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Frequency s t a n d a r d s  a r e  used i n  most n a v i g a t i o n  and 
te lecommunica t ions  sys tems t o  p rov ide  a l ong  term 
memory of  e i t h e r  f requency ,  phase ,  o r  t ime epoch. 
From a sys tems po in t  o f  view, t h e  performance a s -  
p e c t s  of  t h e  f requency  s t a n d a r d  can be weighed 
a g a i n s t  o t h e r  sys tems c h a r a c t e r i s t i c s ,  such a s  
o v e r a l l  performance,  c o s t ,  s i z e ,  and a c c e s s i b i l i t y ;  
a  numbei of  examples a r e  very  b r i e f l y  rev iewed.  T1:e 
t heo ry  of phase lock  and f requency  lock  sys tems i s  
o u t l i n e d  i n  s u f f i c i e l l t  d e t a i l  t h a t  one can  e a s i l y  
p r e d i c t  t o t a l  o s c i l l a t o r  system performance from 
measurements on t h e  i n d i ~  :dual components.  A s  an 
exan,ple, d e t a i l s  of  t h e  performance of a  h igh  spec-  
t r a l  p u r i t y  o s c i l l a t o r  phase locked t o  a  long  term 
s t a b l e  o s c i l l a t o r  a r e  g iven .  R e s u l t s  £0. s e v e r a l  
sys tems,  i n c l u d i n g  t h e  b e s t  sys tem s t a b i l i t y  t h a t  
can be ob ta ined  from p r e s e n t  commerc ia l ly  a v a i l a b l e  
5-MHz s o u r c e s ,  a r e  shown. 

INTRODUCTION 

Frequency s t a n d a r d s  a r e  used i n  most n a v i g a t i o n  and communications 
systems t o  provide  a  long term memory of e i t h e r  f requency ,  phase ,  o: 
t ime epoch. These q u a n t i t i e s  form a h i e r a r c h y ,  s o  t h a t ,  i n  genera! ,  
s y s t e n s  which d ~ p e n d  on minimum t ime d i s p e r s i o n  f o r  t h e i r  o p e r a t i o n  
p l ace  more d i f f i c u l t  requi rc tnents  on :ne sys tem c s c i l l a t o r  t h a n  t h o s e  
which o n l y  r e q u i r e  phase coherence  o r  f requency  s t a b i l i t y .  We wi 11 
begin  by ve ry  b r i e f l y  examining some of  t h e  major  a p p l i c a t i o n s  of  f r e -  
quency s t a n d a r d s  and c o n s i d e r  some o f  t h e  p o s s i b l e  t r a d e o f f s  between 
o s c i l l a t o r  performance on t h e  one hand,  and t h e  performance o f  s t h e r  
system components on t h e  o t h e r .  

Doppler Radar: 

The s imp le s t  r a d a r s  a r e  CW Doppler d e v i c e s  which de t e rmine  t ' le  r a d i a l  
v e l o c i t y  o f  a  t a r g e t  by homodyne d e t e c t i o n  o f  t h e  r e t u r n  s i g n a l  w i th  t h e  



t r a n s m i t t e d  s i g n a l .  I n  normal  o p e r a t i o n ,  t h e  r a n g e  and d e t e c t i b i l i t y  o f  
t a r g e t s  u s i n g  s u c h  d e v i c e s  i s  l i m i t e d  by t h e  p h a s e  n o i s e  o t  t h e  o s c i l l a -  
t o r .  Phase  n o i s e  on t h e  c a r r i e r *  i n  t h e  Dopple r  band of  i n t e r e s t  i s  
r e f l e c t e d  from n e a r b y  " c l u t t e r " ,  h a v i n g  v e r y  l a r g e  c r o s s  s e c t i o n ,  and 
c a n n o t  be  d i s t i n g u i s h e d  from t h e  Dopple r  s h i i ' t e d  c a r r i e r  r e f l e c t e d  from 
a s m a l l  d i s t a n t  t a r g e t :  D e c r e a s e d  p h a s e  n o i s e  t h e r e f o r e  r e s u l t s  i n  
e x t e n d e d  r a n g e  a n d / o r  b e t t e r  c o n t r a s t ,  w i t h o u t  r e s o r t i n g  t o  more complex 
s i g n a !  a n a l y s i s  suc!r a s  time d e l a y e d  c r o s s  c o r r e l a t i o n .  Very low p h a s e  
n o i s e  c a n  be  o b t a i n e d  w i t h  a  h i g h  d r i v e  l e v e l  q u e r t z  c r y s t a l  o s c i l l a t o r .  
D e v i c e s  w i t h  w h i t e  p h a s e  n o i s e  below 13- l8  r a d  /Hz a t  a  c a r r i e r  f r e -  
quency  o f  100 MHz a r e  c o m m e r c i a l l y  a v a i l a b l e .  However, s u c h  o s c i l l a t o r s  
h a v e  much d e g r a d e d  l o n g  t e r m  p e r f o r m a n c e  compared t o  low d r i v e  l e v e l  
q u a r t z  o s c i  i ! a t o r s  o r  a t o m i c  f r e q u e n c y  s t a n d a r d s .  C o n s e q u e n t l y ,  i n  
o r d e r  t o  s a t i s f y  s p e c t r a l  p u r i t y  r z q u i r e n e n t s  and l a n q  t e r m  s t a b i l i t y  
s p e c i f i c a t i o n s  i t  may be  n e c e s s a r y  t o  a d o p t  a  s y s t e m s  a p p r o a c h  t o  t h e  
o s c i l l a t o r ,  e . g . ,  a  h i g h  d r i v e  l e v e l  c r y s t a l  o s c i l l a t o r  l o c k e d  t o  a  low 
d r i v e  l e v e l  c r y s t a i  o s c i l l a t o r  o r  a n  a t o m i c  c l o c k .  

Dopple r  N a v i g a t i o n :  -- 
P r e s ~ ; , c  d3y n a v i g a t i o n  s y s t e m s  ' 0 t h  f o r  s a t e l l i t e s  and f o r  d e e p  s p a c e  
t . a c k i n g  u t i l i z , ~  two-way o r  c c r ~ z r e n t  m e a s a r e m e n t s .  A s i g n a l  i s  t r a n s -  
m i t t e d  t o  t h e  s p a c e c r a f t  where i t  i s  t r a n s p o n d e d  f o r  Dopple r  d e t e c t i o n  
o n  E a r r h .  The v e l o c i t y  e r r o r  i s  p r o p o r t i o n a l  t o  ti- f r e q u e n c y  c h a n g e  o f  
t h e  o s c i l l a t o r  d u r i n g  t h e  round t r i p  t o  t h e  s p a c e c r a f t  and e s t a b l i s h e s  a  
requirement on t h e  s t a b i l i t y  o f  t h e  f r e q u e n c y  s t a n d a r d .  

C o h e r e n t  Doppler  t r a c k i n g  h a s  t h e  d i s a d v a r i t a g e  t h a t  a  s i c n i f i c  A - '  

amount--approximhtel:; a n e - t h i r d - - o f  t h e  t i m e  i s  s p e n t  t r a c  : .  - 
s p a c e c r a f t  and t h i s  r e q u i r e s  t h e  l a r g e s t ,  most a c c u r a t e  r a d i o  a n t e n n a s  
a v a i l a b l e .  The i n c l u s s o n  o f  a n  onboard  f r e q u e n c y  s t a n d a r d  e l i h n i n a t e s  
t h e  need f o r  t h e  l a r g e  i l n t e n n a s .  By d i f f e r e n c i n g  two one-way Dopple r  
s i g n a l s ,  i t  would be pos.: ible t o  u s e  s m a l l e r  a n t e n n a s  f o r  s h o r t e r  p e r -  
i o d s ,  t h u s  c o n s i d e r a b l y  d e c r e a s i n g  t h e  i n i t i a l  c a p i t a l  e x p e n s e s .  l n e  
s t a b i l i t y  r e q u i r e m e n t s  o f  t h e  s p a c e c r a f t  ' e a c o n  a r e  q u i t e  m o d e s t ;  t h e  
r a n g e  i n f o r m 3 t i o n  i s  c o n t a i n e d  i n  t h e  d i f f e r e n t . a l  Doppler  s i g n a l ,  
c a u s i n g  t h e  n o i s e  o f  t h e  onboard  o s c i l l a t o r  t o  c a n c e l  t o  f i r s t  a r d e r .  
However, t o  a c h i e t e  t r a c k i n g  a c c u r a c i e s  d h i c h  a r e  d e s i r e d  f o r  t h e  
1 9 8 0 ' s - - l e s s  t h a n  10 cm r a n g e  e r r o r  and l e s s  t h a n  .05 r a d  a n g u l a r  
e r r o r - - i t  w i l l  be n e c e s s a r y  t o  s y n c h r o n i z e  i n d e p e n d e n t  c l o c k s  a t  t h e  
g round  s ta : ions  t o  b e t t e r  t h a n  1 n s .  S i n c e  t h e  b e s t  e x i s t i n g  commercia l  
c l o c k s  c a a n o t  a c h i e v e  1 n s  t i m e  d i s p e r s i o n  f o r  more t h a n  one  d a y ,  e i t h e r  
d a i l y  r e s y n c h r o n i z a t i o n s  o r  new c l o c k  s y s t e m s  w i l l  be  r e q u i r e d .  

*See Appendix A f o r  d e f i n i t i o n s ,  s p e c i f i c a t i o n s  and g e n e r a l  d i s c u s s i o n  
o f  p h a s e  n o i s e .  



Geodesy: 

The determination of baseline coordinates over geodynamically inter- 
esting distances is being done using remote very long bsselinc inter- 
ferometry (VLBI) stations. Quasars are used to establish a sparse grid 
system which may then be filled in by satellite radiointhrferometry. 
The role of frequency standards in VLBI is to establish pkase references 
at each station which are coherent with each other for the, duratiJn of 
the messurement. The standards are used to independently determine the 
phase of the re~eived signal, thus permitting subsequent cross correla- 
tion of the signals. The maximum duration of the data stream which may 
be cross correlated is small--approximately one-tenth--compared to the 
correlation time of either reference oscillator. The correlation time, 
T ~ ,  of an oscillator is defined so that the integrated phase noise for 
frequencies greater than 1/TC is one rad2, that is (A.ppecdix A) 

For an oscillator at frequency Lqo whose long term fractional frequency 
stability,** ay(~), is dominated by a flicker noise level,  flicker), 
the coherence time is 1/(20   flicker)^^). For example, let gy(flicker) 
= 10-14 and vo = l0lo Hz; tKe coherence time is 5000 s and the maximum 
duration of the deta stream is 500 e .  The primary tradeoff is time 
spent for resynchronization versus a more elaborate clock system. 

khen satellite signals are used for geodetic baseline measurements, 
there is a tradeoff betwecri antenna and oscillator performance. If a 
suitable phased array antenna can be built which hops from one satellite 
to the next once each second, then frequency standards at the indepen- 
dent ground stations having stability of only 5 x 10-l~ are required for 
sub-decimeter accuracy. However, if dishes must be used, the cycle rate 
between satellites would be approximately one hundred times slower and 
the os Lllator would ne.d to be one hundred times more stable. 

Time Code Navigat i ~ n :  

The Global Positioning Svstem will function by the transmission of time 
and position data from an ensemble of satellites. By observing four 
satellites, the observer can solve for his three position coordinates 
and the time. Since the s~lution depends on the range to a satellite 
being proportional to the time of flight of the signal, the errors in 
the coordinate solution are directly proportional to the time dispersion 
of the onboard clock. The satellite clocks must be regularly resynchro- 

**See Appendix S fc. a precise definition and discussion of ay(~). 



n ized  b e f o r e  t h e  range  e r r o r  due t o  t i m e  d i s p e r s i o n  exceeds  t h e  sys tem 
accuracy  s p e c i f i c a t i o n .  

F ig .  1 shows t h e  t ime  d i s p e r s i o n  o f  a  c l o c k ,  u s i n g  optimum p r e d i c t i o n  

F ig .  1. Time d i s p e r s i o n  o f  a  c l o c k  wi th  s t a b i l i t y  
G 2 ( T ) = ( ' j x 1 0 - 1 ~ ~ - ~ / 2 ) 2  + ( 3 x 1 0 - 1 4 ) 2 ~  using 
Y 

optimum p r e d i c t i o n  t echn iques .  

t e c h n i q u e s ,  due t o  wh i t e  f requency  n o i s e  and f l i c k e r  f requency  n o i s e  ; 
t h e  a5sumed t ime domain s t a b i l i t y  i s  0 T = ( 5  x  10 -12~-1 /2 )2  + ( 3  x 

, i s  where $ ( T I  1 0 - l ~ ) ~ .  The rms p r e d i c t i o n  e r r o r ,  xrms 
is t h e  d i f f e r e n c e  between t h e  o s c i l l a t o r ' s  a c t u a l  phase ( t i m e )  and t h e  
p r e d i c t e d  3--1ue a f t e r  a  t ime i n t e r v a l  T .  For t h e  assumed o s c i l l a t o r  
pe r  f o r m a ~ ~ c e  

-12 1 / 2  3 10-l4 x ( T )  . (5  x 10 r )?+ ( On ?)? 
r m s  

and t h e  va lue  of t h e  rms p r e d i c t i o n  e r r o r  a t  one day i s  4  n s ,  a lmost  
e n t i r z l y  due t o  t h e  f l i c k e r  f requency  n o i s e .  A f t e r  a  s u f f i c i e n t l y  l ong  
t ime t h i s  model w i l l  no l o n e e r  app ly  because d e t e r m i n i s t i c  e f f e c t s  w i l l  
dominate ove r  t h e  random n o i s e  te rms .  The dominant d e t e r m i n i s t i c  term 
r e s u l t s  from a  l a c k  of  knowledge o f  t h e  t r u e  f requency  d r i f t  and causes  
t ime d i s p e r s i o n  which i s  q u a d r a t i c  i n  t h e  p r e d i c t i o n  i n t e r v a l ,  i . e . .  
xrmS(') = : ',!2)-c2 where D i s  t h e  f requency  d r i f t  p e r  u n i t  t ime .  

The i n c l u s i o n  of  a f requency  s t a n d a r d  on board a  s a t e l l i t e  o r  space  
v e h i c l e  r e s u l t s  i n  s e v e r a l  f a v o r a b l e  f e a t u r e s .  I n  t h e  c a s e  of  GPS, i t  
pe rmi t s  an un l imi t ed  number of u s e r s  t o  s i m u l t a n e o u s l y ,  p a s s i v e l y  a c c e s s  
t h e  sys tem and e l i m i n a t e s  t h 2  need f o r  t h e  u s e r  t o  have a  t r a n s m i t t e r  



and to track the satellite. However, to sdtisfy these requirements in a 
system which is capable of 3 m (10 ns) accuracy 10 days after the last 
satellite clock resynchronization requires a spaceworthy clock with per- 
formance which has only been demonstrated in the laboratory. 

Communications Systems: 

There is a close relationship between the performance of oscillators and 
the communications systems which utilize them. Phase coherent systems 
require carrier synchronization, that is, a precise knowledge of the 
transmitted carrier frequency and phase. In addition, symbol, word and 
frame synchronization are usually needed. In some situations, phase 
coherent techniques do not apply. This is necessarily the case, for 
example, when the trsnsnitted power is limited and the range is very 
great. The finite width of the carrier prevents unlimited narrow banding 
of the receiver in order to compensate for loss of signal-to-noise 
ratio . 
The stability of the transmitted signal has similar effects on both in- 
coherent and coherent systems although the latter are more sensitive. 
Some typical examples &re: (1) The time to acquire frequency or phase 
synchronization is proportional to the maximum frequency error of the 
transmitter divided by the receiver bandwidth. ( 2 )  The probability of 
bit errors increases as a result of noisy carrier reference or synchro- 
nization signals. (3) The transmitted carrier power decreases as a 
result of phase noise power. (4) The required channel bandwidth and 
deadbands must accomodate the long term instability of the transmitter. 

Need for Composite Oscillator Systems: 

One result of an overall system analysis will be the specifications for 
a frequency standard needed to provide reference signals. If the speci- 
fications cannot be met by a commercially available device, then it may 
still be possible to meet the requirements with a system composed of 
more than one device. 

Oscillator systems are useful because the operating conditions which op- 
timize one performance aspect of a simple oscillator are normally unfa- 
vorable to other aspects. For example, in a quartz crystal oscillator, 
high power dissipation in the resonator is necessary to achieve the best 
short term stability (averaging times less than .1 s) but, due to the 
piezoelectric nonlinearities, much lower power levels arc required for 
the best long term stability and lowest drift. [ * I  However, a system can 
be constructed consisting of two devices, one optimized for long term 
stability and the other for short term stability. The system can have a 
single output which has the best performance of the two devices. [ 3 1  A 
systems approach is also useful for optimizing other aspecte of oscilla- 
tor performance. Systems can be used to provide power gain after fre- 
quency mulitiplication, to provide filtering functions which are not 



p o s s i b l e  with pass ive  dev ices  and t o  provide unusual combinations of 
p r o p e r t i e s  such a s  h igh tun ing  r a t e  combined wi th  s u p e r i o r  long term 
s t a b i l i t y .  Equations which permit one t o  p r e d i c t  t h e  no i se  pcrformance 
of a system comprised of  p rev ious ly  measured components a r e  developed 
and s e v e r a l  examples a r e  eva lua ted .  

One system w i l l  be evaluated i n  d e t a i l ,  both t h e o r e t i c a l l y  and exper i -  
menta l ly .  It  i s  an extremely important  example because of  i t s  wide 
a p p l i c a b i l i t y  and t h e  f a c t  t h a t  i t  can be e a s i l y  cons t ruc ted  from com- 
merc ia l ly  a v a i l a b l e  components. It c o n s i s t s  o f  a q u a r t z  c r y s t a l  o s c i l -  
l a t o r  having s ta te-of- the-ar t  s p e c t r a l  p u r i t y  which i s  phase locked t o  a 
second quar tz  c r y s t a l  o s c i l l a t o r  having s ta te-of- the-ar t  long term s t a -  
b i l i t y .  Data a r e  presented which demonstrate the  o v e r a l l  system spec- 
trum and t ime domain s t a b i l i t y  a s  a f u ~ c t i o n  of  t h e  loop parameters.  

THEORY OF PHASE LOCK AND FREQUENCY LOCK SYSTEMS 

The genera l  problem is  t o  improve t h e  s t a b i l i t y  of  a v o l t a g e  c o n t r o l l e d  
o s c i l l a t o r  (VCO) by locking i t  t o  a r e fe rence  which h a s  b e t t e r  pe r fo r -  
mance over some range of i n t e r e s t .  Two types  of f e e d b ~ c k  loops a r e  
normally used: a frequency lock loop is  requ i red  when t h e  r e f e r e n c e  is  
a pass ive  resona to r :  a  frequency lock loop (FLL) o r  a phase lock loop 
(PLL) may be used when t h e  r e f e r e n c e  is  an a c t i v e  device  producing i t s  
own output  s i g n a l .  1 3 1  I t  is  shown below t h a t  t h e  same e q u a t i o a s  can be 
used t o  determine the  s t a b i l i t y  improvement, independent of  t h e  type of 
loop. 

Fig .  2 shows the  genera l  f e a t u r e s  of t h e  feedback loop.  The re fe rence  
frequency is  R r  and d e v i e t i o n s  from t h e  nominal a r e  denoted A $ ( ~ ) ;  t h e  

REFERENCE 
OSCILLATOR OR RESONAT% 

vco 
K ~ ( H ~ / v )  I Mn(s) 

v ( s )  = -- 
Kg 

F i g ,  2. Phase or frequency lock loop. 

FILTER 



VCO h a s  f requency  SL, and d e v i a t i o n s  A Q ~ ( ~ ) .  It i s  compared wi th  t h e  
r e f e r e n c e  i n  t h e  d e v i c e  l a b e l l e d  d e t e c t o r  whose o u t p u t  i s  v d ( s )  = Kd(s)  
[ACtr(s) -AQo(s)] ,  where ARr!s) and ARo(s) a r e  t h e  Laplace  t r a n s f o r m s  o f  
t h e  co r r e spond ing  f requency  d e v i a t i o n s .  The phase  and f requency  t r a n s -  
forms a r e  r e l a t e d  ve ry  s imply  by t h e  e x p r e s s i o n  

which makes i t  p o s s i b l e  t o  d i s t i n g u i s h  between t h e  FLL and t h e  PLL 
e n t i r e l y  through t h e  f u n c t i o n a l  dependence o f  Kd(s) .  For t h e  FLL, Kd(s)  
i s  a  c o n s t a n t ,  Kv,  w h i l e  f o r  t h e  PLL, K ~ ( s )  = K + / s  where % is  a  con- 
s t a n t .  Thus t h e  d e t e c t o r  o u t p u t  f o r  t h e  PLL i s  p r o p o r t i o n a l  t o  t h e  
phase d i f f e r e n c e  between t h e  VCO and t h e  r e f e r e n c e ,  v d ( s ) = %  [ $ r ( ~ )  - 
G ~ / S ] .  The n o i s e  v o l t a g e  g e n e r a t o r  Vn(s)  r e p r e s e n t s  t h e  i n t e r n a l  n o i s e  
of  t h e  VCO. I f  t h e  t u n i n g  r a t e  o '  t h e  o s c i l l a t o r  i s  ~ ~ ( ~ z / v o l t ) ,  t h e n  
t h e  open loop  n o i s e  of t h e  VCO i s  g i v e n  by 

The c l o s e d  loop  performance of  t h e  sys tem f o l l o w s  by t r a c i n g  AR0(s) 
around t h e  loop:  

A. o ( s )  = [L] l+G(s)  A(,(s) + [x] l+G(s) AQr(s) ,  

where G(s)  = KoKd(s)F(s) i s  t h e  open loop  g a i n .  Assuming t h a t  t h e  n o i s e  
i n  t h e  VCO and t h e  r e f e r e n c e  a r e  u n c o r r e l a t e d ,  t h e  s p e c t r a l  d e n s i t y  o f  
t h e  f requency  n o i s e  obeys t h e  e q u a t i o n  

where t h e  y ' s  denpQf t h e  d e v i a t i o n s  normal ized  t o  t h e  c a r r i e r  f r equency ,  
e .g . ,  Yo= It fo l lows  t h a t  Sm=Sy(SIr2/w2), s o  Sg s a t i s f i e s  t h e  
same r e l a t i o n  a s  S Y :  



IG( j w) 1 g e n e r a l l y  i n c r e a s e s  mono ton ica l ly  w i th  d e c r e a s i n g  w, making i t  
p o s s i b l e  t o  draw some g e n e r a l  c o n c l u s i o n s  about  t h e  o u t p u t  spec t rum o f  
t h e  servoed  o s c i l l a t o r .  The n o i s e  i a  t h e  r e f e r e n c e  o s c i l l a t o r  and i n  
t h e  c o n t r o l  loop  i s  low pas s  f i l t e r e d ,  w h i l e  t h e  n o i s e  i n  t h e  VCO i s  
h igh  pass  f i l t e r e d .  This  l e a d s  t o  t h e  most common s i t u a t i o n - - t h e  o u t p u t  
spec t rum is dominated by t h e  r e f e r e n c e  o s c i l l a t o r  a t  low F o u r i e r  f requen-  
c i e s  and by t h e  VCO a t  h igh  F o u r i e r  f r e q u e n c i e s .  However, i n  t h e  even t  
t h a t  t h e  s p e c t r a l  p u r i t y  o f  t h e  VCO, S$n(w), i s  much worse t h a n  t h e  
p u r i t y  of  t h e  s e r v o  o r  r e f e r e n c e ,  we s e e  t h a t  S$o(w) i s  app rox ima te ly  
s,#,,(w)/ IG(jw) (2 .  I f  IG( j u )  I h a s  a  maximum v a l u e  of  104,  f o r  example, 
t h e n  t h e  s p e c t r a l  d e n s i t y  of t h e  locked VCO can neve r  be  b e t t e r  t h a n  
~ ~ ( ~ ) / ( 1 0 , 0 0 0 ) 2 ,  even i f  t h e  s e r v o  and r e f e r e n c e  a r e  much l e s s  n o i s y  a t  
t h a t  F o u r i e r  f requency .  

Th i s  i n d i c a t e s  t h a t  IG( jw) 1 should  be a s  l a r g e  a s  p o s s i b l e .  However, 
t h e  maximum v a l u e  is  f i x e d  by t h e  r o l l o f f  s l o p e  and t h e  maximum u n i t y  
g a i n  f requency  which can  be t o l e r a t e d  by t h e  s h o r t  t e rm s t a b i l i t y  o f  t h e  
r e f e r e n c e  s i g n a l .  I f  t h e  r o l l o f f  exceeds  12 dBloc t ave  a t  t h e  u n i t y  g a i n  
p o i n t ,  t hen  t h e  loop  w i l l  o s c i l l a t e .  The r e q u i r e d  shape  o f  G ( j w )  t o  
reduce  t h e  e f f e c t  o f  t h e  open loop  VCO n o i s e  below t h e  l e v e l  o f  t h e  
r e f e r e n c e  n o i s e  f o r  F o u r i e r  f r e q u e n c i e s  below t h e  u n i t y  g a i n  f requency  
can be de termined  from t h e  above e q u a t i o n .  For  example,  t o  t r a n s f o r m  
random walk of phase (S$"w -*) t o  wh i t e  phase n o i s e  ;S~CX+JO) r e q u i r e s  a  
s i n g l e  i n t e g r a t i o n  ( i  . e . ,  G j w l /  . An ana logous  r e s u l t  c an  be de- 
r i v e d  f o r  d e t e r m i n i s t i c  p roces se s  which can  not  be d e s c r i b e d  i n  t e rms  of  
s p e c t r a l  d e n s i t i e s .  For example, t h e  unlocked VCO may e x h i b i t  f requency  
o f f s e t  $ ( t )  cr t ,  f requency  d r i f t  $ ( t )  t2 ,  o r  even f requency  a c c e l e r a -  
t i o n .  I f  t h e  parameter  t o  be c o n t r o l l e d  h a s  an  open loop  b e h a v i o r  pro-  
p o r t i o n a l  t o  t P  t hen  t h e  requi rement  f o r  t h e  c l o s e d  loop  sys tem t o  have 
z e r o  dc e r r o r  i s141  

l i m  [ u p  I ~ ( j w )  I 
W+ 0 

A c r i t i c a l l y  damped second o r d e r  loop  r e sponse  i s  n e a r l y  i d e a l  f o r  o s c i l -  
l a t o r  system a p p l i c a t i o n s .  The r e q u i r e d  open loop  g a i n  f u n c t i o n  i s  

i n  which q, i s  c a l l e d  t h e  n a t u r a l  f requency  of  t h e  loop .  [ 6 ]  

I n  t h e  c a s e  of  t h e  PLL  i t  can be approximated by s e l e c t i n g  t h e  f i l t e r  o f  
F ig .  3a f o r  F ( s ) ,  wh i l e  t h e  FLL r e q u i r e s  an a d d i t i o n a l  i n t e g r a t i o n  i n  
o r d e r  t o  have t h e  same o v e r a l l  open loop  g a i n  f u n c t i o n .  



Fig .  3, F i l t e r s  f o r  phase and f requency  lock  loops .  F i l t e r  ( a )  i s  
used t o  ach i eve  a  second o r d e r  PLL re sponse  w h i l e  ( a )  and (b) 
i n  s e r i e s  produce a  second o r d e r  FLL re sponse .  

For f r e q u e n c i e s  sma l l  compared t o  un/2, t h e  open loop  g a i n  i n c r e a s e s  a t  
12 dB/oc tave .  However, because  o f  t h e  b r e a k p o i n t  a t  un /2 ,  t h e  s l o p e  i s  
o n l y  6 dB/octave a t  t h e  u n i t y  g a i n  f r equency  and t h e  loop  i s  uncond i t i on -  
a l l y  s t a b l e .  Because o f  t h e  l i m i t a t i o n s  o f  ana log  i n t e g r a t o r s  and o t h e r  
c i r c u i t r y ,  t h e  PLL, which has  an i n h e r e n t  pu re  i n t e g r a t i o n ,  i s  s u p e r i o r  
i n  performance where i t  is a p p l i c a b l e .  E r r o r s  i n  such a l oop  produce a  
phase o f f s e t  between t h e  two o s c i l l a t o r s ,  whereas e r r o r s  i n  a  FLL r e s u l t  
i n  a  f requency  o f f s e t .  The FLL must be used wi th  p a s s i v e  r e s o n a t o r s  and 
can  be used t o  a c h i e v e  improkments i n  some PLL c h a r a c t e r i s t i c s ,  such a s  
p u l l  i n  range  and a c q u i s i t i o n  t ime .  

SYSTEMS APPROACH FOR SIMULTANEOUS SPECTRAL 
PIIRITY AND LONG TERM STABILITY 

r h e r e  a r e  commercial ly a v a i l a b l e  o s c i l l a t o r s  w i th  s u p e r i o r  s p e c t r a l  
p u r i t y  and long term s t a b i l i t y ,  bu t  no one d e v i c e  h a s  t h e  b e s t  p e r f o r -  
mance f o r  a l l  ave rag ing  t imes .  This  s e c t i o n  w i l l  show how t o  d e s i g n  a  



sys tem which has  t h e  optimum performance everywhere:  Data a r e  p r e s e n t e d  
which con f i rm  t h e  r e s u l t s  o f  t h e  p r e v i o u s  s e c t i o n .  

The low d r i f t  5-MHz o s c i l l a t o r ,  used a s  t h e  r e f e r e n c e ,  i s  c h a r a c t e r i z e d  
by t h e  measured s p e c t r a l  d e n s i t y ,  

wh i l e  t h e  s p e c t r a l l y  p u r e ,  5-MHz o s c i l l a t o r  is  app rox ima te ly  c h a r a c t e r -  
i z e d  by 

l o - l O .  5 
s ( f )  = + 10-17. 1 

f  j 9 n  
3 

where f=w/2n i s  t h e  F o u r i e r  f requency  o f i s e t  from t h e  c a r r i e r .  

A second o r d e r  PLL was s e l e c t e d  t o  combine t h e s e  two d e v i c e s  a s  a  sys -  
tem; F i g .  4 shows t h e  major e l emen t s  o f  t h e  c i r c u i t .  A doub le  ba lanced  
mixer  s e r v e s  a s  t h e  phase d e t e c t o r .  It is  fo l lowed by a  2-pole f i l t e r  
which a t t e n u a t e s  t h e  10 MHz o u t p u t  o f  t h e  mixe r ,  but  h a s  l i t t l e  i n f l u -  
ence  on  t h e  loop .  The c a p a c i t o r  s h u n t i n g  t h e  o p e r a t i o n a l  a m p l i f i e r  and 
t h e  low pass  f i l t e r  fo l l owing  i t  l i m i t  t h e  n o i s e  bandwidth o f  t h e  loop  
a t  a  s u f f i c i e n t l y  h igh  f requency  compared t o  t h e  n a t u r a l  f requency  o f  
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F i g .  1: .  Second o rde r  phase l ock  loop,  



t h e  loop  s o  t h a t  t hey  have n e g l i g i b l e  e f f e c t  on t h e  l oop  r e s p o n s e .  The 
r e s i s t o r  and c a p a c i t o r  i n  t h e  feedback pa th  around t h e  o p e r a t i o n a l  ampli-  
f i e r  a r e  chosen t o  produce c r i t i c a l  damping. The approximate  sys tem 
s p e c t r a l  d e n s i t y  i s  

F ig .  5 shows t h e  open loop  n o i s e  o f  bo th  o s c i l l a t o r s  and t h e  c l o s e d  l o o p  
sys tem o u t p u t  f o r  two d i f f e r e n t  u n i t y  g a i n  f r e q u e n c i e s ,  8 Hz (20  ms) and 
16 Hz (10 ms).  I f  t h e  u n i t y  g a i n  f requency  i s  t o o  h igh  t h e  sys tem spec-  
t r a l  p u r i t y  i s  degraded by t h e  r e f e r e n c e  n o i s e ;  t h e  optimum u n i t y  g a i n  
f requency  i s  nea r  8 Hz i n  t h i s  example. 

l'. --- S P E C T R A L L Y  P U R E  O S C I L L A T O R  ( a )  I 
- LOW D R I F T  O S C I L L A T O R  ( b )  

- T W O  O S C l L L A T O R  S Y S T E M  W I T H  l O m s  
T I M E  C O N S T A N T  ( c )  

f - - . f T W O  O S C I L L A T O R  S Y S T E M  W I T H  2 0 r s  
T I M E  C O N S T A N T  ( d )  

Fig. 5 .  S p e c t r a l  d e n s i t y  o f  phase f o r  ( a )  5-MHz VCO having  e x c e l l e n t  
s p e c t r a l  ~ u r i t y ,  ( b )  5-MHz VCO hav ing  good long term s t a b i -  
l i t y ,  ( c )  system perfcrmance wi th  16 Hz u n i t y  g a i n  f r equency ,  
and ( d l  system performance wi th  8 Hz u n i t y  g a i n  f requency .  

The t ime domain s t a b i l i t y  i s  shown i n  F i g .  6 .  The t r i a n g l e s  a r e  t h e  
system s t a b i l i t y  w i th  8 Hz u n i t y  g a i n  f r equency ,  w h i l e  t h e  c i r c l e s  a r e  
t h e  s p e c t r a l l y  pu re  o s c i l l a t o r  open loop  s t a b i l i t y .  The two h o r i z o n t a l  
l i n e s  a r e  t h e  t ime domain performances c a l c u l a t e d  from t h e  S$ d a t a  o f  
F i g .  5. The l i n e  wi th  s l o p e  o f  ~ + l  co r r e sponds  t o  a  d r i f t  r a t e  of  3.7 x 
1 0 ' ~ l d a ~ .  



Fig .  6 .  Time domain s t a b i l i t y  of t h e  s p e c t r a l l y  pu re  o s c i l l a t o r  
( c i r c l e s )  and t h ~  t w u - o s c i l : a t a r  sys tem wi th  8 Bz u n i t y  g a i n  
f r ~ q u e n c  y  ( t r ianqld>s 1. 

The r e s u l t s  which cou ld  be o b t a i n e d  w i th  t h r e e  o t h e r  sy s t ems  a r e  shown 
i n  F i g .  7 .  The s t a b i l i t y  shown f o r  sys tem 1 r e s u l t s  from phase  l o c k i n g  
t h r e e  commercial o s c i l l a t o r s :  A s t a t e - o f - t h e - a r t  5-MHz o s c i l l a t o r  pro-  
v i d e s  t h e  s h o r t  t e rm s t a b i l i t y  ( ~ < l s )  and i s  locked  t o  a  low d r i f t  o s c i l -  
l a t o r  f o r  b e s t  i n t e r m e d i a t e  s t a b i l i t y ;  t h e  long  te rm performance r e s u l t s  
from l o c k i n g  t h i s  p a i r  t o  a cesium beam f r equency  s t a n d a r d .  T h i s  sys tem 
h a s  t h e  b e s t  performance which can  be o b t a i n e d  wi th  commercial d e v i c e s  
a t  5 MHz. 

I n  t h e  r e g i o n  from app rox ima te ly  . O 1  s  t o  1  s ,  t h e  sys tem s t a b i l i t y  i s  
b e t t e r  t h a n  t h a t  o f  any of  t h e  component o s c i l l a t o r s .  T h i s  s i t u a t i o n  
o c c u r s  i n  t h e  c a s e  of w h i t e  phase n o i s e ,  because  t h e  s t a b i l i t y  of t h e  
long  term s t a b l e  o s c i l l a t o r  i n  t h i s  r e g i o n  is  de t e rmined  by t h e  ve ry  
h igh  f requency  p o r t i o n  of t h e  s p e c t r a l  d e n s i t y .  For t h i s  r e a s o n ,  U y ( r )  
c u r v e s  should  be used w i t h  g r e a t  c a u t i o n  when p r e d i c t i n g  sys tem cha rac -  
t e r i s t i c s .  

System 2 is  a p r o t o t y p e ;  a  5-MHz q u a r t z  c r y s t a l  o s c i l l a t o r  i s  f requency  
locked  t o  a  p a s s i v e  q u a r t z  c r y s t a l .  I t  h a s  t h e  b e s t  i n t e r m e d i a t e  te rm 



i g .  7. Time domain s t a b i l i t y  of  ( 1 )  a  system composed of a  spec-  
t r a l l y  pure  q u a r t z  o s c i l l a t o r ,  a  low d r i f t  q u a r t z  o s c i l l a t o r  
and a  cesium c l o c k  ( p r e d i c t e d ) ;  ( 2 )  a  system composed of a  
s p e c t r a l l y  pure  q u a r t z  o s c i l l a t o r  and a  p a s s i v e  q u a r t z  c r y s -  
t a l  ( r e a l i z e d ) ;  ( 3 )  a  system composed of a  superconduct  ing 
c a v i t y  s t a b  i l  ized osc  i l l a t o r  and a  pas s  ive  hydrogen f requency  
s t a n d a r d  ( p r e d i c t e d ) .  

s t a b i l i t y  e v e r  achieved  wi th  a  q u a r t z  c r y s t a l ,  because  t h e  p a s s i v e  r e so -  
n a t o r  i s  o p e r a t e d  under  c o n d i t i o n s  which o p t i m i z e  t h e  s t a b i l i t y  i n  t h e  1  
t o  104 s r a n g e . [ 2 g 3 ]  E v e n t u a l l y  system 2 should  e q u a l  o r  b e t t e r  t h e  
performance o f  system 1  f o r  a l i  t imes  s h o r t e r  t han  104 s .  

System 3  shows t h e  r e s u l t s  which would be o b t a i n e d  i f  a  supe rconduc t ing  
c a v i t y  s t a b i l i z e d  o s c i l l a t o r  were phase locked  t o  a  p a s s i v e  hydrogen £ re -  
quency s t a n d a r d .  The sys tem performance i s  t h e  b e s t  which can  be 
achieved  wi th  e x i s t i n g  d e v i c e s .  i 7 s8 ]  

SUMMARY 

We have i l l u s t r a t e d  how a  sys tems approach ,  w i th  i t s  i n c r e a s e d  d e g r e e s  
of freedom, can  provide  g r e a t l y  improved s t a b i l i t y  performance r e l a t i v e  
t o  a  s i n g l e  o s c i l l a t o r .  I n  a  comple t e ly  ana logous  manner an  o s c i l l a t o r  
e x h i b i t i n g  low v i b r a t i o n  o r  r a d i a t i o n  s e n s i t i v i t y  can be phase locked  t o  
a  l ong  te rm s t a b l e  o s c i l l a t o r  t o  y i e l d  improvements i n  t h e s e  pa rame te r s .  

Simple e q u a t i o n s  which can be used t o  p r e d i c t  t h e  performance of  e i t h e r  
f requency  o r  phase l ock  sys tems have been d i s c u s s e d .  A l oop  f i l t e r  f o r  
ach i ev ing  nea r  optimum r e s u l t s  was dedc r ibed  and expe r imen ta l  r e s u l t s  of  
one phase l ock  loop  sys tem u s i n g  t h i s  f i l t e r  were p r e s e n t e d .  P r e d i c t e d  
performance cu rves  f o r  some o t h e r  i n t e r e s t i n g  sys tems were p r e s e n t e d .  
Using t h i s  i n f o r m a t i o n ,  t h e  d e s i g n e r  should  be a b l e  t o  t a i l o r  t h e  p e r f o r -  
mance of  an o s c i l l a t o r  system t o  meet t h e  o v e r a l l  f requency  s t a b i l i t y ,  
a ccu racy  o r  t im ing  s p e c i f i c a t i o n s  o f  s i t a v i g a t i o n ,  communications o r  
o t h e r  l a r g e  e l e c t r o n i c  system. 



APPENDIX A: Phase Noise i n  O s c i l l a t o r s  

The i n s t a n t a n e o u s  o u t p u t  v o l t a g e  of a  h i g h  q u a l i t y  s i g n a l  g e n e r a t o r  may 
be w r i t t e n  a s  

V ( t )  = [Vo + ~ ( t ) ]  s i n  [no t  + o ( t ) ]  

where Vo and no a r e  t h e  nominal amp l i t ude  and f r equency ,  r e s p e c t i v e l y ,  
wh i l e  ~ ( t )  and O ( t )  a r e  random p r o c e s s e s  r e p r e s e n t i n g  amp l i t ude  n o i s e  
and phase n o i s e .  The o b j e c t i v e  is  t o  c h a r a c t e r i z e  9 ( t ) .  T r a d i t i o n a l l y  
t h e  measurements have  been d e s c r i b e d  a s  be ing  performed i n  e i t h e r  t h e  
f requency  domain o r  t h e  ti lne domain. The recommended d e f i n i t i o n  f o r  t h e  
f requency  s t a b i l i t y  measure i n  t h e  F o u r i e r  f r equency  domain i s  t h e  one 
s i d e d  s p e c t r a l  d e n s i t y  on a  p e r  H e r t z  b a s i s ,  S + ( f ) ,  o f  t h e  random 
p roces s  + ( t  ). [91 I n  te rms  of t h e  s p e c t r a l  d e n s i t y ,  t h e  mean s q u a r e  
phase f l u c t u a t i o n s  w i t h i n  t h e  f requency  band f l < i 2  i s  

Phase n o i s e  i n  o s c i l l a t o r s  i s  o f t e n  exp re s sed  a s  a  r a t i o  o f  s i n g l e  
s ideband  phase n o i s e ,  p e r  r o o t  He r t z  t o  c a r r i e r  power--.';l(f)--as a  
f u n c t i o n  of F o u r i e r  f requency  o f f s e t  from t h e  c a r r i e r .  L ( f )  i s  r e l a t e d  
t o  t h e  s p e c t r a l  d e n s i t y  of phase n o i s e  o f  t h e  o s c i l l a t o r  by t h e  e q n a t i o n  

1 
( f )  - 7 s + ( f )  f o r  J d f  srn ' f )  <<  1 

f 

F igu re  8 shows t h e  t y p i c a l  appearance  o f  t h e  s p e c t r a l  d e n s i t y  of  phase  
n o i s e  of an o s c i l l a t o r .  High q u a l i t y  o s c i l l a t o r s  o f t e n  e x h i b i t  power 
law dependence of  t h e  s p e c t r a l  d e n s i t y .  I n  r e g i o n  I ,  S+ i s  t y p i c a l l y  
p r o p o r t i o n a l  t o  l / f 3  and t h e  o s c i l l a t o r  i s  s a i d  t o  have  a  f l i c k e r  
f requency  n o i s e  b e h a v i o r ;  i t  i s  p robab ly  t h e  r e s u l t  o f  changes  i n  t h e  
v a l u e s  of t h e  f requency  de t e rmin ing  e l e m e n t s .  I n  r e g i o n  11, S$ is  
p r o p o r t i o n a l  t o  l / f 2  and t h e  o s c i l l a t o r  i s  s a i d  t o  have  w h i t e  f requency  
n o i s e ;  i t  i s  o f t e n  t h e  r e s u l t  of t he rma l  n c i s e  i n  t h e  g a i n  element  of 
t h e  r e c e i v e r .   normal!^, t h e  amp l i t ude  n o i s e  i s  much l e s s  t h a n  t h e  phase 
n o i s e  i n  both regior ,  I and 11. I n  r e g i o n  111, S+ is  c o n s t a n t  and t h e  
o s c i l l a t o r  i s  s a iC  t o  have wh i t e  phase n o i s e .  T h i s  is  u s u a l l y  t h e  r e -  
s u l t  o f  a d d i t i u c  t he rma l  n o i s e  i n  an a m p l i f i e r  o r  some o t h e r  d e v i c e .  I n  
t h i s  reg ior . ,  tile ;;;.;!itvde n o i s e  i s  g e n e r a l l y  e q u a l  i n  magnitude t o  t h e  



F i g .  8. ~ ~ ~ i c a l  s p e c t r a l  d e n s i t y  o f  p h a s e  f o r  a  h i g h  q u a l i t y  o s c i l -  
l a t o r .  

p h a s e  n o i s e .  Region I V  i s  u s u a l l y  d u e  t o  f i n i t e  handwid th  o f  :he o u t p u t  
a m p l i f  i e r a .  

APPENDIX B: F r e q ~ ~ e n c v  S t a b i i t  y o f  a n  O s c i l  l o t o r  

The i n s t a n t a n e o u s  f r a c t i o n a l  ' requeqcy d e v i z t  i o n  from nomina l  i s  d e f i n e d  
as 

The recommended d e f i n i t i o n  f o r  t h e  f r e q u e n c y  s t a b i l i t y  measure  i n  t h e  
time domain is t h e  two s a m p l e ,  z e r o - d e a d t i m e  v a r i a n c e ,  commonly c a l l e d  



t h e  A l l  an  v a r i a n c e ,  

i s  t h e  a v e r a g e  f r ~ c t i o n a l  f r e q u e n c y  o v e r  tile k t h  i n t e r v a l  o f  l e n g t h  T ,  

and t h e  a n g u l a r  b r a c k e t s  i n d i c a t e  an i n f i r i t e  t i m e  I t  i s ,  
ir .  g e n e r a l ,  a l s o  n e c e s s a r y  t o  s p e c i f y  t h e  m e a s ~ r e m e ~ l t  b a n d w i d t h ,  f h .  

F i g .  9 i l l u s t r a t e s  t h e  t y p i c a l  a p p e a r a n z e  o f  t h e  two sample  d e v i a t i o n  
f o r  a  h i g h  q u a l i t y  o s c i l l a t o r ;  power law b e h a v i o r  i s  s l s o  common i n  t h i s  

F i g .  9. T y p i c a l  two sample  d e v i a t i o n  f o r  a h i g h  q u a l i t y  o s c i ; l a t o r .  

c a s e .  I n  r e g i o n  A ,  a y ( - r )  i s  d o q i n a t e d  by t h e  h i g h  f r e q u e n c y  r!oise o f  
t h e  o s c i l l a t o r  and t h e  s t a b i l i t y  u s u a l l y  improves  a s  1-1 i w h i t c  phase  
n o i s e )  o r  T-.I/* ( w h i t e  f r e q u e n c y  n o i s e ) .  The s t a b i l i t y  i s  g e n e r a l l y  
d e p e n d e n t  on measurement bandwi th  i n  r e g i o n  A .  I n  r e g i o n  B ,  t h e  o s c i l -  
l a t o r  n o i s e  i s  domina ted  by t h e  f l i c k e r  o f  f r e q u e n c y  b e h a v i o r  and ~l i s  Y 
c o n s t a n t .  For  l o n g e r  t i m e s  t h e  f r e q u e n c y  s t a b i l i t y  g e n e r a l l y  d e g r a d e s  
a s  T I / *  o r  o f t e n  d u e  t o  d e t e r m i n i s t i c  e f f e c t s  l i k e  t e m p e r a t u r e ,  power 
l e v e l ,  and a g i n g  o f  components .  
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OUESTIONS AND ANSWERS 

MR. LAUREN RUEGER, Johns Hopkins Univers i ty ,  Applied Physics Lab: 

What servo systems have you suggested f o r  use i n  complex systems and 
how would you propose t o  v e r i f y  t h a t  they are func t ion ing  co r rec t l y?  
Would you have t o  go through a three-cornered comparison o f  three 
systems t o  v e r i f y  they are working? 

DR. STEIN: 

You b r i n g  up a v a l i d  po in t .  O f  course, i f  one i s  t a l k i n g  about 
environmental problems, such as, say, accelerat ion s e n s i t i v i t y ,  one 
doesn' t have a problem because one can compare the  osci  1 l a t o r  under 
accelerat ion t o  an o s c i l l a t o r  i n  a n ice  environment, one t h a t  
doesn' t have a problem. When t a l  k i ng  about pushing system 
performance t o  the  1 i m i  t, one always has the problem you discussed. 

MR. RUEGER: 

I bel ieve what you are suggesting i s  an operat ional use o f  such a 
complex system; and i f  it i s  a complex one, then you need ve r i -  
f i c a t i o n ,  i n  service, t h a t  these types o f  equipment are working and 
continue t o  work a t  t h e i r  f u l l  performance. 

DR. STEIN: 

Perhaps I am not  fo l low ing your point .  ! t h i n k  the answer t o  your 
quest ion i s  t h a t  one t r i e s ,  f o r  instance, t o  produce an o s c i l l a t o r  
which has f a r  b e t t e r  behavior, say, under i r r a d i a t i o n  than e x i s t i n g  
osci  1 l a t o r s  and s t i l l  meets a t ime d ispers ion spec i f i ca t ion ,  long- 
term, something 1 i ke a JTIBS-type spec i f i ca t ion .  

And i n  t h a t  case, one doesn't  r e a l l y  have a problem because one 
can compare the o s c i l l a t o r  operat ing i n  the harsh environment t o  
osc i  11 a tors  operat ing i n  good environments t h a t  maintain t h e i r  good 
performance because they are no t  subjected t o  t h i s  problem. 

MR. RUEGER: 

The answer t h a t  you are g i v ing  me i s  one o f  t.he design v e r i f i c a t i o n ,  
b u t  not  one i n  which the i p e r a t i o n  performance i s  sustained. And t o  
v e r i f y  t h a t  a device o f  t h i s  k ind  works i n  service over long periods 
o f  t ime i s  no t  the same as a qlra: i f i c a t i o n  type o f  a tes t .  



DR. STEIN: 

I guess I w i l l  have t o  leave t h a t  t o  the systems designers. 

DR. JACQUES VANIER, Lava1 Univers i ty :  

It may not  be a servo system a f t e r  a l l .  You sa id  i t  i s  a servo sys- 
tem, bu t  you have t o  make measurements t o  c a l i b r a t e  everything 
around it, and t h a t  may be very expensive. 

DR. STEIN: 

We1 1, once again, the  environmental measurements can and would be 
made by environmental sensors, automatical ly. 

DR. VANIER. 

yes, bu t  they are no t  i n  a servo loop. You're proposing an open 
1 oop . 

DR. STEIN: 

Well, i t  i s  open loop, and you are p e r f e c t l y  r i g h t  i n  the sense t h a t  
you are not  attempting t o  cont ro l  the environment. You are only  
attempting t o  opt imize osci 1 l a t o r  performance. 

DR. GIOVANI BUSCA, Ebauches 

I would l i k e  t o  ask i f  the good performance you have obtained 
depends on the f a c t  t h a t  when you use your system, you cor rec t  f o r  
the phasing s t a b i l i t y  o f  the e lect ronics.  I s  i t  essent ia l  t o  cor- 
r e c t  f o r  the  phasing s t a b i l i t y  o f  the e lec t ron ics  t o  have the best  
resu l ts?  . 

DR. STEIN: 

The answer t o  your quest ion i s  r e a l l y  no t  t r i v i a l .  The passive 
e lec t ron ics  may be an important par t .  We fee l  i t  i s  necessary. 
However, we have e lso  used some novel c rys ta l s  w i t h  new design, 
SC-cut, and t h i s  a lso i s  probably necessary. 

Our resu l ts ,  f o r  instance, w i t h  standard cu t  AT cryc'als, are 
approximately 3 x 10-13, and I would guess t h a t  the reason f o r  t h a t  
has t o  do w i t h  temperature i n s t a b i l i t i e s  i n  the oven. So wi thout  
the r i g h t  c r y s t a l ,  you a lso cannot do it. 




