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Summary-Two systems, in which the frequency of a high 

quality quartz crystal oscillator can be controlled by a servo system 
employing as a reference frequency the (F=4, mF=O)+-+(F=3, 
mF = 0) transition in the ground electronic state of ~ e s i u ” 3 ~ ,  have 
been in operation for about one year at the National Bureau of 
Standards. These systems are presently used in conjunction with 
the United States Frequency Standard, NBS 11, and the alternate 
standard, NBS I, for measuring the frequencies of the United States 
Working Frequency Standards on a regular basis. The dependability, 
precision, and accuracy of the servo-derived measurements have 
been compared with the corresponding figures for the more direct 
manual method. Although both measurement systems have been 
found to be highly dependable, the servo method has significant 
advantages with respect to convenience of operation and measure- 
ment precision. These advantages can be utilized with no sacrifice of 
accuracy. Typical servo measurement precision is 2 X 10-12 for a 30- 
minute averaging time, while the measurement accuracy for both 
methods is 1.1 X 10-l1. For longer measurement periods of 12-14 
hours, precisions and reproducibilities of 2 X have been ob- 
served. 

I NT ROD UCTI o~ 

S A RESULT of committee discussions held 
during the 1957 meeting of the Consultative A Coniniittee for the Definition of the Determining 

the Second, there arose it suggestion that,  i n  studying 
and developing atoniic frequency standards, preference 
sliould be given to systems i i i  which the resoiiaiice 
absorption frequeiicy is niensured directly, ;is conip:iretl 
with devices which have ;in auxilliary oscillator whose 
frequeiiq. is controlled by a servotiiecliaiiisni. At. the 
Boulder Laboratories of the Natioiial Bureau of Staiitl- 
artls it was initially felt that the simplicity of nieiis- 
tiring sJ.stenis and techniques i n  which no feedback- 
t i ye  lockiiig circuits are used would merit their exclu- 
sive rise. 1 1 1  practice, however, the 1;iborator.y h,i ‘ s come 
to utilize servo-t\.pe circuits to a larger and larger ex- 
teirt in  the atoniic frequciicy standards program. The 
use of tlicse c‘otitrol sJ-steiiis has been expedient to the 
ireclt1cltic-J- i i ic. isi irenic~n ts program priniarily by  reduc- 
i l l s .  t lie 1irl)or iiivolvcd i n  ninkitig ;I frequeiicy measure- 
iiiciit so that iiiuch more coinparison data with an 
; t t t c i i t i a i i t  gain i n  1)rc.cision can be wcuniiil;ited i n  ;I 

given ; i n i o u i i t  of time than is possible by nieans of the 
more direct rneasuring teclinique involving ninnud 
deterininations of frequency. I n  addition, the use of 

* IZereived .\ugust 16, 1962. Presented at the 1962 1ritcrn;ition;il 
Coiiference on I’recision Electroniagnetic Measurements a s  Paper 
No. 8.3. 
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servo systems in some cases has resulted in a more use- 
fu l  measure of frequency. 

Two systems, in which the frequency of a high quality 
quartz crystal oscillator can be controlled by a servo 
system employing as a reference frequency the ( F = 4 ,  
mF=O)+-+(F=3, mF=O) transition in the ground elec- 
tronic state of cesium133, have been in operation for over 
one year a t  NBS. These systems are presently used in 
conjunction with the United States Frequency Stand- 
ard, NBS 11, and the alternate standard, NBS I ,  for 
measuring the frequencies of the United States Work- 
ing Frequency Standards on a regular basis. This paper 
is primarily concerned with the reliability of these servo- 
type measurements as compared with the more direct 
manual type of measurement. 

DESCRIPTION OF THE MANUAL AND SERVO 
MEASUREMENT SYSTEMS 

Block diagrams of the manual and servo measuring 
systems are shown in Figs. 1 and 2, respectively. I n  the 
manual system the unknown frequencyf, that  is to  be 
measured is multiplied by 1836 to  approximately 9180 
Mc. A klystron which excites the atomic resonance is 
then automatically electronically tuned by a servo, so 
that its beat note with the multiplied unknown is in 
phase synchronism with a variable frequency source 
whose frequency f a t  approximately 12.6 NIc is known 
to 1 X lo-*. By changing the frequencyf and observing 
the index of transition probability provided by the 
atomic beam detector current and displayed on  a dc 
meter, it is possible to  tune the klystron first to  a fre- 
quency fa about 50 cps above the cesium resonance and 
then  to  a frequency fb equally offset below the cesium 
resonance. I f f , ,  and fl are, respectively, the frequencies 
of the tunable 12.6-Mc source corresponding to  fa  and 

fr,, the unknown frequency f, can easily be computed 
from the relation 

(1) 
1836fz + fl -- + f u  = 9192631770.0 + Afo 

2 

where Afo is the known frequency shift in the atomic 
resonance produced by the uniform magnetic C field, 
essential to the operation of the beam machine, and 
f l  and f,, are determined by electronic counter measure- 
ments. This method of measurement is referred to  as 
the manual method because the frequencies f l  and fu 
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Fig. 1-Block diagram of the manual measurement system. 
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Fig. 2-Block diagram of the servo measurement system. 

are alternately set by an operator so that the corre- 
sponding sequentially appearing beam currents are 
judged to be equal. 

In  the servo method of measurement shown i n  Fig. 2 
the multiplier chain to 9180 Mc and the phase-lock 
klystron loop, including the source of the variable fre- 
quency.f, are the s;inie ;IS used in  the manual systeni. I n  
this case, however, a high quality 5-Mc  quartz-crystal 
oscillator. whose frequency .fa is to be controlled by the 
servo sJstetii, is used as the input to the multiplier 
cliaiii. Phase iiiodul;itioii o f  ;I multiple of t h i s  frequency 
at  ;i 37.5-cps rate is ;ic.coniplishecl w i t h  the aid of a 
volt;iRe-roiitrolled diode cxpncitor iii the output tank 
of the 5---10-11c doul)lcr. .As ;I rcsult o f  this niodul;ilioii 
tlie bc;ini currelit \-:irics ; ir id  t l i c  phase of I lie 37.5-cps 
conipoiieiit of tlie 1)e;im curreiit tlcpciitls on whether I he 
avcr;ige escitat ion frequency is :il)ove or below the 
cesium rcsotiance frcqueiic\.. 111 the postdetection servo 
electronics, a phase detector is used to develop a sigiiecl 
dc error signal which is integrated to produce a correc- 
tion signal that is applied to ;I volt;ige-variable capacitor 
in the oscillator to control the frequency fs at  a particu- 
lar value which depeiids on the value f of the variable 

source. With the servo loop closed, the frequency f. a t  
which the servo oscillator is locked cark $-q computed 
from the relation c, +.. 

1836f, + f = 9192631770.0 + A i .  E (2) 
Under normal operating conditions for the NBS ‘ I t  
system, f is selected to be = 12,632,000.0 c i s  and‘A&is 
1.0 cps, which results in a value for fa that is a b u t  
249XlO-’O low relative to the nominal frequency of 
5.0 . - . Mc. I t  should be noted that when f is derived 
from fa through the use of a 5-Mc-to-100-kc divider and 
synthesizer, its appearance in (2) can be replaced by 
(12.632/5)fa, where the numerical factor is exact. A 
measurement of the unknown frequency fi is effected 
by measuring, with the servo loop closed, the period of 
the beat note between fz and fa-using a n  electronic 
counter. If the measured period is 7, then 

(3) 

and fi is determined since fa is known from (2). The 
appropriate sign for the difference frequency, if not 
known, could be determined by shifting f a  in a known 
direction. The increased convenience of the servo meas- 
urement procedure over the manual is apparent, since 
the use of a digital recorder in conjunction with the 
period counter permits the accumulation of comparison 
data over long periods of time without the attention of 
operating personnel. 

Both measurement systems have been used exten- 
sively a t  NBS and found to be highly dependable. The 
manual technique was used exclusively for a period of 
nearly two years and in conjunction with servo meas- 
urements for the past one year, while servo measure- 
ments have been emphasized more in the last year. 
Neither system has caused the loss of more than a few 
days of measurement time per year. Occasional prob- 
lems with the manual system have been confined pri- 
marily to the electronic counter, klystron power supply, 
ant i  components of the phase-lock klystron loop. These 
particular problems also affect the servo system opera- 
tion which, i n  addition, has had minor troubles associ- 
ated with faulty mechanical choppers and ii malfuric- 
t ioning power supply for thc stabilized oscillator. Based 
oii experience to date, then, no preference for one sys- 
teni or the other has been establishctl with respect to 
tlcpwthbility of oper ;1 t ’  1011. 

COMPAI<ISON WITH I<rssi~rsc T TO 

M ISASIJ RKMISNT Pi<r.:c.rsic ) N  

’I’he term “precision,” when used i t i  connection with 
the NBS standards, refers to the extent to which a meas- 
urement of frequency is reproducible. IJsed i i i  this sense 
the measure of precision would include contributions 
from both the standard itself and whatever source of 
frequency is being measured. The most commonly used 
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nieasure of precision for the NBS measurements is the 
standard deviation of the mean associated with the 
comparison data. For the manual method, the com- 
parison data consists of a group of 20 to 50 deter- 
minations of the unknown frequency fz, obtained by 
application of (1) to the raw data collected over a 30- 
minute period. Under normal measurement procedure, 
fz is the 5-Mc output of one of the group of working 
standards maintained a t  NBS, consisting at present 
of 2 commercial cesium beam standards and 2 com- 
mercial rubidium vapor standards. A typical value 
of the measurement precision as defined above is about 
8X10-l2. This precision figure can be reduced to 
5 x lo-’* by collecting data over a l+-hour period. Rep- 
resentative groups of the manual data have been 
tested by using an appropriate computer program to 
determine the goodness of fit of a Gaussian distribu- 
tion to the data. The primary significance of such a test 
stems from the central limit theorem of statistics. If  the 
nieasurenients did not exhibit a Gaussian distribution, 
it would be suspected that they were being influenced 
by a t  least one noncontrolled fluctuating variable that 
exerted a relatively large effect 011 the measurements. 
If the measurements did possess a Gaussian distribu- 
tion, it would be suspected that, over the observation 
time, they vary because of the independent action of 
many variables which have about equal influence and 
that a significant improvement of precision could not 
be accomplished by controlling only a few of the vari- 
ables that affect the outcome of a frequency measure- 
ment. A second reason for investigating the distribution 
bears on the usual interpretation of the standard devia- 
tion of the mean as providing limits within which lie 
67 per cent of similarly determined means. This per- 
centage is appropriate only for Gaussian distributions. 
The x 2  test was used to  give a single numerical measure 
of the over-all goodness of fit to a Gaussian distribution. 
I n  this test exact fit of the normal distribution curve to 
the experimental data would correspond to x2 = 0, al- 
though such a value is extremely unlikely in practice 
because of statistical fluctuations. One group of 160 
manual measurements was tested by dividing the data 
into 8 subgroups of 20 and computing x 2  for each sub- 
group. The values of x 2  ranged from 4 to 10 with an 
average of 6.6. One possible interpretation of this value 
is that because of statistical fluctuations there is a prob- 
ability of about 60 per cent of finding a x2 value of 6.6 
or higher even if the parent distribution of manual 
measurements is perfectly Gaussian. Therefore, one 
may conclude that a Gaussian distribution is a good fit 
to the observed distribution of the manual data. 

The nieasure of precision for the servo-type measure- 
ments is taken to be the standard deviation of the mean 
of a set of frequency comp;irisons obtained from period 
measurements by using (2) and (3).  When the fre- 
quency source to be measured is one of the NBS work- 
ing standards, the precision is typically 2 x 10-12 for a 

30-minute averaging period. This type of measurement 
is made on a daily basis a t  NBS and serves as the basis 
for published frequency measurements of the WWV, 
WWVL, WWVB, GBR, and NBA radio transmissions. 
Computer analysis of 519 measurements of 3 different 
working standards made over a period of several 
months gives an average x2 of 6.7-almost exactly the 
same as for the manual case and again indicative that a 
Gaussian distribution is a good fit to the data. 

Comparisons have also been made between the two 
NBS frequency standards operating with independent 
servo systems. Data from‘two long comparison runs of 
27 hours and 12 hours is shown in Figs. 3 and 4, respec- 
tively. Each point plotted on the uppermost curve in 
each figure is an average of 100 periods of the beat fre- 
quency between the two controlled oscillators. Since the 
period was 1.8 seconds, each point represents a 3-minute 
average followed by a counter display time of equal du- 
ration. The other plots in each figure indicate how the 
relative stability of the standards varies with the 
amount of time over which the data is averaged. The 
vertical bar a t  each point represents the precision of 
measurement. Analysis of the 27-hour run shows a pre- 
cision of measurement for 30-minute averaging times 
of about 1.5X10-12, compared to  2.5X10-12 for the 
servo comparisons with the working standards. If the 
27-hour data is split into a 13-hour average and a 14- 
hour average, which are then compared with the 12- 
hour average obtained 5 days earlier, the three meas- 
urements of the frequency difference between the two 
standards differ by less than 2 x 10-18. The value of xz 
computed from the 267 values of the 27-hour compari- 
son is 6.4, which once again is in close agreement with 
values obtained in other types of comparisons. From 
the uppermost plot in Fig. 3 it seems rather apparent 
that a significant amount of correlation is present 
among the 6-minute averages. In order to obtain some 
sort of quantitative measure of this effect the autocor- 
relation function was computed. The function drops to  
49 per cent of the variance after 6 minutes but is still 
20 per cent of the variance after 1 hour. 

COMPARISON WITH RESPECT TO ACCURACY 
The term “accuracy” refers to  the degree to which 

the atomic frequency standard approaches the value 
io, the idealized resonance frequency for the cesium 
atom in its unperturbed state. This  accuracy with re- 
spect t o f o  for the manual method of measurement is 
usually limited primarily by uncertainties associated 
with the uniform magnetic C field, phase differences 
between the two oscillating electromagnetic fields pro- 
ducing the atomic transition, the spectral purity of the 
excitation radiation, and effects of other neighboring 
atomic transitions.’ An internal estimate of the accu- 

1 I<. C. Mockler, R. E. Beehler, and C. S. Snider, “Atomic beam 
I RE TRANS.  ON I N S T R U M E N T A T I O N ,  vol. 9, frequency standards, 

pp. 120-132; September, 1960. 
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N B 5 E  - NBS I 27-HO'JR COMPARISON (FEB. 1462) 

HOURS 

Fig. 3-27-hour frequency comparison of NBS I and 11. 

NBS IS-NBSI 12-HOUR COMPARISON ( F E 8 .  1962) 

H O U R S  

Fig. 4-12-hour frequency comparison of NBS I and 11. 

racy can be made by combining the estimates of possible 
frequency shifts due to the above causes. 

For the case of NBS I1 the magnetic C field is pro- 
duced by passing a current through a rectangular array 
of four parallel wires located within a triple-layer mag- 
iietic' shield assembly. The field of about 0.047 oersted 
is ( . i t l i  hrated by frequency measurements of the 
(4, 1)++(3, 1) and (4, l)++(3, 0) microwave transitions 
of cesium which are strongly dependent upon the mag- 
nitudi of the field. The field value for a given current is 
then determined from a least-squares fit of a straight 
line to the combined data. The uncertainty associated 
with this value is the computed standard deviation for 
a point interpolated from the least-squares line. The 
corresponding uncertainty i n  a frequency measurement 
is 5 X 10-l2, which serves as an estimate of possible in- 
accuracy due to incomplete knowledge of the C field. 
The measured nonuniformity of less than + O . O O l  
oersted does not contribute significantly to'the accuracy 
figure. 

If a phase difference exists between the two separated 
oscillating fields exciting the resonance in the Ramsey 
technique, a frequency shift will result. This effect may 
be observed by rotating the resonant cavity 180' and 
looking for a resultant frequency shift. For NBS I1 the 
measured shift is 4 x  10-l2, which means that one half 
of this amount or 2 X 10-l2 is the actual frequency error 
produced by the phase difference. Since this amount can 
be applied with the appropriate sign as a correction to  
all frequency measurements, the only contribution to  
inaccuracy from this source is considered to be the un- 
certainty in the measurement which is about k 2 X 10-l2. 

Another factor which has been observed to  cause large 
frequency shifts under some conditions is the spectral 
purity of the radiation exciting the atomic transition. 
Shifts as large as 32 X 10-lo have been observed by excit- 
ing the resonance with a signal containing unsymmetri- 
cal sidebands in addition to a carrier frequency. This 
effect can be eliminated by proper design of the multi- 
pliers and, in the event the oscillator being measured is 
itself a t  fault, by utilizing an auxiliary oscillator phase- 
locked to the oscillator being measured with time con- 
stants chosen to  make use of the long-term stability of 
the oscillator being measured and the short-term sta- 
bility of the phase-locked oscillator. The auxiliary oscil- 
lator must not have troublesome sidebands and in 
addition, if  the crystal current is high, noise effects will 
not be troublesome. 

Another source of possible errors is the influence of 
ncighboring transitions in the atomic spectrum. Signifi- 
cant frequency shifts may result in measurements made 
at  law C fields, since the separation between transitions 
is proportional to the magnitude of t h e  field. For meas- 
urcments made with NBS I 1  a t  a field of 0.020 oersted, 
for example, a systematic shift of 3.7 X 10-" was cle- 
tevted. I t  has been found possible to eliminate t h i s  error 
Iiy operating a t  sufficiently high fields (0.047 oersted 
for NBS 11). 
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A final factor which has produced some error i n  the 
past i n  manual nieasurenieiits of oiit' pirticiihr (xwi- 
mercial cesium beam standard in\.ol\ .ra tlie iit>cx*ssi t >. 

for the operator to average 11)- e>.e t I i c  o l ) s c . r \ w i  1w.iiii 
variations. For this particirlar freqiiuiq' s o i i n x s ,  os(.iILi- 
tion i n  its servo loop produced a corrc-spondinK irrcgul;ir 
oscillation i n  the beam current as  observed on the tic 
meter. The manual nieasurenient of this source showed ;i 
consistent error of 4 x lo-" compared to ;I nieasurenient 
not requiring tlie visual averaging of these oscillations. 
No measurable errors of this type have been found with 
more recent standards of this type or other frequency 
sources. 

Other possible sources of error which have tieen in- 
vestigated and found to make no measurable contribu- 
tion to the inaccuracy of manual measurements include 
detuning of the resonant cavity, variations i n  the micro- 
wave power level, changes in the beam geometry and 
individual operator bias. 

The figure of accuracy for a given manual measure- 
ment will depend upon the above estimates and tlie pre- 
cision of the particular measurement. If we make the 
reasonable assumption that the above sources of error 
are independent and use 8X10-'* as the precision (typi- 
cal of a 30-minute measurement), the over-all estimate 
of accuracy would be the square root of the sum of the 
squares of the separate estimates or about & 1 X lo--". 
If the measurement time extends over several days or 
i f  the measured source is unusually stable over the 
measurement period, it has been found possible to 
achieve a precision of 2 X with a corresponding 
improvement i n  the accuracy estimate to  6 X 10-l2. An 
external estimate of the accuracy can be obtained by 
measuring the actual frequency difference between two 
similar atomic standards. If  6 X is considered to 
be the accuracy for both NBS I and NBS 11, the nieas- 
ured difference would not be expected to be niuch larger 
than the standard deviation associated with the differ- 
ence frequency or 8.5 x 10-l2. The actual measured 
difference of (1.6 0.4) X lo-" or nearly two standard 
deviations could be espected with only about 5 per cent 
probability as a result of random sampling. I n  view of 
this iipparent inconsistency between the internal and 
external estimates and because of the possible existence 
of sources of error not !-et recognized the larger external 
estiniate of 0.707 X 1.6X lo-" or 1.1 X lo-" is considered 
;I more itpproprinte accurncy figure with respect to fo 
for tlie ninnrial  nie;isiirenient technique. Coiisidernble 
confidelice i n  this estiniatc lias been gained during the 
p;\st .3 \.ears i i i  view of the fact t h a t  the measured di f -  
fei-eiicc between S €3S I and I I o f  1.6 X lo-" has re- 
m;iiiicd within a few parts i n  10" i n  spite of major 
c1i;iiig-t.s i n  the niagnetic sliieldiiig and inethotl of pro- 
tiuciiig the C tield for both st;tnd;u-ds and replaccnieiit 
of tlie elid sections of the resonant cavity i n  NBS I. 

Possible sources of iiieasurenient error for the servo 
niode of operation include most of those already dis- 
ciissed for tlie miniial case, plus effects associated with 

p:ir;iriieters ot' thc servo system electronics. The only 
t v o r  so\irctks i . t i , i r ~ i \ t t ~ i s t  ic .  t r l  t tit. i\ii\ii\iirl *\'stel\\ \Y hich 
<irt' i i o t  ~ i ~ b l ~ l i t ~ . i l 4 v  ( ( 1  I lit. SVI \ ' ($ uw.iwktwtwr8 i t re  1 h\se 
oi  iiitii\,iti\i,iI ~ ~ ~ w i , i t ~ ~ i  \ b t . \ s  , \ i \ t l  t \ t l r \ ( \ i *  ( t t  <\\.v\;\gi\\g I w \ \ \ \  
\.*ii.i,itions I ) \  c.\.r'. 'l'lic liixhviwsl\. (lvtvi i\iitml w i ~ w t v v  

tiiintics ; i d  1)liitSc tli!Tcwiic.e, rcspcct ivcly, slioulcl : i i ) i ) I ~ .  

tlirectly for the servo nicthoti also. Tlic prol)lcm of t tic 
spectral purity of thc rarliatioii becomes niuch nmre 
complex for the servo case, siiice knowledge of the 
spc.c.truni is genorxlly not siiflic.ietit for prctlic:tirig the 
existelice or inagnitutlc of ariy freclucncy shifts. MC;LH- 
urements to check for possible deperidence of the fre- 
quency on cavity detuning arid microwave power level 
were performed using the servo as well as the manual 
technique in order to take advantage of the higher pre- 
cision capability of the servo system. Detuning of the 
resonant cavity by approximately 1 Mc produced a 
sh i f t  of 1 X 10-12-well within the measurement preci- 
sion. Variation of the microwave power level from 0.5 
to 2.0 mw produced no significant frequency shift. This 
data is plotted in Fig. 5 .  The vertical bars a t  each point 
i n  this graph, as well as in the succeeding ones, represent 
the measurement precision in the sense defined previ- 
ously. 

;1(.ctlr-;lC-y of s x i o  12 i i l l r ~  I x i o  1 2  I ~ ~ ~ -  ( - - I~AI  l l l t ~ ~ t l r -  

DEPENDENCE OF SERVO Ne 2 F R E O U E W  
ON MICROWAVE POWER LEVEL 

Fig. 5-Dependence of Servo No. 2 frequency 
on microwave power level. 

Over a period of several months detailed investiga- 
tions were made to  determine to  what extent 9 param- 
eters of the servo system electronics might affect the fre- 
quency a t  which the controlled oscillator is locked. I n  
each experiment the parameter under investigation was 
varied over its wide a range as possible while observing 
changes i n  the controlled oscillator frequencyf, relative 
to one of the second,iry standard sources. Since the reli- 
ability of each experiment was rather strongly depend- 
ent upon the estent to  which the secondary standard 
frequency, used ; is  a reference, rem,iined stable over the 
period of the niecisurenicnts (usually several hours), 
gre'it care was taken to select the particular secondary 
standard whose frequency was the most stable a t  the 
pirticular time as determined in  most cases from auxil- 
liary measurements. Both of the rubidium vapor stantl- 
nrds and a commercial cesium beam standard were used 
,it various times and, as a result of th i s  careful selection 
procedure, the reference frequency could usually be de- 
pended on to remain within a few parts in 1OI2 over the 
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necessary time interval. I n  most cases a t  least one data 
point was rechecked to guard against erroneous conclu- 
sions being formed due to drift of the reference fre- 
quency. Results of these experiments are plotted in Figs. 
6-17. In  each curve the parameter being studied is 
plotted along the X axis and the relative frequency of 
the controlled oscillator in parts in lo1% is plotted along 
the Y axis. The straight lines drawn in are not least- 
squares fits to the data, but rather attempts to visually 
fit lines of zero slope to the data that are reasonably 
consistent with the measurement precisions. 

Fig. 6 shows the dependence of the servo frequency on 
the amount of frequency correction applied to the servo 
oscillator when the loop is closed. The computed cor- 

l o l , ,  , , I I ,  1 

I I I I I I  
d ~ b o + o - m  o 20 40 w m  

FRaxMcycQI IocTy )N~To  
SLRVO (YCLLAXR-RRTS N OD 

Fig. 6-Dependence of Servo No. 2 frequency on amount of 
frequency correction applied to servo oscillator. 
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Fig. 7-Dependence of Servo No. 2 frequency on amount ot 
frequency correction applied to phase-locked klystron. 

Fig. 8-Dependence of Servo No. 2 frequency on detuning 
of the multiplier chain lirst stage. 

DEPWENQ ff SERVO NQ.2 FRKtENW 
ON W AkpuFlER GAIN 

"TCf-wN 

Fig. 9-Dependence of Servo No. 2 frequency on 
main amplifier chain. 

Fig. 10-Dependence of Servo No. 2 frequency on bandwidth. 

DEPENDENCE OF SERVO Np 2 FREOUENCY ON 
SUPPLY W A G E  TO RPCK 

w, 1 

m iob 10 115 lW 
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Fig. 11-Dependence of Servo No. 2 frequency on 
supply voltage to rack. 

DEPENDENCE OF SERVO NO. 2 FRWUENCY ON 
PEAK FREQUENCY DNIATION OF 37h C/¶ 

MOWLATION WITHWT Pro HARMONIC FILTER 

PEAK FREOUENCY DEVIATION OF 
37i  c n  IKX)ULATION-cn 

Fig. 12-Dependence of Servo No. 2 frequency on peak frequency 
deviation of 374 cps modulation without 2nd-harmonic filter. 

PEdKnnxpmDEVLpTKHQ 
37+ cn UXUJITKH-CA 

Fig. 13-Dependence of Servo No. 2 frequency on peak frequency 
deviation of 374 cps modulation with 2nd-harmonic filter. 
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DEPENMNCE OF SERVO NP. 2 FREOUENCY 
ON RIPSE SHIFT WHEN 2" HARMONIC 

FILTER IS MI1 USE0 

I !  
I f 

M- -I"Bo -bo 40 -20 0 20 40 

PHASE SHIFT IN DEGREES 

Fig. 14--l)ept.iitlwice of Servo So. 2 fyx1uency on phase 
shift when 2nd-harnioiiic l i l t c r  1s not used. 

OEPENOENCE OF SERVO NQ 2 FREOUENCY 
ON PHASE SHIFT 

WHEN 2m HARMONIC FILTER IS USED 

PHASE SHIFT IN DEGREES 

Fig. 15-L~epcndence of Servo So .  2 frequency on phase 
shift  \\.hell Liid-Iinrmoiiic lilter is used. 

DEPENDENCE OF SERVO NQ 2 FREOUENCY ON 
MODULATION FREOUENCY 

WITHOUT 2ND HARMONIC FILTER 
-7-~7-~- --, - ~ , 

YORMAL 

0 10 20 30 40 SO 
MOOULATIMI FREOUENCY C I S  

OEPENOENCE OF SERVO NQ 2 FREOUENCY ON 
MODULATION FREOUENCY WHEN 

2 " O  HARMONIC FILTER IS USED 

$ . .. 1 -~ . , . l  1 
10 30 3" 4" so 

MOWLATION FREQUENCY c/5 

Fig. 17-Depndeiice o f  Ser\w So.  2 frequciicy on modulation 
frequency \\.hell 2nd-harnionic f i l ter is used. 

relation coefficient r for th i s  data is 0.18. Since a value 
of r this large or larger would be expected in 20 per cent 
of similar measurements as a result of random sampling 
frCJIl1 ;it1 uricwrrelated population, I is not significantly 

l i  1 k r - t . t  I I f'roll l  m r o .  
I - ik .  7 nliowti I I I V  wsitlt of ; I  sitiiihr-type experiment 

iitvolvirig iri  his (*;Iw I l i t *  i 1 1 1 1 0 1 1 1 1 t  of Ircqiic*iic'y correc- 
t i o i l  applied 1 1 1  I he pli;isc*-lockvtl klyst rot1 wllcrl its loop 
is closed. Although I he measuremetit precisions were 
lower than normal for this experiment. a conclusion of 
no observable dependence on this parameter seems rea- 
sonable. 

Fig. 8 presents the results of detuning the input stage 
of the (10-27O)-Nic multiplier chain by equal amounts 
on each side of the m:lximum-signal position. Since the 
illput stage is coupled rather directly to  the (5-10)-Mc 
doubler output tank circuit where the phase modulation 
of fs takes place, it was felt that, except for the 10-Mc 
doubler output tank circuit itself, frequency errors due 
to mistuiiing would be more severe in th i s  stage than in  
any other part of the chain. The correlation coefficient 
is 0.32 ,  a value that would be exceeded in only 15 per 
cent of such cases. However, when the data was divided 
rather randomly into 3 groups and r was computed 
separately for each group, all 3 values of 7 were not of 
the same sign. This result, together with the knowledge 
that the computed r values tend to be too large due both 
to sampling effects and instability of the reference fre- 
quency, lend support to a conclusion of no significant 
correlation i n  this case. 

The parameter of interest in Fig. 9 is the gain of the 
main servo system amplifier, which is sharply tuned to  
the modulation frequency of 37.5 cps. The correlation 
coefficient of 0.29 for t h i s  data again is not unreasonable 
as n result of random sampling, especially in view of the 
result that division of the data into 3 subgroups pro- 
duces 2 very srnall values of r and 1 larger value. The 
sign of all three values of Y is the same, however, so that 
this may be considered ;I borderline case with respect to  
whether significant correlation exists. 

Fig. 10 iiivolves the dependence of the controlled 
oscillator frequency on the bandwidth of the main am- 
plifier. Considering all the data plotted, the correlation 
coefficient is 0.40. A significant correlation would then 
seem to be indicated, since only 4 per cent of such ex- 
pcrinieiits would produce Y values this high as a result of 
the rnndoni sampling. Ilowever, there is some basis for 
disregarding the poilit for ;I t);indwidth of 13.8 cps, be- 
catise i i i  this C i I S c  ;t sigiiificaiit amount of 60-cps signal, 
which niay he tletrinientiil to the system in several re- 
spects, is nllowetl to be amplified. If r is redetermined 
iicglecting this point, a much smaller value of 0.08 is ob- 
tained, which is much more consistent with a hypothesis 
of zero correlation. 

The next parameter to  be considered is the nominal 
115-volt supply voltage to the rack containing the low- 
frequency portioii of the servo system. Included in this 
rack are the 5-Mc oscillator, (5--10)-Mc doubler with 
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modulator, ni;iiri servo amplifier, chopper-demodulator 
a r i d  oper;iticirral ; ini~~Iifier.  Results obt:iiiied by using ;in 

atljustahle-output liiie voltage regulator to vary the 
S I J ~ ~ I Y  voltage from 105 to 120  volts are shown in l:iK. 
1 1 .  T t i i t i  iigaiii sccrris to  he soniewh;it ol  a 1)orrlerliiie 
CXM:, since t tic I v;ilue of 0.26 could be expected only 6 
1H:r ( W I I ~  of t tic time, due to r;indom sariipling from ; ~ I I  

uric.cJrrc.l;itecl population. Efforts to ohtain more com- 
plete chta of this type have been unsuccessful thus far 
because of hiRher-th;tri-nornial instabilities in  the 
secontlary st;iiicl:trtls. 

Fig. 12 shows the significant dependence of the servo 
t'requenc>. on tile peak frequent>. deviation of the 37.5- 
cps iiiotiulatiori for [lie c*;ise wlieii conipoiieiits a t  the 
set-oiid liariiioi\ic frequeiic-). of 7.5 cps ;ire present i n  the 
iiiodulntiiig signal a t  too high ; I  level. 'l'hc situation, with 
respect to secoiid-liartiioiiic shifts, is coniplicated by t lie 
fact that the aniouiit of frcqueiic>. crror produced wi l l  
in general depend on the phase ;is well ;is tlie aniplitucle 
of the 75-cps coniponcri t. ~~ l thoug l i  secoiid-h;irmoiiic 
components ma>- arise from sever;il different sources i n  
the system, tile niost likely origiii is i i i  distortioii of the 
37.5-cps niodulatiiig signal. The servo circuits do not 
per 111 it the tu lid a nieii t ;i 1 pc;i k freq ue 11 cy  deviation to be 
changed without siniul taiieousl>- affecting the secoiid 
h;irnionic- frequeiicy deviation; co~isequeii tly, according 
to  theory, the resultant frequeiic>r shift would lie es- 
pected to depend on the setting of tlie peak irequency 
deviatioii control. Xssuniiiig this mecli:iiiisni to be of 
major iniportance, ; in attenwitiiig filter iietwork t unerl 
t o  the second Iiarnioiiic frequeiicJ- w:is iiisertecl in  the 
system bet\veen the oscillator that modulates the vari- 
cap and the phase modulator. The esperinient was then 
rerun with the results shown i i i  Fig. 13. 'The correlation 
coefficient for this data is only 0.15 so that  the correln- 
tion with the second-harmonic filter is no loiiger sigiiili- 
cant ly different from zero. 

Figs. 14 and 15 show a siiiiilar effect with respect to 
dependence of the frequency on the relative phase of the 
37.5-cps component from the beaiii detector. Again i n  
t h i s  case the frequencj. dependence is sigiiificantly re- 
duced by the second-harmonic filter, although certainly 
iiot eliminated completel>.. The r value of 0.50 for the 
Iiieasurements \vith the filter would result from chalice 
i n  less than 0.2 per cent of siniilar c;ises. With reasonable 
asstimption about tlie phase of the second harmoiiic, 
c;d c 11 Inti o 11 s I iow s t h t ;t seco I i d  - 11 ;i r n io1 i i c distort i 01 i of 
0 .2  per cent ~votilcl  be sutiicieiit lo produce tlie depend- 
ence observed. ?'he iioriiial iiie;isureiiieii t proceclurc 
with the ser\-o s>.steiii i n  which t he 1)Ii;ise shifter is ad- 
justed for iii;isiniuiii observed signal iiisiires that aiiy 
frequency error produc-cd will not be very large, al- 
though it will also ;illnost certainly not e q u d  zero. 

I f  secoiid-liarinoriic distortioii of the inodiilating 
audio sigiial is present due to distortion i n  the oscillator, 
then one might also expect resultant frequency shifts to 
depend on the modulation frequency. This effect with 
the filter out and in is shown in Figs. 16 and 17, respec- 

tively. The effect of the filter is not as pronounced in this 
case as for the other parameters. The r value of 0.19 for 
the data with filter has a reasonable expectation (26 per 
w i l t )  of lwiiig exceeded as a result of random sampling 
from a11 uiiwrrela tcd population. 

'I'lie deterriiiiiatioii of i in  over-all interiial estimate 
of nccurucy for the servo systeril based o i l  the di\ti\ dis- 
cussed is niade ditficult by the uiicertninties associated 
with the interpretation of the correlation results. From a 
general consideration of Figs. 6-1 7 ,  however, it would 
seem unlikely that errors of more than a few parts in  1012 
should arise due to the servo system parameters. As- 
suming a measurement precision of 1 X 10-l2 (typical of 
7 -hour averages) and combining the various estimates of 
error ;is we did for the manual case, the internal estimate 
of ;iccuracy for servo measurements is about 6 X 10-12. I t  
should be noted that for measurement times of 1 hour or 
lotiger the precision of measurement makes an insignifi- 
cant  contribution to the accuracy estimate. 

Two methods are available with the NBS systems for 
obtairiiiig x i  exteriial estimate of any inaccuracies due to 
the servo system parameters alone. First, careful com- 
parisons have been made of the measured frequencies of 
a stable source as determined by both the manual and 
servo methods. The measured discrepancy is (0 f 3) 
X lo-''. Second, the difference between two independent 
servo systems of similar design has been measured (us- 
ing secoiid-h;irmonic filters in  both systems) and found 
to I)e (4 k 3) X In both of these methods errors due 
to C-field uncertainties and phase difference in the 
resoii;tnt cavity do not enter i n  since they will be the 
s;uiic for :dl measurements. These latter comparisons 
t lien appear to substantiate the earlier conclusion that 
any ;dditional contributions to  inaccuracy above those 
present i n  the m m u a l  technique are less than a few 
parts i n  

Siiice the accuracy figure for the manual case has been 
conservatively estimated to  be about 1.1 x lo-", how- 
ever, the small additional contribution from the servo 
parameters is relatively insignificant and for all prac- 
tical purposes the two methods of measurement may be 
assumed to be equally accurate. 

CONCLUSION 
I3asetl on several years experience, both the manual 

and servo measurement systems have proved highly 
tlependat)le. Careful analysis of both systems has 
shown that the very significant advantages of the servo- 
t ype measurements in terms of convenience of operation 
a i i t l  precisioii of me;tsurenient can be utilized with no 
sigiiificaiit sacrifice of accuracy. I n  view of the demon- 
strated frequency shifts that  may occur under certain 
oper;ttiiig conditions of t h e  servo system, however, it is 
recommended that any such system to be used with a 
primary frequency standard should be thoroug hl y 
evaluated before being put to  routine use, and that 
periodic comparisons with manual measurements should 
continue after the system is in regular operation. 


