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APSTRACT

An instrunent is described which is directed toward
measuring quite sccurately average frequency associated with
the timing mechanigm of a watch but which may be applied to
the measurement of the average frequency of any low frequen-~
ey periodic phenomenon which can be converted into an elec-
trical signal and which possesses a wave shape that is not
too irregular, provided that this average frequency does not
deviate greatly from some given frequency,/ In the applica-
tion to the study of a éatch the elecirical signal is ob-
tained by applying the 2u¢ﬁble tick to the miérqphone.

Since the voltage thus obtainzd is approximately 1000 cy-
cles modulated 5 times per sscond, 1t is necessary to em-
ploy a stage of detection lmmediately after the amplifier.,
The signal thug obtalinsd is then fed into a high Q@ filter
tuned o the averags frequency in question (5 cycles per
second in the case of a wateh). This Tilter serves to im-
prove the wave szhape, So lessen -the frecuency fluctuations,
and to decrease ihe variatioﬂé in amplitude as well as to
remove off-frequency noises. This output is used to con-
trol a multivibrator, the amplitude and wave shape of whose
output arc not greatly influenced by the nature of the incow-
ing signal. This signal in turn is applied to a medium Q
40 oycle filter which thua selects a frequency which is 8
t4mes that of the watch. This filter 1s sufficiently selec-

tive to remove undesired harmonies as well ag the fundamen-
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After power szmpiificetion th s 40 eyecle signel is used to
drive & synchounowg wobor. By means of a differspiial gear
syatem the nuasber cf revolutlons wnich Lhis meitor makes iun a
given viwe 1s cunpared WiTh Lol wuua sl "lu?s
by z standard 40 cycle A. C. current. This latter is ohtained

A
from a 1.2 ke. crystal by frequency division., The use of the

two motors coupied by the differential mekes the indicator

2

3 & ] _) o .
integrating snd divect readling while resemtling gulie closely

- - - 3 - - Iad ~
the desirabie will naiance teechnicue of meazzurement.
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I. Introduction

The object of the present work is to develop a method
of determining the accuracy ol a watch by means oi' an ob-
servaetion pade over a relatively short period, The usual
wethod, of course, is sipply to set the watch to agree with
sone standard btimepiece ang Unea to deterwmine the deviation
between Ghe readings of the watch and of the standard twenty-
four hours laler. The long time 1s necessary because the
error of an ordinary watch is of ine order of a few winutes
a day and, thereiore, omnly becomes noticeable over the course
of & long time. The obvious procedure, then, for making the
neasuresent rapldly is to make use of the ticks of the watceh
since on the one haand they have 2 much grezster frequency then
that of the winute hand and, on the other hand, the rate at
which tne minute hand turns 1s directly prosortiopal to the
meen frequency oi the ticks, In addition,. the ticks ray, of
course, be easily converled into an electrical signal by means
of z microphone; and it is conventionzl to use an electronic
circuit in precise frequency determination.

Thus, the problem has been converted to that of deter-
nining the meun frequency o1 a low frequency (i.e., 5 cycles
per second) electricali wave., The fact tbat the frequency is
low introduces difficulties since standard methods are usually
more appropriate for somewhat higher frequencies. In the pre-

Sent instance, the difficulty is increased by the fact that
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the ticks are a series of pulses rather than a s3ine wave,
that successive pulses differ in amplitude and harmonic con-
tent, apd that the time interval between successive pulses
varies, Finally, the amplitudes as well as the shapes of
the pulses differ for different watehes,

The general procedure enmployed may now be sketched with
enmphasis on the method rather than technical detaiis. The
watch tick is first amplified by a high poss amplifier and
the resultant signal 1s theun detected Lo obtain the low fre~
quency compenent. The detector is followed by a resistance
condenser network designed to improve the wave shape. The
resulting wave is then passed through a hign ¢ five cycle
filter which serves further to lmprove the wave length and
to decrease the frequency variation, Tuils signal is now used
to control a 5 cycle multivibrator from the output of which
the 40 cyele harmonic is selected by a 40 eycle filter. By
means of & pair of synchronous wotors and z difierentisl
gear system this output is compared wlth a standard forty
cycle wave obtained by frequency division from a 1.2 ke.

crystal osclllator. Ve now coaslder the actual circuits in

nore detail,

JI. Wateh Tick Activated Systen
A. Tick Amplifier
The tick itself is picked up by a Shurc W-56A phono-
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graph pickup which is actually a high sensitivity crystal
microphoene. In operation, the needle of the pickup 1s placed
in contact with the metal case of the watch. The gignal thus
obtained is amplified by a conventlal three stage coupled
audio amplifier. Because of the high resistance of the micro-
phone and of the grid resistor of the first tube, this awpli-
fier bas considerable hur pickup. To eliminate this, as well
as to diminish the effects of random noise, the unit is built
in such a way as to amplify bhigh frequencies (above 1000 cycles
per second) in preference to the lower frequencics. This is
accomplished by using coupling condenser of rather low capa-
clty which tends to decrease low freguency response. Inas—
much as the tick itself consists of a carrier of over 1000
cycles per second modulated at 5 cycles per second (Fig. 1),
the desired signal is passed. The amplitier itself consists
of tubes VT-1, VI-2, VI-5, and associated components and has
an amplification of 1000 tiumes for 2 signal of 1000 cycles
per second, '

B. Detection
The & cycle signal 1s now obtained by passing the sig-
nal to a triode detector, (Fig. 2). This consists of a tube
(Vr-4) bilased beyond cutoff so that it responds only to the
positive half of the incoming signal., This feeds into a low
pass filter consisting of three integrators which act to re-

wove the high frequency signal and to improve the shape of
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the 5 cycle wave.
C. 5 Cycle Filter

At this point it would be desirable to apply the signal
to the 40 cycle filter so that the system would be capable
of measuring the per cent of deviation of any frequency which
was a sub-multiple of 40, (er example, 2, 2.5, 4 and 5).
However, experimentation showed that the signai in question
is too irregular 1ln frequency and amplitude to produce a
reasonably steady 40 cycle signal after frequency wultipli-
cation, The filterl’2 employed is of the so-called parallel
T type which has proven useful in low frequency applications,
The tuned element 1s essentia:ly a three terminal frequency
bridge. Thus, the input is connected between one termircal
and ground while the output appears between the other ter-
minal and ground, therefore, obviating the necd for an iso-
lating transforuwer. At the null frequency the output is
zero., Thus one can obtain a sharply tuned amplifier with
the aid of this element in fhe following wmanner. The signal
to be filtered is fed into a voltage amplifier, the output
of which 1s applied to the input terminals of the parallel

l. Me P. Glvens and Johm S. Saby, The Review of Scientific
Instruments, Vol. 18, 042-646, 1947
. 2, R. Runyan, unpublished M.S. thesis, U.C., 1948
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T network. In turn, the output of the parallel T 1s returned
to the input of the amplifier in such a phase as to produce
negative feedback. This attenuates the net awplificstion
for off-fregquency signals considerably while not affecting
that of signals at the tuned frequency since for suchb sig-
nals there is no output from the tuned network to be fed
back, It turns out that the components required for the
tuned element are of quite a reasonable size which forms a
sharp contrast with the large condensors and inductances
which would be required for a convential tuned L-C filter.
In this filter circult, as well as in the 40 cycle filter,
we use a method for obtaining feedback with minimum phase
shirt, 1In essence the feedback signal is directed into a
cathode follower amplifier whose cathode is tied to the
cathode of the first amplifier tube of the mein filter am-
plifier,

D. Frequency Multiplier
The five cycle output from the filter is nearly a

sine wave (Fig. 3) and, thus, of course, quite low in har-
ronic content. It, therefore, was declded to obtain a sig-
nal with the same fundamental frequency but considerably
greater harmonic content by using a & cycle multivibrator
controlled by the 5 cycle output of the filter. The ampli-
tude of the output is also substantially independent of the
aplitude of the synchronlzing signal, thus waklng the opera-
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tion of the instrument less sensitive to the loudness of the
watch.,. A multivibrator is especizlly sultaole for such cofie

. trolled operation because the tube cycle of the grid voltage
of either tube changes according to the following sequence.
There is a period during which this voltage changes slowly,
followed by a period of rapid change. The synchronizing
signal can thus easily produce a transformation {rom the part
of relatively steady voltage to the region of rapidly chang-
ing voltage. The multivibrator is made up of tubes VI-9 and
VI-10 and associated components. The g=»id voltage cycle with-
out and with synchronization is shown by figures 4 and 5 re-
spectively. It may be noted from this figure that the rapid-
ly changing portion of the grid voltage is essentially a
pulse and , therefore, has a relatively large harmonic con-

tent.

The peak in question has a magnitude of about 100 volts
and, after reduction by means of a voltags divider, is ap-
plied to a 40 cycle parallel T filter to obtain the desired
harmonic, This filter 1is designed so as to produce an ampli-
fication at 35 an! 45 cycles about 10% of that at 40 cycles.
Since the watch frequency, after smoothing by the cyecle fil-
ter, varies only siightly from nominal frequency, this fil-
ter produces little attenuation in the desired harmonic while
effectively removing other harmonics and the fundamental.

This filter consists of VT-11, Vt-12, and VT-13, (Fig. 8).
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II1I ¥easurement of Frequency Deviation
A General Considerations

As the result of the operation of the previous circuits,
we have obtained a 40 cycle wave whose nean percent deviation
from nominal is the sume as that of the watch. There are now
available two pain methods for determining this error. First
it is possitle to send tbe signal into a very sharply tuned
40 cycle filter and to measure the percent response. Since
the freqrency deviation is in no case very great, this would
in turn be a measure of percent error. The second procedure
is that of comparison with a standard., Thnis second method
is the wore commonly used since 1t is relatively casy to ob-
tain a standard of very nigh precision. In addition, many
of the methods of cowparison of two freciencies provide for
an integration of the error, This is desirable for the pre-
sent case for the following reasons,

In the first place, as mentioned before, the frequency
of the watch tick itself is not absolutely constant: and,
therefore, we wish to measure the meen rather than the in-
stantaneous deviation. Although a considerable amount of
this variation in question is removed by the operation of
the five cycle filter, we cannot expect that all of it will
be gone., Secondly, the pulse corresponding to the wateh
tick is rather irregular and it is likely that for different

pulses the wultivibrator will not always be activated by
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the same portion of the pulse. LeU us assusme then that for
thz five cycle wave the region to winlch the multivibrator
responds is about one radian in extent, I thes we «ish to
reasure g wateh'!s error as sca.l &8 ten ssconds a doy, the
inberent error of the systew should represent no nore than
about five seconds z day. Since five seconds a dzy repre-
sents about one part in 17,000, the moasurenent sh-ould exe
tond over a large en.ugh musber o cycles, N, sueh that

Lo 1
owN . 17,000

This g&?es for K apprroximate.y &,000 cycles whkich eorresponds
to 800 seconds or ten minutes. Thus we desire a systen of
Trequency measuresent which can give an easily read indien-
tion of the integrated error at the conclusion of the ten
minute period as well a8 indleating its direction. There are
2 pumber of te-hniques wiich vith suitable modification can
bs moce to sult these recuirerents. PFor instance, one might
use a Lissajou figure Jormed by tbe standard and the unknoen
or one might beat the two freq&éncies togsther and rectify
the resulting output. Both these methods hove objections,
of course. For instance, the variationsg in the frequeney of
the unknowsp freguency right make the Lissajou figure diff].-
cult to follow and would make L1 nccessury to builid sn 05—
illoscope into the instrument. On Uhe other hand, in order

to deterzine whether the wateh was fast or slow it would be
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nocessary o use o stendard somewnat dilffersnt fror the
fraquency to be weasured.

There is available, however, c relatively sample teeh-
nigue for performing the task, namely the use of 2 pair of
synchronous motors cou,led througn a differencisl geur sys-
tem?’ Experience bas showa syachropous motors to be nighly
reliaple in following the imput {recuvency, and they are gen-~
erally used in conjunction with standards. 9n the other
hand s differential gear system presents a sivple wmethad
for vrecording the difrerence in revolutions of the two motors

09 natter which direction the difference taxes,

3. Tnis idea was suggested by Dr. Podolsky
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B. Standard Frequency

The primary standard is a 1200 cycle crystal oscile
lator employing VT-18., The crystas itself is z Vestern
Electrie type 20 J duples crystal which is characterized
by a temperature coefficient of freguzacy sufficlently low
that the frequency remains counstant within limits of & ,008%
when the temperature ranges between 18 and 45 C., The 1200
cycles obtained from this crystal 1is iatroliucel into a buf-
fer amplifier which contains tube VI-17. Tie output of this
ampiifier is then used to synchronize the fregueacy of a
multivibrator employing tubes VI-18 aznd VI-19., The multi-
vibrator is adjusted so that its nominzl freyuenoy is 240
cycles per second and it is, therefore, triggered by every
fifth wave of the crystal oscillator., After passing through
the buffer amplifier making use of VT-20, the 240 cycle
signal controls in like manner a 40 cycle multivibrator which
contains VT-2l and VI-£2. By this wethod & signal is obtzined

from the latter multivibrator whoge frequency is exactly 1/30

that of the crystal.

C. Output Stages
The 40 cycle signal controlled by the wateh tiek is

subjected to a further stage of voltage amp.ification employ-
ing tube VT-14. The output of this stage (Fig. 7), in turn,
drives a transformer coupled Class A power appiilier VT-15
tuned to 40 cycles. The load of this power amplifier is a
Telechron type B 3 four wabt synchronous motoer which 1s e-

quipped wlth a gear system such that the nominal spced is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




- 11 -

The 40 cycle standard ootalned from the controlled
multivibrator has a bigh harmonic conient and is, therefore,
introduced into zn amplifier using VI-25, terminated by s
low € 40 cycle filter wbich serves to improve the wave shape.
Toe resulting signal is used to drive another Class A trans-
former coupled power amplifier VT-24 tuned to 40 cyeles
whose load is a synchronous motor gezred down £0 40 R. P, ¥.

As mentioped above, the difference between the total
nuwber of revolutions of the two notors is recorded by meazns
of a differential, The gear system is such that the total
number of revolutions of the output shatft is egual to % this
difference, The relation belween the rotation of the output
shaft and the error of the wateh may be corputed as follows:
Assuming s perlod of operation of ten minuctes ang letting &

be the rotation oi the shaft in degrees, the corresponding %

aerror is:

>

- 99 x...100 < . @
60 40 x 10 zeoxo—~ %

-

N

S

On the other hand the number of minutes per day is 80 x 24
s0 that the corresponding error in mwinutes iss

x 2485 9
oC0-% 200 S0

Thus 50° correspond to 1 minute & day and 8-1/3° to 10 seconds
a2 day, The rotation of the output shaft is indicated by a disl
calibrated in degrees. Since the instrument is aesigned only
to measure with an accuracy of 10 seconds g day, the reeding

is quite easy to muke, Further, & clockwise rotztion indicates

a 5low watch apd a counterclockwise rotation, a fast one,
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In actual operztion one simply places tue phonograpn pick-~
up on the watch, wmaits one minute for transients to disappear,
sets the friction beld dial to ruad zero, waits ten minutes,

and takes the final reading. Thuz almost no tochniezl skill is

required for operaticn,.
IV, Paower Supplies

The Tilaments are siwpiy supplied by 60 cycle 4.0, of ap-~
propriate voltage obtained from three different powcr surplies.
The D. C. wolteges for the power amplifiers sre obtained frop an
ordinary, unregulated power supply. To prevent interzetion a-
wong the power amxplifiers, the watch tick zctivated cilrcult, and
the 40 cycle standard, the latier two are operated fron separ-
ate D, C, supplies. Furtherzore, to obtain stebility of oper-
ation and to prevent undesirable interstage coupling, each of
the last two is a regulated su;piy.
Ve Besults

Because the 1800 cycle per socecond crystal oscillator had
not been ndjusted, no sets of measurerents bave been pade to
determine accuracy. However, qualitative agreerent bebiween
mezsurenents pade with 4 wmatebes and the owners! experience
was obtained, In addition, 2 quantitative estimate of Che pre-
cision was mwade ang the following was obtained. Two sets of
congecutive runs wmere smade upon the writer'!s wateh. The re~
sults ares

rirst Set: 299, 30°9, 309

Seconé Sot: 289, 51°, 329, 530
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