AUTOMATIC
'"ALIBRATOR

For Frequency Meterg

A 126-tube electronic calibrator combined with adding machineg

records on paper tape the calibration data at 327 points for an

Army SCR-211 two-band frequency meter, interpolates between

these points, and automatically prints in the individual calibrg,

tion book a five-digit dial number for 3252 frequency values

By DAVID SUNSTEIN

Factory Engincering Division

Philco Corporation, Philadelphia, Pa.

N THE MANUFACTURE of highly

precise measuring instruments,
it is sometimes found necessary, in
order to obtain the required ac-
curacy, to hand calibrate each in-
dividual instrument. In the par-
ticular case at hand, a two-band
frequency meter known as the
Army SCR-211 is required to main-
tain an accuracy of the order of
0.01 percent in the field. This fre-
quency meter as manufactured by
Phileo Corporation consists of an
electron-coupled variable-frequency
oscillator, which can be checked at
certain points of the dial against an
internal fixed-frequency crystal
oscillator,

Anyone who has had experience
in the production of receivers hav-
ing dials which read directly in fre-
quency can appreciate the practical
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impossibility of making an oscil-
lator track to a predetermined dial
scale within 0.01 percent. For com-
parison, a good broadecast receiver
has an accuracy of about =10 ke,
or about 1 percent. Variations such
as inductance, capacitor plate con-
tour and straightness, gear ec-
centricities, etc.,, require that the
frequency meter be designed with
a dial which reads in arbitrary
units, and that a calibration book-
let be prepared for each meter.
The two bands of the frequency
meter cover a fundamental range
of 125 to 250 ke and 2 to 4 Me.
The Army specifications call for a
listing of calibration points every
0.1 ke on the low band and every
1.0 ke on the high band, or 38,252
calibration points in all. Each of
these calibration points is recorded
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FIG. 1—Block diagram showing the three basic units of the automatic
calibrator and their relation to the frequency meter being calibrated
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as a five-digit dial number.

Fortunately, it is found that by
proper design of the tuning capagjs
tor, the plot of dial reading versus
frequency can uniformly be made
sufficiently close to a straight line
that only every tenth point printed
in the calibration book need be
hand calibrated, the remainder be-
ing interpolated linearly. Thus,
hand calibration points are re-
quired every 1 ke on the lIow band,
and every 10 kc on the high band,
or a total of 327 points must be re
corded by hand.

Calibration Time Is Shortened

It has been found that on a pro-
duction basis an average of 2.8
hours was required to hand-cali-
brate one frequency meter, with
another hour to compute the incre-
ments between adjacent calibration
points so that interpolation COI.lld
be made, another 1.75 hours to 1B
terpolate, and an additional 5 hours
to type the calibration booklet. AB
average of several errors in e
original hand calibration, plus 8d-
ditional errors in interpolating and
typing, made necessary a very thor
ough checking of each frequency
meter and calibration book, t0
ing 3.5 hours more.

Thus, to calibrate a frequency
meter accurately by hand, incll{d‘
ing 2.25 hours additional for mi¥
cellaneous operations, yequired &
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tal of 16 man hours. Further-
more, the fact that the frequency
meter was under operating condi-
fims during the 2.5 hours manual
@libration period necessitated a
tmperature-controlled room for
the calibration process, since am-
bient temperature changes, if per-
Bitted, could put kinks in the cali-
iration curve, thereby rendering
te meter inaccurate.

fhl automatic calibrating ma-
fhine has been designed and con-
't.nmted at Philco which, together
Wth semi-automatic interpolating
Sachines capable of typing the book
d}’ecﬂy, reduces the total calibra-
0 time from 16 hours to 6.5
Urs. The actual direct time neces-
'"_y to record the 327 calibration
Wints of each frequency meter

been reduced from 2.5 hours to

minutes, and during these 16
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"Orerall view of calibrator, showing frequency meter on jig at right center, with dial
coupled to zero beat detector. Printing rack is at left. Signal source is not shown

minutes, the increments between
adjacent calibration points are also
automatically tabulated, thereby
eliminating the previous hour re-
quired for manual computation.
The short calibration time also
eliminates the need for a temper-
ature-controlled calibrating room.
The automatic method has elimin-
ated the human error, thus reduc-
ing the required checking time
from 3.5 hours to 1.5 hours, which
period is primarily devoted to in-
suring the stability of the fre-
quency meter. Overall, since the
equipment is being used on a 24-
hour-a-day basis, over 140,000 man
hours were saved in 1943.

Automatic Equipment Used

The semi-automatic interpolat-
ing machines are similar to the
adding machines used by finance

Rear view of printing system, showing
number storage bank near bottom

companies for scheduling pay-
ments, the only difference between
the two being the size of type em-
ployed. These machines are cap-
able of carrying two totals, one of
which may be added to the other
and the new total printed, thereby
.enabling interpolation. Since this
device is well known it will not be
discussed further here.

The 126-tube automatic calibrat-
ing machine has several unusual
features. Essentially, it consists of
three parts, shown as a block dia-
gram in Fig. 1. The first supplies a
source of standard frequencies
against which the meter is cali-
brated. The second provides a
means of mechanically continuously
driving the dial of the frequency
meter and electrically generating a
sharp pulse every time the fre-
quency meter is tuned through zero
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FIG. 2—A ifew of the infinite number of
depending upon the

zero beat wave forms which can occur,
random value of ©

t2002sec; t,=0.0072sec. "

FIG. 3—Zero beat wave form for which ©=0°, and for which a calibrating time of six
minutes is assumed. Here t, represents the maximum permissible limits for triggering

beat with the standard signal. The
third unit records on a paper sheet
the dial reading of the frequency
meter at that instant of time at
which the pulse is generated and
also the difference between adja-
cent dial readings.

Standard Signal Source

As stated previously, calibration
points must be taken every 1 ke on
the low band and every 10 kc on the
high band of the frequency meter.
This requires accurate signals at
16-kc intervals for the low band (as
will be explained later) and signals
10 kc apart for the high band. The
method used for generating these
signals employs two multivibrat-
ors, each locked in with a crystal
oscillator that is continuously moni- ©
tored against Bureau of Standards
radio station WWYV. Since this sys-
tem is conventional, it need not be
treated here.

Zero Beat Detecting Problem

Before describing the actual
mechanism which was finally de-
signed to detect the instant of zero
beat, a short description of the
problem involved will be given.
That there is a problem at all is a
result of the continuous drive ap-
plied to the frequency meter. If
the drive were stopped at each cali-
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brating frequency, conventional
circuits could be used to determine
zero beat within a very few cycles.
However, as will be seen, the con-
stant rotation of the tuning capaci-
tor of the frequency meter intro-
duces factors which require special
consideration.

Let it be assumed that a con-
stant-speed drive is being applied
to the tuning capacitor shaft, so
that the frequency meter is gener-
ating a signal which is changing
continuously in frequency. Assume
also a single standard signal whose
frequency is constant and lies in
the range of the frequency meter.
And finally, let the outputs of the
two signal sources be coupled into a
mixer stage whose output circuit is
responsive only to signals in the
audio range. Then, as is shown in
Appendix I, the wave shape of the
audio signal developed across the
output of the mixer will be as in-
dicated in Fig. 2, where the origin
for time (¢ = 0) is taken to be the
instant when the frequency meter
is exactly at zero beat with the cali-
brating signal.

It will be noted immediately that
more than one form of the zero beat
wave shape has been given. There
are actually an infinite variety. The
exact one taken depends on a quan-
tity indicated as 4, and a constant a.

The equation of the zeyq bea

age is
e = .»cos(%g:_.)

where the amplitude E,, is de
mined by the amplitudes of the tt::'
signals, « is the rate of change 0
periodicity, w, of the 1'1'eq|,|@_uof
meter, and 6 is a random Phage y
gle dependent on the phage an ?n-
of the original beatin . Bley

g Signalg
FE,, and 2 can be held constant, },
6 may, and probably win,,h'”eut
different value each time that the
frequency meter passes throagh
zero beat with a calibrating signa)
Hence, any of the infinite variet;:
of which six are shown in Fig. 9
can be expected to appear at one
time or another.

It remains to be shown that tpe
difference in zero beat wave forp
presents a problem. Figure 3 i a
quantitative picture of one pay.
ticular wave which might oceyr,
Here 6 is taken to be zero, and 5
calibrating time of six minutes op
the 2 to 4-Mc band of the fre.
quency meter i3 assumed. With this
calibrating time, o, the rate of
change of periodicity, is 2x(4x10* -
2x10°) divided by 360 seconds. Un-
der these assumptions the time ¢,
taken for the beat voltage to go
through its first zero value is ap-
proximately 0.020 second ( Appendix
1D).

t voit.

Accuracy Required

To achieve the overall accuracy
of calibration mentioned in the in-
troduction, it was desired that the
error introduced by the zero beat
detector itself should be unreadable
on the dial of the frequency meter.
Since the latter is graduated into
fifty thousand vernier divisions, it
was decided that an accuracy of
better than plus or minus one part
in one hundred thousand (half of
one vernier division) would be ac
ceptable, Assuming a linear scale
on the 2 to 4-Mc band of the fre
quency meter each vernier divisior
represents 40 cycles change in fre
quency. Therefore it was required
that the zero beat indicator triggef
when the frequency of the sign
under calibration was within 2
cveles of true zero beat. With 2
calibrating time of 360 seconds the
frequency meter changes in fre
quency 20 c¢veles in a period of plus
or minus 0.0636 second, or a tot
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0.0072 second. This is indicated
& on F1g 3. ) ) .
The problem of calibrating with
cient accuracy arises from the
sct that the time interval ¢, is rela-
:dv short compared with ¢. Over
e '1atter interval the zero beat
qave i3 marked by distinctive char-
“teristics which could be used to
igger the calibrating equipment.
gut it might be difficult to make
qch triggering occur always in the
shorter interval t..

Wgraﬁon. A Step Toward Solution

Evidently the best means of
gilizing the distinctive nature of
the wave form near zero beat is
q intergrating network. Such a
dreuit may be considered most
simply as summing algebraically
the area under the beat wave
carve, adding areas above the zero
axis, and subtracting areas below.
At times remote from the instant
of zero heat, alternate positive and
negative areas are relatively small
and nearly equal, so that their
algebraic sum is small and builds
ip in amplitude very gradually.
However, through the period ¢,
Fig. 3) a large positive area is
sdded. The integral or sum hence
cntains a large positive pulse,
building up through the interval
. Such a pulse could be used to
trigger the indicating equipment.

Referring to Fig. 2, if 6 had
%en 90 deg instead of 0 deg, a
very different pulse would have
ben developed, and in addition it
vould have begun to build up
mich earlier in time. It is there-
fore highly possible that trigger-
g would have occurred outside
the period ¢, which has been speci-
fed. Further, for other values of
fthe pulse might be negative, or
tlere might even be no appreci-
‘ble pulse at all.

The integrated output voltage
ained for various values of 9
Sshown in Fig. 4, with the accept-
iPle triggering period ¢, again in-
‘dlcated. These curves are also
?_“ed on a six-minute calibrating
Me, and are in the form of Fres-
flel integrals. Tables of this in-
®ral are available.
1tis apparent therefore that the
f’aJOF difficulty with the system out-
Yd is the erratic nature of the
e which would be obtained,
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o =35x10%
t,=0.0072 sec.

FIG. 4—Integrals of various zero beat wave forms. For © = —90°, —135°, or 180°,

curves identical with those shown for © = 90°, 45°

and 0° respectively will be

obtained, except that the two sets of curves will be of opposite polarity

with respect to amplitude, shape,
and time of occurrence. Fortu-
nately a means of overcoming this
difficulty was found. The mathe-
matical basis for the method de-
vised will be stated here, and a
proof of this particular case is
given in Appendix III.

Principle of Zero Beat Detector

For certain types of functions,
of which the integral of the zero
beat wave given above is one, the
sum of the squares of any two
forms of the function which differ
only in that they are 90 deg apart
is always the same, regardless of
the absolute phase of the two
forms. Moreover, the resulting
function is the square of the en-
velope of the original function
plotted for all possible values of
its phase angle.

A simple example of this can
be given. If the original function
is taken to be A sin(wt + ) where
6 is any phase angle, then a second
form, differing in phase by 90 deg,
is A sin (ot 4 6 4 90°). But this
is the same as 4 cos(wt + 6), and
the sum of the squares of these

two forms is A If a plot of the
original funection is made for all
values of 4, it is seen that the en-
velope is a straight line of ampli-
tude A4, and the square of this en-
velope is a line of amplitude 4%

In Fig. 5 is shown the envelope
of all the integral curves in Fig. 4,
with the dashed line representing
the square of this envelope. This
dashed line is the pulse which can
be derived from the zero beat wave
regardless of what value the ran-
dom angle 6§ may have. It is only
required that a second zero beat
wave be produced which differs in
the angle 6 by 90 deg. This can
be done readily, as will be des-
cribed later. The squaring action
produces a sharper pulse than any
of the integrals themselves. The
acceptable triggering time is
again shown as t.

This is the basic principle of
the zero beat detector. The man-
ner in which it was incorporated
will next be described.

Superhet Circuit is Used

For the same fundamental reas-
ons inveolved in the design of an

ty=0.0072 sec.
t)=0.022 sec.
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FIG. 5—Pulse form obtained at each zero beat by addition of squared integrals of

quadrature zero beat wave forms. This curve is independent of random phase varia-

tions between the frequency meter and the standard signal. Note that practically
the entire pulse occurs in the interval t'..
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FIG. 6—Block diagram of complete zero beat detector

ordinary radio receiver, it was de-
cided to use the superheterodyne
type of circuit for the zero beat
detector. There are two channels,
one for the standard signal and
one for the frequency meter, as
shown in the block diagram in Fig.
6. The variable tuned portions of
these and the frequency meter are
all ganged together, on one motor-
driven shaft. This ganging is indi-
cated on the block diagram by the
dashed lines, and is pictured in
Fig. 7.

Each channel is fed from its
own source, converted to an inter-
mediate frequency by a common
oscillator, and passed through its
own 1-f system. Both are then
coupled to ecach of two mixers, the
outputs of which are zero beat
forms differing from each other in
phase by 90 deg. These are each
integrated and passed through
square law stages, and the sum of
the two taken. At this point the
required constant-shape pulse has
been obtained. The remainder of
the detector is made up of circuits
for obtaining a large-amplitude
pulse suitable for operating the
printing mezhanism.
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These channels will now be ex-
amined stage by stage, and those
circuits of a unique nature de-
scribed in some detail.

R-F Section

Channel 1 is fed from a stand-
ard signal source, which in this
case is a multivibrator held in
synchronism with WWYV as here-
tofore mentioned. Since for high
band calibration (which will be
discussed first) signals are gen-
erated every 10 ke from 2 to 4 Mec,
it was found desirable to intro-
duce a tuned r-f stage to remove
all but a few signals in the vicinity
of the one desired. These selected
signals are applied to one grid of
the first mixer in channel 1.

Channel 2 is fed from the fre-
quency meter through a dual-pur-
pose stage, which for high band

operation is effectively a unity
gain untuned stage. It will be

described in more detail later. The
signal is then applied to one grid
of the first mixer in Channel 2.
The second grid of each mixer is
fed from a common oscillator
stage, but from isolated points to
prevent channel interaction.

These stages comprise the rf
section of the unit, and as men-
tioned above are ganged on a com-
mon shaft. All except the oscills
tor are adjusted to tune together
and are so geared that their curves
of frequency versus shaft rotation
are the same as an average fre
quency meter. The oscillator is s
justed to track 480 kc higher atal
points, a frequency which is er
tirely optional and determined onlf
by design considerations, Becaust
of the type of circuit used to obtait
the quadrature signal, however it
is necessary that this frequench
once determined, be maintained &
actly. To this end a conventlonﬂ
automatic frequency control cn‘cu‘l,t
is used, operating from channel =

First Mixers

The signals developed in the
circuits of the two first mixers ¥
now be considered. Since the frr
quencies of the oszcillator and
frequency meter are varied tog¢
and held to a constant differ
of 480 ke, the signal in the pls#
of the mixer in channel 2 ¥
course constant at 480 ke, In ¢
nel 1 this is not the case be

plakt

1
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FIG. 7—Overall view of zero beat detector with r-f section open.
and to revolution counter and f{requency meter at right.

motor at left,

the signals against which the os-
cillator is beating are fixed, while
the oscillator itself is varying at a
uniform rate with the motor drive.

Assume that the oscillator is at
348 Mc at some instant. The mixer
and r-f stages of channel 1 are then
tuned to the particular standard
signal which is at 3.0 Mc and the
if is 480 ke. As the oscillator
thanges to 3.485 Mc, the beat from
the 3.0-Mc signal becomes 485 ke.
But at this time the beat from the
lext standard signal, which is 3.010
Mc, becomes 475 ke, and as the os-
cillator approaches 3.49 Me, this
beat approaches 480 ke.

Thus, as the oscillator is tuned
fhroug}1 each standard signal, the
M signal in channel 2 sweeps
through the frequency 480 ke. If
the band width of this i-f channel
I_S held to less than plus or minus
9 ke, there will be only one signal
Present at any time. This is neces-
fary to prevent spurious beats.

Limiters and Triplers

Pl’OCecding through the two i-f
thannels, it will be noted that the
ﬁpal i-f stage in each case is a com-
Med tripler and limiter. In crder
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that the calibrating pulse may be
of the same amplitude as well as
the same shape for each zero beat,
it is necessary that the two signals
which are actually being combined
be of the same amplitude (though
not necessarily the same as each
other) for each beat.

Limiting is therefore incorpo-
rated in the plate circuits of the
two final i-f stages, and sufficient
gain is provided in the i-f systems
so that on the weakest standard sig-
nal and the lowest output frequency
meter these stages are driven
well past their limiting levels. Thus
considerable latitude may be per-
mitted in the amplitudes of the har-
monics generated by the multivi-
brator and the output of the fre-
quency meter without impairing in
the least the accuracy of the equip-
ment.

An ave system is also employed in
the standard signal channel for the
same purpose, inasmuch as this
channel is particularly subject to
wide variations in signal level.
With these circuits included in the
i-f systems, the amplitude of the
signal at each mixer grid is main-
tained extremely constant.

Note ganging of tuning capacitors to the
The if channels and pulse-

forming stages are in the rack at the rear, together with regulated power supplies for each channel

The use of tripling in the final
i-f stages is interesting in that it
provides a simple means of tripling
the accuracy. Recalling the equation
for the zero beat wave, it is seen
that the time taken for the beat to
go through the distinctive period
t, is proportional to a. If o be
tripled, this time interval is re-
duced to one third. But « is propor-
tional to the number of cycles of
change in frequency per second, and
hence if we triple the changing,
frequency and therefore triple the
number of cycles of change per sec-
ond, the time interval within which
a triggering pulse is generated is
reduced to one third.

The effect of this is shown in
Fig. 5 by expanding the time scale
3 times so that the acceptable trig-
gering interval is represented by
t/. Channel 2 is tripled of course
merely to keep its frequency the
same as the center frequency of
channel 1. It is obvious that quad-
rupling or even higher multiplica-
tion could be used.

Second Mixers

The output of the final i-f stage
of channel 1 is now fed to one grid
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of each of the two second mixers.
The latter are the stages in which
the zero beats are actually devel-
oped. The actual frequency meter
signals and standard signals are
not being used directly to produce
the zero beat, but since a common
oscillator is used, when the i-f sig-
nals are identical in frequency it
follows that the two r-f signals are
also identical.

Note that a slight deviation of
oscillator frequency from its proper
value, such as might be caused by
drag in the afc system, does not
impair the accuracy. Such a devia-
tion will of course change both in-
termediate frequencies by the same
amount. Note further that this
stepping down from r-f to i-f does
not reduce the accuracy in the same
way that tripling was seen to in-
crease it; because in this case the
reduction in frequency is obtained
by subtracting from“ another fre-
quency, and not by division. The
rate of change of frequency, as rep-
resented by «, is unchanged.

The output of the tripler stage
in channel 2 requires one more
operation. It is necessary to
obtain not only the third har-
monic of the constant frequency,
but also a second signal identical
except shifted in phase by 90 deg.
This is readily obtained by intro-
ducing a loosely coupled double-
tuned transformer, and taking one
signal from the primary and one
from the secondary of the latter.
With the input at the proper fre-
quency, these signals are in quadra-
ture with each other. It is to main-
tain input at proper frequency that
afc is utilized. The quadrature sig-
nals are applied to the second mix-
ers in channels 1 and 2.

The signals found in the plates
of the two second mixers are now
two identical zero beats between
the fixed and varying i-f signals,
except that the angle 4 is different
by 90 deg. (Appendix IV). Each is
now ready for integration.

Checking Quadrature at Mixers

Before discussing integrators, a
simple means of checking quadra-
ture at this point might well be
mentioned. If the outputs of the
two second mixers be connected
each ta one pair of plates of a cath-
ode-ray tube, and two r-f signals of
approximately the same frequency
applied to the inputs of the sys-
tem, then an ellipse with axes at
right angles should appear on the
screen of the tube. The secondary
tuning of  the quadrature trans-
former may in fact be adjusted
by this method. This should prefer-
ably be done with the two r-f sig-
nals as nearly of the same fre-
quency as possible since this is the
condition which is of interest.

Integrating Circuits

A standard integrating circuit
consisting of a large series resis-
tance and low-reactance capacitor
is given in Fig. 8, while the actual
circuit used is shown in Fig. 9. The
difference is occasioned by the fact
that it is necessary to incorporate
a blocking capacitor between the
mixer plate and amplifier grid, and
it is also necessary to supply a
d-¢ return for the latter. The ac-
tual constants used are determined
by two factors. In Fig. 8, the
higher the value of R and the lower
the reactance of C, the more nearly
will the output approach a true in-
tegral. However, it is necessary in

Fig. 9 that the time constapg -
the amplifier grid be short enoyek
to permit the grid to retury to jtg
normal no-signal bias betw, ts
pulses. The values given pm‘,edeen
be a satisfactory compromige,

Square-Law Stages and Adder

qr'eI‘he t\jod mte.grals thus f)btaineﬂ
: passed through amplifierg
the square-law stages and
adder, shown in Fig. 10, Each
square-law stage consists of two
type 7TBT7 pentodes biased to g Point
where the second harmonic digtgy,
tion is greatest. They share g com.
mon plate resistor, and theijr gridg
are driven with opposite Polarity
from the plate and cathode of g type
7A4 tube serving as phase invertey,
The fundamental and third hgp.
monic are balanced out and the
voltage across the common plate
resistor is predominantly secongd
harmonic, or the square of the ip.
put voltage.

Addition of the two squared sig-
nals is accomplished by connecting
a potentiometer from one pair of
plates to the other and taking out-
put from the arm at the center. At
this point the signal voltage is the
average of the two plate voltages,
or one-half their sum. A potentiom-
eter is used so that any unbalance
in the square-law characteristics
of the pentodes resulting in less
output from one pair may be ad-
justed by moving the arm slightly
nearer to that pair. Unbalance be-
tween each tube of either pair is
first adjusted by means of the vari-
able cathode resister of the phase -
inverter.

Here again, cathode-ray tube
checks simplify the adjustment of
the equipment. R-F signals are

R " R 7o amp.grid
/nfegrarfgo/ From 0.33 meg.
output mixer 033
plate /g/ 4 king Grid
ockin

Input voltage -I_ c capacitor =%5C MUt 56;2&//’”

| meg-

= = : E

FIG. 8—Conventional integrating network
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FIG. 9—Schematic of actual integrating circuit used
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jied tO the inputs of the equip-

eglt, and one phase inverter triode
mmoved. The cathode-ray tube

glates are connected to the input
¢ the other phase inverter and to
e plates of the corresponding pair
fsqum'u-law pentodes. Since the
qudio signal and the square of the
jatter v thus compared on the
cathode—my tube, there should ap-
ar @ “hair pin” or U. The resis-
tor in the cathode of the phase in-
verter is then varied until the tips
of the hair pin are of equal ampli-
tude. This indicates equal square-
8w output from the two pentodes.
The operation is then repeated on
the other square-law stage.

gince the r-f signals are fixed,
the signals at the inputs to the
square-]aw stages are sinusoidal
and are the same except for differ-
ing in phase by 90 deg. They may
pe represented by A sin (ot -+ 6)
and A cos (wt + 6), and the sum
of their squares is A% or in other
words. a d-¢ component only. The
signal at the arm of the adding
potentiometer should thus be a
straight line, and of zero amplitude
if the oscilloscope does not pass
direct current. The vertical plates
of the cathode-ray tube are there-
fore connected to the arm of the po-
tenticmeter., and the latter ad-
justed for a minimum of audio
ripple. Some of the latter will be
observed, since a certain amount
of fourth and higher even harmon-
ics will be present in the output of
the square-law tubes.

Blocking Oscillator

At each zero beat there appears
at the arm of the adding poten-
tiometer a pulse which is constant
in shape and amplitude. It is, how-
ever, negative in polarity because
of the nature of the square-law
stages, and is not of sufficient am-
Plitude to actuate the printing
Mmechanism. To obtain a sufficiently
large pulse, the blocking oscillator
S.hOWn in Fig. 11 is used. The nega-
tive pulse is applied to the latter
through a polarity inverter, which
IS merely a resistance-coupled am-
dlifier stage.

.It will be noted that positive
b}as obtained from a voltage di-
Vider scross the main plate volt-
ige supply is applied to the cath-
0de of the blocking oscillator
double triode. The amount of this
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FIG. 10 (above)—Sche-
matic of square-law
stages and adder

FIG. 11 (right)---Sche-

matic of blocking oscil-

lator which is triggered

by pulse from adder

and provides final

pulse used to actuate
printer

|025u/ 72 printer
| 005uf
Blocking

Transforrer

29uuf

10,000

Frequency
meter

Input
(either band)

1500

FIG. 12—Schematic of dual-purpose input stage for channel 2. This stage accepts a

signal from either band of the frequency meter without switching, and supplies a

2 to 4-Mc signal to channel 2. The latter signal is the fundamental of the high band
or the sixteenth harmonic of the low band

bias is sufficient to cut off both
sections of the 6N7G so that it is
normally quiescent. Its free run-
ning period (without bias) is long
compared to that of the driving
pulse, but somewhat less than the
time interval between pulses.

When the positive driving pulse
appears at its first grid for a short
instant, it begins to pass through
one cycle of a normal blocking
oscillation, and the usual sharp
pulse of great amplitude (over one
hundred volts) is developed across
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Zero .
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iy Beot . r
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' Dial | Counter i Tornk

FIG. 13—Block diagram of printing system

FIG. 14—Open view of revolution counter switch. Note the 5 decks of 10-point
switches, and the “disconnect” section at front

the grid winding of the trans-
former. The sgcond grid imme-
diately blocks and remains cut off
for the remainder of the natural
period of the oscillator.

The system is thus unrespons-
ive to spurious pulses of any sort
during the greater part of the in-
terval between true pulses. By
the time the oscillator would nor-
mally begin its second cycle the

driving pulse has long since dis-
appeared, so that only one output
pulse is obtained for each zero
beat. This is the final output of
the zero beat detector.

Low Band Calibration

Calibration of the low frequency
band proved to be more of a prob-
lem than had been anticipated. It
was originally intended to divide

R4 S — )
=™ = |
10,000 .
RZA { Disconnect !
— 100000 R3 | Seclh'on i
RI 1.0meg : :
3000 OA4G R2 |' {
_ 100,000 3 $ } ,
238 |
+ |/85v. RI |
J. . 3000 OA4G R2 !
- F V- 7 RS 1 l
— = 1000002 % f Nth Section !
:Ero‘ou\. . e 12,000 |
—— RO RI EIS | == p; |
=7 3000 | 3000 OA4G | - i ol | [o |
8 Ve |
I I I | .12 |
7 |
bC 2 |
— 5|4 |
> |
5 0 |
106000 5 § [ G
23s
RI s -
3,000 OA4G s 7o otherrofor
arms on counfer

FIG. 15—Schematic of one column of number storage bank. ‘The dashed rectangle
at the right encloses a representative section of the revolution-counting switch
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all frequencies by 16 in confopp,
ance with the frequency metep it
self. Standard signals every 1 ke
from 125 to 250 ke, with ap if
value of 30 ke, were to be useq,
Gradual multiplication throygy
the i-f system was to bring the
final frequency again to 144 ke
so that the balance of the equip:
ment would be the same for begy
bands.

Such a system was actually ¢gp!
structed, and was found to be un-
satisfactory simply because of the
difficulty in eliminating phase
modulation from the source of 12
ke signals. In order to synchrop.
ize such a source on the 100-ke
crystal oscillator, it was necessary
to use at least one intermediate
multi-vibrator at 10 ke. As a pe.
sult it was found that while the
total number of cycles per second
remained correct, the starting time
of each cycle was subject to slight
variations. This is the equivalent
of erratic phase modulation of the
1-kc signals. Because of the enor-
mous multiplication involved (in
the worst case, from 1 ke to 250 ke
and from 30 ke to 1440 ke) the
phase modulation became several
cycles of frequeney modulation.
The zero beat detector is of course
very sensitive to frequency modu-
lation, so that spurious beats were
obtained in nearly every. case.

After considerable investigation
a satisfactory means of making
the calibration was devised. It
will be noted that the sixteenth
harmonic of the low band varies
from 2 to 4 Mc. By multiplying
the signal from the frequency
meter by sixteen, therefore, it may
be run through the high band cali-
brator directly. Since calibration
points are required every 1 ke of
the fundamental, the sixteenth
harmonic must pass through zero |
beat every 16 kc on the calibrator
and a multivibrator producing
standard signals every 16 ke from -
2 to 4 Mec is required. It will be seen
that 126 calibration points will thus
be obtained, which is the number
required.

To obtain synchronization for the-
16-ke multivibrator, an 80-ke multi-
vibrator was locked on the fo0 '
harmonic of the 100-kc stand”d'A
The fifth harmonic of the 16-ke mul
tivibrator was then synchron
on the 80-ke signal..
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Dual-Purpose R-F Stage

The  dual-purpose two-band
stage located between the fre-
quency meter and the first mixer
of channel 2 is shown in Fig. 12.
It was designed to accept signals
from either band of the frequency
meter without switching, passing
the high band directly, and multi-
plyinfi the low band by 16. The
frst 7GT provides considerable
gain on the low band, but relative
attenuation on the high band be-
cause of the capacitor shunting
the plate load. The second 7G7
is a straight band-pass amplifier
on the high band, and a multiplier
to select the sixteenth harmonic
of the low band. As a multiplier,
the gain of this stage is of course
much less than as an amplifier.
At the output the signal from
either band is of the same order of
magnitude, and the overall gain is
therefore approximately one.

Recording Problems

The zero beat detector serves
to generate a pulse at the instant
that the frequency meter is tuned
to a calibration frequency. The
remaining problem is that of ac-
curately recording the dial read-
ing at this instant. Since the dial
is driven through 50,000 vernier
divisions in approximately 6 min-
utes, 139 vernier divisions are
passed in a single second. To re-
cord accurately the dial reading
to the nearest vernier division
while the dial is rotating at this
speed requires special care. An
ordinary revolution printer which
momentarily presses a piece of
paper against a set of revolving
drums carrying the dial reading
would cause appreciable blur.

Such a printer could be modi-
fied by having the drums stand
still while the imprint is being
made, after which the revolutions
lost by such standstill would have
to be made up through a differen-
tial or spring storage system. The
Mmechanical complexity of such a
recorder, however, is such that
frequent maintenance would be
required. A Strobotac photograph
might he employed as an alterna-
tive but fast emulsions would have
to be used, either necessitating
Production delay in development

(Continued on page 342)
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ABOVE
FIG. 16—Open view of
adding machine, show-
ing solenoids for ac-
tuating keys

RIGHT
FIG. 17—Number stor-
age bank, showing 45
of the OA4G tubes, the
associated relays, and
monitoring lights and
meter at upper left

BELOW
FIG. 18—Sequence sys-
tem, showing thyratron
S at left, relays, and
monitoring lights for
rapid indication of cor-
rect sequence of op-
erations




Automatic
Calibrator

(Continued from page 107)

by established photographie cop.
cerns, or requiring that the radip
firm manufacturing the fl‘equency
meter go into the photographje
business.

Recording System Used

To overcome these objectiong
it was decided to use an adding'
1-'nachine as the printer by provig.
ing a means of setting up the dig)
reading of the calibration point o
the keyboard.

The complete recording system
is shown in the block diagram ip
Fig. 13. The frequency meter dia]
is mechanically coupled through a
gear drive of suitable ratio to an
electrical revolution counter. This
counter (see Fig. 14) consists of
5 decks of 10-point selector
switches, each deck being geared
to its adjacent deck by a 10:1 inter-
mittent stepdown so that évery
time the “tenths” rotor rotates be-
tween 9 and 0, a gear link advances
the ‘“‘units” rotor by one stator
segment. Every time the “units”
rotor passes between 9 and 0 an-
other gear link advances the “tens”
rotor by one segment, ete.

The stator contacts selected by
the rotors at any given instant,
therefore correspond to the numeri-
cal dial reading at that instant. If,
at the particular instant at which
a reading is to be taken, the
“tenths” rotor happens to be be
tween contacts, then the next
point to be contacted will be
recorded.

For this reason and because of
the practical impossibility of ad-
justing the “tenths” rotor so that
it will break contact with the “9"
point exactly simultaneously with
the breaking of the rotor cont:
in the units section, a ‘“discoB”
nect” section is added. The rotof
of this section is directly coupl
mechanically to the “tenths” rotofi
and the stator segment is 80 ape
ranged that the rotor and stator
aré in contact throughout appro
mately 330 deg of rotation.
remaining 30 deg is a little grea;
than the angle throughout whi
the “tenths” rotor is not in co%
with either the “9” stator coR

i the “0”, Electrically this “dis-
’ nnect” section is in series with
o voltage supplied to the remain-
rotor sections, so that the
i4ch is rendered electrically in-
erative during the mechanical
ow-over period.

Each stator contact of the revo-
ation counter is connected to the
garter anode of a cold-cathode gas
gischarge tube (OA4G) as in Fig.
15 which shows the schematic of
ae column of the number storage
pank. The circuit is so arranged
that when switch S is open, all
pltages are removed from the
fabes, leaving them de-ionized.

When the reading on the coun-
ter is to be recorded, switch S
(which is actually a thyratron
jized by the pulse from the zero
peat detector) is closed, supplying
185 volts to the anodes of all the
wbes. Resistors R4 and R5 sup-
ply approximately 100 volts to the
garter anode of the first tube to be
slected by the rotor of the coun-
ter switch.

Under these conditions, the tube
wlected will ionize and reduce its
mode-cathode potential to 70
wits. Since R1=R0, 57.5 volts
will appear across RO and will act
§ a positive bias on the cathodes
and starter anodes of the remain-



ing tubes. Further rota
counter switch rotor wi

ply an effective starte:-l ta};?;'“b-
cathode voltage of only 425 vol
to any subsequent tubeg selecOh
and this value is j
ionize any of them.

After S is closed, the fir
to be contacted by the countep
switch becomes ionizeq and wi)
remain ionized unti] switch g
opened.  (This “opening” will
actually be a deionization of the
thyratron being employed for S
after storage of the number ig 5,
longer required).

Thus the number storage bank
constitutes an electrical means ¢f
storing the dial reading of the fpe.
quency meter at any -calibratiop
point for any desired length of
time. This reading is transferreq
from the storage bank to the key-
board of an adding machine by
having the plate current of each
ionized OA4G tube operate a relay
(coil represented by R1 in Fig, 15)
which in turn operates a corre
sponding solenoid that presses the
proper number key of the adding
machine. A view of the adding
machine and solenoids with cover
off is shown in Fig. 16, and the
entire number storage bank with
the front door open is shown in
Fig. 17.

tion of the

nsufficient to

St tubg

no

Sequence of Printing Operctions

After the dial reading of the
calibration point is set up on the
adding machine, it is required that
the reading be printed and that the
difference between adjacent read-
ings also be tabulated. This ne
cessitates the following sequence
of operations:

(a) Press the “non-print” but
ton.

(b) Press the “+" button if the
frequency meter dial is re
volving to increasing num-
bers.

(c) After the machine starts
running, release all pres
"sure.

(d) When the machine comes t0
rest, press the total button.

(e) After the machine starts
running, release the pres
sure. (During the ensuing
cycle of the machine, the dif-
ference between the premsﬂt
calibration point and the
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previous one will be
printed.)

(f) When the machine comes to
rest, again press the “num-
ber keys, as still determined
by the number storage
bank.

(g) Press the "~ button.

(h) When the machine starts
running, open switch S of
Fig. 15 by deionizing the
thyratron used as S, there-
by deionizing the cold-ca-
thode tubes of the number
storage bank so as to pre-
pare it for a new calibration
point; also remove pressure
from all keys. (During this
cycle of the adding machine,
the dial reading of the cali-
bration point will be
printed.)

If the dial of the frequency meter
is being driven from high numbers
to low (on one band it is driven in
one direction, and in the opposite
direction on the other), then opera-
tions (b) and (g) above are re-
versed.

All of the above operations are
performed by means of conven-
tional relay switching practice,
with each operation initiated by
the closing or opening of a contact
placed on the adding machine in
such a manner that the contact is
closed while the machine is cycling
and the contact is opened when the
machine comes to rest. The entire
sequence system is shown with
cover open in Fig, 18.

Contact-Failure Detector

A safety device is incorporated
in the sequencing system to insure
against incorrect calibrations in
case of failure of any one of the
contacts of the revolution counter.
(Such failure might be expected to
be rather frequent since the fastest
revolving rotor of this switch
makes over 100 contacts per second.
In actual use 24 hours a day, the
particular design employed in the
revolution counter gives a contact
failure about once every two
months, or after about 500 million
contactings.)

This safety device operates upon
the time interval between the in-
stant that the pulse is received
from the zero beat detector and
the instant that the one QA4G tube
in each column of the number stor-



age bank becomes ionized. If this
interval is less than approximately
0.01 second, then the -calibration
point is printed in the normal man-
ner; but if, through a contact fail-
ure of the revolution counter, the
interval exceeds 0.01 second, then
no calibration point is printed. This
is arranged by a suitable relay
system consisting of one relay coil
of a fast-operating relay inserted
at R0 of Fig. 15 for each column
of the number storage bank, and a
slower-operating relay connected
from the plates of the OA4G to
ground.

If the slow-operating relay closes
after the five fast relays have oper-
ated (the difference in operating
time between the two types of re-
lays is 0.01 second) then the con-
tacts of the revolution counter are
apparently in proper working order
and the circuit is arranged to per-
mit the normal printing sequences
previously described to be executed.
If, however, the revolution counter
skips a contact point at the instant
that a dial reading is to be recorded,
the OA4G which should have been
ionized does not become ionized and
hence the slow-acting relay will be
operated before the fast-acting one.
Through suitable additional relay
circuits, this causes the sequence
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stem to omit the calibration read-
» . entirely and to leave two blank

gpaces on the recording tape.

Use of Calibration Tape

[n this manner, then, the dial
;eadings at the calibration points
gre recorded. The actual f.requen.cy
com-es,ponding to any given dial
reading is determained from the
knownl frequency at the start of the
ca]ibration tape and the number. of
readings intervening. In practice,
after the calibration tape has bee.n
completed by the machine, it is
placed upon a ruled table which has
marking lines corresponding to
certain reference frequencies. In
this manner, key frequencies (such
as those which start each page of
the finished calibration booklet)
can be marked off. .

The ruled calibration tape is
then used to set up manually the
interpolating machines, which sup-
ply ten interpolated calit.n'ation
points for each one appearing on
the tape and which simultaneously
print the pages of the completed
calibration book.

Credit is acknowledged to Mr. D.
B. Smith and Mr. E. S. Brotzman
who directed the development of
the zero beat detector and the re-
cording system respectively, and to
each of the following for their in-
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valuable contributions: W, Frea,
F. Reed, W. Newbold, H. H. Ham;:
M. Ames, H. Brough, M. RiCCardi
E. 0. Thompson, I. Stephan, w:
Mattison, A. F. Nickel, D. Kal‘cher,
C. Woll, W. Miller, A. Miller, R
Seher, W. Bareiss and F. Kotulky

Appendix |
¢; = instantaneous voltage outputof fre-
quency meter
E; = peak value of ¢,

e, = instantaneous voltage output o
standard signal

E, = peak value of ¢,

e, = instantaneous value of rerq beay
voltage

Ewa = peak value of ¢,

6, = instantaneous value of the argumens
of the sine {unction representing y

wy = instantaneous periodicity of o,
de,
7]

w, = periodicity of standard signal

a = rate of change of wy = %‘”

(assumed to be constant)

¢; = phase angle of frequency mete
signal (value of 6, at instant of sero
beat)

¢, = phase angle of standard signal
0= ¢, — ¢y
t = time measured from the instant of
zero beat

e = E;sin 6; = E; 8in ([ uy &)
wy = wy + at

Swpdt = m.‘+c!2_l‘+¢,

a

.. e = Eysin (wet + 7 2+ ¢)

ey = Ea sin (Wl‘ + 4’1)
The product of these two signals,
as obtained in a mixer, neglecting
all but audio-frequency terms, is

w8
ew = Eu cos (%—1 - 0)

Appendix I
If 6 = 0, then

e = E.ocos%t*

for a calibrating time of 6 minutes,
2w (4X 100 — 2 X 109 _ .
@ , 360 ] 3.5 X
Let T = value of t for which éa
goes through its first zero values
Then

ol =Z.7 = + 001 sec. and &, =

12 2
0.02 see
Appendix 1l

Given the function f,(z)=Jco

(z* + 6) dz o
A second form of the functiof

differing in phase by 90 deg is

f2 (2) =fcos(zz-1— 9-{——;-):1::
= /[ sin (* + ) dz @
It is desired to show that
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(1@} + [f2@) ] = fil2)
where f, (z) is independent of ¢
and its amplitude is equal to the
square of the envelope of f, (z)
plotted for all values of 6.

Expanding Eq. (1)

fi(z) = fcos 2? cos 8dz — Ssin z*.sin Gdz

= cos 6 f cos 22dz — sin}d [ sin r2dz

= (' cos §— Ssin @ 3)
where C =S cos 2*dz, and S = Jsin
z*dx
Similarly

fa(z) = C sin 6 + S cos 6 4)

A@P + [H@] = C + &= f(z)  (5)
and f.(x) is obviously independent
of 4.

Let Eq. (4) represent the general
function. To determine the ampli-
tude of the envelope at any point,
z, the function must be maximized
with respect to 6, holding z con-
stant:

%[Csin0+8cosﬂ:|=0ws 0~ Ssingd =0

tan 9 = C/S (6) ginf = :/ﬁ" J’(7)
cos § = N ®
Substituting (7) and (8) in (4)
tan 8 = C/S (6)
sin § = C/ VST + C* )
cos 0 =28/ V& I+ C* (8

Substituting Eq. (7) and (8) in
Eq. (4) gives

c . By
— S
Ve + o Ve toe

=V& + A C)

The square of Eq. (9) is equal to
Eq. (5), which was to be proved.

Envelope = C

Appendix IV

In Appendix I, let the constant
frequency signal change in phase
by 90 deg. Then

¢, = E, gin (w, ¢t + ¢, + 90°).
Thus

o = E..QOS(-EJI'-— 8 — 90°) -
2
Eg cos (% r— a'), which
is the same zero beat wave except

that ¢ = 6 + 90 deg.

—e

PAY FOR RADAR RATINGS in
the British Royal Navy has been in-
creased, ranging from 2s. a day for
instructors to 3d. a day for new rat-
ings. Special badges are not issued
to the officers and ratings in the
radar branch.



