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the short term spectrum. Comparison of the two short term functions
is a much more involved matter than when the time interval is large in
both cases. The subject has been cxtensively treated in the literature,’
but the conclusions are still somewhat obscure. In an investigation which
was started by the present author and the late Liss C. Peterson in 1950,
we noted that a complete correlation analogue of the audio spectrograph
had apparently never been constructed even though suggestions had
appeared concerning the possibility.® It seemed that some of the ques-
tions concerning the merits of the correlation method of analysis could
not properly be answered without actually building and testing such a
machine and it also appeared possible that we would thereby add another
useful tool for the problems associated with speech and other signals of
interest. We accordingly undertook the design and construction of a
“correlatograph” following lines closely parallel to spectrographic ex-
perience in order to economize in new shop designs.

In a spectrograph, such as used in visible speech for example, a
three-dimensional display is obtained in which time and frequency are
two rectangular coordinates and the short term power spectrum is
represented by the intensity of light or density of marking. The func-
tional mechanism is illustrated in Fig. 1. The incoming signal is delivered
to a bank of band pass filters with midband frequencies uniformly spaced
throughout the frequency range of interest. The envelopes of the filter
output waves are picked up in turn by a rotating switch arm to control
the voltage impressed on a marking stylus. The stylus moves across the
paper in synchronism with the collector arm and the paper advances
after each stroke.

The analogous diagram for a correlatograph is shown in Fig. 2. We
recall that the correlation of two functions is defined as the average of

BAND FILTERS

SIGNAL
MARKING
STYLUS
MECHANICAL P
DRIVE_ .~

Fig. 1 — Mechanism of spectrograph.
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their product with fixed time lag; i.e., when T is large, the expression

Yia(7) = %1‘,; H@®Ff(t — 7) dt

gives the cross-correlation of f1(¢) and f2(¢), and the expression

) = & [ 50— a

gives the autocorrelation of fi(¢). In short term correlation T is finite.
In Fig. 2, the different lag times are obtained by a tapped delay line and
each tap is followed by its own multiplier and integrator. The integrated
values are picked up by a rotating switch arm to control the marking
stylus voltage as in Fig. 1. The rectangular coordinates are now ¢ and =
instead of ¢ and f. The marking intensity represents the correlation
function.

In actual spectrographs it is usually found expedient to replace the
bank of filters by a single filter and use a swept frequency oscillator and
modulator to heterodyne the signal across the filter band. A rotating
condenser plate tuning the oscillator thus takes the place of the rotating
switch. The sweeping frequency must not change too rapidly for the
analyzing filter to respond adequately, and also must not change so
slowly that short signal bursts are imperfectly registered. A preliminary
recording of thesignal wave with a subsequent reproduction at a different,

MULTIPLIERS INTEGRATORS
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DELAY ! ! |
LINE ! ! :
2AT L :
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SIGNALS CORRELATION |CORRELATION

Fig. 2 — Mechanism of correlatograph.
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speed forms a practical technique for securing the desired resolution in
both frequency and time. Likewise in the correlatograph we can dispense
with individual multipliers and integrators if we are willing to give up
some of the otherwise available integration time for each r value. One
multiplier and one integrator are then put in series with the switch arm
and the contacts go directly to the delay line taps as shown in Fig. 3.
A complete analogy with the simplified spectrograph would require a
line of variable delay with a single output tap. This could be done with
magnetic recording and moving heads, thereby eliminating the rotating
switch. We felt however, that the fixed delay line would furnish the more
stable and accurate component and chose the arrangement of Fig. 3.
An auxiliary recording and reproducing process made it possible to
accommodate a wide variety of signals with the one delay line.

DETAILS OF APPARATUS

Fig. 4 shows the arrangement of apparatus chosen. Our program was
aimed at signals such as might occur in a nominal speech band extending
from 200 to 4,000 cps recorded on magnetic tape at 15 inches per second.
The reproducing element was a spinning double-ended pickup coil which
successively scanned a one-inch loop of tape with one end beginning its .
scan just as the other end left the tape. The coil made 60 revolutions per
second and hence the reproducing speed was 120 inches per second or
eight times the recording rate. Our speech band was thus made to
occeupy the range from 1,600 to 32,000 cps, and this was therefore the
range chosen for the delay line. A recording speed other than 15 inches

L MECHANICAL DRIVE ~
, N,
/ MULTIPLIER INTEGRATOR \\

Y ___ - | MARKING
TAPPED ' -~T7 sTYLUS
DELAY

LINE

~

AUTO CROSS
SIGNALS CORRELATION CORRELATION

B)

Fig. 3 — Mechanism of correlatograph with common multiplier and integrator.
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Fig. 4 — Arrangement of apparatus for correlatograph described.
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per second brings a correspondingly different signal band into the range
of the delay line. The magnetic tape advances relatively slowly during
the scanning process and for any one scan of a one-inch section may be
regarded as stationary. The revolving pick up thus delivers segments of
signal 1/120 second (8.33 ms) long for the correlation analysis. Our delay
line consists of 1.5 ms total delay with 200 taps spaced 7.5 us apart.
During the first 1.5 ms of each scan, the delay line contains parts of
the response from two successive scans and hence is not suitable for
correlation measurement for lag times corresponding to all taps. We make
provision therefore for excluding this interval from the analysis and use
only the last 6.83 ms of each scan. The rotating switch advances one
tap on the delay line for each one inch scan, so that the value of short
term correlation corresponding to one value of lag time is computed every
8.33 ms. 200 values are computed in 1.67 sec after which a time of 0.33
sec is allowed for the return of the marking stylus to its initial position.
The rotating switch thus makes one revolution in two seconds but the
last sixty degrees of the revolution are not used for display of correlation.
The recording paper advances 0.01 inch after each stroke of the stylus.
The rate of advance of the signal tape is adjustable by means of a gear
train. In terms of the original signal wave, one second of recorded time
is represented by the distance the paper moves in one second (0.005
inch) multiplied by the ratio of recording speed to speed of tape advance
past the scanning head.

The tape scanning mechanism with the synchronized motion of stylus
and paper is due entirely to I. E. Cole, who designed this part of the
system and supervised the necessary shop work. Mr. Cole also cooperated
in the choice of a design plan for the rotating switch, which was manu-
factured to meet our special requirements by Applied Science Corpora-
tion of Princeton, N. J. The switch output is followed by an electronic
gating circuit which removes the effect of time jitter in the beginnings
and ends of the contact intervals and trims off the previously mentioned
1.5 ms interval during which the tail end of one scan of the tape loop
remains in the delay line. The gating wave is generated from the common
60-cycle power supply which drives all the mechanical apparatus. The
output of the electronic gating circuit consists of segments of signal
6.83 ms long with 1.5 ms separation and with the delay increasing in .
steps of 7.5 microseconds between one segment and the next. This con-
stitutes one input to the multiplier; the other input is the undelayed
signal in the case of autocorrelation or an independent signal for cross-
correlation. V

The multiplier consists of a bridge of germanium varistors with the two
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inputs applied across the two diagonals and the output taken off one
pair of input terminals through a low pass filter. Each varistor is operated
in a substantially square law range. If A and B represent the two inputs,
we try in effect to produce an output proportional to

(4 + B)* — (4 — B)* = 44B.

The necessary conditions are conveniently expressed in terms of sine
wave inputs in order that analyzer measurements may be used as a check
on accuracy. Let P cos pt represent a typical component of the signal
impressed as one input to the multiplier and @ cos gf a typical component,
simultaneously applied to the other input terminal. The product is

(P cos p1)(Q cos qt) = %Q cos (p + @t + 1%2 cos (p — g)t.

Since our purpose is to integrate the output of the multiplier over a time
interval relatively long compared to the periods of components within
the signal band, we have no interest in the product component of fre-
quency p + ¢ and in fact filter out such components immediately along
with the original signal components to prevent loading the product
amplifier with unessential waves. A significant test on the accuracy of
the multiplier is therefore the fidelity with which the amplitude of the
difference frequency term cos (p — g)¢ follows the product of the ampli-
tudes of cos pt and cos ¢¢. This is not sufficient in itself however because
it does not give a check on the balancing out of the squares of the in-
dividual inputs. To test the latter we superimpose the two components
P cos pt and @ cos ¢¢ on one input circuit with no signal applied to the
other input and measure the output component of frequency p — gq.
We also repeat the measurement with the two sine waves impressed on
the second input and nothing on the first input. Typical results are shown
in Fig. 5. The varistors were selected by R. R. Blair from persistent
screen cathode ray tube displays of the characteristics. The square law
region is enlarged and the output increased by applying a direct current
bias to the bridge through a series resistance. This form of multiplier
copies a design worked out by R. R. Riesz for a different purpose.

The product output of the multiplier is weak at best because a rela-
tively small range of varistor inputs fit the necessary law. A fairly high
gain product amplifier is therefore provided. Fortunately we do not have
to amplify a band which extends all the way down to zero frequency. The
significant component when calculating the autocorrelation function of P
cos pt for lag time 7 is (P2/2) cos pr, which is constant only when p = 0
or 7 is constant. Our lowest value of p corresponds to 1600 cps. The value
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Fig. 5 — Performance curves of multiplier.

of 7 increases in small steps from 0 to 1.5 ms in 5/3 sec. and therefore
can be approximated by r = bt, where b = .0015/(5/3) = 0.0009.
Hence the lowest product frequency is roughly 1600 X 0.0009 = 1.44 cps.
The actual low frequency cutoff of the amplifier is made about 0.1 e¢ps
to allow for changes in the signal components and to preserve good trans-
mission within the nominal band. The upper cutoff frequency is likewise
made somewhat higher than the nominal value of 32,000 X 0.0009
= 28.8 cps. :
The integration is performed by a series condenser and shunt resistance
at the amplifier output. A good approximation to integration is accom-
plished by ‘a large time constant such that the indicial admittance
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remains linear during the integrating interval. Such a long time constant
would carry over too much charge from previous intervals if continuous
integration were permitted so a shorting relay is provided to discharge
the condenser quickly to ground after the integrated value is sampled.
The sampling is done by a two-way clamp circuit with the timing pulse
generated from the trailing edge of the pulses which gate the switch
outputs. The shorting relay operates directly from the 60-cycle supply
and is of a type specifically designed to give a brief closure of about one
ms. every half period of the driving wave. The sampled outputs of the
integrator are applied to a balanced modulator to which is also applied
a 6-ke carrier. The resulting double sideband suppressed carrier wave is
amplified to form the marking voltage applied to the stylus. Instantan-
eous compression is incorporated in the marking amplifier to extend the
range of input magnitudes which are encompassed by the relatively
narrow recording range of the paper. The stylus responds equally to
positive and negative voltages and does not resolve the individual high
frequency oscillations. The result is like full wave rectification of the
correlation functions.

Grateful acknowledgement is given to A. J. Rack, A. E. Johanson and
P. A. Reiling for suggested physical configurations and design informa-
tion suitable for the circuits which generate the various control pulses,
and which sample and hold the integrated outputs. G. W. Blake tested
and adjusted these circuits after they had been constructed by the wiring
shop. Performance runs were made by F. H. Tendick and N. K.
Poole. Also at various stages of the project assistance was given by W.
A. Klute, F. W. Kammerer and R. L. Carbrey. We have also received
helpful advice from many other associates too numerous for explicit
mention. )

The 200-tap delay line was constructed by the transmission networks
department. It consisted of one low pass filter section per tap with
mutual inductance between sections to maximize the linearity of the
phase curve. The taps were taken off high impedance shunts with the
output fraction tapered down the line to give constant loss along the
taps. C. K. Jakielski planned, assembled, tested, and adjusted the delay
line. The intricate task of connecting the 200 output taps to the cor-
responding 200 contacts of the switch was performed by M. Biazzo.
The delay line and switch appear in the photograph, Fig. 6. Additional
electronic apparatus not shown in this photograph was placed on inde-
pendent panels for experimental convenience but can be arranged in a
chassis in the same cabinet with the other apparatus, now that the
components have been determined.
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Fig. 6 — Rear view of correlatograph showing rotating switch and delay line.

PRELIMINARY RESULTS

Tests on the complete correlatograph have only been carried far
enough to date to verify that the operation is as planned. Fig. 7 shows
correlatograms obtained with purely sinusoidal inputs of frequencies
200, 400, 600, 800, 2,000, 3,000, and 4,000 cps recorded on the tape at
15 inches per second. In terms of the original signal the values of 7 extend
from zero to 12 ms. The profiles represented by the light and dark bands
should be rectified cosine waves starting with a peak at + = 0 and
repeating at intervals of one half the period of the wave. In the total
range of 7 = 0.012 sec, a frequency of 200 cps should show 4.8 periods,
4,000 cps would show 96 periods, and in general f c¢ps would show 0.024
f periods. The sudden changes in density parallel to the stripes were
caused by manual adjustments of the marking amplifier gain.

Fig. 8 shows correlatograms of a 1,000-cps sine wave embedded in
various amounts of flat thermal noise extending throughout the entire
input band. The sequence from bottom to top is noise alone, signal
and noise power equal, signal power down on noise power by 5 db,
10 db, 15 db, and 20 db. A long time correlation analysis would show
zero correlations for the noise alone except for small values of r. Short
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term correlation gives a mottled background level. The signal pattern
shows through this background quite plainly when the two powers are
equal. As the signal is reduced relative to the noise the signal pattern is
obscured and seems entirely missing at 20 db below the noise level. This
is a limitation based mainly on the integration time of this particular
apparatus. It is possible to improve the resolution by using longer in-
tegration periods with corresponding sacrifice of ability to detect fast
changes in the applied signal. As pointed out by C. B. Feldman, the
autocorrelation type of analysis suffers the same sort of limitations in the
low signal-to-noise ratio case as filtering after detection imposes in
spectral analysis. That is, finite integration time in the autocorrelation
case and finite filter band width in the postdetection filter both allow
errors from interaction of noise with noise to swamp the relatively small
desired effect of signal.* Cross-correlation on the other hand is like filter-
ing ahead of the detector in that the interaction of noise with noise is
suppressed leaving as the dominant error the relatively small interac-
tion of noise with signal. We cannot obtain this advantage of cross-
correlation if we do not have available a noisefree signal to cross-correlate
with, and analogously an accurate knowledge of the frequency to be
selected is helpful in securing the best possible results from predetection
filtering.

It will be noted that alternate stripes of the signal pattern fade at
first as the signal is decreased relative to the noise. This effect appears
to be associated with incomplete suppression by the multiplier of the
components proportional to the squares of the individual noise inputs.
If the noise inputs were steady, the squares would produce mainly direct
current which is not transmitted by the product amplifier. Variation in

Fig. 7 — Correlatogram of single-frequency wave.

* The autocorrelation method however has an advantage if the signal can be
recognized at all in that it is capable of measuring the frequency of the original
components, which the postdetection filter cannot do at best.
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Fig. 8 — Correlatogram of single-frequency wave and random noise.

one noise input because of the idle interval during which no signal is
supplied by the delay line is a source of change in the direct current which
is partially transmitted through the product amplifier to give a biased
integrated value and hence an unequal treatment of positive and negative
correlation. Effects of this sort would be particularly noticeable when the
noise is large relative to the sinusoidal component.

Fig. 9 shows a sample correlatogram of the sentence “He beats his
head against the posts.” spoken by G. E. Peterson. The locations of the
sounds were marked on the tape by observation during an audio playback
and from these marks the corresponding positions on the correlatogram
were found. The lower legend gives the ordinary English letters and
the upper the symbols of the international phonetic alphabet. The
characteristic frequency indicated by the vowel sounds is of the order
of 600 cps, which coincides very well with the first formant frequency
of the speaker’s voice. It is a characteristic of this method that the
pattern is dominated by the largest component present. To show the
higher formants, which have weaker amplitudes, it would be necessary

hi b iL t shlz h e degen stda p ov s t

he beat shi s

L—;}: sec—»l

headagaLnthe_po t

RUNNING TIME =——>
Fig. 9 — Correlatogram of speech sentence.
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to filter out the strong low frequency components from the input. The
‘s’ sounds show closely spaced stripes indicating a concentration of
energy at the top of the band. Some of the consonants do not show much
under the conditions of this test.

It is of interest to compare correlatograms with spectrograms of the
same signal. For the single frequency input, the stripes on the correlato-
gram would be replaced by a single line on the spectrogram. It would be
possible to construct signals such that these patterns are interchanged.
For example, a rounded band of noise transmitted over two paths having
different times of transmission would have a correlatogram with two
stripes corresponding to lag times of zero and the delay difference while
the spectrogram would show a periodic array of stripes corresponding
to the interference pattern of the two paths. It appears that there may
be complementary fields of usefulness for the two kinds of analysis and
further study is planned.

Besides the many individuals previously named as contributing the
various phases of the project, I would lviké to acknowledge the inspiration
and guidance of R. K. Potter in initiating and carrying through the
program. L. C. Peterson shared equal responsibility with the author in
the project and but for his untimely death would have been a co-author
of the present paper.

November 6, 1952
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A Statistical Study of Selective Fading of
Super-High Frequency Radio Signals

By R. L. KAYLOR
(Manuscript received May 7, 1953)

The results of two months of comprehensive frequency-sweep measure-
ments of sclective fading in the band between 3750 and 4190 mc cver a radio
relay path in Iowa are reported. An abridgement of the data, general
conclusions derived from the data and an example of the use of the data in
connection with frequency diversity measures for radio relay systems are
given.

INTRODUCTION

It is well known that, in the high-frequency range during fading con-
ditions, radio signals on different frequencies may exhibit at any instant
radically different behavior. This may be true even though they are in
the same frequency band and exhibit the same statistical behavior, when
observed over a longer period of time. It is also known that h-f fading
may be frequency selective enough within the narrow limits of a single
radio channel to cause severe distortion of modulated signals. It has
been established that the cause of these phenomena is multipath trans-
mission. This knowledge, which is of long standing in the high-frequency
range, raised questions concerning the prevalence of similar phenomena
in the super-high-frequency range about which relatively little has been
known until recently.

During recent years studies of super-high-frequency propagatlon and
fading have been made which have been previously reported.' In these
tests a frequency-sweep method was used to determine how the loss of
a particular radio path varied with frequency at a given instant; and
short-pulse methods were used to determine the path length differences
which were involved when multipath transmission occurred. These are

! A. B. Crawford and W. C. Jakes, Jr., Selective Fading of Microwaves, and
0. E. DeLange, Propagation Studies at Microwave F requencies by Means of Very
Short Pulses, Bell System Tech J., 31, Jan., 1952,

1187



1188 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER, 1953

&’.!g S

B LN P
L ESe A
B e

g 5 5 wF e P
» 3 .

Fig. 1 — Typical records obtained during the Lowden-Princeton, Towa, fre-
quency-sweep transmission measurements. The horizontal scale is proportional
to frequencies between 3,750 and 4,150 mc (the single spike on the right is at 4,190
me); and the vertical scale is proportional to the amplitude of the received signal.
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standard methods for studying multipath transmission (or selective
fading) and the results obtained were in good agreement.

Some frequency-sweep transmission measurements were made during
the summer of 1950 over a typical radio relay path in the mid-continent
region of the United States for the purpose of obtaining additional data
of a statistical nature which could be used in system engineering.

The objective of the tests was to determine what per cent of the fading
was frequency selective and the degree of its frequency selectivity. Such
data were needed to evaluate the advantages of using frequency diversity
as a means of minimizing the effects of fading, and to provide quantitative
data for designing frequency-diversity measures. Recordings were made
throughout the months of July and August which serve as the basis for a
statistical picture of the fading occurring during those months in the
frequency band between 3,750 and 4,190 me.

Path Over Which Measurements Were Made

The measurements were made over a 30.8-mile path between the
Lowden and Princeton (Iowa) towers of the Chicago-Omaha Radio
Relay System. This path was chosen as a typical radio relay path as to
length, clearance above terrain, and climatic conditions. Height-loss
runs made by the American Telephone and Telegraph Company (when
originally selecting the path as part of their radio relay route) indicated
that ground reflections on this path were unimportant. The reflection
coefficient was less than 0.1

Method of Tests

The frequency-sweep equipment used in these tests was similar to
that used in the previous studies.! With this equipment about 50,000
record photographs were obtained of a cathode-ray tube presentation
of the path-loss vs frequency characteristic of the path between 3,750
and 4,150 mec. Fig. 1 shows three illustrations of these record photo-
graphs, which are more fully discussed below. The taking of these records
was distributed throughout the months of July and August in such a
manner as to give complete coverage of all the fading during that pe-
riod. In addition the single-frequency path loss at 4,190 mc¢ was con-
tinuously recorded throughout the two months.

The data from these records were analyzed on a statistical basis;
and families of curves were obtained depicting several aspects of the
nature of the selective fading encountered during the tests. These are
described more fully below.
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GENERAL DISCUSSION OF FADING PHENOMENA

The variations in the strength of a received radio signal known as
“fading” are caused by variable or temporary conditions in the trans-
mission path. These conditions fall into two broad classes: those causing
partial obstruction of the path, and those causing multipath transmis-
sion. The latter class is Lelieved to be the principal source of frequency-
selective fading.

Multipath transmission involves the reception of more than one signal
ray, each of which travels over a different path between the transmitter
and receiver. Generally each such path has a different length between the
transmitter and receiver. Multipath transmission involves either or both
reflection or refraction of at least one (and in some cases all) of the re-
ceived rays. Since the conditions of the atmosphere are continuously
varying, the paths of the received rays are variable with time. The re-
ceived signal is the resultant of all the rays accepted by the receiving
antenna. The relative phase of the different received rays depends on (1)
the differences in the lengths of the paths over which they have travelled
and (2) the signal frequency. If the rays arrive at the receiving antenna
in nearly the same phase, they add and enhance the received signal; if
they arrive in phase opposition they partially cancel each other and
fading results. This fading is not only variable with time but also with
signal frequency, and is called “(frequency) selective fading’’. Since the
conditions which cause this kind of fading are substantially random, the
variation of fading with time on a statistical basis might be expected to
approach the Rayleigh distribution. There has been experimental con-
firmation of this.

A number of other factors are involved which will not be treated here,
since the mechanism and effects of multipath transmission have been
discussed quite thoroughly in the previously mentioned reports by
Crawford and Jakes, DeLange and in an earlier paper.”

Results of Tests

Fig. 1 shows three illustrations of the type of records obtained. On
each record the horizontal deflection of the cathode-ray-tube trace is
proportional to the radio signal frequency. The vertical deflection is
linearly proportional to the amplitude of the received signal, which
because of constant transmitter power is inversely proportional to the

2 H. T. Friis, Microwave Repcater Research, Bell System Tech. J., 27, Apr.,
1948.
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path loss.” In each record one second was required for the trace to travel
through the entire frequency range covered.

The three records shown are consecutive, being taken at 3:05:21 AM,
3:05:25 AM and 3:05:27 AM. The first record (frame number 9524)
was taken with 10 db more attenuation in the input to the measuring
equipment than when the later two records were taken (frame numbers
9525 and 9526). There is obvious overloading in the left hand portions
of the records on frames 9525 and 9526; but the accuracy of the right
hand portions of these records (showing the deeper part of the fade) is
unimpaired. The noticeable difference between the shapes of the curves
near the deeper parts of the fade on frames 9525 and 9526 is typical.
These changes occurred within two seconds. Generally, the deeper parts
of the fades show more rapid changes than the less deep parts.

From the 50,000 record photographs all those pertaining to fading
of 30 db or more were segregated and analyzed. The remaining records
were analyzed on a sampling basis, except that every record showing
unique effects was analyzed. About 1,800 path-loss versus frequency
curves such as those illustrated in Figs. 2 and 3 were obtained. These
curves were separately studied, and were also treated statistically.

Because the levels during the deeper part of the fade are too low to
show on frame 9524, and because portions of frame 9525 showing the less
severe part of the fade are affected by overloading, it was necessary to
combine two records (shown on Fig. 1) to obtain the single path-loss
versus frequency curve shown as IMig. 2(a).

Theoretically, it should be possible to synthesize by means of an addi-
tion-of-vectors method each of the path-loss versus frequency curves
obtained from these tests. Each vector term of the equation would
correspond to a component of the received signal and would be of the
form R cos T, where: I? is the magnitude of a particular component
(normalized to the magnitude of the direct signal component), T' is the
delay (in seconds) between the time of arrival of the direct signal com-
ponent and the particular interfering component, and w is 27 times
the frequency.

In practice, however, it has been found in the case of deep fades that
components of relatively small magnitude and relatively long delay are
of importance in determining the shapes of the curves near maxima of
path loss. Also it has been found that in most such cases quite a few
components are involved. These factors make accurate analysis of many

3 A logarithmie amplitude characteristic (db scale) would have been preferable;
but time did not permit modifications of the test equipment before the start of
the 1950 fading season.
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curves impractical without a computer capable of handling a relatively
large number of components several of which may be relatively small.

However, experimentation with a trial and error method of solution
on a few selected curves has shed considerable light on the nature of
received signals which could produce the types of curves included in
the data under consideration.

Curve (a) on Fig. 4 is one of those selected for analysis and was syn-
thesized by using a direct signal component and six interfering com-
ponents as shown in Table I. If components 5 and 6 had been omitted
from the synthesis, curve (b) would have resulted; and, if components,
3,4, 5 and 6 had been omitted curve (¢) would have been obtained.

The difference between curves (a) and (b) illustrate the radical effect
which can be produced on the shape of a curve near maxima of path loss
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Fig. 2 — Typical path-loss versus frequency curves observed on the Lowden-
Princeton, Jowa, path during July and August, 1950.
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Fig. 3 — Typical path-loss versus frequency curves observed on the Princeton-
Lowden, Iowa, path during July and August, 1950.

by relatively small components such as components 5 and 6. In the case
of deeper fades much smaller components may be of importance in
determining the shapes of the curves near maxima of path loss; hence the
curves for deep fades are quite difficult to synthesize. The shape near the
maximum of path-loss on the curve in Fig. 2(a) is quite typical of the
shapes to be found in the data under discussion.

Based on the experience gained in attempting to synthesize some of
the curves, it is possible to recognize the significance of certain features
of other curves, and to generalize the nature of all the curves. The prin-
cipal conclusions are:

1. No deep fades were found which did not show definite frequency
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Fig. 4. — Path-loss versus frequency curves synthesized from components
shown in Table I.

selectivity. (Statistical data are given later which bear out this
conclusion).

2. No deep fades were found that did not include an appreciable
component of loss with little appearance of frequency selectivity; that
is, no deep fading occurred unless the signal was already depressed 10
or so db across the entire observed band. This could be caused either
by (a) the presence of appreciable interfering signals of slight delay from
the direct signal component, see curve (¢) on Fig. 4, or (b) by non-fre-
quency selective attenuation of the direct signal component. The former
seems more likely; but the evidence is not conclusive in this regard.

3. No curves for deep fades were found which appeared as if they could
be synthesized satisfactorily with fewer than four to six components.

TaBLE I
R Di I’l;agg Sh{fEFrom ;
N I irect Signal Componen
Component mzfgnoi?l:gelz_%ddit:ect Milii-Microseconds
received signal) Half Wave Lengths At Frequency
0 1.0 0 0 Any Freq.
1 0.45 0.122 1 4090 me
2 0.26 0.370 3 4050 me
3 0.10 2.86 23 4033 mc
4 0.115 3.14 25 3981 me
5 0.025 3.9 31 3972 me
6 0.02 12.1 97 3993 me
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Fig. 5 — Statistical distribution of differences between maximum and minimum
path loss in bands 400 mc¢ wide. (Center frequency of 400-mc band random with
respect to frequencies corresponding to maxima and minima of path loss).

4. Tt seemed to be the rule that components with relatively long delays
were appreciably smaller in magnitude than those with shorter delays.

5. At the bottom of the deep fades some of the small signal com-
ponents with relatively long delays were an important factor in deter-
mining the shape of the path-loss versus frequency curves.

Fig. 5 illustrates one type of statistical information which was derived
from the 1,800 individual path-loss versus frequency curves. The family
of curves on Fig. 5 shows the per cent of fades (of a given depth) which
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were frequency selective to any given degree. For example, 95 per cent
of fades which were 40 db deep showed a variation in path loss (fre-
quency selectivity) across the observed band 400 mc wide of at least
17 db. By extrapolating the curve for 40 db fades (which appears to
follow a normal distribution law) it can be estimated that 99 per cent of
the 40 db fades had at least 13 db of frequency selectivity within the
observed band 400 mc wide. Probably, observation of a wider band
would have shown even greater evidence of frequency selectivity.
During periods when the received signal was materially stronger than
mid-day normal there was practically no evidence of frequency selec-
tivity. Several periods were observed when the path-loss across the entire

0.1 I 99.9
0.2 —A— 99.8
0.5 / / / - 99.5

/1] o
11717 ”
FA L )
[ A .
J
/
/

1

20 80

30 70

40 60

/ s
[/ w
[ »
/ 20
AT

(RELATIVE TO MIDDAY 3
NORMAL PATH LOSS)  SAMPLES

50
60

70

80

90

———— ]
I~

PER CENT OF CASES WITH DIFFERENCE IN PATH LOSS EQUAL TO OR GREATER THAN ABSCISSA

PER CENT OF CASES WITH DIFFERENCE IN PATH LOSS EQUAL TO OR LESS THAN ABSCISSA

95 (a) 10.0 — 12.5 1085 -5
(b)  125-17.5 922
() 17.5-22.5 408
98 (d 22.5-27.5 120 —2
(e) 30.0-325 305
99 (f) 32.5-37.5 194 -
(@) 37.5-425 86
99.5 (R) >42.5 23 —o0.5
99.8 0.2
99.9 [ | , | i 0.1
0 4 8 12 16 20 24 28 32

DIFFERENCE IN PATH LOSS IN DECIBELS

Fig. 6 — Statistical distribution of differences between maximum and minimum
path loss in bands 20 mc wide. (Center frequency of 20-mc¢ band random with
respect to frequencies corresponding to maxima and minima of path loss).
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400-mc observed band was 8 db less than mid-day normal; and in one
case it was more than 10 db less than mid-day normal.

Another family of curves is shown by Fig. 6. These curves were ob-
tained by dividing the 400-mc observed band into a number of 20-me
bands, chosen at random with regard to the shapes of the path-loss
versus frequency curves. These data show the difference between the
maximum and minimum losses within a single 20-mc broad-band channel
which might accompany a fade of a given depth. Such data are of use in
estimating possible distortions of a modulated signal occupying a band
width of 20 me.

Frequency Diversity

The fact that the instantaneous fading may be different on different
frequencies within the same frequency range offers a means for mitigating
transmission impairments caused by fading. During periods when there
is fading in excess of a specified value on the regular carrier frequency,
the carrier can be shifted to an alternate frequency in the hope that
the fading on the alternate frequency may be less severe. The merit of
using this type of frequency diversity can be gauged from the statistical
distribution of -fading on the alternate frequency during periods when
there is fading in excess of the specified value on the regular frequency.

The data obtained in these tests indicates that there was no correlation
between the fading on frequencies separated by: (1) 40 me or more
during periods when there was fading of 10 db on one of the frequencies
and (2) 160 me or more during periods when there was fading of at
least 20 db on one of the frequencies. However, during periods of severe
fading, the data indicate considerable correlation between the fading on
regular and alternate frequencies separated by 80 mc or less.

Fig. 7 shows the distributions of fading on alternate frequencies at
specified frequency separations from the regular frequency, when there
is fading of a specified depth on the regular frequency. Table II indicates
which of the curves on Fig. 7 applies to a particular set of conditions.

Curves G and H on Fig. 8 show the distributions of depths of fade
at 4190 mc during the entire months of July and August, respectively.
Comparison of the 4,190-me data with data from tests made over other
paths indicates that the fading occurring during the Towa tests was nearly
as severe as during the “worst month” observed on any path to date.

Curve B on Fig. 7 shows the statistical distribution of fading on any
frequency (within the range under consideration) during periods when
important fading is prevalent. The fading shown by this curve is con-
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Fig. 7 — Statistical distributions of fading measured on Lowden-Princeton,
Iowa, path during July and August, 1950, These curves are useful in predicting
the cfficacy of specific frequency-diversity systems as described in the text.

siderably more severe than is shown by the curves on TFig. 8. This is
because the latter curves include all the time within the months under
consideration. Therefore, they include much time when the fading
mechanism was not present in the path, and the path loss remained
steady near mid-day normal.

There is evident similarity between the shapes of Curves 4 through F
(on Fig. 7) with the shape of the curve which is based upon the Rayleigh
distribution. This is consistent with the theory that deep fading asso-
ciated with multipath transmission is caused by random phasing of a
large number of vectorial components.
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These data have been applied practically to the design of frequency-
diversity measures for minimizing circuit outages caused by fading in
TD-2 radio relay systems.

Fig. 9 shows an illustration of the practical use of the data. Curve H
(which is the same as Curve H on Fig. 8) shows the distribution with
time of the fading on a typical radio relay path without frequency
diversity measures. Curve J shows the distributions of fading if certain
specific frequency diversity measures are used (based solely on fading
considerations). The difference between Curves H and J shows the
improvement gained by using that specific kind of frequency diversity.
For example, Curve H shows that without frequency diversity fading
in excess of 30 db will occur 0.075 per cent of the time and fading in ex-
cess of 40 db will occur 0.02 per cent of the time. But, if the kind of fre-

Tasre IT
Depth ofF fggfeggyRegular Separation Bet‘fr igu%rex%;lel:r and Alternate Curve
10 db 40 mc or more A
20 40 me C
20 80 mc or more B
30 40 me E
30 80 me C
30 160 mc or more B
40 40 me F
40 80 D
40 160 me or more B

quency diversity to which Curve J corresponds is used, fades deeper
than 30 db will oceur only 0.0012 per cent of the time, and fades deeper
than 40 db will occur only 0.00008 per cent of the time. Thus the improve-
ment resulting from this type of frequency diversity is a reduction of
fades deeper than 30 db from 0.075 to 0.0012 per cent of the time, and
fades deeper than 40 db from 0.02 to 0.00008 per cent of the time.

To explain how Curve J was derived, let us assume that during any
time when there is a fade of 30 db or more on the operating frequency of
a given channel the signal will be switched to another channel fre-
quency. Let us further assume that the alternate frequency will be sepa-
rated by 160, 240, 320, or 400 mc from the assumed operating frequency
and that the choice of alternate frequency is random. If we also assume
that the conditions of August, 1950, on the Iowa path prevail, we will
find from Curve H on Fig. 8 that the assumed operating frequency will
have a fade of 30 db or more 0.075 per cent of the time. Then a new dis-
tribution curve can be prepared, based on (1) Curve B (on Fig. 7) for
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0.075 per cent of the time, and (2) that portion of Curve H (on Fig. 8)
which corresponds to fades of less than 30 db for the remaining 99.925 per
cent of the time. Curve J on Fig. 9 is such a curve.

If frequencies separated from the assumed operating frequency by 80
mc were used instead of those assumed above, Curve C instead of
Curve B on Fig. 7 would have been used. This would have shown a
somewhat smaller improvement because of some correlation between
the fading on the assumed operating frequency and an alternate fre-
quency separated from it by 80 mc. However, the improvement gained
from the use of this system would be ample to prove-in its use.

The question is sometimes raised concerning the reason that the
curves on Fig. 9 show an apparent improvement for fading of less than
30 db, since the circuit is switched only when fading deeper than 30 db
occurs. This is because the curves are cumulative distribution curves;
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Fig. 9 — Effect on transmission of use of frequency diversity in 3,750-4,150
me range.

and reduction of the per cent of time when there is fading deeper than
30 db also reduces the per cent of time when there is fading deeper than
25 db, ete.

CONCLUSIONS

Quantitative information on fading phenomena is essential in the
engineering of super-high-frequency systems and in evaluation of fre-
quency diversity arrangements. The data obtained from the field tests
and the statistical analysis reported herein, while limited to a single path
and particular season, fill a gap in previous knowledge. They have found
practical application in the design of diversity systems for improving
the reliability of radio relay systems.

The principal conclusions that can be drawn from the available data
are: (1) all of the deep fading is definitely frequency selective, and is
caused by a complex multi-path transmission; (2) deep selective fading
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is ordinarily accompanied by a 6 to 10 db signal depression over a band
of at least several hundred megacyecles; (3) fading on frequencies sepa-
rated by 160 or more megacycles shows little correlation, but fading on
frequencies more closely spaced shows an increasing correlation as the
frequency difference is diminished; and (4) frequency diversity offers a
practical means of mitigating circuit impairment due to fading, if the
transmission can be shifted to a frequency far enough away to minimize
correlation with fading on the original frequency.
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Acceleration Effects on Electron Tubes

By F. W. STUBNER
(Manusecript received June 19, 1953)

This paper discusses methods of measuring shock and vibratory accel-
erations {o which electron tubes may be subjecled in various cquipments,
and the tnfluence of these disturbances on the performance of the tubes.
An oulline is given of the design problems connccled with the elimination
of tube damage or faully operation of tubes under adverse shock or vibra-
tion conditions, and of the methods used for simulaling these condilions
by means of produclion lest machines and lest methods.

INTRODUCTION

The rapid expansion of the use of electronic equipment by industry
and the armed services has created increasingly new demands on both
the electrical and mechanical characteristics of electron tubes. Since
these tubes are electronic devices, it is only natural that their structural
designs are dictated to a large extent by electrical requirements. How-
ever, the experience gained with conventional tubes in some of the new
equipment applications has revealed certain mechanical shortcomings
which reflect on the proper functioning or life of the tubes. The realiza-
tion of the increasing importance of mechanical design has resulted in
an increased effort for structural improvements to assure more reliable
tube performance. The term “reliable”, as used here, denotes that a tube
has a high degree of dependability when subjected to specific conditions,
either electrical or mechanical. Thus, the requisites for reliability may
differ for various applications. Although, in designing a tube, many re-
quirements must be taken into consideration, only some of the problems
connected with dependable tube performance under mechanical distur-
bances, i.e., shocks and vibrations, will be discussed here.

Since the performance of a tube depends on the geometry of its com-
ponent parts, minute changes in element spacing may produce variations
in its characteristics. Because of the necessarily delicate structure of
some tube elements, permanent or transient dimensional changes may be
produced by mechanical forces acting on the tube unless the tube is

1203
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specifically designed to minimize the effects of such distrubances. For a
rational design, it is, therefore, necessary to have some knowledge of the
nature of the disturbances likely to be encountered by tubes during their
service life. If one considers the numerous conditions under which elec-
tronic equipment is required to function, it becomes clear that the me-
chanical requirements are manifold indeed. Equipment applications can
be divided into three general groups, each one imposing in many cases
special requirements on tubes. These groups are: (a) stationary equip- -
ment, such as central office telephone installations, home radio and tele-
vision receivers, etc., (b) mobile equipment used in land vehicles, ships
or airplanes, and (¢) portable equipment. In many instances, military
equipments straddle above subdivisions and superimpose additional re-
quirements. It must be stressed, too, that pre-service conditions encount-
ered through handling and shipping must be taken into consideration,
since a tube is of no use to the customer until it is installed and operating.

A knowledge of expected service conditions is not only useful in the
initial design stage but also aids the manufacturer in devising suitable
test gear to check the quality of the product at the factory. Although a
wealth of data has been collected on shocks and vibrations to which elec-
tronic equipments are subjected under actual service conditions, little
is known how these disturbances are altered by the mechanical structures
of the equipments before they reach the tubes. In general, the nature
and magnitude of mechanical disturbances can be expressed in terms of
acceleration, velocity, or displacement. Since electron tubes may respond
to a wide frequency range of vibrations; the most sensitive measure is
acceleration, which varies as the square of the frequency of the element
displacement. Velocity or displacement instruments are usually not suffi-
ciently sensitive to give a true record of disturbances in the higher modes
of vibration due to the small velocity and displacement values involved.

The investigation of the nature of accelerations at tube sockets offers
special problems. The accelerometers must approximate the weights of
the tubes used in the respective sockets so that the disturbances are not
modified by the substitution of acceleration pick-ups for the tubes. For
the same reason, the method of - fastening the accelerometers in
the sockets must duplicate that of the tubes, and since the accelerating
forces may act in several directions, the accelerometers must be capable
of exploring these various directions. Lightweight accelerometers meeting
the above requirements have been developed recently. These instru-
ments are generally built to approximate the weight, weight distribution,
and shape of vacuum tubes. A more detailed description of these accelero-
meters and associated recording circuits is given in the following chapter.
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ACCELEROMETERS AND ASSOCIATED INSTRUMENTATION

Instrumentation employed for measuring accelerations depends largely
on the frequency range of the disturbances to be recorded, which, for
vacuum tube applications, covers approximately the audio spectrum.

In practically all cases, electronic recording equipment is used because
of its high degree of flexibility. Its basic components consist of (a) a
mechanical-electrical transducer which translates mechanical distur-
bances into proportional electrical potentials, (b) an electronic amplifier
to step up the voltage output of the transducer to desired levels, and (c)
an indicating instrument, usually a cathode ray oscilloscope, for obser-
vations of the disturbances.

Accelerometers

Although several types of mechanical-electrical transducers or pick-
ups are in existence,’ it has been found that the self generating types em-
ploying materials such as quartz or ferro electric crystals, are most useful
since they can be constructed so that their output is directly proportional
to acceleration over a large frequency range. Velocity and displacement
indicating instruments are sometimes used for low frequency work; by
suitable differentation their output signal will be proportional to acceler-
ation.

An accelerometer must have the following fundamental properties:

(a) the signal produced must be proportional to the accelerations to
be measured.

(b) its calibration must be stable and unaffected by humidity and
temperature changes encountered.

(c) its mechanical strength has to be adequate to withstand the accel-
eration stresses to which it is subjected.

(d) its weight must be sufficiently low so that the disturbance patterns
are not modified by loading.

(e) its sensitivity (voltage output/g) and useful frequency range must
be sufficiently high to cover acceleration magnitudes and frequency com-
ponents to be recorded.

A number of piezoelectric materials are available and have been em-
ployed in various electro-mechanical transducers. The development of
practical light-weight transducers has been made possible by the use of
some of the relatively new ferro-electric ceramics. By proper compound-
ing, firing and poling, these materials can be made to have very high
sensitivity and good life stability. Other advantages are their high dielec-
tric values, good mechanical strength and relative insensitivity to usually
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encountered humidity and temperature conditions. Accelerometers ap-
proximating the size and weight of electron tubes are now commercially
available and used for measuring accelerations imparted to tubes through
their sockets.

By proper construction the voltage output of these pick-ups is pro-
portional to the stresses induced in the active elements within the desired
frequency range. Depending on choice of material and construction, their
active elements can be used in compression, shear, or torsion. Fig. 1(a)
shows the simplified construction of a compression type pick-up. It
consists of (1) a base which is rigidly fastened to the point at which ac-
celerations are to be measured, (2) a sensitive element, (3) a weight, and
(4) a retaining spring. The whole assembly is shown held together by a
screw. The mechanical equivalent of this structure is shown in Fig. 1(b).

When this unit is subjected to sinusoidal motion its displacement is
given:by

X = X sinw-t

Where X = instantaneous displacement of the base from equilibrium
at time ¢

Xo = maximum displacement from equilibrium
o = circular frequency of the motion
The instantaneous acceleration then becomes
2
o =22 = — X Sin (n)

The motion is transmitted to the mass M through the parallel spring

RETAINING V/ X
SPRING (4) "\\
N LN Ky

< ~
MASS (3) -~-__| N 1Y
T \
Esa-2 e, ] [ - y
BASE (1)~ ii '}
X o4 & K
Z 7] :
AXIS OF MAX
SENSITIVITY 7
(@) (b)

Fig. 1 — Compression type accelerometer (a) and its mechanical equivalent(b).
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system formed by the stiff active element K, and the retaining spring K;.
For negligible damping in these springs the motion of the mass relative
to the base is:

2 ,
% (2)
On/__.Sin wt 2)

h=
w
1‘(:)

Here w, = the natural circular frequency of the mass on the springs. The
force F exerted by the springs on the mass is:

2

(Ky + KXo (wﬂ)

F = (K + Ky, = P
- (2)

Wn

Sin wt ®3)

The accelerometer is constructed so that the spring constant K of the
retaining spring is considerably smaller than that of the active element
K. Therefore, for vibration frequencies relatlvely low as compared to w,,
equation’ (3) becomes:

K, g .
F = oz Xow” Sin wi
Where (4)
c;; = M, and Xow” Sin ot = a

The stress produced by this force F produces a charge on the active ele-
ment which is proportional to the instantaneous value of the acceleration
to which the unit is subjected. Properly calibrated therefore, the acceler-
ation can be measured in gravitational units. When the disturbing force
consists of a number of these components, the total instantaneous output
is proportional to the sum of these components within the frequency
limitation of the pick-up.

In deriving the above expressions, a number of assumptions have been
made. Equation (4) therefore holds only if:

(a) wn, is made large compared to the highest shock or vibration fre-
quencies that are to be recorded.

(b) K, is small compared to K. Since the function of the retaining
spring is merely to hold the assembly together for peak accelerations
encountered, a soft spring with a sufficiently large static deflection can
be employed or the spring may be replaced by conducting cement to
hold the parts together.
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Fig. 2 — Amplification of forced vibration on mass for two degrees of damping.

(¢) damping of the system is small. If damping is considerable, equa-
tion (2) becomes
2
(-‘i) X, Sin of
Wn

@D i

In this expression ¢/c, = fraction of critical damping. However, since
by construction, the natural frequency of the system is large compared
to the forcing frequencies, and damping of the active elements employed

in these accelerometers is small, the term | 2 <. 3)2 becomes negligible.

€ Wn
Equation (5) therefore simplifies to equation (2).

The useful upper frequency limit is generally fixed at 14 w., because,
as shown by Fig. 2* amplification of the impressed signal results as w/w,
increases. If the disturbances contain frequencies beyond the useful limit,
low pass electrical filters must be employed in the associated amplifier
to suppress these frequencies. The fact that this type of pick-up has very
low damping offers some disadvantage in recording complex waves be-

* Figs. 2 and 3 were obtained from material given in Reference 2.
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cause phase distortion between the impressed and recorded frequency
components takes place. Fig. 3* graphically illustrates this relation. This

figure shows that <£> would have to be made approximately 0.5 in order

'C

to have a phase angle proportional to the impressed frequencies, i.e., to
obtain a true recorded pattern of the disturbance. Damping is generally
not employed in accelerometers built to duplicate the size and weight of
electron tubes due to constructional difficulties. The useful frequency
limit of these devices is often not governed by the resonant frequencies
of the active elements but by the lowest resonant frequency of their
housing structure.

As mentioned previously, the active elements of these light weight
transducers can be employed in various ways. The first models which
were developed a few years ago made use of the elements in compression,
following the practice of their predecessors, or: the relatively heavy and
large quartz crystal accelerometers. A working model of a compression
unit is shown in Fig. 4(a). Although this type of unit can be constructed
to have a very wide useful frequency range (high resonant frequencies),
it possesses two disadvantages: its internal capacity is rather low, and
it has poor directional sensitivity. Its sensitivity decreases to roughly
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Fig. 3 — Phase angle between force and displacement as a function of the
forcing frequency for two values of damping.
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10 per cent of maximum in the direction perpendicular to the sensitive
axis. Some improvements in directivity were obtained by utilizing the
elements in shear. Tig. 4(b) illustrates a tandem shear type acceler-
ometer. The construction of this unit is somewhat more complicated. The
elements first have to be poled in the proper direction. The conducting
layers used for poling in this direction then have to be removed and new
conductive coatings have to be applied on the areas facing the base and
mass M. The unit shown is sensitive to accelerations in the radial direction.
The improved directivity of the shear elements over compression ele-
ments is shown in Tig. 5. Although shear elements are superior for de-
tecting acceleration components along desired directions, it is difficult
to make their internal capacity sufficiently high without increasing the
over-all weight of the accelerometer for a given sensitivity. The use of
cantilevers for these applications also suggested itself, for relatively high
tensile and compressive stresses can be produced in such structures.
Cantilever type elements have been constructed as shown schematically
in Fig. 6(a). Here thin laminations of active material are cemented on op-
posite sides of a small metal cantilever., Under the action of external
forces bending of the inner member subjects the outer laminations to

MINIATURE
————— TUBE-TYPE
METAL BULB

REAR
________ —ELECTRODE
(FoIL)

—————— F—MASS

__ MINIATURE
~ TUBE-TYPE

SHOCK METAL BULB

_________ | — SENSITIVE
ELEMENT SNZ NN
Z3\
=

~ LEAF
SPRING

~
:>MASS

MINIATURE
——TUBE-TYPE
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(a) (b)

Fig. 4 — (a) Radial miniature tube compression type accelerometer and (b)
radial miniature tube shear type accelerometer.
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tension and compression stresses respectively, thereby producing the
desired charges in these elements. The characteristics, i.e., the resonant
frequency and sensitivity, of these elements are largely determined by
the dimensions of the metal member. Relatively high internal capacities
can be obtained by this construction. A recent variation of such a struc-
ture is shown in Fig. 6(b). In this design the inner metal component of
the cantilever described above has been eliminated. The entire structure
is made of the active material, in this case in cylindrical shape for ease of
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Fig. 5 — Relative angular response of compression and shear type ferro electric
crystal accelerometers.
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manufacture. Sections of conductive coating are deposited on this
cylinder as shown. These are used to initially polarize the material, and,
in use, to collect the charges produced by stressing the inner and outer
fibers of the cylinder. It is interesting to note that these elements can
be used to detect, by proper choice of connections, either radial or axial
accelerations. Through suitable external instrumentation both directions
can also be recorded simultaneously if desired.

The above illustrations show but a few applications of this material
for detecting accelerating forces. Additional forms will suggest them-
selves, each of particular advantage for specific application.

The sensitivity of an accelerometer is generally given in coulombs/g or
open cireuit voltage. Its effective voltage output over a given frequency
range is a function of the characteristics of the associated equipment
including the connecting cable. Calibration in the lower frequency range
up to a few hundred cycles may be performed by vibrating the acceler-
ometer on variable frequency vibration machines or resonating spring
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(a) (b}
F1c. 6 — (a) Metal cantilever type element and (b) radial and axial miniature
cantilever type accelerometer.
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systems at amplitudes that are measurable with the help of a microscope.
The peak acceleration in gravitational units for sinusoidal motion is
given by:

g = .102 (c.p.s.)’ X amplitude (inches)

At higher frequencies, this method of calibration becomes increasingly
difficult due to the decrease in obtainable amplitudes. A calibration
method for a wide frequency range is described in Reference 3. In gen-
eral, the sensitivity of an accelerometer is a function of the active ma-
terial, its size, and the weight M employed. The useful frequency range
increases with decreasing sensitivity. For a given design, a compromise
therefore has to be made between these quantities and the over-all per-
missible weight of the finished unit. To illustrate the approximate rela-
tions of weight, size and sensitivity, units have been constructed in the
shape of miniature tubes weighing only 33 per cent more than their
prototypes, with sensitivities in the order of 0.005V rms/g and a useful
frequency range of 3,000 cycles.

Since these accelerometers are calibrated for rectilinear motion, the
results obtained in measuring equipment vibrations or testing machines
must be carefully interpreted. In many instances the disturbing forces
impart a rocking motion to the units so that the position of the active
elements in the housings will influence the acceleration magnitudes that
are registered.

Assoctated Instrumentation

Since the voltage output of self generating accelerometers is small,
electronic amplifiers have to be employed to bring the signal to desired
levels. Fig. 7 illustrates a typical arrangement of the necessary equip-
ment. A cathode ray oscilloscope is shown as the visual indicating means,
although other recording instruments can be employed, depending on
the nature of the disturbances to be measured and the type of record
desired. The prime requirements of the equipment are:

(a) phase distortion must be low, so that the disturbance pattern is
correctly presented.

(b) its transient and frequency response must be adequate for the
frequencies to be recorded.

In the circuit shown in Fig. 7, the signal is fed into a cathode follower
stage having a high input impedance in order to obtain good sensitivity
and frequency response. The use of a cathode follower also offers more
flexibility in the proper matching of the high impedance pick-ups to suit-
able low pass filters or to the following amplifying stage. The generated
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signal is shunted by the capacity of the connecting cable. Since the volt-
age impressed on the grid of the first stage is approximately

¢y
=V —— .
‘0L G

it is desirable to have C; large compared to C,. In some types of investi-
gations cable whip may result in the introduction of spurious voltages
on the signal. These voltages are produced by capacitance changes and
static charges on the cable dielectric. T'o minimize this effect, the cable
may be shunted by a padding condenser at the expense of the voltage V.
The National Bureau of Standards recently reported the development of
a low noise cable' that is reported to overcome the shortcomings of the
ordinary shielded cables. Cables with a sufficiently low noise figure have
also become available commercially.

A timing and calibration voltage can be impressed across the
low valued resistor R for comparison with the disturbance signal. If
resonant frequency signals of the accelerometers are excited by the dis-
turbances being investigated, or the recorded frequency range is to be
limited, the signal is fed through low pass filters before being amplified.
This prevents possible overloading of the amplifier by the unwanted
frequencies, so that maximum gain can be realized for the desired signal.
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Fig. 7 — Schematic of accelerometer and associated recording circuit.

A — Equivalent circuit of acceler- D — Voltage amplifier
ometer E — Recording instrument
B — Cathode follower stage F — Audio oscillator
LP — Low pass filters Q
Cy — Internal capacity of acceler- — Voltmeter .
ometer R — Calibrating resistor

C, — Cable capacity V1 — Voltage source
C3; — Padding condenser . V2 — Voltage impressed on first stage
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Particular attention must be paid to the design of the filters since these
elements are apt to introduce excessive phase shift and oscillations. A
variable frequency electronic filter has been found to be quite serviceable
due to its flexibility in the choice of cut-off frequencies.

Additional information on shock and vibration instrumentation is
given in Reference 5. Since the presentation of mechanical distrubances
is, to some extent, limited by the transducers and their associated cir-
cuits, there is a trend towards a certain amount of standardization of these
components so that results can be compared on an industry wide basis.

TUBE DESIGN PROBLEMS IMPOSED BY ENVIRONMENTAL CONDITIONS

It follows from the numerous acceleration measurements made at the
installation points of equipment, that electron tubes, together with other
components, have to withstand a large variety of conditions. Without
over-simplifying the problems involved, it is perhaps permissible
to divide these disturbances into two classes: ballistic shock, and transi-
tory or sustained low ¢ vibrations. Although, as a first approach, the
effect of these distrubances on tube elements may be probed by mathe-
matical analysis, the final design must be proven in by laboratory tests
under controlled conditions. In discussing the influence of shock and vi-
bration on tubes, their clements are frequently presented schematically
as cantilevers, Fig. 8(a). While this assumption is a close approximation
for some of the older tubes, such as the Western Electric No. 349B tube,
Fig. 8(b), most tubes of later design, Fig. 8(c), do not lend themselves
to such simple analysis due to their more complex structure. The response
of elements to even simple shock pulses on tube envelopes are influenced
by factors such as the clearances in micas, mica fits in the bulbs and tight-
ness of mount assemblies.

It is obviously beyond the scope of this paper to analyze the destruc-
tive effects of shocks and vibrations on equipment. A few of the many
excellent articles and publications on this subject are listed in Reference
6. It is equally impossible to present all of the many problems facing the
electron tube engineer in designing tubes that will reliably serve their
purpose under adverse conditions. Since tubes must be designed to with-
stand distrubances encountered in the field or be adequately protected,
the following notes, highlighting some of these problems, will be of in-
terest to equipment as well as tube engineers.

Influence of High g Shocks

In certain applications, tubes are required to withstand occasional
high shocks such as those produced in military applications by explosions
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of some kind. It is generally permissible that, during very severe shocks,
electronic equipment is non-operative; therefore, the response of tubes
during these disturbances may fall outside of assigned limits. However,
since it is highly important that operations resume immediately, the
tubes must show no permanent change nor have caused damage to the
circuits as a result of temporary faulty operation. Although protective
shock mounts are usually employed on equipments exposed to these
conditions, damped equipment vibrations excited by the attenuated
shock wave are superimposed on the pulse felt by the tube.

Brittle or stiff tube components are most susceptible to shock because
of their inability to absorb the shock energy by elastic deformations.
Failures falling into this category are:

(a) glass breakage, which may be brought about by impact due to
excessive movement of the tube or adjacent components during the
impact.

(b) metal to glass seal fractures, produced by shock loads on the tube
leads and seals.

(¢) heater or filament failures and opening of welds.

(a) (b) (c)
Fig. 8 — Electron tube structures: (a) Simplified anode and cathode structure
of a Western Electric No. 349B tube, (b) Western Electric No. 349B tube, and (c)
typical miniature tube.
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(d) damage to mica serrations and enlarging of the mica holes which
support and space tube elements. The deterioration of the mica is also
known to liberate gas, which, in turn, results in a reduction of the
vacuum.

Permanent damage is also caused by deformation of elements beyond
their elastic limit. Bowing of grids and cathodes as a result of shock has
been reported in some applications. .

Although not always realized by design engineers, shocks and vibra-
tions of surprising magnitudes may also occur in handling and shipping.
If these conditions are not taken into consideration during the design
stage, the over-all cost of the product may be adversely affected by the
necessary protection that has to be built into the shipping container to
assure safe arrival of the packaged article at its destination. While many
factors enter into the proper design of shipping containers, such as mois-
ture and corrosion protection, the selection of cushioning materials is
perhaps the most important. Since it is desirable from a storage and
shipping cost standpoint to keep the package bulk to a minimum, and
protective packaging cannot always compensate for design weakness,
adequate strength must be designed into the tube even though it will
not be subjected to severe shocks once it is installed. A rather complete
analysis of the dynamics of package cushioning is given in Reference 7.
At present, military requirements specify that packaged tubes must
safely withstand several three foot drops onto a hard surface.

Influence of Low g Disturbances

In contrast to the relatively infrequently oceurring high peak shock
and vibrations, we find that many equipments are often subjected to
repetitive shocks and sustained vibrations at lower acceleration levels.
These conditions are generally encountered in vehicle, ship and airplane
applications. Although these shocks and steady state vibrations can be
attenuated through the use of shock and vibration mounts, the effec-
tiveness of these mounts may be reduced sharply by a change in disturb-
ance frequencies from normal.

Tube failures resulting from these conditions are generally caused by
fatigue of some tube elements. For instance, the continual hammering
of micas against tube walls or chattering of cathodes and grids in the
mica, may reduce the value of the micas as supporting and spacing ele-
ments, and since tubes are required to function under these conditions,
the gradual degradation of the micas will bring about an increase in the
tubes’ microphonic output. Where microphonism is a factor, the useful
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life of a tube is, therefore, terminated long before more apparent failures
occur in the tube structure. Other points of weakness are heater and
filament leads.

As may be deduced from the above, microphonism is a frequent cause
of complaint when tubes are subjected to low but repetitive shocks or
transient vibrations. To illustrate the influence of such disturbances on
tube performances, the results of recent investigations of tube micro-
phonism found in a certain equipment will be cited.

In this case, field reports indicated that certain tubes exhibited exces-
sive microphonism in the equipment, although the tubes were found to
be within limits when judged by standard factory tests. It was apparent,
therefore, that these tests did not simulate actual conditions. Accelera-
tion measurements made at the equipment base and at tube sockets
revealed that the steep, short duration impact of a blow delivered to
the outer case excited resonant vibrations of the chassis on which the
tubes were mounted. The magnitudes of these vibrations were only in
the order of 0.1g, but their lowest frequency (approximately 550 cps)
was close to the mount resonances of some of the tubes. Further tests
also showed that those tubes having pronounced response, i.e., low damp-
ing, to vibratory motion in this frequency range also proved to be micro-
phonic in the equipment. (The vibration spectrum of one of the tubes is
reproduced in Fig. 9.) It was found that the various modes of vibration
of the tube mount produced the high peaks in the range between 500
and 1000 cps. Unfortunately, present factory tests do not include a
complete evaluation of tube response over a wide enough frequency
speetrum. ,

Observations made on several equipments indicate that structural
changes in the chassis or re-positioning of tubes would, in some instances,
reduce the effect of mechanical disturbances on tubes. An oceasional
source of troubleisintroduced by equipment motor vibrations, especially
after mechanical wear has increased play in the moving parts. The ac-
celerations involved in these vibrations are usually very small, but if
their frequencies coincide with structural resonances in the tubes, unsatis-
factory operation of the equipment may result. The influence of such
disturbances on tube operation is not always recognized by equipment
designers.

Several programs are currently pursued by both military and com-
mercial agencies to increase tube reliability. Since the necessary requi-
sites that make a tube reliable depend on the type of service to be per-
formed and environmental conditions, the requirements stressed in the
various programs differ in many respects. Some of these requirements
are still in a state of flux, as actual needs are as yet not clearly known.
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Fig. 9 — Frequency response of a tube that exhibited microphonism in equip-
ment. The direction of vibration is perpendicular to the major diameter of grids
and tube axis.

SHOCK AND VIBRATION REQUIREMENTS AND TEST EQUIPMENT

General requirements

Certain tests have been written into the MIL-E-1B°® and other speci-
fications to control the shock and vibration characteristics of tubes, and
to check on their behaviour under given mechanical excitation. Long
usage has given these specifications some validity in that they control
the quality of the product even though actual field conditions may not
necessarily be simulated in the tests.

At present, one or more of the following three types of tests are called
for on tube specifications:

(a) Shock tests. These are high acceleration tests to insure that tube
structures will withstand occasional shocks of given maximum magni-
tudes. Since, in general, tubes are not required to function during high
peak shocks, no operating voltages are applied to the tubes for this test.
The post shock requirements are that the tube characteristics must not
have drifted out of their limits. In many cases, the type of shock tester
to be used is specified, because it is difficult to define the shock output of
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many of these machines in terms of acceleration and frequency content,
ete. The response of tube structures may be vastly influenced by shocks
of the same nominal acceleration but differing acceleration wave forms.
Shock tests are also performed on tubes during their initial development
to obtain the degree of cushioning required for safe shipping and handling
purposes.

(b) Vibration tests. These are low acceleration, fixed frequency tests.
They are made on machines with sinusoidal displacement output. Short
time duration 25-cycle — 2.5g, or 50-cycle — 10g tests are specified for
tubes that are generally not exposed to constant vibrations. Usually no
voltages are applied to the tubes under test since their prime purpose is
to check for sound tube structures. Electrical post vibration perform-
ances are the criteria of tube quality. In this category also fall the long
time duration vibration tests made on tubes intended for use in equip-
ment that is known to be subjected to continual vibration, such as
shipboard or mobile equipment. Present specifications call for 96-hour
tests at 2.5g — 25 cycles. This, therefore, is a fatigue test which deter-
mines the capability of tube structures, under prolonged cyeclic stresses.

(c) Microphonic vibration test. A 25-cycle — 2.5 g test performed with
specified voltages on the tubes under test to investigate the influence of
low acceleration vibration on the output of tubes. This test is specified
on certain tubes, especially those used for audio applications. The per-
missible magnitude of spurious signals excited by vibration is limited on
the respective tube specifications.

(d) Tap tests. These tests are performed for two purposes. One is for
the detection of defects such as foreign particles between close spaced
adjacent elements, damaged elements, or poor welds. Open and short
testers of given sensitivity are used to indicate these defects. The second
purpose for tap testing is the investigation of microphonic response of
tubes to mechanical disturbances. For these tests the tubes are made to
work in' Class A amplifier circuits. Acoustic feedback may be used, so
that the tube is not only subjected to the mechanical tap, but also to
the sound of the tap excited microphonic signal which is reproduced
through a loud speaker spaced at a given distance from the tube. Sus-
tained microphonism can be produced by these means under certain
conditions. The purpose of this type of test is to simulate conditions to
which tubes are subjected in some equipments, especially those closely
coupled to audio output components.

Lquipment

The following is a brief description of the machines used for the per-
formance of the above tests and their output characteristics.
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MIL-E-1B Bump Tester

This is one of the earliest devices employed for shock testing of tubes
under controlled conditions. In order to assure uniformity of results the
MIL specifications give its physical dimensions. Fig. 10 illustrates the
tester and its method of use. The magnitude of the shock and its duration
is given by tube weight, shape of tube envelope contacted by the ham-
mer, resilience of rubber pad on the hammer, and the angle () through
which the hammer is permitted to swing before striking the tube.

Although for the performance of the tests, only the angle (8) is speci-
fied, the shock characteristics of this device have been investigated,'® so
that shock magnitudes and durations for any tube may be computed
from the parameters given above. A typical acceleration time curve is
shown in Fig. 11. The simple bell shaped outline of the accelerogram is
given by the non-linear spring characteristic of the rubber pad and the
generally cylindrical shape of the tube envelope.

Shock Testing Mechanism per ASA-C39.3

This mechanism is also used to check and compare the resistance of
tubes to mechanical shocks of predetermined magnitude and duration.
In this device the sample to be tested is rigidly fastened on a platform.
A steel leaf spring supported at both ends is attached underneath this
platform. The test on the sample is performed by raising the platform
to a certain height, allowing it to fall on a steel anvil, and then catching
it on the rebound.

The shock magnitude is given by

20
w

VA
J = ”1/1ng

where W = tableweight (lbs.)
h = height of fall (inches)
K = spring constant of leaf spring.

A number of leaf springs are available to produce the desired shock
characteristics. A full discussion of this mechanism and its performance
are covered in Reference 11. A slightly modified version of the tester,
used by the Laboratories, together with a typical shock pulse, is shown
in Figs. 12 and 13. It can be seen that the pulse is essentially of sinus-
oidal shape with higher frequencies superimposed on it. The fundamental
frequency is produced by flexing of the leaf spring during its contact

G max =

and its duration by
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Fig. 10 — One of the early devices employed for shock testing of tubes under
controlled conditions — the MIL-Ii-1B bump tester.

with the table anvil while the higher frequencies are due to table reso-
nances which are excited by the metal-to-metal impact of spring and
anvil.

High Impact Machine for Electronic Devices

This machine was originally intended to test the resistance of tubes to
high peak-short duration shocks similar in nature to those encountered
by equipment fastened to parts of ships that are likely to be exposed to-
direct explosion pressures.”” The shock is produced by a steel hammer
pendulum striking a movable steel table on which the tube under test is
mounted. The shock magnitude is given by the angle through which the
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pendulum is allowed to swing under the action of gravity before the
hammer strikes the table. The forward motion of the table produced by
the impact is arrested by two shock absorbers.

The impact of the hammer on the anvil of the table produces an
abrupt velocity change of the table and excites table resonances, both
horizontally and vertically. Because of the structure of the table a very
complex acceleration wave form results. In general the accelerations for
a given hammer swing vary over the table surface. It is for this reason
that, in testing procedures, the position of the tubes on the table and
their method of clamping are well defined; and since the acceleration
wave shape is the sum of many vibratory frequencies rather than a single
* shock pulse, the severity of the test is expressed by the angle of hammer
swing instead of a shock magnitude and duration. Although some uni-
formity in performance is attained by rigid standardization of the struc-
ture of the machines and the above mentioned positioning of the tubes,
minute differences in these parameters may produce sufficient variations
in shock output to reflect on test results. Acceleration-time traces of
shocks measured in the shock direction by an accelerometer fastened near
the anvil of the table and a second accelerometer clamped to the center
of the table, are shown in Figs. 14 and 15. The records were simultane-
ously taken through 10,000-cycle low pass filters. Even though the
recording of accelerations containing high frequencies of large amplitudes
is, to some extent, a function of the measuring equipment, it is seen
that significant differences in output exist between the two points of
measurements.

Fig. 11 — Acceleration-time pulse produced by MIL-E-1B bump tester.
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Fig. 12 — Shock testing mechanism per ASA-C39.3.

Fig. 13 — Typical shock pulse obtained with the tester shown in Fig. 12 (A)
acceleration pulse, (B) timing trace, and (C) stress in leaf spring.
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This machine can also be used to produce lower G shocks of longer
duration and simpler wave form by interposing a resilient rubber pad
between the anvil and hammer. The resulting shock resembles the bell
shaped output of the MIL-E-1B bump tester. Its magnitude and dura-
tion are given by the hammer swing, resilient characteristics of the pad,
and the table and specimen weight. The capacity of the machine permits
shock testing of heavier tubes (such as the larger magnetrons) by this
method. Attainable shock levels are sufficiently high to cover the require-
ments placed on these tubes by conditions encountered during transit.

The L.A.B. Package Tester

Of particular interest to the packaging engineer, this machine is in-
tended to duplicate the destructive vibrations and shocks experienced
by a product during transit. It consists of a horizontal table that can
be made to vibrate with a circular motion in the vertical plane. Adjust-
ments permit variations of this motion to simulate freight car and motor
truck movements. Tests performed on this machine, therefore, check on
the mechanical strength of the outer shipping container as well as on the
adequacy of cushioning materials employed to protect the product: The
services are also considering this machine to test equipment designed
for use in vehicles. Tests are now in progress by the Signal Corps to
determine proper parameters for this application.®

Vibration Machines

A number of vibration machines, made by various manufacturers, are
employed for vibration testing of tubes. Due to the high hash output
of most mechanically driven machines, which contain gears and linkages,
great care must be taken in the selection of these machines. Certain tests,
especially the microphonic tests on receiving tubes, require machines
with good sinusoidal output, in order to obtain comparable results. It is
for this reason that the leaf spring vibration machine (Fig. 16), developed
several years ago by Bell Telephone Laboratories, has been recommended
as a standard for performing vibration tests. This is a fixed frequency,
25-cycle — 2.5 g machine which, due to its construction, has a relatlvely
clean output as shown in Fig. 17.

Several types of electronically or motor-generator driven vibration
machines are on the market. These are variable frequency and variable
amplitude machines especially useful for determining resonance fre-
quencies of structures and for performing cycling vibration tests. Ac-
cessory equipment has been made available lately to conduct these tests
on an automatic basis at either constant acceleration or constant am-
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Fig. 16 — Leaf spring vibration machine developed several years ago by Bell
Telephone Laboratories.

Fig. 17 — Acceleration output of the leaf spring vibration machine.

plitude over a given frequency range. Within the limitations of these
machines and their power sources, it is also possible to subject specimens
to complex disturbances. For instance, a projected use is the reproduction
of recorded equipment vibrations so that the response of tubes to these
conditions can be studiéd in the laboratory.

Tube Tappers

The physical construction of tube tappers used in the electron tube
industry varies from the simple manually operated cork mallets to the
more complicated automatic tappers. Since it has long been recognized
that the reproducibility of manual tapping is rather poor, efforts have
been made to replace these devices by automatic tappers or other



1228 THE BELL SYSTEM TECHNICAL JOURNAL, SEPTEMBER 1953

methods of checking microphonism in tubes. The industry, in collabora-
tion with the Services, is now engaged in standardizing on automatic
tappers. The prime requisites for such tappers are: (a) their shock output
must be reproducible and must fall within definable limits, (b) their
operation cycle must not adversely affect the time required for perform-
ing tap tests, and (c) the results obtained must have some relation to the
environmental requirements for the tubes. This last condition is, perhaps,
the most difficult to attain considering the diverse conditions encoun-
tered by tubes in various equipments.

Of the many tappers devised and employed by the industry, the use
of only two are at present approved in the MIL-E-1B specifications.
One is a manually operated cork mallet. This mallet is still retained in
spite of its shortcoming, for lack of better devices. The second is the
General Electric Automatic Tapper, specified for checking microphonism
of some of the reliable tubes. This is a motor driven tapper which sub-
jects the tube under test to damped low ‘g’ vibrations at the rate of 2
taps per second. The tapper and associated circuits are fully described
in the MIL specifications.

Space does not permit the discussion of other proposed tappers or test
methods. Two rather interesting papers are listed in References 13 and
14, which illustrate the problems involved in the development of suitable
devices for checking microphonism in tubes and describe some of the
various methods of approach.

SUMMARY

The rapid growth of electronic equipment development during the
late war has continued with the ever increasing new applications to both
military and civilian purposes. It is realized that this growth has placed
more stringent requirements on the mechanical characteristics of electron
tubes. In order to define intelligently tube requirements, the nature of
the disturbances to which tubes may be subjected must be known. It
was pointed out that merely applying equipment requirements to the
tubes, is not very realistic, since the shock and vibration patterns may
be vastly modified by the equipment structures.

With the help of the recent development of light weight accelerometers,
it is now possible to investigate the disturbances at the tube sockets.
Both the Industry and the Services have begun to utilize these instru-
ments to collect this information. The benefits derived from this work
will enable the equipment and tube designers to formulate more accurate
requirements and to devise test gear that will simulate more closely field
conditions to check on tube quality.
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Although, as a result of the trend to miniaturization, the strength of
electron tubes has been increased, due to the smaller size and mass of
elements employed, much has still to be done to increase tube resistance
to ballistic shock. This would result in simplification of shipping con-
tainers and reduce the need for protection by shock absorbers in equip-
ment. Equally important is the effort now made to reduce the micro-
phonic response of the tubes. Here, too, the smaller size of the late
tubes is of advantage because element resonant frequencies are increased.
And since the higher frequency components of disturbances are largely
attenuated by equipment structures, the tube responses have been
lessened.

With a better understanding of the problems involved in tube pro-
tection, it is also quite possible that further improvements can be ef-
fected in some instances by structural changes of equipment members,
or re-orientation of tubes in the equipment to reduce the effects of shock
and vibrations on tubes.
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Arcing of Electrical Contacts in Telephone
Switching Circuits

Part I—Theory of the Initiation of the Short Arc

By M. M. ATALLA
(Manusecript received April 1, 1953)

This is a presentation of a theory for the mechanism of the initiation of
the short arc commonly observed on the closure and opening of electrical
contacts. The theory is based on the experimental evidence that an established
arc 18 generally preceded by a period of local high frequency discharges at the
contacts. During this period the circuit current builds up. If and when this
current reaches the arc tnitiation current of the contact a steady arc is es-
tablished. It is shown that this initiation period of the arc is directly deter-
menable from the circuil condilions and the contact condition. This mecha-
nism furnishes rather simple explanalions to some complex phenomena
commonly observed before the establishment of the arc. The mechanism of
the initiation of an individual discharge, however, still remains uncertain.

INTRODUCTION

In the course of study of arcing phenomena between electrical con-
tacts, it has been long established that a condition for sustaining the
short arc is to maintain a current through the arc greater than a mini-
mum value called the minimum arcing current. This current is generally
a characteristic of the contact material and is appreciably affected by
surface contaminations. For clean metals the minimum arcing current
is usually equal to a few tenths of an ampere. Before establishing the
arc, therefore, there must exist a certain mechanism which accounts
for a rapid current build-up from zero to a value as high as the mini-
mum arcing current. For an inductive circuit, a higher inductance should
result in a longer period of current build-up. With a sufficiently high
circuit inductance this initiation period may be made long enough to be
directly observed and to allow an examination of the mechanism in-
volved. Such experiments have been made and observations have in-
dicated that the initiation period consisted of a succession of rapid dis-
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charges at the contacts from the open circuit voltage to a lower voltage.
During this process the current in the circuit built up in a discontinuous
fashion and the steady arc was established only when the circuit current
reached the minimum arcing current of the contact.

In this paper is presented our study of this initiation period. The
following are the main objectives: (1) to establish the analytic relations
governing the performance of a few simple contact circuits during the
arc initiation period; (2) to check the analysis by direct measurements;
(3) to apply the theory to explain a few arcing phenomena and empirical
relations previously reported; and (4) to shed some light on the nature
of the rapid local discharges at the contacts and the characteristics of
the influential circuitry at the immediate neighborhood of the contact.

NOTATION
C Main circuit capacitance
I Circuit current
I; Arc initiation current
Inm Arc termination current or minimum arcing current
L Circuit inductance

(L) Lims: Limiting or maximum inductance above which a steady
arc cannot be established

R Circuit resistance

v Voltage

Vo Initial voltage ,

Ver  Main condenser terminal voltage

c Local capacitance at the contacts
£ Local inductance at the contacts
n Number of discharges at the contacts
r Local resistance at the contacts
4 Time
v Voltage across a steady short arc
7 Voltage across the contacts at the termination of a single
local discharge
2 Local impedance at the contacts ‘:—q” ?
: ¢
a Ratio of capacitances ¢/C
w Angular frequency (Le)™"
ANALYSIS

In this section a few simple contact circuits are considered. In each
case relations are derived for the current and voltage changes in the
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circuit during the period of rapid discharges at the contacts preceding
the steady arc. The analysis is based on the following simplified model of
the mechanism involved: (1) The first local discharge at the contact
takes place when the proper separation corresponding to the initial
voltage V, is reached; (2) this discharge time is assumed to be short and
negligible in comparison to the following charging time; (3) the local
capacitances at the contact recharge from the main circuit until the
same initial voltage V, is reached when a second discharge takes place;
(4) this process repeats until a steady arc is established provided that
the circuit is capable of building up enough current, — otherwise, the
local discharges will continue and finally stop when the main circuit be-
comes incapable of charging the local contact capacitances to Vo; and
(5) all the local discharges at the contact are terminated at a constant
voltage 7 for any one set of circuit conditions. The nature of 7 is left
to be determined and physically understood from our measurements.

o T,
11 I

Fig. 1 — Typical battery-inductance-contacts cireuit.

Battery Vo, L and Contacts, Fig. 1

Following the first discharge at the contact from V, to 7 the local
contact capacitances will recharge with a current

¢ 1/2
I = (V() - 1_)) (Z) sin wl,
where o = (L¢) ™

The voltage at the contact will reach Vy at i = 7/2w and the cor-

responding current is
¢ 1/2
L = -0 l=]) -
1 (Vo 7) < L)

A second discharge will then take place and recharging will proceed
with the new boundary conditions: at ¢ = o, the contact voltage is »
and the circuit current is I;. By following this procedure, a general ex-
pression for the nth charging process is obtained:

1/2
1) = (Vo — ) <%) () (@)
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and ' (1)*
w- i(n) = cot™* (n — 12 (b)

The relation between the number of discharges » and time ¢ is given by

}j: cot™ (n — 1DV

8!'—‘

Only an empirical expression for this summation was obtained with a
maximum error less than 10 per cent:

7“ 1/2
= — .
5= ()
The current build-up in the circuit is, therefore, expressed as a function
of time by the following relation:

r6) = 2 (Vo — o) @

In other words, the current is independent of the contact capacitances
and increases linearly with time at a rate inversely proportional to the
circuit inductance.f As soon as the circuit current reaches the arc
initiation current I, a steady arc is established. The initiation time of
the steady arc is therefore given by:

™ I iL

bi = o0 o

2 Vo—19 @)
For I; = 0.5 ampere, L = 10° henry and Vo, — 7 = 30 volts, t; = 2.6
X 107* second.

C, L and Contact, Fig. 2

If the battery is replaced by a condenser C' where the ratio « = ¢/C
is much less than 1.0 an analysis similar to the above can be made. In

* The assumption that all discharges will take place from the same voltage V',
is only true if : the motion of the contact is negligibly small, the discharges do not
change the contact geometry to the extent of materlallv changing the contact
separation, and if the effect of the residual ions is negligible.

1 ThlS is onlv true if the circuit resistance is zero. For a finite circuit resistance

R, and ( ) much less than 1.0, it can be shown that the current approaches

v

2R
1 It is shown later by measurement, that the initiation current I; is essentially
the same as the arc terminating current I,.

the asymptotic value Yo
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this case, however, in setting the boundary conditions one must consider
the drop in voltage across the main condenser during the previous
charging processes. The following are the resulting expressions for the
circuit current, main condenser voltage and the charging time, all as
functions of n:

Vo—1o 1/2
I(n) = =2 . ':n(l —aln — 1+ an))J (4a)
Lw
Vin) = Vo — an(V, — ) (4b)
. - n 1/2 _ll: 1 — aln — 1) :,1/2
w t(n) = Sln al:l_———a(’n———l—):, + tan m (4:0)
Only an empirical expression for the summation
n=1
2 in)

was obtained with an error less than 10 per cent

n=n

> w-tln) = 72—r(n)”2(1 + an).

n=1

The current relation indicates that the current increases from zero
at n = 0 to a maximum current

_ Vo—15(C\"
Imax— T(Z)

at an = 14 then drops back to zero at na = 1.0 when the discharges
are terminated. The total discharge time is approximately «(LC)'”* and
the terminal voltage on the main condenser is Ver = 7. If during the
process of current build-up the current reaches a value equal to the are
initiation current a steady arc is established. It is evident that a steady
arc cannot be established if the maximum current attainable during
the discharges is less than the arc initiation current. This leads to the
concepts of a limiting inductance and limiting voltage in a circuit that
can allow the establishment of a steady arc." The limiting inductance is

T
1 i

CONTACTS

Fig. 2 — Typical condenser-inductance-contacts circuit.

!' L. H. Germer, Arcing at Electrical Contacts on Closure, Part I, J. Appl.
Phys. 22, p. 955, 1951.
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defined as the largest inductance for a given circuit above which a
steady arc cannot be obtained and the limiting voltage is defined as the
lowest voltage for a given circuit below which a steady arc cannot be

obtained:
A2
(L) Limis = g . <VOT-0> (5a)
JANE
(Vo — 0) rimie = 215 <(—7> (5b)

The assumption made that all charging processes are much longer in
time than the discharging times, imposes a limitation on the applica-
bility of the above relations. Equation 4¢ can show that the minimum
charging time is (2/w)a™’. The accuracy of the above relations is better
the larger this time is compared to the discharge time of the local contact
capacitance. Assuming distributed characteristics for the local and rela-
tively small contact circuitry* the discharge time is 2(¢c)"/%. The limitation
involved, therefore, is that (2/w)a? must be greater than 2(f)"* or
L/C > {/c. In other words, the impedance of the main circuit must be
greater than the impedance of the local circuit at the contact.

MEASUREMENTS

All the measurements presented were obtained from an inductive
type circuit, C-L-Contact. The main circuit, Fig. 3, consisted of a con-
denser C in series with a honeycomb inductance which is connected by
a short lead, about 2 cms, to a pair of clean palladium contacts operating
in laboratory air. The contacts were mounted on a cantilever bar arrange-
ment, described by Pearson®, which allows fine adjustments of the sepa-
ration between the contacts as well as slow motion of the contacts to
avoid physical closure before the end of a transient.

Three sets of measurements were made.

(1) Contacts voltage measurements: the transients obtained usually
needed some correction to compensate for the effects of the measuring
oscilloscope circuit. None of these measurements are presented in this
paper. It may be mentioned, however, that they indicated the existence
of rapid discharges at the contacts preceding the establishment of the
steady are.

(2) Circuit current measurements, Fig. 3 (a): these were made by

*In a later section of this paper, measurements were shown to indicate the
plausibility of this assumption.
2 G. L. Pearson, Phys. Rev. 56, p. 471, 1939.
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measuring the voltage change across a 10-ohm non-inductive resistor
inserted between the main circuit condenser and ground.

(3) Main condenser voltage measurements, Fig. 3(b): the oscilloscope
plates were shunted by an 1100 X 107 farad capacitor and the com-
bination was used as the main circuit condenser. The above sets of
measurements 1 and 2 furnished the data necessary for a quantitative
establishment of the theory. It is evident that the measuring scope cir-
cuits did not interfere with the normal behavior of the contact circuit.

Development of Circuit Current During Arc Initiation Period

The circuit in Fig. 3(a) was used. The contact separation was gradually
decreased until the discharges started and the resulting current transients
were recorded. The circuit parameters were chosen such that, according
to Equation 3 of our analytical results, the initiation time was of the
order of microseconds. Fig. 4(A) shows a typical current-time transient
where a steady arc was established. The circuit had L = 1100 X 10°
henry and C = 107° farad. The current started from zero and increased
during the multiple discharge period until point 1 where the current
was 0.2 ampere and a sustained arc was established. The current then
increased to a maximum of 1.7 amperes then dropped. At point 3 the
arc stopped when the current was 0.24 ampere. In Fig. 4(B) the first

L 1 MEG
I ANNN— -
C
10000 10000
Vo
POWER
CONTACTS SowER
100 { )
s —‘l',/ OSCILLOSCOPE
l —t -
®)
L t MEG
ANAN— --
1000
AN Vo
POWER
CONTACTS ,j: JAAY
! \
C== : }
\\—P/’ OSCILLOSCOPE
(b)

Fig. 3 — (a) Contacts circuit and circuit current measuring circuit. (b) Con-
tacts circuit and main condenser voltage measuring circuit.
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o
1

CURRENT, I, IN AMPERES

65

0 1|0 0
TIME, T, IN SECONDS x 1076
Fig. 4 — Circuit current transients with steady arc established.

portion of a similar transient is shown: L = 5100 X 107° henry and
¢ = 107° farad. The current build-up during the multiple discharge
period is shown as an interrupted line 0-1. The steady arc was established
at 0.57 ampere.

From a group of similar transients, pairs of measurements were made
of the initiating current and terminating current of the steady arc. The
results are given in Table I. It is concluded from the results that the
initiating current and terminating current of an arc are the same.

The high-frequency discharges at the contact do not necessarily have
to be followed by a sustained are. A sustained arc is only obtained if the
maximum current established during the local discharges at the contact 1s
equal to or greater than the arc initiation current. Fig. 5 (A) shows a cur-
rent-time transient without an initiation of the steady arc: V, = 400
volts, L = 5100 X 107° henry and ¢ = 1100 X 107 farad. The maxi-
mum current reached was only 0.13 ampere which was not sufficient
for initiating a steady are. It is of interest to notice that the oscillations
superimposed on the zero current line following the transient can allow
a calculation of the local capacitances at the contact. Such a calculation
gave ¢ = 7.8 X 107" farad. Fig. 5 (B) shows a similar transient for the
same circuit with ¥, = 500 volts. Following the first current build-up
and drop, 1-2-3, the main condenser had a residual negative voltage
high enough to produce a reversed current build-up and drop, 3-4-5.

Voltage Drop in Main Condenser During Arc Initiation Period

During the period of rapid discharges the current build-up in the
circuit is accompanied by a voltage drop at the main condenser. This
drop may correspond to one of two phenomena at the contact: (1)
"“multiple discharges leading to a steady arc, and (2) multiple discharges
without steady are, followed by an open circuit. Fig. 6 and 7 are re-
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TABLE I — Arc INITIATION AND ARc TERMINATION CURRENTS
Parraprum ConNTacTs IN AIR*

Are Tnitiation Cur- [0.12'0.210.210.150.250.19/0.230.40'0.650.61'0.57 0.52'0.45
rent
I;: Amps. ‘ ‘ ‘ ‘ ’ ‘ ’ ’

Arce Termination 0.13,0.16,0.17.0.20,0.22 0.24,0.24 0.42,0.50,0.52,0.53
Current ‘ ‘ ‘

IL.: Amps.
* Both numbers given in one column were obtained from the same transient.

0.58‘0.59

spective records of the voltage change at the main condenser. Fig. 6 (A)
corresponds to the case where the multiple discharge period was short
and lead to a steady arc. During this arc the main condenser voltage
dropped from point 1 to point 2 when the arc was arrested. This was fol-
lowed by striking a second arc in the opposite direction which lasted
until point 3. Line 3-4 represented the recharging of the main condenser
from the power supply circuit. Superimposed on the same figure is the
trace 1-2-3-5 corresponding to a closure at the contact instead of an
open circuit. While line 1-2-3 shows two consecutive ares, it is generally
possible to obtain any number of such arcs. An even number of arcs
will result in a posiiive residual voltage at the main condenser, Fig. 6 (A)
while an odd number of arcs will result in a negative residual voltage at
the main condenser, Fig. 6 (B). ‘

Figs. 7 (A) and 7 (B) correspond to the case when the multiple dis-
charges did not lead to a steady arc due to insufficient current build-up.
The multiple discharges caused a voltage drop 1-2 across the main
condenser followed by an open circuit and recharging, 2-3.

Discharge of the Local Circuitry at the Contact

Fig. 8 (a) represents a plausible representation of the local circuitry
at the contact. When the conditions between the contacts are favorable

CURRENT,I, IN AMPERES

TIME, T, IN SECONDS x 1078
Fig. 5 — Circuit current transients without a steady arc.
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for the initiation of the arc, a small local capacitance ¢’ will furnish the
necessary charge, through a small impedance 2/, according to whatever
mechanism that may be involved in the initiation process.* The con-
nection from the contact to the main circuit is represented by a short
transmission line with the distributed characteristics, r, £ and ¢. The
drop at the contact from the initial voltage V, to the arc voltage v will
cause a current surge (Vo — v) (¢/£)", if r is neglected, for a period
2(£c)'” corresponding to the time required by the pulse to travel to the
end of the line and return to the contact. At this time the arc is ex-
tinguished by the reflected pulse and the final voltage at the contact
is — (Vo — 2v). Figs. 8(b) and 8(c) are diagramtic representations of
the process. For a purely inductive line, therefore, the contact voltage
7 following one discharge is —(Vy, — 2v). For a dissipative line, however,
9 is algebraically greater. Equation 4 of Germer and Haworth® was
derived to give the voltage following an arc for a similar circuit with
lumped characteristics. For 7/(¢/¢)"'* less than 1.0 this equation can be

V IN VOLTS

TIME, T, IN SECONDS x107@
Fig. 6 — Voltage transients across main condenser with steady arc established.

V IN VOLTS

0 70 0 10
TIME,T, IN SECONDS %1076

Fig. 7 — Voltage transients across main condenser without steady are.

* This mechanism is not clearly understood at the present time. It is the opinion
of the writer, however, that the initiation time is only a few times the transit time
of the metal ion under the prevailing conditions.

¢ L. H. Germer and F. E. Haworth, Erosion of Electrical Contacts on Make,

- Appl. Phys. 20, p. 1085, 1948.
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approximated by:
=2 — Voo L (Vy—0) (6)
2 z

where z = (£/c)""*.

Our measurements were then applied to demonstrate the plausibility
of the above description of the local circuitry at the contact. This was
done in the following fashion. 7 was obtained by three methods. (1)
Measurements were made of the multiple discharges preceding a steady
are, from records similar to Fig. 4(B), and 7 was calculated from Equa-
tion 3, (2) measurements were made of the maximum current attainable
during the multiple discharge period, from records similar to Fig. 5(A),
and 7 was calculated from the expression

1/2
Imax = % (VO - 7_)) (C> ’

DISTRIBUTED
nL,c MAIN
________________ ) CIRCUIT
(a)
CONTACTS c
1
w Vo \
2 \
= \
5‘ Ao
W > 1T
-
q
5 TIME —>
3
V- da
-
2z
x Vo-¥ 3
) 5 2 —
o i
(8] ]
g Iy /2 E
1 14

. 2(lc)V2  TIME —> )
Fig. 8 — (a) Representation of local circuitry at contacts. (b) Voltage transi-
ent at contacts during one discharge of local circuitry. (¢) Current transient at
contacts during one discharge of local circuitry.
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TasLe IT — Ratio r/z For LocAaL CIRCUITRY AT CONTACTS

Initial Voltage (100 |150 (200 (230 (250 (300 (360  [400 {460
Vo
r

z 0.56| 0.65 0.55/ 0.41; 0.55] 0.30] 0.40| 0.40{ 0.48

and (3) measurements were made of the terminal voltage across the
main condenser at the end of the multiple discharges, from records
similar to Fig. 7, which, according to our analysis, is equal to 5. For
these values of 7 Equation 6 was used to compute r/z. The results are
given in Table II. Each value of r/z in this table is the average of 3 to
6 values obtained by the different methods described above. In all cases
r/z was between 0.4 and 0.7. This indicates that the local contact cir-
cuitry is oscillatory. For our circuit, ¢ was measured at 7.8 X 107"
farad and if £ is assumed to ke 2 X 10™° henry, the computed resistance
ris 20 to 35 ohms. This is about 500 times greater than the de resistance
of the same circuit. With this concept of the local contact circuitry 7
was well defined and was then possible to perform some checks of the
main analytical relations presented in this paper with new measure-
ments and with measurements previously published.

Comparison of Theory with Measurements:

(1) Voltage drop across main condenser: In Fig. 7(B) is shown the
voltage drop across the main circuit condenser as a function of time for
L = 107 henry, ¢ = 1100 X 107" farad and V, = 220 volts. Line (a)
was measured and Line (b) was computed using Equation 4(b). The
value of 7 used was obtained from Equation 6. Good agreement is in-
dicated.

(2) Limiting circuit conditions for obtaining a steady arc: It was
pointed out in a previous section of this paper that a steady arc can be
established only if the maximum current reached during the multiple
discharge period is equal to or greater than the arc initiation current.
Equations 5(a) and 5(b) are expressions for the limiting circuit induc-
tance and the limiting initial voltage respectively. Equation 5(b) was
used to compute the limiting voltage for a set of circuit conditions for
which measurements were made and published, Reference 3. In Table
IV Column 3 of this reference measured values of the limiting voltage
Vo were presented. A comparison of measured and computed V, are
given here as Table ITI. It may be pointed out that the deviations be-
tween measurements and calculations are of the order of the measured
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spread in the minimum arcing current as given in the same reference,
Table V.

(8) Contact activation and limiting circuit conditions for arcing: In
Reference 3, it was reported that the limiting inductance for active
contacts was greater by more than 2 orders of magnitude than for clean
contacts. By calculation, Equation 5(a),

[(L)active/(L)clean]Limit = 600

It was also reported that for ¢ = 107° farad and V, = 50 volts the
limiting inductance observed for active silver was between 107° and
107* henry. By calculation, Equation 5(a), the limiting inductance for
the same conditions is about 4 X 107 henry.

(4) Contact activation and are initiation time: According to Equation
3 the initiation time of the steady arc is directly proportional to the
arc initiation current. For the same circuit conditions, therefore, active
contacts should have a shorter period of arc initiation. This result
seems to contradict some published observations* where it was pointed
out that the voltage drop into an arc was shorter for clean contacts
than for activated contacts. A number of transients, furnished by the
authors, were carefully examined. It was observed that in most cases

TasLe III — CoMPUTED AND MEASURED LIMITING VOLTAGES FOR
EsrABLISHING A STEADY ARc BETWEEN CreEAN SiLvir ConTAcTS*

Observed (Vo) rimit for first detectable arc Computed (Vo) Limit
50 49
66 102

220 211
38 38
85 75

206 153
31 28
64 52

200 102
24.5 23
60 40
30 20
13 16
11.5 14
13 13
25 17

* A few observations were not included in this table. These correspond to the
cases where the calculated initiation times of the are were of the order or greater
than the time of physical closure of the contacts. Asexpected, the observed volt-
ages were consistently higher than the computed voltages.

1 L. H. Germer and J. L. Smith, Arcing at Electrical Contacts on Closure, Part,
III. J. Appl. Phys., 23, p. 553, 1952.
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for both active and clean contacts the transient started with a rapid
drop. For clean contacts this drop was directly to the steady arc voltage
of the contact metal. Ior active contacts the drop was to a higher voltage
between 15 and 32 volts followed by a gradual and irregular drop in
voltage. The time of the first rapid drop was invariably between 2 X
107" and 4 X 107° second for both clean and active contacts over a range
of circuit inductances between 0.1 X 10~° and 48 X 107° henry. This
time was just about the time resolution of the scope used indicating that
in all cases the initiation time was less than the time resolution of the
scope. This was also borne out by our calculations, Equation 3, where
the longest initiation time for the conditions studied was only 1.2 X
107° second. The higher arcing voltage of active contacts mentioned
above has been previously reported in Reference 3. It was pointed out
that active contacts have arc voltages comparable with those of carbon,
19 to 30 volts.* The slow drop in voltage following the first rapid drop
observed with active contacts is probably a burning off process of the
activating substance on the contacts as indicated by a continuous ap-
proach of the arc voltage to that of the clean metal. It may be added
that for cases where the initial circuit voltage is closer to the carbon
arc voltage one should expect a smaller initial drop. This was confirmed
by measurements made at 35 volts.

In connection with the experimental study of the initiation of the
are, the following concluding remark may be made. Unless the measuring
apparatus has a response faster than the individual discharges at the
contacts, the recorded transient will essentially be some particular
average of a complex contacts transient. It should not, accordingly,
* be mistaken for the more fundamental and usually much faster formative
transient of the arc.

The author is indebted to Dr. P. Kisliuk and Dr. I.. H. Germer for
much valuable discussion.

* Recent measurements by the writer on arc lamp carbon have given arc volt-
ages as high as 43 volts.



Polyethylene Insulated Telephone Cable

By. A. S. Windeler
(Manuseript received August 25, 1953)

The physical properties of polyethylene are such as to make it attractive
for many wire insulating applications, particularly in muliz-conductor
communicalions cables. This article presents certain factual information
relating to new types of multi-conductor cables having extruded polyethylene
insulation, and describes briefly their initial installation in working tele-
phone plant. The literature is replete with information on the physical and
chemicul properties and the behavior of polyethylene, so no aitempt is
made to explore the quality of the material per se. Polyethylene insulalion
extruded in the form of both solid material and foam to impart certain de-
sired electrical properties ts discussed. In a broad sense this article may be
considered as announcing an important new insulaitng material for tele-
phone cables which may be expected eventually to have very extensive ap-
plications in the Bell System plant.

From almost the beginning of the art, multiconductor telephone
cables have been insulated with paper, applied as a helical tape or laid
down directly on the conductor in the form of pulp. Solid paper has a
dielectric constant in the order of 2.5 to 3.0 but in the case of either
ribbon or pulp insulation a considerable amount of air is included in the
electric field surrounding the conductor so that the composite effective
dielectric constant is of quite low value, usually about 1.5 to 1.6 in a
typical design. In recent years, as various plastics and other polymeric
materials have become available, these have been studied as competi-
tors of paper, and polyethylene in particular now appears to have an
important field of application. Polyethylene appears attractive because
of its excellent electrical properties including low dielectric constant
and power factor, compared with other useable plastics, and high di-
electric strength. It is also highly impermeable to water or water vapor
and is available in the desired quantities at a reasonable price. Addi-
tionally it is considered probable that the long term price trend will be
downward.

1245
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The various electrical and mechanical characteristics!- ¢ of polyethyl-
ene are shown in Table I, along with some of the other materials con-
sidered. Among these other materials only polytetrafluoroethylene (Tef-
lon) and polystyrene have power factors and dielectric constants in
the same low range as polyethylene. There are basic objections to both
of these materials. Polytetrafluoroethylene is so expensive as to be un-
economical for this application and polystyrene in thick sections is too
stiff and brittle to handle in a satisfactory manner.

The use of polyethylene in telephone cables is not altogether new but
it has heretofore been confined to special types of high-frequency cable.
For example, the coaxial cable and video pair have polyethylene disc
insulation and strip-and-string insulation respectively (see Fig. 1). These
cables were designed for low attenuation in the megacycle range and
the use of polyethylene or a similar low power factor material was a
necessity. A low power factor is of lesser importance in the carrier sys-
tems for which the multipair cables are used and the polyethylene in-
sulation on these cables must show other advantages in order to prove in.

Polyethylene insulation is applied to the wire by an extrusion proe-
ess; the insulation may be either solid or expanded depending on the
application. Generally the polyethylene is supplied as granules pre-
viously compounded with an antioxidant. In the case of solid poly-
ethylene insulation the granules, in which the pigment has been in-
corporated, are fed into the extruder and formed on the conductor as a
uniform close fitting tube of insulation.

TABLE I — CHARACTERISTICS OF INSULATING MATERIALS

Plasticized Polytetra- Polyamide
Polyethylene Pg}.ﬁg:}gg Polystyrene ﬁu?&?:&gﬁ%ene (Nylon)
Density—gms/ce. 0.92 1.2-1.4 1.06 2.2 1.09
Tensile strength- ‘
pSi......oi. 1400-2000 | 1500-3000 500-9000 | 1500-2500 | 7000
Elongation %. .. .. 600 200-450 2-5 100-200 100200
Water absorption
% in 24 hrs...... <0.01 0.4-0.65 | <0.05 Nil 0.4-2.0
Diel. strength,
RMS volts/mil
14" thickness*.. . 400-500 300-700 500-700 | 400-500 400
Power factor, 1-
300ke.......... 0.0002 0.09-0.16 0.0002 0.0002 0.04-0.2
Diel. constant, 1-
300 ke........... 2.3 3.5-5.0 2.5-2.6 | 2.0 3.5-8

* Dielectric strengths are greater for thinner sections—for example, in 14 mil
thicknesses polyethylene has a dielectric strength of approximately 2500 RMS
volts per mil.



POLYETHYLENE INSULATED TELEPHONE CABLE 1247

Fig. 1—(a) Polyethylene disc insulated coaxial. (b) Polyethylene ribbon and
string insulated video pair. Note expanded polyethylene interstice fillers.

The idea of using spongy or foamed hydrocarbons as conductor in-
sulation is not new. A British patent issued in 1930 contemplates such a
structure and numerous United States patents of more recent dates
cover various aspects of cellular hydrocarbon insulation. The problem
is one of forming the cylinder of aerated plastic in an extrusion process
operating at high speed and producing a closely controlled uniform
covering having precise physical and electrical properties. The original
development work was carried on by F. B. Lyons of the Western Electric
Company in cooperation with the author. This early work demonstrated
that material having the desired range of properties could be applied in
a continuous extrusion process and subsequent work has shown that the
necessary control of properties and speed of extrusion can be achieved.

The expansion of polyethylene is accomplished by methods similar
to those employed in the making of many of the numerous polymer and
rubber “foams”. The process used to produce the cellular polyethylene
involves the addition at the extruder of a chemical blowing agent which
decomposes under heat and releases nitrogen gas. By proper mixing
and process control this nitrogen gas can be entrapped in the poly-
ethylene in the form of very small discrete bubbles, thus achieving the
cellular structure shown in Fig. 2. It is interesting to note that the
foamed plastic tends to form a desirable “skin” of solid material on the
inner surface over the conductor, Fig. 2(a).

Various degrees of expansion can be achieved as required by varying
the amount of blowing agent and by other means. The degree of ex-
pansion, or percent entrapped gas, can be determined readily by weigh-
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i,

from 19 gauge

Fig. 2(a)—Cross section of expanded polyethylene insulation
conductor—35 per cent air. Magnified 75 times.

ing a sample of insulation, with the conductor removed, on an analytical
balance. The inside and outside diameter of the cylinder of insulation
and the density of solid polyethylene are required to complete the de-
termination.

The composite dielectric constant obviously varies with the degree
of expansion. In a coaxial configuration this effect is calculable from the
formula for the dielectric constant of a mixture,® the relation being
given by the following:

€— e V(ea—ep)

3e (ea + 2¢)

where ¢ = composite dielectric constant

e, = dielectric constant of polyethylene = 2.26
e, = dielectric constant of added material, in this case 1 for air

. t air
v = vol fraction — Pereen
volume fraction = —m— 0
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i

Fig. 2(b)—Cross section of expanded polyethylene insulation from 19 gauge
conductor—55 per cent air. Magnified 75 times.

The upper curve in Fig. 3 was determined in this manner. However,
in multipair cable the dielectric constant is not amenable to calculation
and must be determined experimentally.? The empirical relation between
the percent air in the insulation and the dielectric constant in the cable
for a typical design is shown in the lower curve in Fig. 3. Effective di-
electric constants as low as 1.40 have been achieved in expanded poly-
ethylene cables.

Solid polyethylene insulated cables are more costly for given trans-
mission characteristics than those insulated with paper or pulp and,
therefore, are restricted to special uses where a system saving can be
obtained in spite of the higher first cost. One such use is for small aerial
toll cables in rural areas where, with paper-insulated cable, maintenance
costs are likely to be high. There are several factors which tend to in-
crease the maintenance costs in such cables: For instance, in small
isolated cables lightning troubles are common because of the high sheath
resistance.? While the incidence of sheath breaks from other causes is
usually neither more nor less than in other aerial cables, maintenance
is more difficult and costly because of inaccessibility. Maintaining gas
pressure on these cables is expensive for the same reason.
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Fig. 3—Change in dielectric constant of coaxial cable and multipair cable with
‘degree of expansion of polyethylene conductor insulation.

In the case of a sheath break with no insulation damage in poly-
ethylene-insulated cables, there is no interruption in service due to en-
trance of moisture into the cable and repairs can be made on a routine
maintenance basis. Gas pressure maintenance is unnecessary and its
omission effects appreciable annual savings. Because these cables usually
contain not more than 51 pairs the first cost penalty for the use of solid
polyethylene, in terms of cents per foot, is small. Small aerial toll cables
in rural areas, therefore, are the most promising candidates for solid
polyethylene insulation.

The solid polyethylene insulation development has progressed to the
point where several cables have been made for field trials. The first of
these was at Cooperstown, New York, where approximately four miles
of 26-pair 19-gauge cable was installed aerially. The sheath on this cable
was a composite of aluminum and polyethylene commonly known as
“alpeth” sheath. The Cooperstown cable (see Fig. 4) was one of the
first to be installed by the pre-lashing method which has been developed
as a means for effecting economies in placing aerial cable.

A second trial installation of solid polyethylene insulated cable was
made between Trout Lake and St. Ignace, Michigan, a distance of
twenty-eight miles. This cable contained 51 pairs of 19 gauge and was
also covered with alpeth sheath. Since that time solid polyethylene
cables have been installed in other locations where the anticipated main-
tenance savings were believed to justify the higher first cost.

Development of expanded polyethylene insulation has been carried
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on concurrently with that of solid polyethylene. In expanded polyethylene
insulation the cost, as would be expected, varies with the degree of ex-
pansion. There are two reasons for this: first, as the proportion of gas
is increased, less polyethylene is used in the insulation, and second, be-
cause of the lower dielectric constant, the cable can be made smaller
for the same attenuation, resulting in savings in sheathing materials.
An initial trial installation of about nineteen miles of 51-pair 19-gauge
expanded polyethylene insulated cable has been completed between
Grandville and Zeeland, Michigan. This route is to be developed for N
carrier, and since recent Systems’ studies have indicated the lower over-
all costs will result if low attenuation cable is used, the Grandville-
Zeeland cable was designed for a capacitance of 0.066 microfarad per
mile rather than the 0.084 microfarad per mile capacitance for which
earlier polyethylene-insulated cables were designed. The Cooperstown,
Trout Lake and Grandville cables are illustrated in Fig. 5. ,

It is of interest to compare polyethylene-insulated cables with paper-
insulated cables having the same voice frequency attenuation. Some of
the more important characteristics are shown in Table II. It will be

’
i

Fig. 4—Installation of Cooperstown-Cherry Valley (N. Y.) cable.
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noted that the polyethylene-insulated cables excel in dielectric strength.
The values shown in Table II are the test voltages that all the reels of
cable were required to withstand between conductors and from core to
sheath. These voltages are naturally made lower than the inherent di-
electric strength of the insulation to allow for minor manufacturing
irregularities and thus avoid excessive rejections. Some idea of the in-
herent dielectric strength of solid and expanded polyethylene insula-
tion can be obtained from tests on short samples of insulated conductor
immersed in water. In Fig. 6 the inherent dielectric strength obtained
in this manner for conductors with a 14-mil wall is plotted against
percent air in the insulation. It will be noted that the dielectric strength
falls off rapidly as the polyethylene is expanded.

The capacitance unbalance to ground, or difference in direct capaci-
tances of the wires of a pair to ground, is a rough indication of one im-
portant factor in the susceptibility of cable circuits to noise and inter-
ference. The electrical disturbances which cause noise in the cable may
come from atmospherie static, radio stations, power lines, or from tele-
phone plant sources. The former energize the cable circuits via the sur-
face transfer impedance® of the sheath, or by way of an open wire tap,
the latter via all of the conductors in the cable. For this reason the two
wires of a pair should have nearly equal capacitance to the surrounding
pairs and to the sheath. To achieve this condition the cylinders of in-
sulation on the two wires of a pair must be alike in size and dielectric

GRANDVILLE - ZEELAND (MICH)) PROJECT
51 PAIRS NO.19 GAUGE ~ EXPANDED POLYETHYLENE INSULATION

COOPERSTOWN -CHERRY VALLEY (N.Y.) PROJECT
26 PAIRS NO.19 GAUGE - SOLID POLYETHYLENE INSULATION

TROUT LAKE - ST. IGNACE (MICH) PROJECT
51 PAIRS NO.19 GAUGE — SOLID POLYETHYLENE INSULATION

Fig. 5—Polyethylene insulated multipair cables.
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TaBLE II — CoMPARATIVE DATA oN 51-Pair 19-Gauge CABLES

. Minimum
Attenﬁ?f;?;O%B per Dielectric
Tside |y e Ux%velraged Strength—KV
. . utual Cap. npbalance
Type of Insulation 3’%&?& uf per Mile toGround =T
puf/1500’ | Cond. | Core

1 ke 60 ke | 150 ke to to
Cond. | Sheath

Solid polyethylene
(Trout Lake
project) ........ 0.92” | 0.082 | 1.24 | 4.51 | 6.86 104 10 10

Paper (std. CNB).| 0.80” | 0.084 | 1.26 | 4.94 | 7.79 310 0.7 1.4

Expanded poly-
ethylene
(Grandville
project) ........ 0.97” | 0.066 | 1.11 | 3.92 { 5.96 118 3 10

Paper (std. DNB).| 0.94” | 0.066 1.11.| 4.05 | 6.40 240 0.7 1.4

* Computed from primary constants.

constant. The low value of capacitance unbalance obtained with solid
polyethylene insulation is a result of the remarkable uniformity with
which this insulation is extruded. The value of 104 micro-microfarads
per 1500 feet for the capacitance unbalance to ground is on the average
only 0.4 per cent of the direct capacitance of either wire to ground.

The other important factor in unbalance is the uniformity of the
twisting, that is, the extent to which wire and mate form symmetrical
helixes around the center line of the pair. Polyethylene-insulated pairs
appear to be.better in this respect for reasons which are not very ob-
vious. The fact that the polyethylene forms firm tubes of insulation of
equal size on both conductors of the pair probably is a factor in achieving
this uniform twisting,.

The precision or accuracy with which the length of pair twist is
maintained is also better with the solid polyethylene insulated conduc-
tors. If an adequate number of different twist lengths is used in the
cable precision twisting is an advantage since the cross talk between
adjacent pairs is reduced over that which exists in the less precisely
twisted paper insulated cables. The cross talk between pairs with like
lengths of twist is kept to a low value by designing the cable so that
such pairs are widely separated.

‘The carrier-frequency attenuation of polyethylene-insulated cable is
substantially lower than that of paper-insulated cable which has ap-
proximately the same voice-frequency attenuation. In the case of solid
polyethylene cable there are two reasons for this lower carrier-frequency
attenuation — the inductance is higher and the conductance is lower
than those in comparable paper-insulated cable. The higher inductance
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Fig. 6—Inherent dielectric strength of expanded polyethylene versus degree
of expansion. 19-gauge 0.064-inch D.0.D. conductors. Short samples immersed in
water.
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is a result of the greater separation between the wires of a pair and the
lower conductance is a result of the lower power factor of polyethylene
compared to that of paper. The voice frequency attenuation is relatively
independent of inductance and conductance.

While the electrical characteristics of polyethylene cables are superior
to those of paper cables, the higher first cost of cables insulated with
solid polyethylene has been a deterrent to their widespread use. This
higher first cost is inherent in solid polyethylene because, in addition
to the higher cost of polyethylene as compared to paper, the cables
must be larger for the same voice frequency attenuation. It will be
noted that the 51-pair Trout Lake-St. Ignace cable is 15 per cent larger
in diameter than the comparable paper cable. The larger size is necessary
because of the higher effective dielectric constant which is approximately
1.80 in solid polyethylene cable as compared to 1.60 in a typical paper
cable. The effective dielectric constant is higher in the case of solid
polyethylene insulation because of the lesser amount of air space which
can be incorporated in the dielectric between wires.

As was illustrated in Fig. 3, the dielectric constant can be decreased
by expanding the polyethylene. A value as low as 1.40 has been at-
tained experimentally. The effective dielectric constant of the Grand-
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ville-Zeeland cable was 1.54, obtained by expanding the conductor in-
sulation to the point that 35 per cent of the volume was gas.

The curves on Fig. 7 represent the attenuation over the N carrier-
frequency range for a paper-insulated cable and three polyethylene-
insulated cables all designed to have a capacitance of 0.066 microfarads
per mile and a voice frequency attenuation of 1.1 db per mile. The lower
carrier-frequency attenuation of the polyethylene cables is evident. The
size of the polyethylene cables varies with the degree of expansion as
illustrated in Fig. 8.

Since the dielectric strength decreases as the degree of expansion in-
creases, the saving in first cost must be balanced against the value of the
reduction in reliability. As mentioned before, the Grandville-Zeeland
project was the first trial installation of expanded polyethylene cable.
A very moderate degree of expansion was chosen for this project. How-
ever, as more experience with expanded polyethylene is gained, it should
be possible, for a given application, to determine the degrec of ex-
pansion which strikes the optimum balance between dielectric strength
and dielectric constant, giving proper weight to the mechanical proper-
ties and to cost factors.
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ANDERsON, P. W.;' anD P. R. Wriss®

Exchange Narrowing in Paramagnetic Resonance, Revs. Mod. Phys.,
25, pp. 269-276, Jan., 1953.

In this paper the problem of the line shape in paramagnetic resonance when
large exchange interaction is present is discussed from the standpoint of a
simplified mathematical model. The mathematical model can be called the
model of “random frequency modulation”: It is assumed that the atom ab-
sorbs a single frequency, which varies over a distribution determined by the
dipolar local fields, but that this frequency varies randomly in time at a rate
determined by the exchange interactions. The predicted line shape in the
case in which exchange is large is of resonance type in the observable center
of the line, but falls off more rapidly in the wings. This line shape has been
verified experimentally in a number of cases. This conclusion seems quite
independent of any assumption about the type of random frequency modula-
tion, ete.

The quantitative conclusions are reached in the following way: It is sus-
pected, since the exchange motion is the superposition of the effects of a
number of neighbors which is not particularly small, that a good approxima-
tion to the modulation function is Gaussian noise with a Gaussian spectrum.
This, of course, is what would result from the superposition of a large number
of rather small effects. Under this assumption both the second moment (which
is independent of exchange) and the fourth moment of the line shape can be
calculated. This kind of modulation is the simplest one which does give a
finite fourth moment; a Markoffian, or “jump”, type of modulation, which
might seem more reasonable at first, does not. These moments are then com-
pared with the moments computed by Van Vleck [Phys. Rev. 74, 1168 (1948)]
to fix the two adjustable parameters, mean square frequency, and average
rate of change of frequency, of the theory.

The result as to line breadth, which is essentially

- { (Aw?) ) ay dipole-dipole
- J/h

* Certain of these papers are available as Bell System Monographs and may be
obtained on request to the Publication Department, Bell Telephone Laboratories,
Inc., 463 West Street, New York 14, N. Y. For papers available in this form, the
monograph number is given in parentheses following the date of publication, and
this number should be given in all requests.

1 Bell Telephone Laboratories.

s Rutgers University, New Brunswick, N. J.
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if J is the exchange integral, can be compared with observed line breadths by
estimating J from Curie-Weiss constants for a number of materials. The
results are quite satisfactory if the theory is extended in two ways: (a) When
the exchange frequency is larger than the resonance frequency, it can be
shown that the off-diagonal elements of the dipolar interaction must be in-
cluded, leading to a line-width larger by a factor of roughly 10/3; (b) in a
number of cases hyperfine and Stark splitting is contributing importantly to
the width.

The good agreement with experiment in the cases we have investigated
leads us to believe that a quantitative approach to the paramagnetic reso-
nance line breadth problem, using only the already known concepts of dipolar
interaction, exchange narrowing, and fine structure splitting, will probably
explain all the observed phenomena.

Axprus, J., see J. K. Gavr.
ArnNorp, S. M., see Miss S. E. KooNcs.

Bexepicr, T. S.,' AND W. SHoCKLEY!

Microwave Observation of the Collision Frequency of Electrons in
Germanium, Letter to the Editor. Phys. Rev., 89, pp. 1152-1153,
Mar. 1, 1953.

Bizms, F. R.
Attenuation Equalizers, Audio Eng. Soc. J., 1, pp. 125-136, Jan., 1953.

In all systems there are components which attenuate some frequencies to a
greater extent than others, and attenuation equalizers are usually required
to correct the overall gain-frequency characteristic. This paper will deal
with the types of attenuation equalizer that are found most useful, the per-
formance that they display, and a chart method of computing their insertion
loss.

BozortH, R. M.!

Permalloy Problem, Revs. Mod. Phys., 25, pp. 4248, Jan., 1953
(Monograph 2102).

In attempting to explain the unusual magnetic properties of the iron-nickel
alloys, single crystals of alloys containing 35 to 100 per cent nickel were
prepared, and measurements made of the magnetic crystal anisotropy and
magnetostriction as dependent on cooling rate. It is confirmed that there is a
large effect of cooling rate on the anisotropy in the region near FeNi;, but
the experiments show also a substantial effect between 50 and 85 per cent
nickel. Two magnetostriction constants, N0 and Ay, were measured on the

1Bell Telephone Laboratories.
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same crystals. The effect of cooling rate on magnetostriction was found to
be substantial only in the composition range 70 to 80 per cent nickel. When
the specimens are quenched, A goes through zero for a nickel content just
below 80 per cent nickel, a composition very close to that for highest per-
meability. This is understandable because the magnetostrictive strain caused
by movement of the boundary between two domains, each magnetized spon-
taneously in a [111] direction, depends on A alone. The same physical pic-
ture predicts that near 45 percent nickel, where [100] is the direction of
easiest magnetization and A goes through zero, the permeability versus
composition curve should again have a maximum. Such a maximum is known
to exist, and initial permeabilities as high as 15,000 have been observed.
Although simple theory suggests that domain-rotation should occur in very
weak fields when the crystal anisotropy is very small (75 per cent nickel in
quenched alloys), nevertheless, rotation involves magnetostrictive strains
which prevents uo from becoming infinite. Internal poles are also likely to
be formed. In slowly cooled alloys the anisotropy is zero at about 63 per
cent nickel; here there are random strains caused by magnetostriction and
possibly also by atomic ordering. The principal changes in magnetic prop-
erties with composition are explained in terms of the crystal anisotropy and
magnetostriction, and their change with heat treatment.

BozortH, R. M.!
Behavior of Magnetic Materials, Am. J. Phys., 21, pp. 260-266,
Apr., 1953 (Monograph 2105).

This is a review of recent work in which the atomic theory of ferromagnetism
and the domain theory of magnetization are applied to new materials.

BozorrH, R. M., see H. J. WILL1AMS.

Bugrns, R. M.}

Science and Scientists in Telecommunications, Electrochem. Soc.
J., 100, pp. 90C-94C, Apr., 1953.

Correy, R. H., see G. Q. LuMsSDEN

Coy, J. A.,)' anp E. K. VAN Tasser!

Type-O Carrier Telephone, Elec. Eng., 72, pp. 418423, May, 1953.

The Type-O carrier is an economical short-haul carrier system especially
suitable for use under 150 miles. It fulfills the same purpose for open-wire
lines as the Type-N carrier system does in cable routes. Numerous laboratory
tests have indicated that good service standards have been maintained in
spite of its low cost.

1 Bell Telephone Laboratories.
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Fing, M. E!
Magnetomechanical Effects in an Antiferromagnet, CoO, Revs. Mod.
Phys., 26, p. 158, Jan., 1953.

Fine, M. E!

Elasticity and Thermal Expansion of Germanium between —195
and 275°C, J. Appl. Phys., 24, pp. 338-340, Mar., 1953 (Monograph
2069).

Young’s moduli (E) of the directions (100) and (111) and the shear modulus
(G) for (100) were determined in germanium from —195 to 255, 275, and
140°C, respectively. From these moduli, the elastic parameters, the com-
pressibility, and Poisson’s ratio were calculated. The thermal expansion was
measured from —196 to 275°C.

Garr, J. K.,' Anprus', J. anp H. G. HorpEr'
Motion of Domain Walls in Ferrite Crystals, Revs. Mod. Phys.,
25, pp. 93-97, Jan., 1953,

Gray, A. N.°

Development of Electroformed Copper-‘steel Wire, Wire and Wire
Products, 28, pp. 166-168, 218-219, Feb., 1953.

The author traces the development and the functioning of the apparatusin
the successful efforts to produce a satisfactory copper coated steel wire used
for telephone drop wire.

Grorr, W. B

Principles of Tape-to-Card Conversion in the AMA System, A.LE.E,
Trans. Commun. and Electronics Sect., 5, pp. 42-52, Mar., 1953.

Havnes, J. R.,} axp J. A. HorRNBECK!
Temporary Traps in Silicon and Germanium. Letter to the Editor.
Phys. Rev., 90, pp. 152-153, Apr. 1, 1953.

Hemenreice, R. D., see E. A. NESBITT.

Hogan, C. L.

Ferromagnetic Faraday Effect at Microwave Frequencies and Its
Applications, Revs. Mod. Phys., 2b, pp. 253-262, Jan., 1953.

1 Bell Telephone Laboratories.
i1 Western Electric Company, Inc.
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Horrer, H. G., see J. K. Garr.
HornpECEK, J. A, see J. R. HavNEs.

Hucnes, W. T."' axp J. J. LaNDER!
Vacuum Tube Electrometer Amplifier, Rev. Sci. Instr. 24, pp. 331-
332, Apr., 1953."

Kersta, L. G

Interesting Property of Certain Conductive Rubbers. Letter to the
Editor. J. Polymer Sci., 10, pp. 447-448, Apr., 1953.

Kock, W. E.
Acoustic Gyrator, J. Am., Acoust. Soc. 25, p. 575, May, 1953.

Kock, W. E.!
Acoustic Gyrator, Arch. Elektr. Ubertragung, 7, p. 106, Feb., 1953.

A gyrator for acoustic waves is deseribed which is the analog of the ferrite
gyrator for microwaves described by C. L. Hogan. The required non-re-
ciprocal rotation of the plane of polarization of transverse acoustic waves
propagating in a tube is accomplished by rotating the tube at high speed.

Kock, W. E!

Ahnlichkeit zwischen Vokalformanten und Formanten von Musik-
instrumenten (Similarity Between Vowel Formants and the Formants
of Musical Instruments), (in German), E.T.Z., 74, p. 166, Mar. 1,
1953.

Konman, G. T., see M. C. WooLEy.

Kooncg, Miss S. E.' anp S. M. ArNoLp'

Growth of Metal Whiskers. Letter to the Editor, J. Appl. Phys., 24,
pp. 365-366, Mar., 1953.

LanpEer, J. J., see W. T. HuGHES.

Lukg, C. L.

Photometric Determination of Antimony in Lead Using the Rhodamine
B Method, Anal. Chem., 25, p. 674, Apr., 1953.

1 Bell Telephone Laboratories.
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LumspeN, G. Q.,;' anp R. H. CoLrey!

Review of American Standard Fiber Stresses of Wood Poles, Stand-
ardization, 24, pp. 114-117, Apr., 1953.

McKay, K. G.!
Crystal Conduction Counter, Physics Today, 6, pp. 10-13, May, 1953.

Development of the crystal counter (essentially an ionization chamber that
is solid instead of being filled with gas) has progressed in the last few years,
but is still delayed for lack of better understanding of crystals and their
clectrical behavior. :

McManon, W., see M. C. WoOLEY.

Masox, W. P

Rotational Relaxation in Nickel at High Frequencies, Revs. Mod.
Phys., 25, pp. 136-139, Jan., 1953.

Measurements of the AR effect and the decrement made by Bozorth, Mason,
"and McSkimin and by Johnson and Rogers are compared with that expected
from a calculation of domain wall relaxations for a distribution of domain
sizes as determined by the optical measurements of Williams and Walker.
At low frequencies the agreement is good but at high frequencies a second
relaxation region is indicated. It is shown that this region is consistent with
a domain rotation relaxation and introducing this effect, a good agreement
is obtained between theory and experiment for the entire frequency range.

MarTry, P. T.?

Clever Conveyorization Avoids Handling Headaches, Am. Mach.,
97, pp. 140-143, May 11, 1953.

Morrison, J.! -
Controlled Gas Leak, Rev. Sci. Instr., 24, pp. 230-231, Mar., 1953.

Nesprrt, E. A.,' Anp R. D. HEIDENREICH'
Physical and Magnetic Structure of the Mishima Alloys, Rev. Mod.
Phys., 25, pp. 322-323, Jan., 1953.

1 Bell Telephone Laboratories.
s Western Electric Company, Inc.
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PearsoN, G. L.,! anp M. TaNENBAUM'

Magnetoresistance Effect in InSb. Letter to the Editor, Phys. Rev.,
90, p. 153, Apr. 1, 1953.

PueH, S. G.°

Southern Bell Switches to Chemical Brush Control, Elec. World,
139, pp. 122-123, Mar. 23, 1953.

If properly planned and executed, chemical control costs less in time and
money and does a better job.

RarstoN, R. W.* anp B. D. Wickuing'

Television Coverage of the National Political Conventions, A.I.LE.E.
Trans. Commun. and Electronics Sect. 6, pp. 1-14, Mar., 1953, and
Elec. Eng., 72, pp. 383-389, May, 1953.

The first large-scale television coverage of both national political conventions
occurred last year in Chicago and this presented many new problems to the
telephone company of that city. Special video conductors and amplifiers
were used in eight of the 19 channels to the amphitheatre and microwave
facilities for the rest.

Surve, J. N.!

Properties of Germanium Phototransistors, J. Opt. Soc. Am., 43,
pp. 239244, Apr., 1953 (Monograph 2103).

This paper describes, summarizes, and compares the properties of three
photoelectric devices, namely: point contact phototransistors, p-n junction
phototransistors, and n~p-n junction multiplier phototransistors, which have
resulted from the prosecution of the transistor program at Bell Telephone
Laboratories. The first of these devices is characterized by a comparatively
high dark current and a quantum yield of 3 or 4 electrons per quantum.
The second has a dark current in the microampere range and a quantum
yield of approximately unity. The n-p-n device has a sensitivity correspond-
ing at best to a quantum yield of several hundred electrons per quantum.
All these devices have long-wave thresholds around 1.8 microns. The struc-
tures lend themselves readily to miniature encapsulation.

SHockLEY, W., see T. S. BENEDICT.

1 Bell Telephone Laboratories.
«Illinois Bell Telephone Company.
s Southern Bell Telephone Company.
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Svapg, F. D

Mechanized Billing of AMA Toll Messages, A.LT.E., Trans. Com-
mun. and Electronics, 6, pp. 175-182, May, 1953.

Sueepian, D

On the Number of Symmetry Types of Boolean Functions on n
Variables, Can. J. Math., 5, pp. 185-193, 1953.

TanensauM, M., see G. L. Pearson.

Van Sicien, H. BE.°

What We Did to Cut Costs of Finishing Telephone Woodwork, Ind.
Finishing, 29, pp. 44-52, Apr., 1953.

Van Tassen, E. K, see J. A. Cov.

WinLiams, H. J.,) axp R. M. BozorTts'

Magnetic Study of Low Temperature Transformation in Magnetite,
Rev. Mod. Phys., 25, pp. 79-80, Jan., 1953.

Woop, E. Al

Simple Attachment for Low Temperature Use of an X-Ray Diffraction
Camera, Rev. Sci. Instr., 24, pp. 325-326, Apr., 1953.

Woorey, M. C.} G. T. Konman,' axp W. McMamon,"

Polyethylene Terephthalate — Its Use as a Capacitor Dielectric,
A.LE.E. Trans. Commun. and Electronics Sect., 5, pp. 33-37, Mar.,
1953 (Monograph 2125).

The steady increase in the severity of operating conditions for capacitors
and the need for more diverse characteristics has spurred the search for
new and better capacitor dielectrics. The synthetic plastics industry, which
is the source of a number of useful dielectric materials, has recently produced
a new and promising dielectric in film form known as polyethylene tereph-
thalate or “Mylar.” This material is unusually strong, has a high softening
point, and is available in very thin films which makes it especially suitable
for capacitor insulation. The electrical characteristics of capacitors wound
1 Bell Telephone Laboratories.

2 American Telephone and Telegraph Company.
3 Western Electric Company, Inc.
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with Mylar film are likewise promising. As compared to mineral-oil-impreg-
nated paper capacitors, unimpregnated Mylar capacitors exhibit higher
dielectric strength, higher insulation resistance, and can be operated at
higher ambient temperatures. Their loss characteristics are comparable with
those of impregnated paper and the capacitance stability over the usual
range of ambient temperatures approaches that of mica capacitors. Mylar
is relatively nonhygroscopic and tests indicate that for moderate atmospheric
conditions capacitors made from it do not require additional moisture pro-
tection. The film can be metallized readily by current techniques and, when
used in metallized capacitors, appears to possess advantages over metallized
paper in several respects.

Wricur, S. B.!

Higher Frequencies for Ground-Air Communications, Air Univ. Quart.
Rev., 5, No. 4, pp. 60-70, 1952-1953.

1Bell Telephone Laboratories.



Addendum to

Delay Curves for Calls Served at Random
By JOHN RIORDAN

B.S. T. J. January 1953 Pages 100 to 119

I owe the following remarks, which help to complete the record, to Emile
Vaulot:

1. The Erlang formula for delay with order of arrival service, for the proof
of which reference has been made to a paper by E. C. Molina, was proved earlier
by L. Vaulot (Application du Calcul des Probabilités a Iexploitation telepho-
nique. Revue Générale del’ Electricité, 16, pp. 411-418, 1924). Indeed his seems
to be the first proof.

Also, the associated Erlang C function C (c,a), for which I said there was no
extensive tabulation, is tabulated forn = 1 (1) 139 and an extensive butirregular
set of a’s by Arne Jensen (Moe’s Principle, Table IIT, Copenhagen Telephone
Co. Copenhagen, 1950). Also the recurrence relation for this function given in a
footnote has previously been given by Conny Palm (Vintetider Vid Slumpvis
Avverkad Ko, Tekniska Meddelanden Fran. Kungl, Telegrafstyrelsen, Special-
nummer {6r Teletrafikteknik, pp. 109. Stockholm, 1946, see p. 43).

2. The extensive treatment of delay by Conny Palm, just mentioned, includes
a section on random service (section 4); it may be noticed that this is dated May
15, 1946, which is only a few months after Vaulot’s article on the same subject
(Jan. 28, 1946), and of course is an independent development.

I owe the following to my colleague S. O. Rice. Pollaczek, in the Comptes
Rendus paper mentioned, has given an integral effectively for what I have called
F(u). Rice has put this in a slightly different form adapted to numerical compu-
tation and has obtained the following results for F(u)

vV = 11(1 —a)
a 1 2 4 6 8 10 12 14

0.8 0.0079 0.0039 0.0020 0.0011
0.9 0.2866 0.1388 0.0471 0.0198 0.0094 0.0049 0.0026 0.0015

Comparison with the tables of the papers shows a satisfying agreement and
substantiates the conjecture that approximation by a relatively small number
of exponentials is sufficient.

JouN RIORDAN
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