
THE MECUAN I C S  OF TPAP~SL+~TIOhI OF FREQUEKCY STABILITY 
M E A S U K F ~ C L T L ~ i E r l  FKEOUErICY APJD TIM1 

3'7Ml1I  PI Yf I;.',IIIIEMEPITS 

Ancjrev! I?. Chi 
Goddard Space F l ight  Center 

Greenbl.1 t , M D  

ARSTRACT 

The mechanics o f  t rans1 #ation o f  the  frequency s t a k i l  i t y  
rlieasures fro111 the  frequent-y doni~in t o  the tinie donlain and 
vice versa wi l l  be presentlld arid d i scussed .  The discuss-ion 
wi 11 be based on the  irwdel proposed by Barnes, e t  a1 , of  
the  Subconirui t t e f t  on Freqi~erlcy S tah i l  i t y  o f  the Technical 
Coillrriittee on Frequency a n d  Tiirie o f  t he  I E E E ' s  Group on 
Instrunientati  or; and Measi.rr?rient. 

Exaniples based on published frequency s t a b i l i t y  data  
of var ious osc i l  1 a t o r s  w i ?  1 be presented and examined. 

INTRODUCTION 

Theoret ical  rnodels on frequency s t a b i l  i t y  of o s c i l l a t o r s  
have been developed and t e s t ed  by various l a t n r a t o r i e s .  Excel lent  
r e v i e w s  from d i f f e r e n t  approaci-tcs and view poin ts  on the  sub jec t  
matter  have a l s o  been p u b 1  i s k e d  ir: t h e  l a s t  two y e a r s ,  in a d d i t i o n ,  
ex tens ive  re ferences  a re  g i  vet1 i n  these  review papers.  

This paper d e a l s  with t h e  nechanics o f  t r a n s l a t i o n  of f re-  
quency s t a b i l i t y  measures froir; frequency dornain t o  tirne domain 
and vice versa .  T h e  t e ~ h n i q u e  i s  t o  use d i s c r e t e  data  poin ts  t o  
approxinlate the  c h a r a c t e r i s t i c s  3 f  c z c h  noise source i n  t he  do-  
main t o  which the  data  a r e  t r a n s l a t e d .  The r l i f f i ~ u l  t i e s  encoun- 
t e r ed  with t h i s  a p p r o a c h  are  a f t e n  due t o  lack of conlplete d a t a .  
In p a r t i c u l a r  f o r  f l i c k e r  phase data  hard dec is ions  have t o  be 
made. T h e  meri t  in using t h i s  technique i s  ill the sir3ip1icity 
o f  t r a n s l a t i o n  and as such, i t  provides a q u i ~ k  hanL1le f o r  the  
users t o  examine t h e  perfor1;lance c h a r a c t e r i s t i c s  of osc i  1 1  a t o r s  
of i n t e r e s t  i n  teriris of  the  recjuirernents. I f ,  however, accura te  
d a t a  on the perfortliance c h a r a c t e r i s t i c s  o f  o s c i l l a t o r s  a r p  needed, 
the  sirnplest approach i s  s t i l l  t he  d i r e c t  a p p r o a c h  by measuring 
t h e  frequency s t a b i l i t y  i n  the dolllain of i n t e re s t .  



2.0 D I S C U S S I O N  OF THEORY 

A theoret ica l  model which i s  in wide use t o  describe the 
charac te r i s t i c s  of frequency s t a b i l i t y  i s  the one recommended by 
the Subcornrnittee on Frequency S t a b i l i t y  of the I E E E .  This model 
i s  based on the assurrlptions t h a t ;  ( a )  the instantaneous frequency 
f luctuat ions  o f  the o u t p u t  signal of an  o sc i l l a t o r  i s  due t o  
independent noise sources in the o s c i l l a t o r  system; ( b )  as many 
as f ive  noise sources may be needed t o  characterize the frequency 
i n s t a b i l i t y  observed in most o s c i l l a t o r s ;  and ( c )  each indepen- 
dent noise source can be modeled by a power law. Since each 
noise source i s  independent of the other they may be conibined by 
superposition. 

2.1 FREQUENCY D O M A I N  

In frequency domaiu, nieasurement, the spectral  density o f  a 
noise source in an o s c i l l a t o r  t ha t  perturbs the frequency s t a b i l i t y  
of the o s c i l l a t o r  system cap be considered as the average contr i -  
bution of a l l  indivieual perturbations of noise components each 
having a f reqwncy,  f ,  ranginp from minus i n f i n i t y  t a  plus i n f i n i -  
t y .  T h u s  the to ta l  noise power i s  the sum of the contributions 
of a l l  of the noise components. In pract ica l  terms t h i s  frequency 
range i s  folded and covers only the range of frequencies from zero 
t o  posit ive i n f i n i t y .  The spectral  density of a sional of only 
posi t ive  frequency components i s  cal led  the one sided spectral  
density of frequency and i s  represented by S ( f )  where f 
i s  the variable frequency component, also ca13ed Fourier frequency, 
and the subscr ip t ,  y ,  i s  the f rac t ional  frequency chanae from the 
nominal frequency, G. of the o s c i l l a t o r .  Thus the power law 
noise nlodel may be wri t ten  as 

where 1, i s  a constant and i s  cha rac t e r i s t i c  of an o sc i l l  a to r  

d i s  the cha r ac t e r i s t i c  value of a noise source and 
takes the values of - 2 ,  -1,  0 ,  1 and  2 .  

Cutler and Searle have shown t h a t  



where the subscript:  denotes p h a s ~ l  4, d+/dr and X -: e / z n d , .  
X i s  phase measured in un i t s  of time and i s  often wri t ten  as phase- 
tinie. Subst ' tut inq equation ( 1 )  into equat ons ( 2 ) ,  ( 3 )  and ( 4 )  
one obtains the Dower law noise ,lode1 f o r  4 and X .  

where -h+ = 4 3 z . 4 i 4 a  

?, = d O L h d  

Since the power l a w  niodel i s  based on f ive  independent noise 
sour-ei  and i f  they a r e  a l l  prescrlt in the oscillt t o r ,  the one-sided 
spect ra l  densi ty becomes : 

2.2 TIME DOMAIN 

I n  the tin~t- dornain measurement,, f r q u e n c y  perturbat ions of a 
signal due t o  a l l  frequency coi~ipor~ents of a no is^ source a re  measured 
c o l l e c t i v e l y  as a  function of tinie and are  averaged over a  samplinq 
tinie per icd ,  Thus the frequency s t a b i l i t y  c h a r a c - r ~ ~ r i s t i c s  are 
represented by variance or s tandard  dev i a t i c~n  of t h e  nleasured f r c -  
quency f l u c t u t a t i c n s  based on s t a t . i s t i  czl ca lcu la t ions .  The c x -  
pected value of the variance of f rac t ional  freouency f l u c t u a t i o n s ,  y ,  
frorri the norninal freuuency of an o s c i l l a t o r  i s  : 

where N i s  the nurriber of d a t ~ l  points  
T i s  the tinie in terval  between the  beginninss of ad,j;tcent 

measurements 
2 i s  t h e  sanlplinq timc within T 3 i s  the  average f rac t ional  r e  f luc tua t ions  over a 

sampling time 
.- i:; a synibol denotinq an i n f i n i t e  averaae 

I n  s t a t i s t i c a l  ana lys i s ,  N i s  desired t o  be la rge  approacning ~ 



i n f i n i t y  and the noise source i s  a random process. I n  real 1  i f e  N 
i s  f i n i t e  and noise scurce i s  not always random. In addit ion,  i t  
may not even be s ta t ionary ,  thus corrections and apprnximations 
are needed in s t a t i s t i c a l  analysis  in order t o  niatch or t o  check the 
theory. 

I n  the simplest case N = 2 and T = Z, All an has shown tha t  

and Allan and Vessot have shown t h a t  

This variance and i t s  square roo t ,  the standard devia t ion,  have been 
used t o  describe the frequency s tabi  1  i t y  cha r ac t e r i s t i c s  of o s c i l l  a- 
tors in the time doniain. The variance i s  known as t h e  A1 lan variance. 

2.3 CLOCK E R R O R  

Barnes has shown t h a t  t o  predic t  a c lock reading e r r o r ,  
X ( t ) ,  one may define a time s t a b i l i t y  by a  time variance: 

3.0 TRANSLATI ON 

The t r ans la t ion  re la t ionship  between the frequency and time 
domain measures based on equations (12) and (13) was derived by Cutler 
and i s  g i v e n  by 

where p =  - o ( - l  

and C~ i s  a  t r an s f e r  function given by 

LY 

I - 5,; 'dru ) (18) N~ S ~ ~ ~ L I  

in equation (18) & r *17f c 



I n  t h e  c a s e  N = 2 ,  r = 1 

A1 1  an v a r i a n c e  becomcs : 

Where f p  i s  t h e  h i g h  f r e q u ~ n c y  c u t o f f  o f  an i d e c l  z e d  i n f i n i t e l y  
sharp  c u t o f f  low pass f i l t e r .  

E q u a t i o n  (19 )  lvay be w r i t t e n  a l r ;o  - in  t h e  for111 o f  

so t h a t  

Thus t h e  s ix  b a s i c  power lab eq'::l;ions fr-0111 E q u a t i o t ~ ;  (51, (61, 
( 7 ) ,  (12), ( 1 6 )  and ( 2 0 )  rna>y b ~ :  cc.1 i e c t e d  t o c ~ e t h e ~ *  f o r  conven ience  
g i v e n  be low :  



Comparing term by term for  each noise source between equations 
(26A)  and 26B) one can derive the t rans la t ion  re la t ionship .  For 
example the f i r s t  terms for the random wal k O F  frequency noise are  
gi ven by : 

and 

thus 

Figure 1 shows the log-log p lo t s  of frequency s t a b i l i t y  charac- 
t e r i s t i c s  of o sc i l l a t o r s  in frequency a n d  time doma.lr~:; based on 
the power lcw model of f ive  noise sources. The equat;ons t o  
t r ans la te  the frequency s t a b i l i t , ~  measured in the frequency domain 
t o  the time domain and vice versa are  given in Table 1 .  The 
terms in the bracket are  the nleasured quan t i t i t e s .  The subscript  y 
f o r  5 ( 4 )  , E )  a n d  r2.(r) i s  often deleted i-n most t ex t s  
withour confusion i f  a subscript i s  always i:sed fo r  Q., and X .  
+ i s  not l i s t e d  in Table 1 because i t  i s  n o t  used of ten;  however, 

a general formula can be e a s i l y  derived as shown in Table 1 .  

S i ~ c e  the theory in the frequency domain i:, modeled by a 
power lclw i t  i s  reasonable t o  assume the f l i c k e r  phase noise i s  
independent of the sampling time in the frequency domain. This 
assumption gives a s tar  :I! s point f o r  the t r ans la t ion .  I f  the 
f l i cke r  phase noise i s  t rans la ted from the frequency domain in to  tbe 
time domain the f l i c k e r  phase noise beconles dependent on the samplinq 
time. Flicker phase noise i s  generally lower in level than the white 
phase noise and becomes indist inquishable from the white phase noise 
in the time domain unless i t  i s  specia l ly  t e s ted .  The time dependence 
of the f l i c k e r  phase noise in the time domain i s  therefore a major 
problem f o r  t r ans la t ion  of frequency s t a b i l i t y  from time domain t o  
frequency domain . 
4 . 0  EXAMPLES OF TRANSLATION FROM F R E Q U E N C Y  DOMAIN TO TIME DOMAIN 

4 . 1  DATA 

Brandenberger e t  a1 published i n  1971 an excel lent  s e t  of 



d a t a  o f  frequency s t a b i  1 i t y  rrieasurerrient of a very hiqh qua1 i t y l  
5 MHz q u a r t z  c rys t a l  con t ro l l ed  o z c i l l s t o r .  The spec t r a l  dens i ty  
o f  phase  per o s c i l l a t o r  ri~easured in  the f r e q u e n c , ~  dorain i s  shown 
in  Figure 2 a n d  i s  g i v e n  f o r  the  frequency pdnqe between 0 .1  and 
104 Hz by: 

The tirne doiiiairi measurerr~ents nf ti-~e saille osci i i o t i  r  ire show11 i 11 
Figure 3 .  

Using the  c o e f f i c i e n t s  of eriuation ( 2 7 )  one can p l o t  thc :  
f l i c k e r  frequency n o i s e ,  f l  i ckcr  phase noise and white p h a s c  rioise 
in Figure (2) by s t r a i g h t  1 incs  cr:rrespondinnly prot;nrtional t o  
, j and ja respec t iv t i ly .  These dat:  po in ts  a r e  given i n  

Table 2 .  

The c a l c ~ ~ l -  t i o n s  f o r  the  t i f id r - t s l~ t ion  of the f l i c k e r  f requency,  
f o r  an e x , . , ~ p l e ,  fr-on1 frcquencv dorrlain t o  t i ~ ~ i e  ~ O I I I - ' I -  i s  rliven below: 

I f  t h e  ca l cu la t ed  A l l  an v a r i a r ~ c e  i s  -i'o). nrle c s c i l l  a t o r ,  t he  d a t i :  
p lo t t ed  i n  Figure 3 a r e  f o r  b(7t.h the t e s t  a n d  reference o s c i l l a t o r .  
I f  t h i s  i s  t rue ,  a f a c t o r  o f  2 should be mul t ip l i ed .  
Thus 

and 



4 , 3  F L I C K E R  PHASE 

Using Table 1 one obta ins  the  t r an : i l a t ion  equat ion t o  be 

f o r  j = l d ~ ,  5+(1)=3. l  b~ IO': c' - 5 PIHr, uvd jX= I k h  

The ca lcula ted  Q'LC)  and b(z) for  f l i c k e r  phase noise f o r  t h ree  
valu[!s o f  2 are  given i n  Tab le  3. 

4.4 WHITE PHASE 

Aga in  using Table 1 one obta ins  the  t r a n s l a t i o n  equation t o  



The calcu1;ted values o f  6ir) and f@) f o r  white phase noise 

For coniparison purposes a surlilnary o f  the tjrnie dotrlain data 
f o r  the crys ta l  o s c i l l a t o r  t rans l t~ tecf  frorii the frequevcy dorl~ain i s  
shown irl Table 4 together  wi t : !  the weasured time dotriain data taken 
f r ~ r , !  Figure 3.  One can s e e  the arlreeriient i s  o e v ~ r a l l y  qood except 
f o r  the f l i c k e r  freq~rency noise.  The d i f f r r ence  i s  2 . 2  d b  which 
i s  within the measu-ed accuracy. This d:"-fcr-ence could be  exp1airi.d 
i f  the  d a t a  e i t h e r  in Fiqure 2 or  in Fiqljre 3 i s  plot ted  f o r  boC,I, the 
t e s t  a n d  r e f e r e - : ~  o s c i l l a t o r s  instear '  o f  f o r  only one o s c i l l a t o r .  

One can see the dependence o f  the f l i c k e r  phase nois: on the 
sanipling tim?. The e r r o r  i t  can introduce in t r ans la t ion  by a  
s t r a i g h t  l i n e  apwoxir~iation frorn the tirrie dornain t o  the frenuency 
domain sb8nuld be obvious. In t he  f i r s t  place the  " - 1 1 ' '  slope d a t a  
of the  siqmd-tau p lo t  in the ti~iie domain " is  t h e  sur~i o f  the white 
phase noise and f l i c k e r  phase n o i ~ e  power. I n  the second the  l c 7 \ ~ ( '  
of the f l i c k e r  phasr noise i s  lower than the level of the white 
phase noise and i s  a l so  lower fo r  shor te r  sarnplino time. 

5 . 0  EXAMPLES OF TRANSLATION FROM TIME DOMAIN TO FREOUEFICY DOMI7>IN .  

Figures 4 and 5 show the frequency s t a b i l i t y  o f  a  high per- 
forrriance cesiuni hem tube o s c i l l  a t o r  nieasured in time dolllain a n d  

01 i ve r io  and pri vate comli;unication's fro,;) r.l. F i  scher .  

Using the measured data points  i n  Fitlure 4 one c a n  t r a n s l a t e  
the i d e n t i f i e d  noise sources fro111 t h e  time domain t o  t h e  f requenc.~  

f o r  the f l i c k e r  phase nnise frorli the tirne doma*ry da ta"are  based 
on+,= 50 KHz and VA = 5 MHz, 



Sample ca lcula t ion  of t r a n s l a t i n g  the f l i c k e r  phase noise 
froth time domain t o  freq~rt:ncy domain are  giver!  below: 

Thus 

-I 
For ? = 10 h t c .  

- 2 
For t = 10 SeC. 

sq ($1 = 3.7 I 72 wloP i&) jf -' 
a .  Use measured d a t i i  p o i n t s  in F i g u r e  4 f c r . z =  10-I and Z = lo-' 

seconds respect ive ly  

Q = 4 . o  4 
-11 u (lo2) ' Z 1 5 x  10 

~ h u s  fo r  T = / O - \ '  5 e c .  , T ( I ~ - ' J  = 4 ( ,0  XIO-"  



I t  can b ?  seen froni Table 5 fo  the  l'licker* p h d s c  nr\ise the  t r ans -  
l a t e d  r e s u l t s  froni the t i n e  dotriain to t h e  f req l~c~ncy  dorr~ain show a 
bet4,er agreement when t h e  a c t u a l  111easured d a t ( ,  i n  t h e  time domain 
a re  used, T h i s  i s  t o  be e x o e c t e d  s ince  the ~ t r a ~ q h t  l i n e  da ta  i r  
( b )  are  t r ans la ted  from t h e  frequency doil:aln. F u r t h e r ,  t h e  resu l t s  
in ( a )  a re  b e t t e r  f o r  lower va l~ rc  o f  t au .  

Historical  l y  the frequency s t a b i  1 it;, measurements a s  n~osf. 



people have pointed out were made in a l a rger  number of o sc i l l a -  
t o r s ,  in the tinie domain. This i s  because of the readi ly  avai lable  
e lec t ron ic  counters in the laborator ies  f o r  makinq the period 
measurements. In addi t ion,  the sigma-tau plot  of f: equency 
s t a b i l i t y  in the time domain seems t o  be eas ie r  t o  cornr,;unicate the 
concept of the charac te r i s t i c s  of the noise model based on the 
power law. The d i f f i c u l t i e s  are  in the d a t a  analysis  and in the 
iden t i f i ca t ion  of noise processes. For  example, the f l i cke r  
frequency noise in Figure 4 could be deleted i f  the dashed l ines  
were used. In t h i s  case only one data point i s  discarded ( i  . e . ,  
t = 2 sec ) .  Another question can be ra ised.  " Is  white phase noise 
present in Figure 4 in the time domain measurement?" The answer 
i s  "negative" based on the spectral  density of phase measurement 
in the frequency domain i n  the freauency range measured. Obviously 
there i s  no answer t o  the question i f  only time doniain data i s  
avai lable .  Frequency s t a b i l i t y  measurements in the frequency 
doniain are becoming more avai lable  as improved design and computer 
operated spectrum analyzers are  becoming available in l a b o r a t o r i e ~ .  
Thus, the i n t e r e s t  in the r e l a t i ng  of the measured data i n  the 
two domains are continuously on the increase.  

Figures 6 and 7 show the r e l a t i ve  frequency s t a b i l i t y  of 
typical o sc i l l a t o r s  measured in the time domain and frequency 
dorliains respectively.  These data are  based on the r e su l t s  o f  
Fischer and Vessot. I t  i s  t o  be noted t h a t  the apparent random 
walk of frequency (1 ines with +1/2 slope in Figure 6 )  i s  nornal l y  
not shown in frequency s t a b i l i t y  of sigma versus tau p lo t s .  This 
i s  because the random walk of frequency noise i s  l i ke ly  t o  be the 
net r esu l t  o f  the noises in the e lec t ron ic  c i r c u i t  of the frequency 
locked loop, the white phase of the quartz crys ta l  o s c i l l a t o r ,  and 
the f l i c k e r  phase o f  the cesium beam tube. The random walk of 
frequency behavior ( l e ss  than the servo loop time constant)  i s  
therefore a charac te r i s t i c  of the system design of a manufacturer. 

7 . 0  CONCLU'ION 

The rrlechanics of t r ans la t ion  of frequency s t a b i l i t y  from 
frequency domain t o  time domain and vice versa have been shown. The 
procedure i s  simple and the t rans la t ion  re la t ionshins  are  given in 
Table 1 .  While the mechanics of trans1at;on are s t ra igh t  forward 
the same cannot be said f o r  the preservation of the accuracy a f t e r  
t r ans la t ion .  This i s  pa r t i cu la r ly  t rue  fo r  the t r ans la t ion  o f  the 
white phase and f l i cke r  phase noises from the time domain t o  the 
frequency domain. Additional e r ro r s  may be introduced i f  the data 
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t i o n s  o f  t h e  power l a w  model if f r e q u e n c y  s t a b i l  i t y  are  r e f e r r ed  t o  
t h e  o r i g i n a l  papers and r e v i e w  papers g i v e n  i n  t,he re ference .  
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Figure 2. Spectral density of the phase of a very 
high quality 5 MHz quartz crystal oscillator. 





TABLE 2 DATA USED TO PLOT TIE THEORETICAL NOISE SOURCES I N  FIGUKE 2 

F L I C I G K  FREQ. EXICKE1 PWSE WHITE P U S E  

f 5 4 (4) re/qS+(#J - 

10: 
1.58~10-~2 -118 db 3.16x10+~~ -125 db 3 . 9 8 ~ 1 0 ~ ~ ~  -144 db 

10 1.58xl0-~~ -148 db - - 3 .98xl0-~~ -144 d b  
lo2 - - 3 . 1 6 ~ 1 0 ~ ~ ~  -145 db 3. 98x10-l5 -144 db~ 

- 

TABLE 3 CALCULATED DATA FROM FREQUENCY DOMAIN TO TIME DOMAIN 

F L I C l E R  PHASE WHITE PILASE bZICIG3R 3- WHITE - 

u 2 ( q  c ( a  o2 C T )  aCz) 02(z a C-) 
lo-' 6 . 5 2 ~ 1 0 - ~ ~  8 . 1 x 1 0 - ~ ~  l,2lxl0-~~ 1. 1 x 1 0 - ~ ~  1 . 8 6 ~ 1 0 ~ ~ ~  1 . 9 1 ~ 1 0 - ~ - ~  

4.31x10-~~ 6.6x10-'* 1.21x10-~~ 1 . 1 x 1 0 - ~ ~  1 . 6 4 ~ 1 0 - ~ ~  1,76x10-~~ 
2.10x10-~~ 4 .  6x10-l1 1 . 2 1 ~ 1 0 - ~ ~  l . l x 1 0 - ~ ~  1 , 4 2 x 1 0 - ~ ~  1.56x10-'~ 

-- 

T O L E  4 COMPARISON O F  (T) BETWEEN CALCULATED FROM FREQUENCY DO- 
MAIN AND MEASURD I N  TIME DOMAIN 

CALCULATED 
FLICKER n I C I C E R  PHASE 
FREQUENCY + WHITE PHASE 

I 

MEASURED 
FLICKER m, ICKER PIEAS:E 
FREQUENCY + WHITE PI-IAS:G 
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1 1 1 1  1 1 1 1  
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Figure 6. Frequency stability of typical atomic frequency standards and a selected 
quartz crystal controiled oscillator in the time domain (The positive slope 
portlon of the curve is due to the electronic design of the frequency locked ioop.) 
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QUESTION'S AND ANSWERS 

- 

D R .  JACQUES VANIER, Lava1  IJni  v e r s i  t y :  

T h e r e  i s  a  q u e s t i o n  whe re  y o u  have  t h e  t r a n s i t i o n  i n  t h e  phase  l o c k  
o r  f r e q u e n c y  l o c k  l o o p .  T h e r e  I t h i n k  t h e  t a b l e  y o u  have  shown f o r  
t r a n s f e r r i n g  fro111 t h e  t i i r l e  t o  t h e  f requer~cy  dorniain c a n n o t  be a p p l i e d  
d i r e c t l y  l i k e  t h a t .  Arid y o u  c(3nnot  i d e n t i f y  t h e  k i n d  o f  n o i s e  
because  y o u  have  a t r a n s i t i o n ,  arid t h i s  ma.y change t h e  s l o p e  qiri t e  
a l o t ,  T h i s  a l s o  depends on t t ~ e  dampin i l  f a c t o r .  or t h e  t i m e  c a n s t a t i t  
i n  t h e  s e r v o  l o o p .  

MR. CHI: C o r r e c t .  

DR.  VANIER: 

So, w h a t  I wan ted  t o  m e n t i o n  i s  t h a t  a t  some p l a c e s  we have  a f l a t  
p o r t i o n  i n  t h e  s i g m a - t a u  cuk-.vc,, T h i s  i s  rvot - F l i c k e r  n o i s e  o f  
f r e q u e n c y ,  b u t  just a q u e s t i o n  ~f t h e  s e r v o  l o o p .  

MR. CHI: 

W i t h i n  t h e  s e r v o  l o o p ,  o f  c o u r s e ,  i t  i s  p a r t l y  a p a r a m e t e r  for t h e  
m a n u f a c t u r e r s  who a r e  d e s i g n i n g  t h a t  5ys tem.  ile w o u l d  have  t o  t e l l  
w h a t  i s  t h e  opt in iun i  f o r  h i s  own system. 

DR.  JAMFS A +  BARNES, N a t i o n a l  Eiir-eat1 of '  S t a n c l a r d s :  

1 w o u l d  l i k e  t o  triake one cotluliet't t h a t  i s  p e r h a p s  o b v i o u s ,  b u t  I 
t h i n k  i t  i s  w o r t h  r ! i e r i t i o n i t i ~  ar'~i/vlay. Otie i z  u s i n g  t h e s e  examp les ,  
mode ls ,  where  you have  s l i pe r  p o s i  t i o r l s  o f  t:oise. The n o i s e  laws 
t h a t  one  t a l k s  about  a r e  t h e  a s y n t o t i c  b e h a v i o r s .  When y o u  supcr- 
impose  them, a c t u a l l y  y o u  d o n ' t ,  i f lake 2 st!3r'.1 t ; , - a n s i t i o n  a t  a  s h a r p  

.r * c o r n e r  from a s l o p e  m inus  1 . .;ay, t.o a s l  c;;e ':. I t -!s a smoot i i  
t r a n s i  t i a n ,  and when y o u  a c t u a l  l y  go t h r - o i ~ ~ i . )  .tile pr ,ocess of f i  11 i n g  
i t  i n ,  y o u  g e t  smooth c u r v e s ,  n o t  c o r n e i - s .  And i.1t:i.n y o u  Z . T ! I  t~ f i t  
t h e  s h a r p  c o r n e r e d  c u r v e s ,  t h e r e  i s  a t o n d ~ n c g  t o  ~ ; u %  i n  lmore te r ins  
t h a n  n e c e s s a r y .  -The niodel i rig car1 be dol ie r - ~ ~ i c r :  nloy-e s r t L a i  gh t f o rwa r . d .  
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DR. G E ? Y O T  M. R.  W I N K L E R ,  U ,  S .  Naval Observatory: 

My own opinion i s  t h a t  one r e a l l y  shouldn ' t  make these conversions 
b u t  t h a t  one should measure in t h a t  donlain in which one needs t o  
have the values. 




