s  i n  any 
a x i s .  

MIL-E-5400 
Class I 1  
< 5 x 1 0 - l o  
S . L .  t o  70K f t  
71'C t o  10°C Amb. 

DESCRlPTION 

Tenperature 
Shock 

Transient  Tea~p. 

EM1 

Rad ia t ion  
Hardening 

SEEK TALK 
SPEC 

MIL-STD-810 
Method 503.1 
Procedure 

Meet Spec Q 2"C/ 
sec frorn -55°C t o  
t85"C, 71" Anb. 

MIL-5  IU-GblA 
Not i ce  3 
CE 01, 02, 03, 04 
CS 01, 02, 06 
RE 02, 04 
R S 0 1 , 0 2 , 0 3  

Not s p e c i f i e d .  

MTBF>~O,OOO h r s .  
60% OR @ 55°C Anlb. 
A i rbo rne  uninhab- 
i t e d  f iqht .er  m v i -  
ronrnent. MIL-HDBK- 

P17C. ~ o t . 1 ,  Sec 2 

OFF-THE-SHELF 
M-100 OSC. 

OK 

OK 

- - 

N o t i c e  3 
CE 01, 02, 03, 04 
CS 01, 02, 06 
RE 02 
R S 0 1 , 0 2 , 0 3  

Hard t o  ground 
t a c t i c a l  env i ron-  
ment o f  a major 
program. 

MTBF,19,000 h rs .  
60% @ 6a.C base- 
p l a t e  Airborne 
inhab i ted  t r a m p o r t  
env i  ronl lpnt 
MIL-HDBK-ZI~C 

OFF-THE-SHELF 
M-100 05C. 

es e o .  g z 
& - $ o ~ t f a : ~ n 2 ~ H  
to + O O 1 g ~ l H t  a t  
500112 parts 

for tn v a r i -  
ance o f  = set+ 

TBU - Not tes ted  

-62°C t o  t85"C 

-4 x 1 0 - l 2 / q  
(Worst case 
o r i e n t a t i o n )  

< I x 1013/mbar; 
w i t h  temp change - 5 x l o - ' '  t o t a l  * 

. - 

' I N  DEVELOPMENT 
M-1000 OSC. 

OK 

OK 

Same as M-100 

tlardness l e v e l  
t o  be assessed. 

MfBF>20,000 h rs .  
60% @ 71°C Amb. 
Ai rborne uninhab- 
i t e d  f i g h t e r  MIL- 
tiOBK-217C 

IN DEVELOPMENT 
M-1000 OSC. 

Goal i s  t o  im- 
prove M-100 
y?;i:rnlancp 

TBD 

-62°C t o  4 5 ° C  

< -4 x 10‘12/g 
(wors t  case 
o r i e n t a t i o n )  

< 1 x l o - "  mbar 
w i t h  temp cdange 
< 2 x 1 0 - " t o t a l  **  

REMARKS 

R t O 4  nu t  app l i cab le .  

Reliability for 

by unit h y b r i d  l a rge ly  screening led 
level and c a n  be im- 
proved accord ing ly .  

REMARKS 

More t e s t i n g  needed t o  
evaluate performance 
(mdjor des ign problem) 

* M-100 has n o t  been 
tes ted  t o  70K ft; 
b u t  expect no problems 

** Vacuum Ops i s  aoal . 



TABLE -1- SPEC COMPARISON ( 5 h e e t  6 o f  7 )  11-4-80 

DESCRIPTION SEEK TALK 
SPFC 

Hunii d i  t y  NIL-STO-810 
Method 507 .1  
Procedure  1 I I 

Shock MIL-STD-810 
(Eench Hand l i ng )  Method 516.2 

Procedure  V 

S i z e  5 x 5 x 51,'' liia x 
21, x 2 ' ~  x 4 " G o l l  

Weight  TBD 

S a l t  Fog MIL-STD-010 
Method 509.1  
Procedure  1 

TABLE -1- SPEC COMPARISON (Shee t  7 o f  7 )  11-4-80 

ANTICIPATE'  
DESCRIPTION SEEK TALK 

SPFC 

Fungus Mi l-STD-454 
Res i s t ance  Requi rerrlent 4 

E x p l o s i v e  MIL-STD-810 
A t ~ ~ i o s p h e r e  Method 511 .1  

Procedure  1 

Sand and Dust I I IL-ST[)-810 
Method 510 .1  
Procr:dure 1 

M a i n t a i n a b i l i t y  r 502 t a u l t  De t -  
Requirement: e c t i o n  w r t h  a 

BITE 

Shol) Leve l  Requi r e d  
Hai n tenance 

OFF-THE-SHELF 
M-100 05C. 

95% 

OK 

~:80 i n J  
:3.94 x 3 .90 x 4.E ) 

4 . 5  l b s .  rrrax 

TBD - n o t  t e s t e d  

OFF-THE-SHELF 
M-100 05C. 

OK 

OK 

T B U  - lvot t e s t e d  

OK 

NO 

I N  DEVELOPMENT 
M-1000 OSC. 

100% 

OK 

<30 i n 3  
(2.5 x 3 .0  x 4 " )  

< 2 l b s .  

O K  

REMARK5 

IN DEVFLOPMENT 
M-1000 OSC. 

0 K 

OK 

O K  

0 K 

N 0 

- 

REMARKS 

140  t e s t  d a t a  a v a i l d h l e .  

Use o f  l o c k  m o n i t o r .  

An a tom ic  s t anda rd  does 
n o t  l e n d  i t s e l f  t o  de- 
t a i l e d  AF f i e l d  l e v e l  
rndi i n t f n d n c e .  



OFF-SHELF MlOO 
MlOOO PROTOTYPE 

SIZE ESTIMATE 

Figure  1 + M-100/M-1000 S i z e  Comparison 

The e r r o r  s i g n a l  i s  generated by t he  Physics Package us ing  t he  method of  
o p t i c a l  pumping ( n o t  discussed here)  and appears as a c u r r e n t  f rom t h e  
pho toce l l  i n  t he  Physics Package. When the  a p p l i e d  microwave frequency 
i s  equal t o  f ~ b ,  t he  Rb atoms resonate w i t h  t h e  microwave f i e l d  i n  t h e  
c a v i t y  r e s u l t i n g  i n  a decrease (minimum) o f  t h e  p h o t o c e l l  ou tpu t  c u r r e n t .  
Convent ional  modulat ion techniques a re  used t o  l o c a t e  t h e  minimum i n  t h e  
p h o t o c e l l  c u r r e n t  c h a r a c t e r i s t i c  ( F i g u r e  3 ) .  I n  t h e  M-100, t h e  appl i e d  
microwave frequency i s  sine-wave modulated a t  127 Hz. Th is  modulat ion 
r e s u l t s  i n  an a.c. component o f  o u t p u t  c u r r e n t  f rom t h e  p h o t o c e l l .  
When t h e  microwave frequency i s  d i f f e r e n t  than f ~ b ,  t h e r e  i s  a 127 Hz 
component p resen t  whose phase ( p o s i t i v e  o r  i ver ted )  depends on whether 
t he  microwave frequency 1 i e s  above o r  below ?Rb. Th is  phase i n f o r m a t i o n  
i s  used t o  s t e e r  t h e  VCXO i n  t h e  p roper  d i r e c t i o n  t o  b r i n g  t h e  mic ro -  
wave frequency i n t o  co inc idence w i t h  f ~ b  ( a t  which p o i n t  t h e  127 Hz 
s i g n a l  i s  ze ro ) .  From a p r a c t i c a l  p o i n t  of view, t h e  M-100 i s  cons idered 
locked  t o  t h e  atomic resonance when i t s  o u t p u t  f requency i s  w i t h i n  
1 x lo-' o f  e x a c t l y  10 MHz. 



7 

tArtc c-so+ 
<N IC lo-& 

O EFRATOM 

- - -- 

+ t o ~ P L  %WMES~ZGR A 5  - - - - - - - --- - - ,, - - - -1 
+ZOVDL 

F i q u r e  2 .  M-100 Funct ional  B l o c k  D i a g r a m  
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Figure  3 .  M-100 Modulation Scheme 
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The M-1000 d i f f e r s  f r o m  t h e  M-100 O s c i l l a t o r  i n  t h e  area o f  t h e  Phys ics  
Fackage, f o r m - f a c t o r s  and some e l e c t r o n i c  changes. These changes a r e  
summarized below b u t  w i l l  be d iscussed  i n  d e t a i l  l a t e r .  As n o t e d  on t h e  
M-1000 B lock  Diagram o f  F i g u r e  4, ( a )  t h e  modu la t ion  f requency has been 
changed f r o m  127 Hz t o  254 Hz t o  reduce s e n s i t i v i t y  t o  t h e  v i b r a t i o n  
spectrum below 250 Hz, ( b )  t h e  40 second sweep d u r i n g  warm-up has been 
reduced t o  6 seconds i n c l u d i n g  a new resonance d e t e c t i o n  scheme which i s  
among t h e  s e v e r a l  t h i n g s  necessary t o  ach ieve  t o  1.5 m inu te  warm-up 
requ i rement ,  ( c )  a s p e c i a l  lamp i g n i t i o n  system t o  p r e v e n t  o p e r a t i o n  i n  
undes i red  lamp modes which c o u l d  r e s u l t  f r o m  power o n - o f f  c y c l i n g  o r  
e x t e r n a l  power supp ly  t r a n s i e n t s ,  ( d )  p h y s i c s  changes t o  a l l o w  f o r  
MIL-E5400 Class I I temperature  o p e r a t i o n  (71' Amb. con t inuous)  i n c l  u d i n g  
s i z e  r e d u c t i o n ,  ( e )  an i n t e g r a t e d  SC Cut VCXO/Rb r e s o n a t o r  package w i t h  
o v e r a l l  l o w e r  mass t o  f a c i l i t a t e  t h e  f a s t  warm-up requ i rement ,  ( f )  a  
H y b r i d  e l e c t r o n i c s  c i r c u i t s  approach t o  reduce t h e  o v e r a l l  s i z e  o f  t h e  
o s c i  11 a t o r .  

EFRATOM 
. I t  

IOUHE 

F i g u r e  4. M-1000 F u n c t i o n a l  B lock  Diagram 



O V E R A L L  MECHANICAL D E S I G N  

The present design approach will allow f o r  a reduction t o  half the M-100 
volume. The presently planned form-factors are  shown in Figure 5.  The 
resonator portion of the Physics Package has been reduced in b o t h  s i z e  
and mass proportions, housing a snialler Rubidium Vapor Cell decreased 
in length from 1;; i n .  t o  7/8 i n .  This ha5 reduced the s ize  of the 
resonant cavity as i l l u s t r a t e d  in Figure 6 .  

The lamp o s c i l l a t o r ,  Figure 7 ,  does not readily lend i t s e l f  t o  Hybrid- 
iza t ion and  thus has been repackaged t o  make the overall assembly smaller. 
The major s i z e  and mass reduction comes from the use of blanket heaters 
i n  place of heating t r an s i s t o r s .  Since t h e  lanip i s  not sens i t ive  t o  
varying magnetic f i e l d s ,  the  blanket heater approach presents no problem. 

Figure 5 .  M-1000 Form-Factors 

10 M H I  OUTPUT 
TNC RECEPTACLE r€R M1L.C- 39012 

M l  
M 39012/31-0001 

CONNECTOR PER MIL-C- 38939 
MSZ7499El2B8 P 

! 
I 

(MATES WITH ~ ~ 2 7 4 7 3  N Z  BBS) I 
L - - I  

NdYAMEPLRTE LABEL 
MARKED W I T H  EFRCIIOM M T  M. 
AND SERIAL NO, AAND CONNflTOR 
WIRING DATA. 

'." 7 1  M ' 1 

1.750 ' /  

r' .+. - 
i 

J 
m T &  HOLES 
.I--32 W C - Z B  

3.50 

i 
; 8 

A A . ~  A J 5  DEEP t P L K E S  
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OFF-SHELF MI00 
CELL AND RESONATOR 

MlOOO PROTOTYPE 
CELL AND RESONATOR 

F i  aure 6 ,  Resonator C o m ~ a r i  son 

OFF-SHELF MI00 MI000 PROTOTYPE 
LAMP AND LAMP BOARD LAMP AND LAMP BOARD 

Figure 7 .  Lamp Board Comparison 



These sub-modules in tegra ted  i n t o  an overal l  assembly, wi l l  resemble the  
M-1000 Physics Package shown in Figure 8. This in tegra ted  assembly wi l l  
be foamed in to  an inner Mu-metal housing f o r  reduction of v ibra t ion  
s e n s i t i v i t y  with a second outer  Mu-metal case again a t  the Physics Pack- 
age. This el iminates the need f o r  the  outer  Mu-metal cover which has 
been the  M-100 design approach and allows f o r  a standard cover which can 
be sealed t o  meet s a l t  spray,  sand and dust  specs. The M-1000 un i t  the r -  
mal design wil l  allow f o r  operation from sea level t o  hard vacuum 
space c r a f t  appl ica t ions .  All heat wil l  be conducted t o  the  M-1000 
mounting basepl a t e .  

The major s i z e  reduction comes from our  hybrid e l ec t ron ics  approach. 
The Servo Hybrid, before 1 id-c losure ,  i s  shown in Figure 9. More t h a n  
9 5 h f  the  e l ec t ron ic  pa r t s  count will  be contained in tiybrid c i r c u i t s .  
As shown in Figure 4 ,  the  Hybrid c i r c u i t s  a r e  as follows: ( a )  Servo 
H b r id ,  ( b )  Power Supp ly  Hybrid, ( c )  two ident ica l  Heater Control Hybrids, - 

d the M-100 -- synthes izer  approach has been s p l i t  i n to  two sec t ions ;  
Mu1 t i p l i e r  and  --- Synthesizer Hybrids: t h i s  allows f o r  more f l e x i b i l i t y  
f o r  fu ture  changes in synthesizer  approach which may be necessary when 
mass production q u a n t i t i e s  are  required (2000 or more per y e a r ) .  

OFF-SHELF MlOO 
PHYSICS PACKAGE 

Mi000 PROTOTYPE 
PRELIMINARY 

PHYSICS PACKAGE 

Figure 8. Physics Package Comparison 



MlOOO PROTOTYPE 
SERVO HYBRID 

SERVO BOARD 

Figure 9. Servo Board C~mnarison 

( e )  VCXO Hybrid which wi l l  be an in t eg ra l  p a r t  of c r y s t a l  and resonator  
assembly, and ( f )  the Buffer Amp Hybrid mounted ou t s ide  the  Physics 
Package t o  provide i s o l a t i o n  and output  d r ive .  

Incl uding e i g h t  (8)  Hybrids, t h e  M-1000 i s  expected t o  have approximately 
80 e l e c t r o n i c  piece p a r t s .  

M-1000 PHYSICS 

The most innovat ive designs of t h i s  u n i t  f a l l  within t h e  Physics Package 
a rea .  We have designed an in t eg ra l  lamp and resonator  assembly which 
includes t h e  SC-Cut Crystal and t h e  VCXO Hybrid. 

The lamp i s  our conventional u n i t  b u t  without t h e  usual brass  holder.  
This allows a s i z e  reduct ion.  The blanket  hea te r  approach allows f o r  
rapid heat ing t o  the  nominal 115OC. The overa l l  temperature of the r e s -  
onator ,  which houses a smal le r  c e l l ,  has been r a i sed  t o  approximately 
85°C t o  a1 low 71" Amb. continuous operat ion (approximately 80°C base- 
p l a t e )  which meet MIL-E-5400, Class I I temperature requirements,  



The assernbled package wSll be foamed in to  the inner Mu-metal can as  
discussed e a r l i e r .  V C X O  Control Voltage trim range adjustment i s  acom- 
pl ished with a varactor  d i o d e  so t h a t  a control pot can be nlounted ex te r -  
nal t o  the  Physics Package. 

M-1000 PERFORMANCE C H A R A C T E R I S T I C S  

The ~ r ~ o s t  challenging design requirerr~ent i s  the  u l t r a  f a s t  warm-up. This 
task i s  accomplished by a combination of several concepts discussed 
e a r l i e r .  They a r e :  ( a )  smaller ce l l / lower  mass Physics Package, ( b )  use 
of SC-Cut Crystal , ( c )  use of blanket heater  on lamp and c e l l ,  ( d )  spe- 
c i a l  constant power heater  control u s i n g  p s i s e  width modulation, and 
( @ ) a  f a s t  sweep c i r c u i t  in the Servo i-lybrid. 

These fac to r s  cont r ibute  t o  the M-1000 warm-up time shown in Figure 10. 
The off - the-shel f  M-100 standard warm-up a n d  f a s t  warm-up options a r e  
i 11 us t ra ted  f o r  reference.  The approximate o u t p u t  frequency t h a t  can be 
expected during warm-up i s  shown in Figure 11. The frequency wil l  be i n  
the  range of % + 3 x 10-"until atomic lock,  15 t o  20 seconds a f t e r  the  
sweep c i r c u i t  s tops ,  the  frequency wi 11 be % 5 x 1 0 - l o .  Short ly there-  
a f t e r ,  pa r t s  in 10" can be expected. 

Figure 10. Warm-up Time 



Figure 11 .  O u t p u t  Frequency During Warm-up 

The M-1000 power dissipation i s  expected to  be 12 watts or less (steady 
s t a t e  a t  2 5 O C )  see Figure 12. A goal of 8 to  10 watts i s  s e t  for  second 
and third generation units. VCXO performance i s  expected t o  be similar 
to  the M-100 spec. The short-term s t ab i l i t y  i s  shown in Figure 13 and 
phase noise in Figure 14. Magnetic f i e ld  suscept ibi l i ty  i s  expected to  
be a factor of 8 t o  10 bet ter  than M-100 spec and i s  i l lus t ra ted  in 
Figure 15. 

A t  present satisfying solutions have been found for  a l l  SEEKTALK re- 
quirements and environmental specs with the exception of sine and random 
vibration performance. These specs are most chal lenging and extremely 
d i f f i cu l t  t o  meet. Typical performance under a 1 g sine environment for  
an M-100 s ty le  Physics Package i s  i l lus t ra ted  in Figure 16. These data 
are exaggerated, however, since the sweep i s  extremely slow and tends to  
amplify the response of the unit a t  t he  modulation frequency and i t ' s  
harmonics. 



Figure 1 2 .  Power Dissipation 

Figure 1 7  shows considerable improvement. when the M-100 i s  modified with 
the 254  Hz M-1000 servo scheme. This scheme, plus the new M-1000 mech- 
anical approach t o  the Physics Package should provide a s ign i f i can t  im- 
provement over the M-100 data and w i l l  c e r t a i n l y  make vibration f r e -  
quencies below 250 Hz l e ss  i n f l uen t i a l .  Present M-100 performance a t  
1  g i s  par ts  in 10' peak t o  peak a t  the modulation frequenc.~;  M-1000 
performance i s  expected t o  be in parts  in 10". Under random vibra t ion,  
PI-100 performance i s  < 1  x 10- '%t  t . 02  g"/~z a t  1 = 1 second. This i s  
s t i l l  considerably higher than the < 1 x 10-l"  requirement which i s  t h e  
present SEEKTALK spec-in a 0.04 g 2 / ~ z  environment. 

Rb OSCILLATOR " L I F E "  CONSIDERATIONS 

Useful f i e l d  1 i f e  of any e lect ronic  equipment o r  system i s  gene ra l l y  
evaluated in l i g h t  of hardware pecu l ia r i t i e s  which will in time render 
the equipment a t  a l i f e - l i m i t .  This analysis  usually excludes random 
par ts  f a i l u r e s  b u t  i s  oriented toward wear-out mechanisms. 

The M-100/M-1000 osci 1  l a t o r  "1 i f eu  1  imi t rev01 ves around the ag ing  char- 
a c t e r i s t i c s  o f  the Rubidium Vapor Cel l ;  assuming the Rb lamp has no 



~ i q u r e  13. Short  Term Stability 

F i g u r e  14. Phase No ise  
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Figure 15. Filagnetic Field Suscepti bi 1 i t,y 

systematic wear-out mechanisms, which i t  does not ,  i f  everything i s  done 
properly. When the cel l  i s  manufactured, i t  i s  made with a del ibera te  
negative o f f - se t  of approxinlately L 4 x 1 0 - ~  which i s  zeroed by  the addi- 
t ion of a magnetic f i e l d  (C - f i e l d ) .  With FI C-field trim range o f  
+_ 1 . 5  x lo- ' ,  the o s c i l l a t o r  w i l l  allow normal adjustments as long a s  
the frequency of the cel l  has not aged past the ' f / f  equivalent of 
(+ )  1.5  x lo- '  of  1d MHz. 

As can be seen in Figure 18, the typical o sc i l l a t o r  wil l begin t o  age a t  
a r a t e  of ( - )  3 x 10-"/mo for  about 5 t o  6 months while s t ead i ly  improve- 
ing t o  ' 1 x 10-ll/rno. After the i n i t i a l  ( - )  aging, the  oscillator^ may 
d r i f t  ( + )  or continue ( - ) .  Long-tern: a g i n g  data show that the o s c i l l a t o r  
w i l l  n o t  always d r i f t  in the sanie d i rect ion.  The d a t a  a l s o  show, however, 
t ha t  the typical  osci 1 l a t o r ,  while operating,  continues t o  improve, with 
t n e  nlonthly d r i f t  tending t o  decrease in magnitude. Agi i i y  improvcments 
have a l so  been observed fo r  stored units  with thc extetit o f  the improve- 
ment depending on the storage temperature. For i  1 lus t ra t ion  purposes, 
Figure 18 shows three curves. Curve ( a )  i s  fo r  a  typical o s c i l l a t o r  t h a t ,  
a f t e r  3 t o  6 months, continues t o  age always negative (bes t  c a s e ) .  I n  

i t h i s  case,  the frequency of f - se t  t ha t  accumulates can be cancelled by 
increasing t h e  magnetic f i e l d  (C-f ie ld  cur ren t ) .  ilnder these condit ions,  
the nornlal C-f ield trim ranqe of i 1 . 5  x lo - '  w i l l  have been reached in 



Figure 16. Sine V i b r a t i o n  Data - 1 g 
(127 Hz Modulation) 
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Figure 17. Sine V i b r a t i o n  Data - 1 g 
(254 Hz Modulat ion) 



11 years. In practice,  magnetic f ie ld  can be added a t  t h a t  time b u t  
a t  a degradation of unit magnetic f ie ld  spec; doubling the C-field cur- 
rent approximately doubles the external fie1 d sensi t ivi ty .  For example, 
i f  we allow a degradation of the shieldinq factor of Q 50%, the end 
of the useful 1 i f e  wi 11 be reached a f t e r  % 80 years. 

Curve ( b )  applies for  the case of an osc i l la tor  tha t ,  a f te r  the f i r s t  
5 t o  6 months, ages continually positive. Here the % 3 x lo- '  point 
i s  reached in approxin~ately 35 years. Since the positive ag ing  cell  
requires a reduction in magnetic f i e ld ,  the ce l l  a t  t h i s  point i s  for  
practical purposes a t  zero magnetic f ie ld .  As aging continues past t h i s  
point, the osc i l la tor  w i l l  s t i l l  operate in a completely stable fashion 
(according to  spec),  b u t  i t  will no  longer be possible to  zero the off-  
s e t  that  will gradually accumulate. 

The third case, curve ( c )  , i s  absolutely the worst case and as f a r  as 
we know, has never occurred. I n  th i s  phase, the  osci l la tor  ages contin- 
uously positive a t  the constant rate of 3 x 10-ll/mo, reachlng zero 
frequency off-set  a t  zero magnetic f ie ld  a f te r  approximately 11 years. 
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Figure 18, Oscillator Life 



MISSION P R O F I L E  

Figure 19 i l l u s t r a t e s  an a r b i t r a r y  mission p r o f i l e  and r e s u l t a n t  osc- 
i l l a t o r  performance. The concept f o r  a prec is ian  timing system f o r  
t a c t i c a l  a i r c r a f t ,  revolves around the a b i l i t y  t o  have an o s c i l l a t o r  
within p a r t s  in  lo1 ' ,  1.5 minutes a f t e r  engine s t a r t  (assuming no bat-  
t e r y  power i s  ava i l ab le  p r i o r  t o  t h a t  t ime) .  This a b i l i t y  provides 
ample time f o r  a  timing-sync (poss ib ly  RF l inked)  before a i r c r a f t  i s  
very f a r  from i t s  o r i g i n ,  minimizing RF 1 ink propagation delay e r r o r s .  
Due t o  the  accuracy and r e t r a c e  a b i l i t y  of the  Rb o s c i l l a t o r ,  frequency 
sync would not be necessary p r i o r  t o  a mission as  long a s  a per iodic  
c a l i b r a t i o n  plan i s  in e f f e c t .  The 1.5 minute warm-up c a p a b i l i t y  would 
appear t o  g rea t ly  s impl i fy  the  t a c t i c a l  system. No ba t t e ry  power i s  
required on the  a i r c r a f t  and no external  warm-up scheme i s  needed. 

Factors which have the  most s i g n i f i c a n t  e f f e c t  on o s c i l l a t o r  time e r r o r  
a r e  temperature changes and v ibra t ion .  The l e a s t  impact a r e  voltage 
v a r i a t i o n s ,  magnetic f i e l d  changes, and acce le ra t ion .  Osc i l l a to r  aging 
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Figure 19-  Typical Mission P r o f i l e  



o r  d r i f t  i s  n e g l i g i b l e .  Since t h e  o s c i l l a t o r  i s  used as a c l ock ,  many 
o f  t h e  environments such as magnet ics and v i b r a t i o n  should  have a some- 
what c a n c e l l i n g  e f f e c t  w i t h  o n l y  r e s i d u a l s  i n f l u e n c i n g  t he  t ime  e r r o r .  

P r e l i m i n a r y  da ta  has been rece i ved  f rom Edwards A i r  Force Base f o r  f l i g h t  
t e s t s  of s i m i l a r  m i ss i on  p r o f i l e s  us i ng  shock-mounted EFRATOM commercial 
FRK-L u n i t s .  The da ta  i n d i c a t e s  an accumulated t ime  e r r o r  s c a t t e r  o f  
Q 1.3 t o  12 .1  ps. F l i g h t  d u r a t i o n  o f  these t e s t s  v a r i e d  between Q 7 t o  
11 hours.  

CONCLUSION 

We are proceeding w i t h  f u l l  speed t o  complete t h i s  new M-1000 development 
i n  nl id 1981 t o  meet t h e  SEEKTALK schedule.  Several  p ro to t ype  u n i t s  
w i l l  be d e l i v e r e d  t o  RADC a t  t h a t  t ime  f o r  t e s t  and e v a l u a t i o n .  We 
b e l i e v e  t h a t  t he  1.5 nl inute warm-up atomic  o s c i l l a t o r  w i l l  r e v o l u t i o n -  
i z e  t h e  t a c t i c a l  war fa re  t h e a t e r  and w i l l  g r e a t l y  improve t h e  present -  
day m i l i t a r y  communication and n a v i g a t i o n  system c a p a b i l i t i e s .  

The n la jor  p o r t i o n  o f  t h e  Hyb r i d  vendor cos ts  f o r  t h e  i n i t i a l  p r o t o t y p e  
u n i t s  i s  be ing  funded by RADC. 



SUMMARY OF ENVIRONMENTAL PERFORMANCE 

(REALISTIC)  - 0.02g2/Hz, 20-50Hz, SLOPING 1 x lo-", T = 1 sec*  

t o  0. 0 0 1 g 2 / ~ z  a t  500 Hz AT-CUT XTAL 

( 1.69 ms) 0.2 psec/HR* 

9 
(SEEKTALK) - 0.04g2/~z " FLAT 1.5 - 500Hz PARTS 10 , T = 1 sec  

( -  4.4g rms) AT-CUT XTAL 

4 
rP 
0 

0 MAGNETICS - 1800 TURN (MAX EARTH FIELD) SPEC 3 t o  5 x 1 0.'' 

ACTUAL - 1 x 10-'I 

0 ALTITUDE - S.L.  t o  40K ft 

(NEGLECTING TEMP A )  
( - )  - 7 x 10-j1 

o TEMPERATURE - (RAISING A +2!j0cj (+) - 1 x 1 0 - l ~  

0 ACCELERATION - (WORST AXIS) ( - )  - 4 x 10-I '/CJ 

A ~ ~ ~ ~ :  Edwards  AFB - Modi f ied Thunderbird T e s t s  
- Shock  Mounted Commercial - FRK 
- 1.3 us to - 12.1 ,s for T e s t  D u r a t i o n s  
- 7 t o  1 1  HRS. 

BETTER; WILL USE 

SC-CUT XTAL 

< 0.2 psec/HR 

SHOULD BE MUCH 
BETTER: 

(SEEK-TALK SPEC IS 

1 x lo-'* ) 

PARTS I N  1 0 1 2  

SAME ; POSS IBLY 
BETTER 

(+) - 6 x lo-" 

BETTER 

* 
12-2-80 TEST DATA ON 

#018, # I 7 1  MlOO UNIT 



QUESTIONS AND ANSWERS 

MR. SAMUAL WARD, J e t  Propu ls ion  Labora to ry  

Have you cons idered whether o r  n o t  t h e  so -ca l l ed  v i b r a t i o n  o r  g r a v i -  
t a t i o n a l  e f f e c t s  on t h e  u n i t  may be induced c u r r e n t s  t h a t  a r e  ge t -  
t i n g  i n t o  t he  XVCO l oop?  

MR. FRUHAUF: 

You mean, on t h e  v i b r a t i o n  t a b l e ?  

MR. WARD : 

Correct .  

MR. FRAUHAUF: 

Yes, we have checked ve ry  c a r e f u l l y  t h e  mganet ic f i e l d s  t h a t  a r e  
s e t  up on t h e  v i b r a t i o n  head, and we have g o t  t h a t  p r e t t y  we1 1 
n a i l e d  down. 

MR. WARD : 

Was t h e  power supply  -- how much o f  t he  u n i t  was be ing shaken? 

MR. FRUHAUF: 

In these p a r t i c u l a r  t e s t s ?  

MR. WARD : 

Yes. 

MR. FRAUHAUF: 

The e n t i r e  u n i t .  

MR. WARD: 

S h i e l d i n g  and a1 1. 

MR. FRUHAUF: 

R igh t .  We have been s e n s i t i v e  t o  t h a t  area, so we cha rac te r i zed  
the t a b l e  ve ry  c a r e f u l l y  be fo re  we draw a  l o t  o f  conc lus ions  f rom 
t h e  data.  



MR. WARD: 

I t  looks  susp ic ious  because t h e  power goes up as t h e  v i b r a t i o n  f r e -  
quency goes up. 

MR. FRUHAUF: 

What goes up, p lease? 

MR. WARD : 

The power -- t h e  e f f ec t  -- how much i t  i s  be ing p u l l e d  o f f  frequency, 
which appears t o  me power r e l a t e d .  

Normal ly,  as you shake i t  f a s t e r ,  t h a t  should go down. 

MR. FRAUHAUF : 

I t  i s  p r i m a r i l y  r e l a t e d  t o  resonances i n  t h e  system. I t  i s  d e f i -  
n i t e l y  n o t  t h e  magnet ic f i e l d  f rom t h e  shake t a b l e .  


