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ABSTRACT 

Because of  t h e  need f o r  an accu ra t e  clock f o r  f u t u r e  
a i r b o r n e  systems such as IFF, MITRE has  i n v e s t i g a t e d  
t h e  p o t e n t i a l  performance of compact o s c i l l a t o r s .  I n  
p a r t i c u l a r ,  ex t ens ive  t e s t i n g  of  rubidium o s c i l l a t o r s  
manufactured by Efratom has been performed f o r  more 
than two yea r s .  The r e s u l t s  i n d i c a t e  t h a t  an accuracy 
of b e t t e r  t han  10 microseconds should be achievable  i n  
t a c t i c a l  a i r c r a f t  provided t h a t  appropr i a t e  measures 
are adopted t o  counter  t h e  many environmental f a c t o r s .  
I n  a f av  a b l e  environment a s t a b i l i t y  of  b e t t e r  than 

f o r  one day i s  achievable  with present  
commercial u n i t s ,  bu t  improvements are required t o  
s u i t  o p e r a t i o n  i n  a n  a i r c r a f t .  R e s u l t s  o f  some 
v i b r a t i o n  tests show promise, b u t  f u r t h e r  i nvss t iga -  
t i o n  is required.  

5 x 10 -3 T 

With f u r t h e r  development of rubidium c o n t r o l l e d  clocks 
t h e  u l t i m a t e  l i m i t a t i o n  on t i m e  accuracy i n  a i r c r a f t  
w i l l  probably be a s soc ia t ed  with time disseminat ion,  
maintenance d i f f i c u l t i e s  and d o c t r i n a l  hurdles .  

INTRODUCTION 

The d e s i g n  o f  a communicat ions s y s t e m  and t h e  s t u d y  o f  a n  
I d e n t ’ f i  a t i o n  Friend o r  Foe (IFF) scheme, both us ing  abso lu te  
time)’’ h a v e  a r o u s e d  t h e  i n t e r e s t  o f  t h e  A i r  F o r c e  i n  t h e  
c a p a b i l i t i e s  o f  small  f r e q u e n c y  s t a n d a r d s .  P r e l i m i n a r y  
i n v e s t i g a t i o n  has l e d  t o  the  r e a l i z a t i o n  of  t he  wide p o t e n t i a l  value 
of accu ra t e  a i rbo rne  clocks,  s i n c e  accu ra t e  time can be used f o r  
many communication and nav iga t iona l  systems which, a t  p r e s e n t ,  are 
designed t o  use independent o s c i l l a t o r s .  Although t h e r e  are now 
only a f e w  AF systems i n  the  development phase t h a t  r e q u i r e  accu ra t e  
time, the  t rend toward the  use of coding t o  achieve s e c u r i t y  and t h e  

%This work was supported by t h e  MITRE Independent Research and 
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development o f  T ime  Difference of  A r r i v a l  (TDOA) techniques f o r  
p r e c i s e  l o c a t i o n  suggest t h a t  an accu ra t e  c lock may w e l l  be a v i t a l  
p a r t  of t he  complex nerve c e n t e r  of  f u t u r e  weapons of w a r .  

The Navy has a l r eady  taken a c t i o n  t o  coordinate  t h e  many systems i n  
t h e i r  s e r v i c e  using p r e c i s e  t i m e ,  and plans t o  provide a master 
clock (comprising t h r  e s tandard o s c i l l a t o r s  with cesium beam tubes)  
on Navy p l a t f o r m s .  ‘2) Although a s i m i l a r  s y s t e m  c a n n o t  be  
implemented on a i r c r a f t ,  A i r  Force system requirements are n o t  as 
onerous as those of  t h e  Navy i n  many r e spec t s .  I n  p a r t i c u l a r ,  
a i r c r a f t  (un l ike  s h i p s )  are not required t o  ope ra t e  autonomously f o r  
long t i m e  per iods;  some r e l a x a t i o n  o f  independent c lock performance 
should be t o l e r a b l e .  For A i r  Force needs, a u n i t  must be l i g h t  and 
compact . 
When w e  learned t h a t  small rubidium c e l l  u n i t s  were being produced 
commercially, w e  decided t o  i n v e s t i g a t e  the  performance of t h i s  type 
Of  o s c i l l a t o r  i n  some d e t a i l .  Two commercial rubidium u n i t s  were 
purchased from Efratom Systems Corporation i n  A p r i l  1979 and t e s t i n g  
began t h a t  same month. Other u n i t s  have been purchased f o r  an 
experiment i n  which s i g n a l s  from a i r c r a f t  were received a t  t h r e e  
si tes and the  times were recorded. The recorded r e s u l t s  were then 
used t o  compute t h e  p o s i t i o n s  of  t he  a i r c r a f t .  Consequently w e  have 
performed many tests on d i f f e r e n t  ve r s ions  of  t h e  commercial models. 
We have a l s o  t e s t e d  an e a r l y  ve r s ion  of t h e  M-100 m i l i t a r i z e d  model 
t h a t  w a s  made a v a i l a b l e  f o r  P r o j e c t  SEEK TALK, and performed 
v i b r a t i o n  tests on t h i s  u n i t  and on one of t h e  commercial u n i t s .  

On t h e  whole our  r e s u l t s  have confirmed t h e  performance claims f o r  
t hese  u n i t s  and shown t h a t  t h e r e  is  a good prospect of  achieving 
time accuracy of 10 microseconds f o r  10 hours.  Many f e a t u r e s  of  t he  
present  designs w i l l  r e q u i r e  a t t e n t i o n ,  and s p e c i a l  procedures w i l l  
have t o  be e s t a b l i s h e d  before  t h i s  accuracy i n  t i m e  keeping w i l l  be 
r e l i a b l y  obtained on t a c t i c a l  a i r c r a f t .  

PRIMARY OBJECTIVES OF THE TEST PROGRAM 

The immediate  o b j e c t i v e s  o f  o u r  p r e l i m i n a r y  t e s t i n g  were t o  
e s t a b l i s h ,  a t  first hand, t h e  bas i c  accuracy o f  t h e  rubidium c e l l  
and t o  check t h e  performance f i g u r e s  quoted by Efratom. We a l s o  
needed t o  o b t a i n  more e x p e r i e n c e  w i t h  p r e c i s e  t i m e - i n t e r v a l  
measurements and accu ra t e  o s c i l l a t o r s  i n  o rde r  t o  be well-prepared 
f o r  p e r f o r m i n g  e n v i r o n m e n t a l  t e s t s  on m i l i t a r i z e d  v e r s i o n s  o f  
rubidium c e l l s  when they become ava i l ab le .  Many measurements have 
been made t o  a h ighe r  r e s o l u t i o n  than would normally be required,  i n  
o r d e r  t o  ensure s a t i s f a c t o r y  performance with o u r  t r a n s p o r t a b l e  
u n i t s .  

506 



THE COMMERCIAL EFRATOM UNITS 

Figure 1 shows a photograph of  two Efratom u n i t s .  These are both 
f i t t e d  with t h e  o p t i o n a l  f inned h e a t  s ink.  With t h e  h e a t  s i n k  
a t t ached ,  t h e  major dimensions are approximately 4 i n  x 4 i n  x 5.7 
i n  and t h e  weight is  3.5 lb s .  The output  i s  +7 dBm ( 1  v o l t  i n  
s e r i e s  with 50 ohms) a t  10 MHz. 

The inpu t  power required is  approximately 15 watts a t  24 v o l t s  dc, 
b u t  is a func t ion  o f  t h e  temperature and t h e  supply vol tage which 
should be kept  within 22 t o  32 v o l t s  dc.  

The two a v a i l a b l e  commercial u n i t s  are designated FRK-L and FRK-H, 
t h e  l a t t e r  being t h e  more expensive u n i t .  The s p e c i f i c a t i o n s  f o r  
t he  two d i f f e r  i n  some important f e a t u r e s ,  as shown i n  Table 1. 

TABLE 1 Major Spec i f ica t ion  Features of Efratom Units 

Long-Term S t a b i l i t y  

Short-Term S t a b i l i t y  

T r i m  Range 

Environment a1 
Effec ts  : 

Voltage Variat ion 

Temperature 
(Base P la t e )  

Magnetic Field 

Pressure 

FRK-L 

<4xlO-l '/month 

3x10-l1 (.r=lsec) 

1x10-"* (T=losee> 

3 ~ 1 0 - l ~  (T=100sec) 

2x1~-9 

< 1x10- l/ 10% 

<6x10-10fromo 
-4OOC t o  +65 C 

<3xlO-l ' /oersted 

< l ~ l O - ~ ~ / m b a r  
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FRK-H 

< 1x1 0- l1 /month 

1x10- l l(T=lsec) 

4 ~ 1 0 - ~ ~ ( . r = l O s e c )  

1x10-l~ (T=100sec) 

1x1~-9 

< lxlo-ll/ 10% 

< lxiO-lOfromo 
-25 C t o  +65 C 

< 3 ~ 1 0 - ~ '  /oersted 

< l ~ l O - ~ ~ / m b a r  



The w a r m 7 w  c h a r a c t e r i s t i c s  are s p e c i f i e d  as reaching wi th in  
2 x 10- frequency e r r o r  i n  10 minutes. The retrace is no t  
s p e c i f i e d  but d a t a  suppl ied by Efratom shows a retrace o f  
1 x IO-’’ i n  60 minutes a t  25OC. This retrace is defined as t h e  
d i f f e rence  from the  frequency before  switck9 o f f .  However, t h e  
measurement accuracy claimed is only +1 x 10 . 
Some o t h e r  op t ions  a v a i l a b l e  g i v e  improved magnetic s h i e l d i n g ,  
o p t i m i z e d  per formance  a t  d e s i r e d  t e m p e r a t u r e s ,  and improved 
short-term s t a b i l i t y .  One op t ion  f i t t e d  t o  MITRE-purchased u n i t s  is 
e x t e r n a l  resistTBce-control o f  t h e  frequency adjustment,  with a 
range of I x 10- . 

- 

The FRK-L u n i t s  w e  have t e s t e d  are no t  s t r i c t l y  r e p r e s e n t a t i v e  
because they have been given s p e c i a l  a t t e n t i o n .  After ou r  e a r l y  
t e s t i n g  g a v e  u s  a b e t t e r  a p p r e c i a t i o n  o f  h igh-per formance  
o s c i l l a t o r s ,  ou r  o b j e c t i v e s  were expanded t o  include assessment of 
t h e  scope f o r  f u r t h e r  improvements i n  small rubidium o s c i l l a t o r s .  

A b r i e f  h i s t o r y  of t h e  u n i t s  is given below. 

FRK-H 3368 Rece ived  A p r i l  1979. Has been  o p e r a t e d  a l m o s t  
continuously.  I n s t a l l e d  i n  s p e c i a l  u n i t  with temperature c o n t r o l  of 
t he  f a n  i n  August 1980. Subsequently used as l o c a l  reference.  

FRK-L 3311 Received A p r i l  1979. Returned t o  Efratom June 1979 t o  
c o r r e c t  i n t e r m i t t e n t  f a u l t .  Deficiency i n  magnetic s h i e l d  co r rec t ed  
by clamping (August 1980). Temperature compensation modified Apr i l  
81. Used i n  test as t r a n s p o r t a b l e  clock. 

FRK-L 3610 Received June 79. Returned t o  Efratom f o r  improvement 
of  temperature c o e f f i c e n t  and o the r  minor changes i n  Sept .  79. Used 
i n t e r m i t t e n t l y  i n  1980, and continuously i n  1981 

FRK-H 4548 F i t t e d  with e x t r a  mumetal sh i e ld .  Received June 80 and 
returned t o  Efratom because of non-reproducible turnover effects. 
P a r t i c u l a r l y  s u s c e p t i b l e  t o  phase-lock bu t  otherwise has proved t o  
be excep t iona l ly  s t a b l e .  The temperature compensation was modifed 
i n  1981. 

FRK-H 3940 Ordered with s p e c i a l  f ea tu re s .  The mumetal s h i e l d  was 
given s p e c i a l  a t t e n t i o n  and t h e  aemperature c o e f f i c i e n t  adjusted f o r  
a h e a t  s i n k  temperature o f  42 C. Received March 81. Operated 
continuously s i n c e  A p r i l  81. Used f o r  t r anspor t ab le  clock. 

FRK-H 5415 Ordered w i t h  t h e  same f e a t u r e s  as H3940. The 
temperature c o e f f i c i e n t  was u n s a t i s f a c t o r y  and the  u n i t  w a s  re turned 
t o  Efratom f o r  a t t e n t i o n .  Measurement s i n c e  r e t u r n  t o  MITRE has  
shown t h a t  t he  short-term (minutes t o  hours) i n s t a b i l i t y  i s  about 
one o rde r  worse than f o r  o t h e r  u n i t s .  

508 



MI00 018 Received March 1980 and returned t o  Efratom because of 
nonreproducible turnover  effects caused by s t r a y  s i g n a l  couplings 
between s u b u n i t s .  Returned  t o  MITRE Aug. 80. P a r t i c u l a r l y  
suscep t ib l e  t o  phase-lock. Tested through Oct. 80 and returned t o  
E f  ratom f o r  i nves t iga t ion .  

MEASUREMENT CONDITIONS AND TECHNIQUES 

The u n i t s  have been operated i n  a widely used labora tory ,  and, on 
some occasions,  room temperature changes which were not  under our 
con t ro l  a f f ec t ed  t h e  measurements s i g n i f i c a n t l y .  Since the  sp r ing  
of I981 , t h ree  of  t he  u n i t s  have been mounted on v i b r a t i o n  i s o l a t o r s  
with t h e  o p t i c  a x i s  v e r t i c a l  s o  t h a t  movement of t h e i r  cab ine t s  
should not  cause a change i n  t h e  e a r t h ' s  magnetic f i e l d .  The 
s t a b i l i z e d  power supp l i e s  have a standby b a t t e r y  with capac i ty  f o r  
about 30 minutes opera t ion  of the  o s c i l l a t o r s  and t h e i r  assoc ia ted  
clocks.  The r e s o l u t i o n  of t he  clocks is  100 ns. These th ree  u n i t s  
are a l l  f i t t e d  with a finned hea t  s i n k  and a temperature-sensing 
thermistor  t o  control. t h e  opera t ion  of a cool ing fan.  

Other u n i t s  have been operated from a f l o a t i n g  b a t t e r y  supply. The 
h e a t  s i n k  t e m p e r a t u r e  c a n  be  moni tored  o r  r e c o r d e d ,  and t h e  
temperature can be var ied  over a range of 10 t o  2OoC by con t ro l  of 
the  cooling. 

Measurements have been pure ly  r e l a t i v e  with no at tempt  t o  ob ta in  an 
absolute-time reference.  The phase/time d i f f e rence  between two 
o s c i l l a t o r s  is recorded using an H-P 84058 Vector Voltmeter. For 
the  more important measurements t he  d i f f e rences  between a t  least  
three  o s c i l l a t o r s  have been recorded simultaneously.  

From Ju ly  79 t o  August 80 w e  used an  H-P 5062C Ces ium Beam Reference 
Frequencp  as the  s tandard,  and measured the  long-term d r i f t  o f  u n i t  
FRK-H3368. We have a l s o  used an Arb i t e r  101 I C  Frequency Comparator 
with the  ABC-TV s igna l .  Unfortunately,  recept ion  a t  MITRE i s  no t  
l ine-of -s ight ,  and the  s ignal- to-noise  r a t i o  is usua l ly  inadequate 
f o r  accu ra t e  frequency measurements. 

We have found i t  necessary t o  provide s p e c i a l  s h i e l d i n g  of  the  
o s c i l l a t o r s  t o  avoid phase-lock effects. For bench t e s t i n g  w e  
enclose the  u n i t s  i n  an aluminum box with decoupling f i t t e d  t o  t h e  
four  l e a d s  t h a t  are brought ou t  (power supply, c r y s t a l  o s c i l l a t o r  
va rac to r  vol tage,  rubidium lamp vol tage) .  

"This unit was kindly  l e n t  by N. F. Yannoni (RADC).  
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PHASE LOCKING AND STRAY COUPLING 

A l l  t h e  u n i t s  w e  have t e s t e d  s u f f e r  from i n t e r a c t i o n  effects when 
operated i n  t h e  v i c i n i t y  of o t h e r  u n i t s .  Some lock up t o  another  
u n i t  even when the  frequency d i f f e r e n c e  i s  g r e a t e r  than 1 x 10-l'. 
The phenomenon i s  displayed as a constant  phase-difference u n t i l  t h e  
frequency d i f f e r e n c e  exceeds t h e  hold-in range, when t h e  phase 
jumps. With proper s h i e l d i n g  t h e r e  is  no evidence o f  phase lock. 

An experiment i n  which t h e  output  o f  one u n i t  was coupled i n t o  
another  showed t h a t  t h e  s i g n a l  required t o  a@ieve p a r t i a l  phase 
lock f o r  a frequency d i f f e r e n c e  o f  only 1 x I O -  was 0.1 v o l t  o r  14 
dB below t h e  output  l e v e l .  Before proper s h i e l d i n g  was f i t t e d  t h e r e  
were many fa lse  symptoms of  coupling through t h e  connections t o  the  
phase meter. Other experiments with unshielded u n i t s  have shown 
t h a t  t he  frequencies  o f  both u n i t s  are a f f ec t ed .  

When M100-018 w a s  phase-locked t o  FRK-L 3610 t h e  phase recording 
a g a i n s t  an unlocked u n i t  showed s i n u s o i d a l  pe r tu rba t ions  of  2 n s  
peak-to-peak a t  s i x  per iods p e r  100 n s  of t o t a l  change. Another 
small pe r tu rba t ion  w a s  de t ec t ed  a t  42 pe r iods  pe r  100 ns  of  t o t a l  
change. Subsequent measurements of t h e  output  s i g n a l  from another  
u n i t ,  H4548, showed harmonics of 60 MHz extending t o  the  2 1 s t  (1260 
MHz) and many harmonics of 10 MHz. The s t r o n g e s t  harmonics were 20 
MHz a t  20 dB down and 240 MHz a t  35 dB down. The 420 MHz component 
was 37 dB below t h e  10 MHz l e v e l .  A non-harmonic output  of  237.125 
MHz was 39 dB below the  10 MHz output.  

Many recordings have shown occasional  c y c l i c  phase changes i n  a 
period of approximately one t o  t e n  seconds without phase-locking and 
sometimes c y c l i c  changes of only a few hundredths of  a nanosecond o r  
about one t e n t h  of a degree. Some recen t  tes ts  with H3940 and L3311 
c l o s e  toge the r  and inadequately sh i e lded  showed, i n  t h e  phase 
compar isons  a g a i n s t  H3368, c y c l i c  changes  a t  1/7 Hz and 
approximately 1/100 He. The e f f e c t  on L3311 was t h e  g r e a t e r ,  w i th  a 
peak t o  peak excursion of  more than 3 ns. The I /7  Hz was probably 
the d i f f e r e n c e  between t h e  f r equenc ie s  of t h e  two se rvo  o s c i l l a t o r s ,  
i n d i c a t i n g  leakage of  modulated s i g n a l s  between t h e  two u n i t s .  
After r e f i t t i n g  t h e  s h i e l d s  a t  t h e  rear of t h e  c a b i n e t s ,  t he  leakage 
effects  were no longer de t ec t ab le .  

The FRK-L u n i t s  show no i se  of approximately 1/100 ns; f o r  t h e  FRK-H 
u n i t s  t h e  high frequency no i se  (>1 Hz, bu t  no i se  bandwidth only -5 
Hz) displayed on t h e  recorder  is appreciably less, A recording of 
L3610 v s  L3311 showed occasional  c y c l i c  modulation and occasional  
jumps of 1/10 ns. 

For our  time-keeping requirements,  small modulation of  t h e  phase i s  
of n e g l i g i b l e  concern. However, t h e  evidence o f  leakage implies  
s t r a y  coupling between subuni ts .  I t  is suspected t h a t  such coupling 
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may cause changes i n  t h e  frequency when a u n i t  is subjected t o  
mechanical stress. Although t h e  turnover  effects  are  u s u a l l y  
reproducible ,  M100-018 as  o r i g i n a l l y  submitted was found t o  s u f f e r  
from v a r i a b l e  s t r a y  coupling. 

CHARACTERIZATION RESULTS 

Warm-up and Retrace 

Measurements of  warm-up and r e t r a c e  have been made on a n  ad hoc 
b a s i s  so t h a t  t h e  r e s u l t s  given i n  Table 2 show va lues  measured a t  
some convenient t i m e ,  r a t h e r  than a d e t a i l e d  record as a func t ion  o f  
t i m e .  

Retrace is not  e x a c t l y  def ined,  and the  measurement o f  t he  frequency 
w a s  made within two t o  e i g h t  hours of switching on. The frequency 
d i f f e r e n c e  is r e f e r r e d  t o  t h e  value before  s h u t t i n g  down. The 
overshoot measured on some of t h e  tes ts  shows t h e  d i f f i c u l t y  o f  
de f in ing  retrace. It appa ren t ly  would be unwise t o  r e l y  upon 
achieving the  l i m i t i n g  s t a b i l i t y  u n t i l  a u n i t  has been operated f o r  
t e n  days, although on al,+ our tes ts  t h e  frequency reached a f t e r  two 
hours was wi th in  2 x 10- 

A frequency accuracy of 1 x lo-" should be a t t a i n e d  with 15 minutes 
a f t e r  switching on, bu t  more experimental d a t a  w i l l  be required i n  
o rde r  t o  assess the  p r a c t i c a l i t y  of  s t a r t i n g  an a i rbo rne  clock j u s t  
p r i o r  t o  take-off.  

of t he  previously e s t a b l i s h e d  value.  

Temperature Coef f i c i en t  

M100-018 is  t h e  on ly  u n i t  w e  have measured over a wide range of  
temperature. Resu l t s  are shown i n  Figure 2. The h y s t e r e s i s  
i n d i c a t e s  t h e  d i f f i c u l t y  of  making accu ra t e  measurements o f  t h e  
temperature c o e f f i c i e n t  i n  the  region of  the  minimum. 

The u n i t  w a s  cooled from +37 t o  -3OOC i n  two hours and then l e f t  
overnight t o  reach t h e  lowest temperature. The temperature was then 
r a i s e d  t o  6OoC i n  t h r e e  hours andoagain the u n i t  was allowed t o  cool 
overnight.  After s e t t l i n g  a t  37 C t h e  frequency was i n  excel  
agreement with t h e  value measured a t  t h e  start ( 1  x 10- 

t h e  temperature cyc le  was repeated. 

The compensation is w e l l  su i t ed l f io r  a range o f  -50 t o  +55 C ,  givhng 
a t o t a l  change o f  on ly  6 x I O -  . I n  t h e  region o f  '30 t o  45 C ,  
corresponding t o  a range around normal ambient temperature with t h e  

Following i n v e s t i g a t i o n  of  thermal t r a n s i e n t s  i n  t h e  region of 

0 

l s r g e  hea3 sinkoused f o r  environmental t e s t i n g ,  t h e  c o e f f i c i e n t  i s  
' 2  x 10- p e r  C. 
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Table 2 

Warm-up* and Thermal Effects 

. 3  
35 to 45OC) 
< - 0 . 2  after 
modification 

1 
FRK- < + 0 . 3  

I 
MlOO +2 
018 (37 to 47OC) 

3 9 4 0 3  ( 3 0  to 5OoC) 
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The o t h e r  u n i t s  have been measured over a l i m i t e d  region by cool ing 
with a f a n  o r  r a i s i n g  t h e  t e m p y a t u r e  by blocking t h e  a i r  flow. 
Following t h e  example s e t  earl ier t h e  compensation o f  u n i t s  L33ll 
and H4548 has been adjusted.  We have found t h e  va lue  of  t h e  
compensating r e s i s t o r  t o  be very cr i t ical ;  w e  are unce r t a in  t h a t  
r e s u l t s  are reproducible.  After reducing t h e  value of  R28 by 0.5% 
i n  u n i t  H4548, t h e  t e m p e r a t u r e  c o e f f i c i e n t  w a s  small, b u t  
measurement w a s  unce r t a in ,  p a r t l y  because the l abora to ry  temperature 
va r i ed  apprec i ab ly  and a f f e c t e d  t h e  frequency o f  t h e  reference.  

Effects of  Magnetic F i e l d  

By placing t h e  u n i t  with t h e  o p t i c  a x i s  along t h e  e a r t h ' s  h o r i z o n t a l  
component, H,  r e v e r s a l  g i v e s  t h e  effect  of a change of  0.36 O e  
(Bedford MA.) Since the  change is  instantaneous i t  can be measured 
with precis ion.  

Our experience with L3311 i s  of  s p e c i a l  i n t e r e s t .  When tes  d 
before  i ts  r e t u r n  t o  Efratom i n  1979 t h e  e f f e c t  w a s  1.6 x I O  ; 
a f t e r  the r e t u r n  t o  MITRE t h e  effect  w a s  small. Then i n  J u l y  1980 
the  r e s u l t  was the  same as  o r i g i n a l l y  measured. Inspect ion revealed 
an appreciable  gap between two s i d e s  of  t he  o u t e r  s h i e l d  and t h e  
mumetal p l a t e  f ixed t o  the  heat  s i n k ,  By clamping these  two s i d e s  
the  e f f e c t  of  a r e v e r s a l  of  H was again small. A p l a s t i c  spacer  of 

-R 

.O lO i n ,  t f s e r t e d  i n  one s i d e ,  gave a c o n s i s t e n t  effect  of 
0.6 x 10- 

F i t t i n g  a clamp t o  H3368 d id  n o t  improve t h e  magnetic sh i e ld ing .  
Because w e  have used t h i s  u n i t  continuously as a l o c a l  reference we 
have no t  i n v e s t i g a t e d  f u r t h e r .  However, t h e  poor s h i e l d i n g  r e s u l t e d  
i n  problems from a choke i n  an adjacent  power supply,  and with one 
type of f an  motor. The f a n  w e  f i n a l l y  f i t t e d  gave no d e t e c t a b l e  
e f f e c t  even a t  a spacing of  only one inch. 

The MlOO is  f i t t e d  with a folded l i p  on the  hea t  s i n k  mumetal and 
the  r e s u l t s  showed e x c e l l e n t  sh i e ld ing .  However, a f t e r  completion 
of v i b r a t i o n  tests, measurements showed appreciable  s e n s i t i v i t y  t 9  

the  e a r t h ' s  f i e l d .  

Turnover (Constant Acceleration) 

Nost u n i t s  d i s p l a y  t h e  largest turnover  effect along the  o p t i c  a x i s ,  
possibly as a r e s u l t  of s m a l l  physical  movements of t h e  " p h y s i y  
package" and is, perhaps, a f f e c t e d  byinhomogeneityof t h e  C F i e ld  . 
Unit H4548 displayedosmall  turnover effects ,  but  apprec i ab le  change 
f o r  a r o t a t i o n  of  i32 around a h o r i z o n t a l  a x i s  which gave a maximum 
e f f e c t  of 12 x 10- . 
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Table 3 

Effec ts  of Magnetic Field 

Component of Earth 's  
F i e l d  

(H = 0.18 Oe)* 

I - _  i 

Reversal with Optic 

(Z = 0.54 Oe)* 
Axis Ver t ica l  

Fract ional  Frequency Change x10 -11 

Reversal of Horizontal I Est imated** Effect  of 

FRK-L 
3311 

FRK-L 
3610 

FRK-H 
3366 

FRK-H 
4548 

FRK-H 
3940 

Unit 

small small 
(see t e x t )  

4r t 1.3 

L 

2 . 1 '  6.5' 

small small 
(3 Mumetal sh i e lds )  

t 1.2* 0.4 

M l O O  
018 

I I 
I I t 

small  small 
(see t e x t )  (see t e x t )  
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Table 4 

3368 

FRK-H 0.2 0.3 0.3 
4548 

FRK-H 0 .7  0 .1  0.5 * 
3940 
M O O  <o. 2 <o. 2 1.0' 
018 

t 

Turnover E f f e c t s  ( G r a  i t a t i o n a l  Changes) 
( p a r t s  x1O-l' p e r  2g) 

Because measurements  were mad-e on L3311 f o r  t h r e e  d i f f e r e n t  
cond i t ions  of  t h e  magnetic s h i e l d  w e  are more confident  of  t h e  
measured r e s u l t  f o r  t h e  o p t i c  a x i s  than f o r  o t  er  u n i t s ,  al though 
the  accuracy f o r  a l l  should be w i t h i n  - + 3 x IO- I.? . 
I n  view of t h e  e a r l y  experience with M100-018 and t h e  evidence o f  
s t r a y  coupling effects ,  w e  suspect  t h a t  some of t h e  turnover effects  
may be  t h e  r e s u l t  o f  c h a n g e s  i n  s i g n a l  c o u p l i n g ,  a l t h o u g h  
measurements have given c o n s i s t e n t  r e s u l t s .  

Af t e r  v i b r a t i o n  t e s t i n g  of M100-018 t h e  t u r n o v e r  tests g a v e  
d i f f e r e n t  r e s u l t s  (cf  magnetic s h i e l d i n g  changes). The sense of t h e  
change along t h e  o p t i c  a x i s  was reversed and t h e  magnitude w a s  twice 
t h e  previous value.  

The e x c e l l e n t  s t a b i l i t y  o f  H4548 a l o n g  t h e  o p t i c  a x i s  was 
demonstrated by drop tes ts  on t h e  bench. Only very small ( b a r e l y  
d e t e c t a b l e )  phase t r a n s i e n t 8  occurred (whereas t h e  MI 00 displayed 
phase changes as g r e a t  as 40 ( I  1 n s ) ,  and output  l e v e l  t r a n s i e n t s  of 
1 dB when given less  severe shocks). 
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Most units show monotonic phase jumps f o r  shocks along t h e  o p t i c  
a x i s  with r e v e r s a l  of  sense f o r  t h e  opposi te  sense of  shock. The 
effects  on the  frequency are small. 

Crys t a l  Tuning and Aging 

A change i n  c r y s t a l  tuning equivalent  t o  a v a r a c t o r  b i a s  change of  
more thfi? 1 0  v o l t s  caused a freF3ency change of  no more than 
2 x 10- on H3368, and 8 x 10- on L3311. 

The tuning of H3368 was se t  t o  g ive  a v a r a c t o r  b i a s  vo l t age  of  14 
v o l t s  on Aug. 79. The c r y s t a l  aging had been compensated by a 
change t o  7.2 v o l t s  by Oct. 81. 

P res su re  Effects 

T f C  With M100-018 t h e  f r e q u y c y  change f o r  a change from atmosphe 
pressure t o  vacuum ( IO- atmosphere) wasOno worse than  -5 x 10  
The temperature was kept constant  within 1 C f o r  t h i s  tes t .  

Supply Voltage 

Measurement on H3368 gave a n  average e f f e c t  of +2 x p e r  v o l t  
of change over t he  range 20 t o  30 v o l t s .  Correction f o r  temperature 
change would make the  c o e f f i c i e n t  s l i g h t l y  g r e a t e r ,  bu t  t h e  value is 
about h a l f  t h a t  given i n  the  s p e c i f i c a t i o n .  

S t a b i l i t y  and Aging 

Measurements of t h e  s t a b i l i t y  f o r  per iods of  hours have shown t h a t  
t h e  temperature changes are t h e  main f a c t o r .  A t y p i c a l  value f o r  
t he  s i x  hour Allan v a r i v c e  ( f o r  t h e  th ree  u n i t s  with f a n  c o n t r o l  
c i r c u i t s )  is  2.8 10- . However, i n  one week, t he  r e s u l t  
H3940 w a s  5.3 x lo-' ' whereas L3311 and H3368 both gave 2.8 x 1 0  . 
I n  some tests t h e  effect  of an apparent d r i f t  w a s  s i g n i f i c a n t ,  bu t  
t h e  c a l c u l a t i o n  w a s  no t  corrected because such d r i f t s  appear t o  be 
rand om. 

-Br 

Unit  H4548 has  been operated without temperature c o n t r o l  and t h e  
six-hour va r i ance  is c l e a r l y  a f f e c t e d  by the  changes i n  temper - f y r e *  
The value f o r  t h e  combined var iance with H3368 was 3.5 x 10 f o r  
one week e n  t h e  temperature was r e l a t i v e l y  s t a b l e .  ,It increased 
t o  7 x I O -  f o r  a week when the  temperature rose  t o  30 C during t h e  
day. For the  f avorab le  week t ,  six-hour var iance f o r  L3311 and 
H3368 combined was only 1.6 x 10 . 
Resul ts  f o r  t h e  s i x ,  twelve and twenty-four hour va r i ances  f o r  H3940 
and H3368 over  one period of  t e n  days are given i n  Table 5. The 
e f f e c t  of  d i u r n a l  changes i n  temperature can be seen i n  t h e  
dependence of t h e  12 hour va r i ance  on -the time o f  sampling. An 
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assumption o f  a d a i l y  s i n u s o i d a l  f l u c t  i o n  of  amplitude 5.5 n s  
would make t h e  co r rec t ed  values  f i t  a 7 ’ ~  dependence, bu t  t he  two 
weekends would d i s t o r t  t he  d i u r n a l  effect .  

Aging d a t a  were obtained on H3368 by r e f e r r i n g  t o  t h e  cesium 
reference,  s t a r t i n g  af ter  two months of p r i o r  operat ion.  This u n i t  
showed nega t ive  aging i n  e first fou r  months with the  rate slowing 
t o  approximately -5 x 10 pe r  month. After a t h r e e  month gap t h e  
r e s u l t  f o r  t h e  subsequent f i v e  m o n t e  w a s  a p o s i t i v e  change a t  an 
average rate of less t h a n  5 x 10- pe r  month. The records f o r  
o t h e r  u n i t s  are pu re ly  r e l a t i v e  and mostly spo i l ed  by i n t e r r u p t i o n s .  
However, u n i t s  H3940 and L3311 have r e c e n t l y  been operated without 
i n t e r r u p t i o n  o r  adjustment . The i r  f requencies  compared wiiv2H3368 
four  monpy a f t e r  s e t t i n g  t o  a small d i f f e r e n c e  were -4 x 10 
+5 x I O -  r e s p e c t i v e l y ,  although L3311 h a s  changed s much as 
+8 x i n  one ten-day per iod,  and -5 x 10- 1P i n  a five-day 
period. The c locks  were resynchronized 10 weeks after t h e  i n i t i a l  
frequency adjustment,  and t h e  accumulated time d i f f e r e n c e s  af ter  a 
f u r t h e r  seven weeks were + 4.1 p s  f o r  H3940 and + 23.2 ps f o r  L3311. 
One a d d i t i o n a l  measuremept with Unit H4548 showed a monotonic change 
of a t o t a l  of  -2.5 x 10- 

-fi4 

and 

i n  t h r e e  months, compared with H3368. 

We have not  made ex tens ive  c a l c u l a t i o n  of t h e  var iance f o r  s h o r t e r  
pe r iods  because t h i s  r e q u i r e s  recording with enhanced r e so lu t ion .  
One measurement f o r  L3311 and H3368 combined gave t h e  two-h r 
va r i ance  value of  2.3 x 10-1 . 
Unit H3940 is  d i s t i n c t l y  less s t a b l e  f o r  t h e  s h o r t e r  period and 
t h e  one-hour var iance f o r  i t  combined with L3311 was 3.7 x 10 

-PY and t h e  one-hour value of  1.9 x 10 

-q 3 . 
Unit H5415 was pu t  on tes t  i n  October 1981 bu t  t h e  frequency 
i n s t a b i l i t y  i s  s o  much worse than f o r  any o t h e r  u n i t  t h a t  accu ra t e  
c h a r a c t e r i z a t i o n  would r e q u i r e  e x t r a o r d i n a r  care .  Frequency 
changes of  1 x 10-l’ i n  t e n  minutes and 3 x 10 i n  one hour were 
observed. 

3 2 

TABLE 5 
Combined Variances f o r  6 ,  12 and 2 1  Uour I n t e r v a l s  

Units  H3940 and H3368. A p r i l  17 t o  2 7 ,  1981 

I 
i24  Hour 
Variance x 10 5.06 5.19 4.7 4.89 4.35 4 .21  5.67 4.95 -I3 I 
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Unit H3368 has occas iona l ly  displayed a sudden p o s i t i v e  jump i n  
frequency l a s t i n g  about h a l f  an hour and then r e tu rn ing  t o  
p r e v i o u s  v a l u e .  The l a r g e s t  change  s e e n  w a s  + 5  x I O -  . 
Coincidental ly ,  t hese  changes have usua l ly  occurred a t  n i g h t  o r  on 
weekends, although smaller changes have occurred while t h e  recording 
was being observed. 

On Sunday August9, 1981, un i t  L3311 l o s t  lock of three occasions in a 
six-hour per iod,  ope ra t ing  i n  the  search mode f o r  approximately ha l f  
an hour on the  second occasion. F u l l  recovery af ter  regaining lock 
took f i v e  hours. The r e s u l t a n t  effect  was a t i m e  l o s s  of  6 ps i n  
hours equ iva len t  t o  a mean frequency d i f f e r e n c e  o f  -1.5 x 10 . 
This i s  t h e  only occasion when loss of  lock has occurred without 
power f a i l u r e .  

Itre 

1 b’ 

Various d i f f i c u l t i e s  were encountered i n  t h e  experiments with t h e  
p o r t a b l e  c l o c k s  b u t  n o t  w i t h  t h e  rubid ium o s c i l l a t o r s .  Two 
success fu l  experiments gave a maximum change of  75 ns  between any 
p a i r  a f t e r  r e tu rn ing  sone 7 hours l a t e r .  This change is l e s s  than 
t h e  100 n s  r e s o l u t i o n  o f  t he  counters.  The tests were made i n  hot  
w e a t h e r  and t e m p e r a t u r e s  were h i g h e r  t h a n  a l l o w e d  f o r  d u r i n g  
t r a n s p o r t a t i o n .  

V I  BRAT I ON 

The e f f e c t s  of v i b r a t i o n  were measured using a Ling Model A300 
shaker a t  t h e  A i r  Force Geophysics Laboratory. Prel iminary tests 
showed t h a t  t h e  s t r a y  m a g n e t i c - f i e l d  e f f e c t  on M100-018 was 
n e g l i g i b l y  small a f t e r  a f e w  minutes delay.  

Resonance e f f e c t s  were explored with s i n e  wave e x c i t a t i o n  over t he  
r a n g e  20-2000 Hz. The f r e q u e n c y  d i f f e r e n c e  compared w i t h  a 
reference was set  t o  a small value before  t e s t i n g  and both the  phase 
d i f f e r e n c e  and t h e  v a r a c t o r  vol tage were recorded. The r eco rde r  
response f a l l s  above 2 Hz t o  about one t e n t h  amplitude a t  20 Hz. 

When v i b r a t e d  a t  a frequency c l o s e  t o  the  servo c a r r i e r  frequency 
(nominally 127 Hz) t h e  10 MHz output changes were dependent upon the 
e x c i t a t i o n  rate of sweep. Resul ts  of a slow sweep, with r e v e r s a l s  
i n  sense around 130.5 Hz, using u n i t  H4548, are shown i n  Figure 4 
The v a r a c t o r  vol tage showed modulation of  approximately 1 x 10 
peak-to-peak, which was undetectable  as phase modulation u n t i l  t h e  
v i b r a t i o n  frequency was c l o s e  t o  t h a t  of  t h e  servo. The phase 
excursions f o r  low bea t  f requencies  became q u i t e  s i g n i f i c a n t ,  and i n  
many of  t h e  tests t h e  u n i t s  l o s t  lock f o r  v i b r a t i o n  a t  t h i s  
frequency, o r  even a t  some harmonic. 

-9 

518 



M100-018 was v i b r a t e d  along t h e  o p t i c  a x i s  and t h e  t w o ,  axes  
designated A & B i n  Figure 5. The i n c l i n a t i o n  o f  22 1/2 w i t h  
r e spec t  t o  t h e  s i d e s  is a consequence of  f i t t i n g  the  u n i t  w i th in  t h e  
c i r c l e  o f  b o l t  ho le s  used on t h e  shaker  t ab le .  

The performance o f  WOO-018 w a s  c l e a r l y  b e s t  f o r  v i b r a t i o n  along t h e  
o p t i c  a x i s ,  whereas t h e  turnover effects were worst along t h i s  a x i s .  
Pronounced effects were produced i n  the  frequency range 20 t o  50 H e ,  
and 90 t o  100 $z, where t h e  phase change averaged about 2 n s  p e r  
second (2 x 10 ) f o r  e x c i t a t i o n  o f  3g amplitude. There was no l o s s  
of lock, b u t  s t r a n g e l y ,  t h e r e  was as much effect  when passing 250 Hz 
as when pass ing  125 Hz. The v i b r a t i o n  frequency range of  20-2000 Hz 
w a s  swept through i n  13 1/2 minutes, i .e. a t  a rate o f  1% per  2 
seconds. When v i b r a t e d  along a x i s  A t h e r e  were marked effects. A t  
3g peak amplitude the  average frequency change w a s  more than 
+3 x IO-’ when t h e  v i ? v t i o n  frequency w a s  below 30Hz, b u t  then 
changed sense t o  -5 x10- f o r  v i b r a t i o n  i n  t h e  range 40 t o  110 Hz. 
In  t h e  v i b r a t i o n  frequency range 375 Hz t o  750 HZ t h e  u n i t  w a s  o u t  
of lock f o r  two minutes. 

For a x i s  B t h e  frequency change w a s  as l a r g e  as 10 f o r  v i b r a t i o n  
below 30 Hz. There w a s  a phase t r a n s i e n t  a t  125 Hz, a small effect  
a t  250 Hz and l o s s  of  l o c k  from 375 HZ t o  approximately 480 Hz 
(about one minute). 

-8 

Unit  H4548 performed much b e t t e r ,  bu t  when v ib ra t ed  a t  130 Hz along 
t h e  o p t i c  a x i s  t h e  servo went ou t  of lock f o r  a v i b r a t i o n  amplitude 
g r e a t e r  than O.42g. Except f o r  t h i s  problem, t h e  phase changes were 
s m a l l  al though v a r a c t o r  vo l t age  resonances were displayed a t  105, 
210, 330, 390, 1500 and 2020 Pz.  Other effects  were probably 
a s soc ia t ed  with v i b r a t i o n  harmonics coinciding with 130 o r  390 Hz. 
Only t h e  resonance a t  I O 5  Hz caused a s i g n i f i c a n t  phase change, o f  
about -12 n s  with a v i b r a t i o n  amplitude of  lg. 

Tests on u n i t  H4548 along t h e  two axes normal t o  t h e  s i d e s  showed 
t h a t  t h e  a x i s  normal t o  t h e  l a b e l l e d  s i d e  was b e s t ,  wi th  only s m a l l  
changes i n  v a r a c t o r  vo l t age  displayed a t  130, 260 & 390 Hz. The 
b igges t  change of 0.2 v o l t  occurred i n  the  region 1950 t o  2010 He. 
The on ly  change i n  t h e  10 MHz phase w a s  about 1 n s  a t  about 45 Hz 
v ib ra t ion .  

T e s t s  with no i se  e x c i t a t i o n  (white  from 15 t o  1000 Hz, f a l l i n g  by 6 
dB a t  2000 Hz, viz. MIL-STD-810C F igure  514.2-224) were made on 
M100-018, with t h e  r e s u l t s  summarized i n  Table 6. We suspect  t h a t  
t h e  frequency change is  mainly caused by t h e  low frequency no i se ,  
i n  view of t h e  e f f e c t s  observed with s i n u s o i d a l  v i b r a t i o n .  

Unit  H4548 was t e s t e d  f o r  15 minutes with no i se  e x c i t a t i o n  o f  
.04g /Hz. This was t h e  maximum t i m e  ob ta inab le  before  t h e  thermal 
overload switch of t h e  shaker t r i pped  open. Only b r i e f  tests with 

2 
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noise  were made f o r  t h e  o t h e r  two axes s i n c e  ou r  o b j e c t i v e  w a s  t o  
prove t h a t  t h e  d e f i c i e n c i e s  of  M100-018 were no t  endemic t o  the  
bas i c  design. 

Figure 6 shows t h e  record of  t h e  five-minute run on M100-018 f o r  
no i se  v i b r a t i o n  of  6.4g rms along t h e  o p t i c  ax i s .  Figure 7 shows a 
po r t ion  of  t he  15 minute record f o r  no i se  v i b r a t i o n  of  8g along t e 
b e s t  a x i s  f o r  H4548. The frequency f luctua&?d by  ' p a r t s '  i n  10 , 
but t h e  average rate w a s  only about 2 x 10- s i n c e  t h e  n e t  change 
w a s  less than 150 ns  i n  900 seconds, and should be compared with t h e  
r e s u l t s  shown i n  Table 6 .  

8 

Table 6 

Noise Vib ra t ion  Ml OO-01 8 

Approximate ly  -100 x 10 - l '  

We b e l i e v e  t h a t  t he  d i f f i c u l t i e s  encountered with v i b r a t i o n  a t  t h e  
servo frequency w i l l  be overcome by using v i b r a t i o n  i s o l a t o r s .  
However with u n i t s  t h a t  are a f f e c t e d  by v i b r a t i o n  below 30 Hz, i t  
w i l l  be necessary t o  use i s o l a t o r s  having a ve ry  low resonant 
frequency. 

FUTURE POSSIBILITIES 

It is  contended t h a t ,  by t h e  199Os, t h e r e  w i l l  be many av ion ic s  
systems r e q u i r i n g  accu ra t e  t i m e  and t h a t  t h e  needs of  a l l  w i l l  be 
b e s t  s a t i s f i e d  by each a i r c r a f t  ca r ry ing  a master clock. We be l i eve  
t h a t  clock should use a rubidium c e l l .  

Many systems w i l l  be designed t o  ope ra t e  from an i n t e r n a l  s tand 
t h a t  w i l l ,  perhaps, be a common design of  c r y s t a l  o s c i l l a t o r -  
However, with a master clock i n  t h e  aircraft t h e  systems could be 
designed s o  t h a t  when t h e  master is  a v a i l a b l e  i t  au tomat i ca l ly  
c o r r e c t s  a l l  t iming and provides a reference f o r  t h e  frequencies  of  
i n t e r n a l  o s c i l l a t o r s .  The planning o f  t h i s  conceptual u se  o f  
abso lu t e  t i m e  w i l l  need t o  be f l e x i b l e .  We f e a r t h e r e  is r i sk  of 
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encountering major d i f f i c u l t i e s  before t h e  o p e r a t i o n a l  s t a g e  is 
reached because of  unforeseen, o r  ignored, human f a c t o r s .  

Some of t h e  areas requ i r ing  s p e c i a l  a t t e n t i o n  are: 

e engineer ing design o f  a clock package t o  reduce t h e  
environmental effects of v i b r a t i o n ,  temperature, p re s su re ,  magnetic 
f i e l d s  and power supply t r a n s i e n t s ;  

e choice o f  t h e  technique t h a t  w i l l  b e s t  s e rve  t o  ensure 
accu ra t e  synchronizat ion before  take-off;  

e prov i s ion  of  redundant disseminat ion techniques i n  t h e  many 
l i n k s  between t h e  USNO and t a c t i c a l  aircraft .  

We b e l i e v e  t h a t  t h e  b e s t  way t o  t r a n s f e r  t i m e  t o  a n  a i rcraf t  from 
the  l o c a l  time c e n t e r  w i l l  be t o  c a r r y  on a small clock r a t h e r  than 
a s i g n a l  t ransmission (al though a laser system could s a t i s f y  t h e  
need f o r  covertness) .  Consequently, we envis ion t h a t  a crew member 
w i l l  c a r r y  t h e  master clock on board where i t  w i l l  be plugged i n t o  
its s p e c i a l  mounting. The i n t e r n a l  b a t t e r y  w i l l  have a capac i ty  o f ,  
perhaps,  only 10 minutes. Use of  t h e  master, d i r e c t l y ,  should be 
s u p e r i o r  t o  ca r ry ing  o u t  a c lock t o  synchronize t h e  on-board clock 
af ter  w a r m  up. 

To provide t h i s  f a c i l i t y  every base w i l l  need a T i m e  Center i n  which 
an appropr i a t e  number of po r t ab le  u n i t s  w i l l  be kept i n  continuous 
operat ion.  The p o r t a b l e  master c locks can be monitored and adjusted 
p e r i o d i c a l l y .  Pick-up of a clock w i l l  become a p a r t  of t h e  scrambie 
d r i l l .  

On t h e  b a s i s  of  our  experience with compact rubidium-controlled 
o s c i l l a t o r s  w e  b e l i e v e  t h a t  i t  w i l l  even tua l ly  be poss ib l e  t o  
achieve b e t t e r  than one microsecond accuracy on t a c t i c a l  a i r c ra f t ;  
with a u n i t  t h a t  can e a s i l y  be c a r r i e d  on a b e l t  o r  by hand. 
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