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I n  September o f  t h i s  y e a r ,  t h e  N a t i o n a l  Bureau o f  Standards h e l d  a  
Workshop i n  t h e  Washington D.C. area wh ich  addressed t h e  r o l e  o f  
c l o c k s  and o s c i l l a t o r s  i n  l a r g e  s c a l e  systems, p a r t i c u l a r l y  communicat- 
i o n s  and n a v i g a t i o n .  The u l t i m a t e  purpose o f  t h i s  \,lorkshop was t o  
do two t h i n g s :  f i r s t ,  t o  p r o v i d e  r e s e a r c h  and development p e o p l e  i n  
government, a t  u n i v e r s i t i e s  and i n  companies w i t h  adequate i n f o r m a t i o n  
t o  a p p r o p r i a t e l y  d i r e c t  t h e i r  r e s e a r c h  a c t i v i t i e s  towards t h e  r e a l  
needs f o r  c l o c k  and o s c i l l a t o r  improvements; second, t o  de te rm ine  
whether o r  n o t  t h e r e  a r e  any ways i n  wh ich  e x i s t i n g  o s c i l l a t o r s  and 
c l o c k s  c o u l d  se rve  systems b e t t e r  t h a n  t h e y  a r e  d o i n g  now. The 
Workshop t o o k  p l a c e  over  a  p e r i o d  o f  th ree -days ,  w i t h  s e v e r a l  t e c h n i -  
c a l  papers and two panel  sess ions  wh ich  were i n s t r u m e n t a l  i n  de te rm in -  
i n g  t h e  s t a t e  o f  o p i n i o n  i n  t h i s  f i e l d .  Vany government agenc ies  
and p r i v a t e  companies were r e p r e s e n t e d .  I am n o t  go ing  t o  r e p e a t  
t h e  t e c h n i c a l  d e t a i l s .  I n s t e a d ,  I would l i k e  t o  p r e s e n t  a  d i s t i l l a t i o n  
o f  t h e  i d e a s  and concepts ;  some o f  t h e  i d e a s  a r e  my own, b u t  many came 
from o t h e r  p a r t i c i p a n t s .  

There a r e  two g e n e r i c  a l t e r n a t i v e s  t o  o b t a i n i n g  t i m i n g  i n f o r m a -  
t i o n  i n  a  d i s t r i b u t e d  system - t h e  use o f  independent c l o c k s  o r  t h e  
use o f  c o o r d i n a t i o n .  T h i s  paper w i l l  n o t  address t h i s  c h o i c e  a t  a l l ,  
b u t  w i l l  c o n c e n t r a t e  on systems wh ich  use c l o c k s .  For m i l i t a r y  systems 
i n  p a r t i c u l a r  and i n  many cases f o r  c i v i l i a n  systems, t h e r e  a r e  reasons 
t o  choose s o l u t i o n s  based on p r e c i s e  c l o c k s  o r  o s c i l l a t o r s .  Low e r r o r  
r a t e  i n  d i g i t a l  communicat ions,  a n t i - j a m  c h a r a c t e r i s t i c s  and f a s t  s i g -  
n a l  a c q u i s i t i o n  a l l  r e q u i r e  v e r y  p r e c i s e  t i m i n g  i n f o r m a t i o n .  S u r v i v -  
a b i l i t y  and independence depend upon a  p r i o r i  knowledge t h a t  comes 
from hav ing  p r e c i s i o n  c l o c k s  i n  t h e  system and t h a t  i s  n o t  a v a i l a b l e  
t o  u n a u t h o r i z e d  persons.  Independent  o p e r a t i o n  o f  system elements 
p r o t e c t s  t h e  system f rom human e r r o r  and v a r i o u s  d i s a s t e r s .  
F i n a l l y ,  t h e r e  i s  o f t e n  f a l l o u t  r e s u l t i n g  f rom t h e  i n c l u s i o n  o f  
c l o c k s  and o s c i l l a t o r s  i n  a  system. For example, h a v i n g  a  v e r y  
p r e c i s e  o s c i l l a t o r  on a  s a t e l l i t e  p e r m i t s  improved d e t e r m i n a t i o n  o f  
t h e  o r b i t  o f  t h a t  s a t e l l i t e .  T h i s  t e c h n i q u e  i s  be ing  a p p l i e d  today  
i n  t h e  GPS system and may be a p p l i e d  i n  t h e  f u t u r e  t o  many s a t e l l i t e  
systems if t h e  s a t e l l i t e s  c a r r y  l o w  c o s t  b u t  h i g h  p r e c i s i o n  c l o c k s .  

C o n t r i b u t i o n  o f  t h e  N a t i o n a l  Bureau o f  Standards.  
Not s u b j e c t  t o  c o p y r i g h t .  



I n  a  paper p resen ted  a t  t h e  l a s t  PTTI con fe rence ,  two b a s i c  
mechanisms were suggested f o r  a c h i e v i n g  improved systems; b e t t e r  
c l o c k s  and system r e d e s i g n  c o u l d  l e a d  t o  improved per formance o r  
d i f f e r e n t  o p e r a t i o n a l  procedures and system r e d e s i g n  c o u l d  l e a d  t o  
r e l a x e d  c l o c k  dependence. The c o n c l u s i o n  wh ich  I reached as  a  
r e s u l t  o f  t h e  Workshop i s  t h a t  t h e  r e a l  d e f i c i e n c y  f rom wh ich  we 
s u f f e r  t o d a y  i s  a  l a c k  o f  e f f e c t i v e  and e f f i c i e n t  u t i l i z a t i o n  o f  
e x i s t i n g  r e s o u r c e s .  Eng ineers  today,  p a r t i c u l a r l y  systems eng ineers ,  
w i l l  o f t e n  go a  l o n g  l o n g  way t o  a v o i d  u s i n g  c l o c k s  i n  t h e i r  systems. 
The JTIDS system i s  p r o b a b l y  a  good example o f  t h a t .  The o p e r a t o r  
needs t o  e n t e r  h i s  t i m e  w i t h  a p p r o x i m a t e l y  6 second p r e c i s i o n .  
Do ing b e t t e r  does n o t  save any t i m e  i n  a c q u i r i n g  u t i l i z a t i o n  o f  t h e  
system. T y p i c a l  requ i rements  t o  s a t i s f y  t h e  p o s i t i o n  l o c a t i o n ,  
i d e n t i f i c a t i o n  and t h e  i n f o r m a t i o n  d i s t r i b u t i o n  aspec ts  o f  t h e  
system ?an be accompl ished w i t h  o s c i l l a t o r  p r e c i s i o n s  i n  t h e  l o q 4  t o  
t h e  10- range,  o r d e r s  o f  magni tude below what i s  a v a i l a b l e  today.  I 
am g o i n g  t o  d i s c u s s  why t h i s  s i t u a t i o n  occurs  and t h e n  how t o  o p t i -  
m i z e  t h e  use o f  a v a i l a b l e  d e v i c e s  t o  a c h i e v e  t h e  r e q u i r e d  pe r fo rm-  
ance and r e l i a b i l i t y  and how t h e  s p e c i f i c a t i o n  o f  o s c i l l a t o r s  
a f f e c t s  o u r  a b i l i t y  t o  accomp l i sh  t h i s  a t  minimum c o s t .  We w i l l  
c o n s i d e r  t h e  t r a p s  o f  a p p l y i n g  f a l s e  economic c o n s i d e r a t i o n s  and t h e  
prob lem o f  f u n c t i o n a l  d u p l i c a t i o n  where many subsystems p r o v i d e  t h e  
same a t t r i b u t e s  and none p r o v i d e  t h e  r e l i a b i l i t y  and t h e  redundancy 
t h a t  i s  necessary .  There was a  near  unanimous agreement t h a t  more 
development i s  needed on two f u n d a m e n t a l l y  d i f f e r e n t  v a r i e t i e s  o f  
c l o c k s .  We w i l l  r e v i e w  t h e  s t a t e  o f  t h e  i n d u s t r y  and i t s  c a p a b i l i t y  
o f  p r o v i d i n g  t h e s e  requ i rements .  

There i s  a  l a r g e  gap between what i s  b e i n g  produced and t h e  
s t a t e - o f - t h e - a r t ,  i . e . ,  what has been ach ieved  i n  t h e  l a b o r a t o r y  
under  i d e a l  c o n d i t i o n s .  One o f  t h e  t h i n g s  t h a t  we'd l i k e  t o  be a b l e  
t o  do, o f  course,  i s  t o  purchase l a r g e  numbers o f  these  b e s t  u n i t s .  
The i d e a  may be a  l i t t l e  b i t  c o n t r o v e r s i a l  b u t  I b e l i e v e  t h e r e  
r e a l l y  i s  no l a r g e  problem w i t h  r e g a r d  t o  t h e  u l t i m a t e  performance 
c a p a b i l i t y ,  i . e . ,  t h e  n o i s e  f l o o r  o f  o u r  e x i s t i n g  techno logy ;  combi- 
n a t i o n s  o f  hydrogen, r u b i d i u m ,  and cesium s tandards  have been demon- 
s t r a t e d  t o  p r o v i d e  p r e t t y  much a l l  t h a t  most peop le  need a t  t h e  
p r e s e n t  t i m e .  However, t h e r e  a r e  s i g n i f i c a n t  a reas  o f  d e f i c i e n c y  
r e l a t i n g  t o  o p e r a t i n g  s tandards  i n  t h e  f i e l d .  The t u r n - o n  t ime ,  t h e  
env i ronmenta l  s e n s i t i v i t y  and t h e  r a d i a t i o n  r e s i s t a n c e  o f  o u r  c u r r e n t  
s tandards  s i m p l y  do n o t  s a t i s f y  systems des igners .  Many systems, 
SEEK-TALK and JTIDS f o r  exagple,  would  l i k e  f? have o s c i l l a t o r s  w i t h  
any where f rom a p a r t  i n  1 0  t o  a  p a r t  i n  1 0  p r e c i s i o n  and accu- 
r a c y  t h a t  t u r n  on i n  30 seconds. O p e r a t i o n a l l y ,  t h e y  a r ~  u s i n g  
o s c i l l a t o r s  t h a t  t u r n  on i n  40 m inu tes  a t  t h e  p a r t  i n  1 0  l e v e l .  
Commercial manu fac tu re r6  have p u b l i s h e d  r e s u l t s  o f  o s c i l l a t o r s  t h a t  
accomp l i sh  p a r t s  i n  1 0  r e p e a t a b i l i t y  i n  f i v e  m inu tes .  So t h e r e  i s  
a  l a r g e  d i s c r e p a n c y .  System f u n c t i o n s  a r e  a l s o  pushed o n t o  t h e  



c l o c k  w i t h  u n e n v i a b l e  r e s u l t s .  Manu fac tu re rs  a r e  asked t o  p r o v i d e  
o u t p u t  a t  f r e q u e n c i e s  such as 5,10,10.23,5.115,9.116 and 4.016 MHz. 
They a r e  a l s o  asked t o  p r o v i d e  h i g h  degrees o f  s e t a b i l i t y  and tuna-  
b i l i t y  wh ich  a r e  e s s e n t i a l l y  system f u n c t i o n s .  

The f i r s t  a rea t h a t  I would 1  i k e  t o  t a l k  about  i s  p r o b a b l y  t h e  
most  i m p o r t a n t  one, r e l i a b i l i t y .  I t  i s  something t h a t  we pay l i p  
s e r v i c e  t o ,  something we w o r r y  abou t  a f t e r  t h e  f a c t .  One o f  t h e  
m a j o r  concerns expressed i n  t h e  Workshop was what can we do t o d a y  t o  
p l a n  f o r  r e l i a b i l i t y  i n  ou r  f u t u r e  developments? The performance 
wh ich  we need e x i s t s ;  t h e  r e l i a b i l i t y  t h a t  we want i s  o n l y  g o i n g  t o  
come f rom more exper ience  w i t h  t h e  v e r y  s tandards  t h a t  we c u r r e n t l y  
have. We make t h e  m i s t a k e  o f  c o n s t a n t l y  t r y i n g  t o  push t h e  s t a t e -  
o f - t h e - a r t  and push t h e  performance o f  o u r  s tandards  w i t h  t h e  same 
d e v i c e s  t h a t  a r e  supposed t o  produce h i g h  r e l i a b i l i t y  and a  l o n g  
l i f e t i m e .  The o n l y  way we a r e  g o i n g  t o  f i n d  t h e  problems i n  c l o c k s  

i and o s c i l l a t o r s  and s o l v e  them i s  t o  produce hundreds o f  t h e s e  
d e v i c e s ,  and g e t  them o u t  i n t o  f i e l d  o p e r a t i o n  so t h a t  t h e  d e s i g n  
f laws wh ich  a r e  b u i l t - i n  can become known. Otherwise t h e r e  w i l l  be 

b a wide v a r i e t y  o f  c i r c u i t s  and f e a t u r e s  i n  supposedly  h i g h  r e l i a b i l i -  
t y  dev ices  t h a t  have o n l y  been produced two o r  t h r e e  t imes .  The 
s t r a t e g y  which I recommend i s  t h a t  we i n v e s t  ou r  money i n  buy ing  
l a r g e  numbers o f  i d e n t i c a l  c l o c k s .  T h i s  w i l l  h e l p  genera te  a  guaran- 
teed  marke t  f o r  t h e  companies t h a t  produce t h e  c l o c k s  and w i l l  en- 
courage t h e  needed e n g i n e e r i n g  and development i nves tmen t  i n  t h e  
c l o c k s .  T h i s  approach would be c o s t l y ,  b u t  n o t  as c o s t l y  as t h e  
f a i l u r e  o f  i m p o r t a n t  systems. Another c o n s i d e r a t i o n  t h a t  we 
shou ld  t a k e  i n t o  account  i s  t h a t  t h e  v a r i o u s  a t t r i b u t e s  wh ich  we 
a s s i g n  t o  a  c l o c k  a r e  n o t  independent .  For example, i f  we want 
super performance f rom a d e v i c e  t h e n  we a r e  g o i n g  t o  have t o  pay 
f o r  t h a t  performance i n  a  v a r i e t y  o f  areas,  i n  r e l i a b i l i t y  and 
c o s t  f o r  example. 

The use o f  custom made dev ices  i s  ano the r  s i g n i f i c a n t  prob lem 
a r e a .  We t e n d  t o  s e t  g o a l s  f o r  o u r  system c l o c k s  wh ich  a r e  e i t h e r  
t h e  b e s t  r e s u l t s  we know o f  o r ,  worse, something a  l i t t l e  b i t  b e t t e r .  
We ask  t h e  sma l l  R&D company t o  deve lop  a  few u n i t s  w i t h  t h a t  perform- 
ance b u t  a l s o  h a v i n g  custom f e a t u r e s  t h a t  match ou r  system r e q u i r e -  
ments - our  f requency,  s i z e ,  c o n f i g u r a t i o n ,  power, we igh t ,  and 
warmup t i m e .  B u t  custom u n i t s  i n  genera l  p e r f o r m  worse t h a n  s tandard  
o f f - t h e - s h e l f - u n i t s .  Not  o n l y  t h a t ,  t h e  process o f  p r o d u c i n g  a  
customized p r o d u c t  t i e s  up t h e  t e c h n i c a l  c a p a b i l i t y  o f  t h e  smal l  
company which i s  t h e n  n o t  a v a i l a b l e  t o  do t h e  advanced deve lop-  
ment needed t o  g e t  b e t t e r  performance. T h i s  s c e n a r i o  i s  
p r o b a b l y  t r u e  even i n  t h e  case o f  t h e  most t r i v i a l  changes 
because t h e  r i s k s  o f  making t h e s e  changes a r e  h igh .  

We do a  f u r t h e r  d i s s e r v i c e  by  n o t  p a y i n g  enough a t t e n t i o n  t o  
t h e  whole  problem o f  s p e c i f i c a t i o n .  The process o f  s p e c i f i c a t i o n  i s  
u n i q u e  t o  each system a p p l i c a t i o n  and cannot  be done i n  a  genera- 



l i z e d  fash ion .  We shou ld  a lways use t h e  u l t i m a t e  c r i t e r i o n ;  
if t h e  system i s  t o  p r o v i d e  t i l l i n g ,  t h e n  t h e  s p e c i f i c a t i o n  shou ld  be 
i n  te rms o f  t h e  maximum t i m e  d e v i a t i o n  p e r m i t t e d  f o r  t h e  d u r a t i o n  o f  
t h e  m i s s i o n  o r  exper iment .  Sys temat i cs  a r e  p a r t i c u l a r l y  i m p o r t a n t  t o  
s p e c i f y  c o r r e c t l y .  Severa l  k i n d s  o f  mode l ing  can be done, b u t  most 
o f t e n ,  mode l ing  i s  unsuccess fu l  i n  removing s y s t e m a t i c s .  The p r i n c -  
i p l e  reason  i s  t h a t  t h e  s y s t e m a t i c  e f f e c t s  o f  t h e  c l o c k s  o f t e n  have 
t h e  same f u n c t i o n a l  dependences as t h e  s y s t e m a t i c s  f rom o t h e r  p a r t s  
o f  t h e  system. The GPS program i s  a  good example o f  t h a t .  
Q u a d r a t i c  s y s t e m a t i c s  i n  t h e  c l o c k  a r e  i n s e p a r a b l e  f rom s i m i l a r  
phenomena i n  t h e  o r b i t .  

Our s p e c i f i c a t i o n s  a r e  o f t e n  unreasonable .  We sometimes s p e c i f y  
a much b e t t e r  d e v i c e  than  i s  needed because we know i t  i s  p r o d u c i b l e ,  
b u t  t h a t  r u n s  up t h e  c o s t  and p r e v e n t s  t h e  manu fac tu re r  f rom 
t r a d i n g  o f f  t h a t  performance a g a i n s t  some o t h e r  i m p o r t a n t  c r i t e r i o n .  
One has an o b l i g a t i o n  t o  s p e c i f y  t h e  t r u e  system performance r e q u i r e -  
ments r a t h e r  t h a n  a n t i c i p a t e  un fo rseen  e v e n t u a l i t i e s .  Once t h e  
s p e c i f i c a t i o n s  o f  a  system a r e  f i x e d ,  t h e  per formance o f  t h e  system 
c l o c k  o r  o s c i l l a t o r  i s  determined.  A d i f f e r e n t  system d e s i g n  m i g h t  n o t  
r e q u i r e  t h e  same o s c i l l a t o r  performance b u t  once t h e  requ i rements  
a r e  s e t  one i s  fo rced  t o  pay f o r  t h e  u n n e c e s s a r i l y  d i f f i c u l t  s p e c i f i -  
c a t i o n s .  A r e l a t e d  problem i s  t h e  t o t a l l y  i n g r a i n e d  n o t i o n  o f  many 
eng ineers  t h a t  t h e y  know t h e  v a l u e  o f  t h e  c l o c k  i n  t h e i r  system 
a  priori, based upon t h e  f i n a l  p r i c e  o f  t h e  system. I t h i n k  t h i s  - 
a priori "knowledge" o f  t h e  v a l u e  o f  t h e  c l o c k  i s  g r o s s l y  i n  e r r o r .  - 
For  example, q u a r t z  o s c i l l a t o r s  l o o k  r a t h e r  s imple .  They a r e  sma l l  
dev ices ;  t h e  b e s t  o f  them c o s t  o n l y  a  few thousand d o l l a r s .  Systems 
eng ineers  sometimes d o n ' t  comprehend t h a t  t h e  s t a t e - o f - t h e - a r t  
q u a r t z  o s c i l l a t o r  i s  s p l i t t i n g  a  resonance l i n e  t o  a  p a r t  pe r  m i l l i o n .  
T h i s  i s  m o s t l y  a  sc ience,  b u t  p a r t i a l l y  an a r t .  I t i s  n o t  a  s i t u a -  
t i o n  where a d d i t i o n a l  e n g i n e e r i n g  e f f o r t  i s  go ing  t o  produce a  
fundamental  decrease i n  t h e  c o s t .  As a n o t h e r  example, I ' d  l i k e  t o  
t a l k  b r i e f l y  about  p o s s i b i l i t i e s  f o r  a  v e r y  i nexpens ive  GPS r e c e i v e r .  
The performance ach ieved i n  t h e  GPS system i s  i n t e r e s t i n g  f o r  commerc- 
i a l  a p p l i c a t i o n s .  The c l e a r  a c q u i s i t i o n  s i g n a l  has more power than  
t h e  P code and i t  may become a v a i l a b l e  on b o t h  t h e  L and L f requenc- 
i e s .  People a r e  t a l k i n g  abou t  two-printed-circuit-bdard r e z e i v e r s  
t h a t  w i l l  s e l l  f o r  $2,000 and c o s t  l e s s  t h a n  $1,000 d o l l a r s  t o  
produce. I n  t h i s  c o n t e x t ,  t h e  v a l u e  ass igned  tq l the  c l o c k s  i s  $150 
and t h e  performance requ i rement  i s  a  p a r t  i n  1 0  s t a b i l i t y  f o r  
hundreds o f  seconds. I t  i s  p r o b a b l y  i m p o s s i b l e  t o  produce such a  
d e v i c e  w i t h  t o d a y ' s  techno logy .  

The development c o s t s  o f  custom c l o c k s  and o s c i l l a t o r s  a r e  
u s u a l l y  n o t  r e c o v e r a b l e  by s a l e s  o f  a  l a r g e  number o f  u n i t s .  I n  
f a c t ,  t h e  sma l l ,  h i g h  techno logy  companies t h a t  se rve  t h e  custom 
p r o d u c t  marke t  r u n  t h e  r i s k  o f  d e v e l o p i n g  new dev ices  which,  if 
t h e y  have l a r g e  p r o f i t  p o t e n t i a l ,  may a t t r a c t  o t h e r  companies t o  



compete f o r  t h e  market .  I n  a d d i t i o n ,  s p e c i f y i n g  s t a t e - o f - t h e - a r t  
per formance i n  a  system d i m i n i s h e s  t h e  p o s s i b i l i t y  t h a t  t h e r e  w i l l  
be s i g n i f i c a n t  economies due t o  l a r g e  s c a l e  p r o d u c t i o n .  Super h i g h  
performance i s  ach ieved  by  a  process o f  measurement, t e s t i n g  and 
s e l e c t i o n  and these  processes a r e  l a b o r  i n t e n s i v e .  I n  f a c t ,  t h e y  
a r e  e s s e n t i a l l y  an impediment t o  ever  p roduc ing  l a r g e  numbers o f  
super h i g h  performance c l o c k s .  We need t o  r e c o g n i z e  t h a t  r e s e a r c h  
and development f o r  new p r o d u c t s  w i l l  have t o  be p a i d  f o r  by t h e  
government o r  by t h e  systems d e v e l o p e r .  

I n  o r d e r  t o  improve p r o d u c t i v i t y ,  i t  would be b e n e f i c i a l  t o  
separa te  t h e  problem o f  making a  d e v i c e  t h a t  works f rom t h e  prob lem 
o f  making i t  i n  a  c o s t  e f f e c t i v e  manner. The eng ineers  and s c i e n t i s t s  
who have t o  produce new developments shou ld  n o t  have t h e  added 
burden o f  d o i n g  i t  i n e x p e n s i v e l y .  I have seen t h i s  p o l i c y  a p p l i e d  i n  
t h e  s o l a r  power c o n v e r s i o n  i n d u s t r y  and i t  appears t o  be v e r y  success- 
f u l .  We ough t  t o  i n c r e a s e  t h e  u t i l i z a t i o n  o f  s tandard  components i n  
a  v a r i e t y  o f  systems. One a i r c r a f t  c o u l d  e v e n t u a l l y  c a r r y  o p e r a t i o n -  
a l  JTIDS, SEEK-TALK and GPS r e c e i v e r s .  R i g h t  now, because o f  t h e  
d i f f e r i n g  s p e c i f i c a t i o n s  t h o s e  w i l l  a l l  c o n t a i n  independent f requency  
s tandards .  There i s  no reason  why t h e y  c o u l d  n o t  a l l  r u n  f rom a  
s i n g l e  d i s t r i b u t i o n  u n i t .  I n  f a c t ,  t h e r e  i s  an advantage because o f  
t h e  redundancy r e s u l t i n g  f rom u s i n g  an ensemble o f  s tandards .  

There was a  consensus o f  o p i n i o n  a t  t h e  Workshop t h a t  t h e r e  a r e  
t h r e e  t ypes  o f  s tandards  r e q u i r i n g  more development.  The f i r s t  i s  a  
s p e c i a l  purpose s tandard .  Var ious  systems s t r e s s  d i f f e r e n t  a t t r i b u t e s  
which can be ~ o m b i n e d ~ i n  a  s i n g l e  d e v i c e .  The JTIDS system needs f a s t  
warmup. A p a r t  i n  1 0  accuracy  s a t i s f i e s  a l l  f u n c t i o n s  o f  t h a t  sys-  
tem. The 7bEK-TALK program i s  p r i n c p a l l y  i n t e r e s t e d  i n  a c h i e v i n g  a 
p a r t  i n  1 0  accuracy w i t h  f a s t  warmup. For GPS user equipment, 
s t a b i l i t y  i s  i m p o r t a n t  i n  commercial a p p l i c a t i o n s  wh ich  observe sa te -  
l l i t e s  s e q u e n t i a l l y .  Spread spectrum communicat ion systems need ?gar  
zero  b i t  e r r o r l r a t e s  wh ich  r e q u i r e s  i n  t h e  v i c i n i t y  o f  p a r t  o f  10 
t o  p a r t s  i n  1 0  s t a b i l i t y .  The second t y p e  o f  s tandard  need ing f u r -  
t h e r  q tve lopment  i s  t h e  v e r y ,  v e r y  h i g h  s t a b i l i t y  o s c i l l a t o r .  P a r t s  
i n  1 0  and b e t t e r  performance have been achieved, b u t  t h e  dev ices  
a r e  n o t  f i e l d  dep loyab le  and a r e  n o t  s u f f i c i e n t l y  r e l i a b l e .  T h i s  
k i n d  o f  performance i s  needed f o r  t imes  up t o  a  week i n  o r d e r  t o  
i n c r e a s e  c a l i b r a t i o n  i n t e r v a l s ,  t o  speed up measurements, t o  a l l o w  
t h e  use o f  h i g h e r  f r e q u e n c i e s  i n  ou r  communications systems, and t o  
make b e t t e r  use o f  s t a t i o n  keep ing s a t e l l i t e s  i n  TDMA systems. 

What i s  t h e  s t a t e  o f  r e s e a r c h  and development t h a t  i s  supposed 
t o  produce t h e s e  r e s u l t s ?  C r y s t a l s ,  cesium, r u b i d i u m  and hydrogen 
a r e  a l l  o l d  t e c h n o l o g i e s .  We a r e  e x i s t i n g  o f f  t h e  developments o f  
t h e  past ,  b u t  t h e r e  a r e  many new i d e a s .  I n  f a c t  t h e r e  i s  a  p l e t h o r a  



o f  new i d e a s ,  o n l y  a few o f  wh ich  may be s u p e r i o r  t o  t h e  e x i s t i n g  
concep ts .  We must c a r e f u l l y  a n a l y z e  t h i s  s i t u a t i o n ,  and p u t  ou r  
r e s e a r c h  and development r e s o u r c e s  i n  t h e  d i r e c t i o n  o f  dev ices  t h a t  
r e a l l y  have p o t e n t i a l  f o r  r e p l a c i n g  o r  add ing  t o  t b e  e x i s t i n g  concepts .  
Advanced development i s  i n  a  worse s t a t e .  Whereas, t h e  c i v i l i a n  and 
t h e  m i l i t a r y  f u n d i n g  agenc ies  spend a  f a i r l y  l a r g e  amount o f  money 
o n  b a s i c  r e s e a r c h ,  t h e r e  i s  n o t  much fund ing f o r  advanced development. 
P r i v a t e  companies a r e  t i e d  up p r o d u c i n g  t h e  customized dev ices  
r e q u i r e d  by  systems e n g i n e e r s .  B e l l  Telephone wh ich  was spending 
m i l l i o n s  pe r  y e a r  on c r y s t a l  r e s e a r c h  i s  now o u t  o f  t h e  f i e l d ,  
h a v i n g  s a t i s f i e d  t h e i r  own needs f o r  t h e  f o r e s e e a b l e  f u t u r e .  
O r g a n i z a t i o n s  l i k e  t h e  USAERAOCOM a r e  s h r i n k i n g  i n  s i z e ,  no l o n g e r  
p r o v i d i n g  t h e  advanced development t h a t  t h e y  were d o i n g  a t  t h e  end 
o f  t h e  second w o r l d  war. T h i s  prob lem i s  exacerbated by t h e  f a c t  
t h a t  t h e  development o f  t h e  s tandard  up t o  t h e  p r e p r o d u c t i o n  model 
i s  f a r  more c o s t l y  t h a n  t h e  i n i t i a l  l a b o r a t o r y  demons t ra t i on .  Even 
i f  t h e  new c l o c k s  and o s c i l l a t o r s  needed by o u r  systems i n  t h e  near  
f u t u r e  a r e  developed we w i l l  n o t  e a s i l y  be a b l e  t o  manu fac tu re  them. 
The m a n u f a c t u r i n g  c a p a b i l i t y  t h a t  i s  needed i s  c o n s i d e r a b l e .  The 
u t i l i t y  t y p e  s tandards  w i l l  be r e q u i r e d  i n  q u a n t i t i e s  g r e a t e r  t h a n  
t e n  thousand u n i t s ,  and t h e y  c a n ' t  be c r e a t e d  o v e r n i g h t .  I t  w i l l  
p r o b a b l y  t a k e  y e a r s  and c o s t  m i l l i o n s  o f  d o l l a r s  t o  e s t a b l i s h  t h a t  
k i n d  o f  p r o d u c t i o n  f a c i l i t y .  We've even l o s t  some o f  t h e  f a c i l i t i e s  
t h a t  we had. Our c r y s t a l  c a p a b i l i t i e s  have gone overseas f o r  t h e  
most  p a r t ;  t h e  e n t i r e  commercia l  i n d u s t r y  t o  Japan and 50% o f  t h e  
p r e c i s i o n  c a p a b i l i t y  i s  gone. There i s  o n l y  one source o f  p r e c i s i o n  
c r y s t a l s  i n  t h i s  c o u n t r y  m a r k e t i n g  r e s o n a t o r s  w i t h o u t  o s c i l l a t o r s  
and t h e  q u a l i t y  o f  t h e  q u a r t z  t h a t  i s  a v a i l a b l e  has d e t e r i o r a t e d  
m a r k e d l y  s i n c e  1970. 

F i n a l l y ,  t h e r e  i s  a l s o  a  problem o f  system imp lementa t ion .  We a l l  
sha re  t h i s  problem; we g e t  caugh t  up i n  d e v e l o p i n g  new t h i n g s .  
T h a t ' s  where most  o f  t h e  c r e d i t  l i e s .  We a r e  so caught  up i n  deve lop-  
i n g  new t h i n g s  t h a t  good d e v i c e s  a l r e a d y  developed a r e  o f t e n  n o t  
implemented.  The new t e c h n o l o g i e s  never  g e t  t o  ma tu re .  On t h e  
o t h e r  hand, t e c h n o l o g i e s  t h a t  a r e  o u t  i n  t h e  f i e l d  a r e n ' t  r e p l a c e d .  
Some a r e  40  y e a r s  o l d  and t h e y  a r e  n o t  o n l y  ma tu re  t h e y  a r e  s e n i l e !  
It i s  necessary  t o  separa te  t h e  problems o f  r e s e a r c h  and p r o d u c t i o n .  
We have t o  be s a t i s f i e d  w i t h  u s i n g  dev ices  t h a t  p e r f o r m  w e l l ,  even i f  
n e x t  y e a r ' s  d e v i c e  w i l l . p e r f o r m  b e t t e r .  We have t o  g e t  those  dev ices  
o u t  i n t o  systems and we have t o  c o n c e n t r a t e  on t h e  r e s e a r c h  and 
development t h a t  w i l l  produce new d e v i c e s  f o r  t h e  f u t u r e .  Systems 
eng ineers  shou ld  w o r r y  about  systems problems. I t  w i l l  c o n t i n u e  t o  
d e b i l i t a t e  c l o c k  r e s e a r c h  e f f o r t s  t o  c o n t i n u e  c o n s i d e r i n g  t h i n g s  l i k e  
o u t p u t  f requency,  power l e v e l  , t u n a b i l i t y  and o t h e r  system a t t r i b u t e s  
t o  be problems f o r  t h e  c l o c k  d e s i g n e r  t o  s o l v e .  



QUESTIONS ANTI ANSWERS 

DR. WINKLER: 

Thank you very much, Sam, for your very thoughtful remarks. Maybe 
a little pessimistic, but it is certainly better to face the issues 
and I wonder whether we have any comments to that? 

MR. VESSOT, Smithsonian Astrophysical Observatory 

I think one thing that has been perhaps overlooked is that the 
technology that has led us to the successes we have made, have 
rarely come from an intention to develop a clock. If you look in 
the past, I suspect that the pendulum had nothing to do with the 
clock when its properties were first observed, and going a little 
more recently, the discovery of cate's electricity had nothing to 
do with crystal oscillators. Ramsey, I am sure, didn't design his 
Ramsey Structure with the idea of making a clock. He was out to 
resolve some spectral lines. And the masers and lasers, I am sure, 
weren't motivated by clocks. 

I guess what I am saying is that you can pour an awful lot of 
effort into directed research and get nowhere and I think what the 
country is lacking is the general outlook of undirected research 
in the hopes that technology can ensue that will benefit somewhere; 
but I really feel very uncomfortable about the attitude of, "Let's 
go and direct our fundamental research in a given direction". 
Applications nearly always arise from availability of technology, 
but requirements or needs don't always result in improved tech- 
nology. And I think the main plea we might make is to hope that 
our support for fundamental research in the country will not be 
throttled back, and it is usually the first thing that is throt- 
tled back in a situation of a tight economy. 

DR. STEIN: 

I think you raised an extremely important point, Bob, and I didn't 
mean to imply that that wasn't true. I think it is very true. 
However, I was trying to elucidate some of the problems we have 
in accomplishing the transition from once you have identified a 
new technique, a new physical process, whatever it is, to then the 
implementation of a working clock, something like ion storage, 
cooled ions, lasers, are identified. They can be thought out very 
carefully. In many cases they are not thought out very carefully 
and we can identify, I think, where to best place development 
dollars. 



DR. MCCOUBRN: 

I agree with the remarks that Bob Vessot said, drawing attention 
to the declining support for the research that underlies these 
technologies that are important. I think there is another consi- 
deration also, which seems to me to apply in the case of the clocks, 
which have been important system components for many many years. 
I think that there has been less planning and less support for the 
design qualification and advanced development. I think you had 
your finger on it, Sam, when you pointed out the cost of advanced 
development to bring these things to a point of usefulness. It 
seems to me, for example, that in the case of other system compo- 
nents, for example, power plants and propulsion systems, or control 
systems, flight control systems, that there is a much greater amount 
of planning given to the refinement of the system and the qualifi- 
cation of the system beyond the development of the fundamental con- 
cepts in order to get components that are reliable. And I think 
one only has to look at the propulsion systems that are available 
and even the flight control systems now. Probably there are other 
components also. 

DR WINKLER: 

It is my impression that what is really at the root of what we are 
discussing here are two components. Number one, we have to ask 
ourselves well what are all these people doing now, which we would 
like to see working on the things which Sam Stein has mentioned, 
what are they doing? Well, they are gone? No. They are certainly 
still doing something and I think we may be overlooking the tre- 
mendous impact which we still have to see, which we still can, in 
fact, can expect coming from LSI technologies, from microcomputers, 
digital electronics, in other words. That impact has not yet come 
in the field of, certainly, of high precision frequency control. 
But it will; and it will change the scene radically, I think. 

And number two, I think we are suffering, in fact, not from 
a syndrome of undermanagement or mismanagement but from over- 
management. It is a question of-- Well, I see a great deal of 
sympathy in the audience to what I say and I feel very strongly 
about it, that if we would devote all these energies which are 
being spent today in trying to split up things exactly into cer- 
tain bins, 6.1, .2, .3, .4, .5, and to decide exactly what should 
be done and what should be done here. We are overdoing things. 
That is really what Bob Vessot has meant, that we cannot specify 
in such detail the future. It is impossible. We have to allow 
a certain degree of freedom, of liberty. If we do away with it, 
if we become completely enslaved to superplanning I think we will 
be in serious trouble in these advanced R&D concepts. There have 


