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The Relation of the Carrying Car to the
Accuracy of Portable Field-Intensity-
Measuring Equipment’

JOHN H. DEWITT, JR.{, MEMBER, L.R.E., AND ARTHUR C. OMBERG}, NONMEMBER, I.R.E.

Summary—The distortion of radio-frequency fields in the
vicinity of automobiles is shown to be due toa secondary field resulting
from eddy currents induced in the metal parts by the primary field.
Theory and experiment demonstrate thal the error of measurement
caused by the presence of a metal-body car is independent of fre-
quency within the broadcast band. It is shown that the distortion of
the field changes with the position of the car, being greatest when the
car is in line with the direction of the source and least when the
length of the car is normal to the direction of the source. One method
of equalizing this difference is pointed oul. Measured field contours
around three types of automobiles are illustrated.

OR some time it has been known that metal

objects such as automobiles may introduce

errors in field-intensity measurements made in
their vicinity ; however, the magnitude and direction
of these errors as well as their underlying cause, have
been the subject of much controversy. Engineers
have reported finding both increases and decreases
from the correct values when field intensities were
measured with a loop antenna mounted above an
automobile with a metal body. The advent of the
“turret” or all-metal automobile top has greatly
increased both the interest in and the controversy
over this subject.

In calibrating a mobile field-intensity-measuring
apparatus constructed at station WSM, definite er-
rors were found when readings were made with the
equipment placed inside an all-metal truck and con-
nected to a 17-inch loop antenna mounted with a
lower corner about 6 inches above its top. The values
obtained with the loop in this position would not
agree with those found with the equipment in the
same relative position with respect to the earth, but
with the truck removed to some distance. An in-
vestigation of the phenomenon was undertaken with
the following three aims in mind: First, to determine
the magnitude of the error, its dependence upon the
position of the truck relative to the source, its de-
pendence upon the position of the loop antenna rela-
tive to the truck, and its dependence upon the fre-
quency of the measured voltage. Second, to investi-
gate the causes, with the ultimate hope of applying
simple clectrical circuit theory to predict the magni-
tude and direction of these errors in similar cases.

* Decimal classification: R270, Original manuseript received
by the Institute, June 1, 1938.

t C‘hief Iingineer, Station WSM, Nashville, Tennessce.

1 Transmitter Engincer, Station WSM, Nashville, Tennessce.
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Third, to develop some means of automatically com-
pensating such errors.

A very simple but effective experimental technique
was employed in securing data on the apparent dis-
tortion of the radio-frequency field: A small search
coil was used as a pickup device in conjunction with
an accurately calibrated radio receiver-voltmeter.
The coil size was reduced to a small diameter in order
to make it possible to sample areas of the field n
close proximity to the automobile bodies under
study. The exploring coil which was 4 inches in
diameter and 2 inches long was electrostatically
shielded and was connected to the radio receiver
input through a 20-foot length of flexible concentric
transmission line.

The coil and line were tested for “antenna” effect
by measuring the strength of a known field with the
plane of the coil first at an angle of zero and next at
an angle of 180 degrees to the source. Any residual
antenna effect is revealed in this manner as an in-
equality in the two readings. The receiver-voltmeter
was checked for linearity of indication by introducing
known voltages into its input from a General Radio
type 605-A signal generator.

A large open field, free from power lines, wire
fences, and other objects which might distort the
field was selected as the site for all measurements.
An area 20 by 20 feet was explored to a height of
15 feet in space in order to determine the degree of
uniformity of the field from three near-by broadcast
stations. The field produced by each of the three
stations was found to be uniform within 2 per cent
within the region explored. The three broadcast sta-
tions operate on [requencies of 650, 1210, and 1470
kilocycles, and have field strengths of 130, 12, and 40
millivolts per meter, respectively, at the point of
measurement. Three types of automobile, an all-
metal 1937 model Dodge truck, a 1936 model Ford
Tudor sedan with a nonconducting top,! and a 1937
model Pontiac station wagon with a combination

1 A radio antenna, made of wire netting, mounted in the top
of the car and insulated from it, was standard equipment for the
1936 model IFords. No difference in the distribution of the field

could be found when this antenna was connected to the body of
the car at one point or feft insulated from it.

Proceedings of the I.R.IZ. 1
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wood and metal body, were each in turn driven into
the previously tested area. The field was then re-
measured and its distribution about each type of car
found at each of the above-mentioned frequencies.

Fig. 1—All-metal truck. Direction of the car parallel to the
direction of the source showing contours in the plane through
the car center.

This was done by plotting radials (field strength
versus distance) from each of the three automobiles
and the isopotential points taken from these curves.
From these points, field-strength contours were ob-
tained and plotted about pictures of each car. These
measurements were repeated with each car pointing
toward, away, and at right angles to the sources.
The data, which included nearly 1000 measurements,
revealed three interesting and important facts.

=13

Fig. 2—All-metal truck. Direction of the car parallel to the
direction of the source showing contours in the plane through
the loop socket position.

1. The presence of the car may serve to increase
or decrease the measured field strength, depending
upon the location of the loop with respect to it.

2. The magnitude of the error varies with the
angle of the car relative to the source. As might be
expected, the error is the same whether the car is
pointed toward or away from the source.

January

3. The error is independent of the frequency of the
field within the frequency range from 650 to 1470
kilocycles.

Figs. 1 to 9 show the effect of three types of car
on a uniform field at broadcast frequencies. In all
illustrations the numbered contours represent the
percentage change in field intensity due to the pres-
ence of the car. Although it is not shown in the

Fig. 3—All-metal truck. Direction of the car at right angles to
the direction of the source showing contours in the plane
through the car center.

figures, it was found that the direction as well as the
magnitude of the field was changed. However, this
change in direction was negligible at all points above
the cars, and as loop antennas are generally placed
in this position it was not thought worth while to
investigate the effect further.

A study of the contours reveals that errors of the
order of 25 per cent may be expected, and that a
correction factor cannot be applied unless the angle
of the car relative to the source is considered, which

Fig. 4—All-metal truck. Direction of the car at right angles to
the direction of the source showing contours in the plane
through the loop socket position.

is, of course impracticable where g large number of
measurements are to be made.

In order to gain an understanding of the mech-
anism causing the distortion of the field, a sheet of
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metal, 4 feet by 8 feet, was set up, first parallel and
then perpendicular to the surface of the earth. The
field in its neighborhood was explored with the search
coil used in the car measurements. Care was taken
in all cases to see that the coil was not detuned by
the proximity of the metal. It was found by this
investigation that the distortion was maximum when
the plane of the metal was perpendicular to the earth

¥

Fig. 5—Car with leatherette section in the top. Direction of the
car parallel to the direction of the source showing contours in
the plane through the car center.

and in line with the source, and was zero when the
plate was at right angles to a line drawn through the
source, or when the plate was parallel to the earth.
There was no measurable difference between copper
and iron sheets.

These findings made it apparent that the induced
current in the closed loop formed by the distorting
body when normal to the direction of the magnetic
lines of force, was the primary cause of the changes
in field distribution. By Lenz’s law, the current in-
duced in a conductor by a magnetic field has a field
which opposes the original field. The field of the in-

‘v

Fig. 6—Car with leatherette section in the top. Direction of the
car parallel to the direction of the source showing contours in
the plane through the door handles.

duced current, therefore, opposes the primary field
along all lines which intersect the metal, causing re-
duction in total field strength. The field is increased
at all points lying within the return field since here
the direction of the lines has reversed and they con-

DeWitt and Omberg: Portable Field-Intensity- Measuring Equipment 3

sequently aid the primary field. Since the current
induced in a closed loop depends primarily upon the
inductance of the loop at radio frequencies so long as
its Q is reasonably high,? the field of the induced cur-

Fig. 7—Car with leatherette section in the top. Direction of the
car at right angles to the direction of the source showing
contours in the plane through the car center.

rent should be practically independent of the mate-
rial of the condluctor and of the frequency. Changes

e

Fig. 8—Car with leatherette section in the top. Direction of the
car at right angles to the direction of the source showing
contours in the plane through the door handles.

in the resistance with frequency due to skin effect,
and to large differences in resistivity of the metal

P
L

¥

'

i

i

b

|

i

Fig. 9—Wood-body station wagon. Direction of the car parallel
to the direction of the source showing contours in the plane
through the car center.

would, of course, make the field vary with both fre-

quency and resistivity, but for frequencies within the

broadcast band no difference was found between the

3 is used to denote the ratio of reactance to resistance.

B
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distorting effect of iron and copper. The fact that
the distortion is independent of frequency further
strengthens the probability of induced current as be-
ing the underlying cause of the distortion, rather than
changes in dielectric constant, permeability, hystere-
sis losses, resonance effects, etc., as have been sug-
gested.

On the basis of the induced current causing the
distortion, the resultant field can easily be predicted.
A prediction of this type was made for the field inside
of the station wagon, shown in Fig. 9. The theory

Fig. 10—All-metal truck with loop antenna and compensating
fins in place.

indicated that when the direction of the car was at
right angles to the source the field inside the body
should be decreased at points near the front, because
of the closed loop of metal around the windshield,
and that it should be increased at points over the
top of the seat because of the closed loop of metal
in the seat springs. Both predictions were verified
by measurement.

With the theory in mind it is quite easy to locate
the current centers in the cars shown in Figs. 1 to 9
and to see why the contours take on the forms in-
dicated. The wood-body station wagon (Fig. 9) is
almost completely free of any field distortion at any
point at which a measuring set might be placed. The
loop antenna should, however, be located above the
top, in order to get it as far as possible from the
closed loop of the metal windshield frame.

The Ford Tudor with the leatherette top construc-
tion (Figs. S to 8) may produce an error of § per cent
when pointed toward or away from the source even if
the loop antenna is of small dimensions and is located

in the most favorable position. This happens to be
near the center of the nonmetallic section of the top.
The error will change about 5 per cent with car posi-
tion. Location of the loop at any other point near the
top of the car will produce large and uncontroliable
errors.

The all-metal truck shown in Figs. 1 to 4 produces
the greatest distorting effect as might be expected.
With a square loop 17 inches on a side mounted in
the loop socket shown in the photograph, the error
is about plus 30 per cent when the truck is in line
with the station direction and plus 10 per cent when
normal to the station direction. In order to com-
pensate this differential error two curved fins of
copper were mounted on the top of the truck near
the loop antenna so that the loop was partially inside
the area of decreased field. With the truck pointed in
the direction of the source, the metal fins were
cut down until their field reduced the resultant field
to the same magnitude as measured with the truck
at right angles to the source. The fins were then
shaped so as to compensate the error at intermedi-
ate positions. This resulted in a constant error of
plus 10 per cent for all positions of the truck rela-
tive to the source. Complete compensation was per-
fectly possible but was decided against because of
the increase in wind resistance caused by such an
arrangement. The residual error of 10 per cent was
included in the loop constant and thereafter appeared
as a multiplier in field-intensity calculations. Fig. 10
shows the truck with the loop and compensating fins
in place.

Close analysis of all data taken at the three fre-
quencies (650, 1210, and 1470 kilocycles) did not
reveal any trend of error with frequency. Since this
finding checks with theory it is more than reasonable
to assume that the error is constant over the band
550-1600 kilocycles. Just how high in frequency this
theory will hold is a matter of conjecture but it cer-
tainly should be valid up to the point where the
dimensions of the car begin to become an appreciable
fraction of a wavelength in size.
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Some Principles in Aeronautical Ground-Radio-
. . *
Station Design
P. C. SANDRETTOY, ASSOCIATE MEMBER, L.R.E.

Summary—This paper describes the problems of adjacent-
channel interference that were encountered when the air-transport
industry established numerous voice radio circuits. It describes the
early solutions to this problem and the later investigations and equip-
ment correclions necessary.

INTRODUCTION
KE H YHEN the need for aeronautical ground radio
stations arose in 1928, the greatest amount
of radio voice-communication equipment in

use was for broadcast purposes. There were some sta-
tions used for commercial telephony but, as far as can
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be determined, there were no extensive radiotele-
phone circuits in use at that time. It was not sur-
prising then, that the equipment designed for the
aeronautical station was patterned after broadcast
cquipment and differed only from such equipment in
its somewhat narrower audio-frequency response
band. After this first equipment had been in opera-
tion for some time, various problems of aeronautical
communications, which had not been foreseen at the
time of design, presented themselves, and these were
dealt with by a certain amount of minor redesign. It

* Decimal classification: R520. Original manuscript received
by the Institute, November 5, 1937; revised manuscript received
by the Institute, May 23, 1938. Presented before Chicago Sec-
tion, October 15, 1937.

. T Communications Ingineer, United Air Lines Transport
Corporation, Chicago, Ilinois,
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is believed that the stage has now been reached where
these problems may be reviewed and certain stand-
ards set down for the guidance of future builders or
buyers of aeronautical ground-radio-station equip-
ment. Other point-to-point communication problems
may be found to have more in common with the aero-
nautical ground station than with the broadcast sta-
tion; hence, designers of related equipment may be
able to utilize certain portions of the solutions to be
presented.
THE PROBLEM

Fig. 1 shows a map of the Chicago Municipal Air-
port. The problem here is typical of that encountered
at all of the major airports in the United States. This
map shows that 11 transmitters are located within an
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Fig. 2—Frequencies in use at the Chicago Municipal Airport.

area of less than one-half square mile. Omitting the
airport transmitter which is on 278 kilocycles and the
army transmitter which operates only at irregular
intervals, Fig. 2 shows the positions of the remaining
stations in their appropriate frequency band. It will
be seen that there are stations near 5600 kilocycles
which have f{requency separations of only 20 kilo-
cycles, or 0.36 per cent. The minimum frequency
separation in the broadcast band is 10 kilocycles, or
0.67 per cent, and the separation for broadcast sta-
tions in a common area somewhat equivalent to the
close association of the stations at the airport is sev-
eral times greater than 10 kilocycles.

Another feature of this problem is that the maxi-
mum air-line distance between any two stations is
only 3850 feet. IZach station has a transmitter with
an output of 400 watts and a receiver on which sig-
nals having a field strength of only 10 microvolts per

Proceedings of the I.R.IZ. S
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meter are being received.! When one remembers that
early receivers consisted only of several tuned-radio-
frequency stages, it can be seen that the conditions
present make for very unsatisfactory radio operation.

PRESENT RECEIVING STATIONS

Qualitative and more detailed study of the prob-
lem just presented will be given later in this paper.

The method for obtaining aeronautical radio re-
ception in common use today consists in finding an
interference-free location in a suburb near the airport
by a series of “listening” tests. The receiver (only) is
moved to the garage or basement of some resident at
this location. A line rented from the telephone com-
pany serves to bring the output of the receiver to the
airport, where the radio operator and the transmitter
are located. An audio-frequency tone put into the
line at the airport and interrupted by means of a tele-
phone dial serves to control the gain and frequency of
the receiver. While these remotely located receivers
are in general use, and will probably remain in use re-
gardless of additional developments, there are factors
which show that further developments are in order.
Whenever a tube fails, a fuse blows, or the local power
fails, it is necessary for a radio serviceman to leave
the airport and travel several miles in order to ex-
amine the receiver and make the necessary repairs.
During the time that the remote receiver is out of
repair, radio watch is maintained by means of a local
receiver, and, to be effective, the local receiver should
be free of adjacent-channel in terference. It often hap-
pens that the airport is an excellent receiving location
were it not for the interference from the other air
lines on the airport. These factors definitely call for
effective Tocal receivers.

THE PROBLEM AT THE RECEIVER

The interference was being experienced at the re-
ceiver, so it seemed only logical that the first attempt
to clear up the problem was to improve the receiver.
About the time it was decided that the selectivity of
the radio receiver should be improved, superhetero-
dyne receivers for 3 and 6 megacycles became com-
mercially available. The selectivity curves of these
receivers showed excellent characteristics. Over-all
selectivities of from 50 to 80 decibels for frequencies
20 kilocycles from resonance seemed sufficient to pre-
vent the adjacent-side-band interference. When these
receivers were installed, however, it was found that
except for some reduction in the intelligibility of the
interference, there was no diminution in the amount
of interference.

! R. L. Jones and F. M. Ryan, “Air transport communication,”
Trans. A.I.E.E., vol. 49, p. 190; January, (1930).
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If, for purposes of comparison, the field strength is
computed 1000 feet from a 400-watt transmitter
equipped with a quarter-wave antenna, the field
strength will be given by
6140+/P

d

o)

where,
E;=field strength in microvolts per meter,
d=distance from transmitter in miles, and
P =transmitter power in watts.

If the antenna efficiency is assumed to be 100 per
cent, £, will be 650,000 microvolts per meter, If,
again for purposes of comparison, it is assumed that
the signal from the above transmitter is received on a
quarter-wave antenna, the voltage induced will be
I 2
gtven by E,‘ == E/)\/Z?T
If the frequency is 6 megacycles, E; will be 5,180,000
microvolts. If the receiver attached to the receiving
antenna is coupled across a 50-micromicrofarad con-
denser which, together with a coil having a Q of 150,
forms a series-resonant circuit, the voltage across the
receiver input will be 63 volts. If there is an interfer-
ing station in the same relative position with the
same power, but 20 kilocycles from the carrier of the
station, the voltage of which was computed above,
the series-resonant circuit wil] attenuate the interfer-
ing signal about 3 decibels. The interfering voltage
across the receiver will be about 43 volts. This illus-
trates the fact that in most cases the high selectivity,
shown by the selectivity curve for a receiver, means
nothing in so far as local adjacent-frequency inter-
ference is concerned. High values of voltage reach the
grid of the first tube and swing it from cutoff on nega-
tive peaks to overload values on positive peaks. A
10-microvolt-per-meter signal coming from the plane
appears as modulation on the interfering frequency.
No amount of preselection, as long as it involves
thermionic devices, would remedy the condition just
described. This analysis shows why the multistage
vacuum-tube wave traps used prior to the high-
frequency superheterodyne receiver had failed to im-
prove reception conditions. The above computations
are not absolutely correct when applied to specific
cases; however, they show that the satisfactory solu-
tion to the adjacent-channe] interference must con-
sist of a highly selective device which will have an
essentially linear transmission characteristic for large
values of input voltage. This device should be placed
between the antenna and the first tube and would
discriminate against undesired signals without gener-

2 W. S. Everitt, “Communication Engineering,” First Edition,
p. 513, McGraw-Hill Book Company-, (1932).
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ating new interfering frequencies by cross modula-
tion. Following this line of thought, complicated
networks consisting of coils and condensers were con-
structed. These networks were not highly satisfactory
because they were very difficult to adjust and the
highest Q attainable did not give sufficient selectiv-
ity. The next step was the use of quartz-crystal
resonators in a carefully balanced bridge circuit. All
of the resonant characteristics of quartz crystals pub-
lished in earlier articles and texts showed a single
peak. These characteristics probably hold true for
low-frequency crystals, but are not true for simple
high-frequency crystals ground for oscillation at 3
and 6 megacycles. Fig. 3 shows the characteristics
actually obtained for one of these resonators. Investi-
gation disclosed the following factors affecting the
multiple resonant peaks of a quartz resonator:

1. The thickness of the crystal for any given fre-
quency.

2. The area of the crystal.

3. The perfection of the crystal surface.
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Fig. 3—Tilter characteristics—commercial “AT”-cut
quartz crystal.

Early work on quartz resonators was done with
“AT”-cut types. This cut has a very low thickness-
frequency coefficient, and it was found almost im-
possible to obtain a single-peak characteristic with
this cut. The “BT?” cut was used in order to obtain a
zero temperature coefficient and a comparatively
“thick” crystal. One-inch-square quartz plates of the
type which had been used with oscillators were used
in the first experimental preselectors. These plates
were reduced to one fourth their previous area, with
considerable improvement in performance. The last
traces of spurious peaks were eliminated by carefully
removing all unevenness from surfaces. The surfaces
of the high-frequency resonator crystals must be
ground to far greater accuracy than those of oscil-
lator crystals.

The resultant preselector gave the characteristics

shown on Fig. 4. At 10 kilocycles from the resonant
frequency, the response is down by 70 to 80 decibels.
This curve was obtained with a power oscillator and
a vacuum-tube voltmeter. When the preselector was
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Fig. 4—Preselector characteristics.

connected to a receiver, leakage through the device
reduced the selectivity to about 25 decibels at a fre-
quency 10 kilocycles from resonance (see Fig. 5).
This corresponds to the selectivity? obtained from a
circuit with a Q of about 5000. At 20 kilocycles from
resonance, the selectivity should be about 40 deci-
bels. Applying this to the calculation of voltage at
the receiver, the interference is now 0.63 volt, and
should not cause cross talk. With cross talk elimi-
nated from the first tube, the selectivity of the re-
mainder of the receiver can eliminate the interfering
signal.

When the preselector was tested in the operating
room, the interference came through until the radio
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Fig. 5—Selectivity of United Air Lines model ES-192
ground-station receiver.
frequency picked up by control and power wires was
reduced by filtering all receiver external leads. With
this last step, the interference was greatly reduced
but not eliminated. Interfering signals came through

3 3. delf. Bayly, “Selectivity, a simplified mathematical treat-
ment,” Proc. LRI, vol. 19, p. 880; May, (1931).
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the receiver, no longer as the intelligible signals that
earlier obliterated reception but as occasional
“blurps.” Receiver characteristics showed that the
selectivity was such that reception was hardly pos-
sible unless the interfering station was directly on the
frequency to which the receiver was tuned. It was
concluded that the transmitter must be generating
energy on this frequency. The next step was to in-
vestigate the transmitters in use at the aeronautical
ground stations.
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Fig. 6—Harmonic distortion of 9-type transmitter for
various percentages of modulation,

TRANSMITTER INVESTIGATION

Probably the most comnion radiotelephone trans-
mitter in use at aeronautical ground stations is the
Western Electric 9 type. A number of changes have
been made in the majority of these transmitters, but
the changes are mechanical to a large extent, and the
circuit is fundamentally the same as it was when the
transmitters were originally designed. They employ a
crystal-controlled oscillator using a 205-D tube, an-
other 205-D tube as a doubler, a 261-A tube as a
modulating amplifier, and a 251-A tube as a class B
power amplifier. The 261-A tube is plate modulated
with three 261-A class A audio-frequency tubes. All
of these tubes are manufactured by the Western
Electric Company.

A study was made on a 9-type transmitter, and it
is believed that the principles learned through this
study are general enough to apply to any transmitter
intended for aeronautical ground-station use. This
transmitter had been designed to work directly from
a carbon microphone of sufficiently high level, and
no audio-frequency preamplifier had been included.
In order for the microphone to put out sufficient
power, it was necessary that the operators talk
loudly. Later preamplifiers were installed. In order
to assure proper audio-frequency input to the trans-
mitter, monitoring meters were installed in con-
nection with gain controls. Each operator was

expected to monitor his own transmissions. Self-
monitoring proved unsuccessful because operators
were far too busy handling necessary message forms
or reading information from weather printers to give

proper attention to the audio-frequency input. Gain
controls were operated only when the modulation was
sufficiently great to cause arcing-over in the trans-
mitter.

The fact that transmitters were being overmodu-
lated was recognized at about the same time efforts
were being made to add selectivity to the tuned-
radio-frequency receiver. An input amplifier which
would keep its output constant for input values over
a range of 15 decibels was designed and installed.
This constant-level amplifier was of great help in
improving the operating problem, but little change
was noticed as far as the adjacent side-band-inter-
ference problem was concerned. In order to study the
effects of modulation on interference, the harmonic
distortion curve shown on Fig. 6 was obtained for
the transmitter with a 1000-cycle modulating fre-
quency and no external speech amplifier. It can be
seen that with modulation at 75 per cent, one tenth
of one per cent of the 6th harmonic was measured,
but if modulation had been 110 per cent, radio-fre-
quency voltage with an amplitude of one tenth of
one per cent of fundamental is stil] present at the
13th harmonic. It will be noted that radio-frequency
voltage with an amplitude of four tenths of one per
cent is present up to the 12th harmonic with the
transmitter modulated 110 per cent. By 110 per cent
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Fig. 7—Distortion with input amplifier,

A——audio_-frequency input to produce 110 per cent modu-
lation, no amplifier.

B---same audio-frequency input with amplifier.
modulation is meant that condition which produces
on an oscilloscope, a modulated wave pattern re-
duced to zero for an interval of time corresponding
to modulation of a carrier by an audio-frequency
wave, the maximum amplitude of which is 10 per
cent greater than the amplitude of the carrier wave.,
If the modulating frequency had been 2000 cycles,
the 10th harmonic would have fallen directly on the
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adjacent channel, where no amount of receiver
selectivity could have removed the disturbance. A
study of the constant-level-input amplifier gave the
distortion curves of Fig. 7. Curve A was taken with
an audio-frequency input such as to cause 110 per
cent modulation. Curve B shows the resultant dis-
tortion when the same audio-frequency input is con-
nected to the automatic amplifier. From a compari-
son of curves 4 and B (Fig. 7) it can be seen that
the constant-level-input amplifier does not bring
about a reduction in the amount of distortion. This
happens to be true for the value of audio-frequency
input chosen for obtaining the curves of Fig. 7, but
with higher inputs, this amplifier reduces harmonic
distortion. Investigation showed that in attempting
to design this early constant-level amplifier so that
it could reduce instantaneous high-peak input, the
control-voltage time constant had Dbeen made so
small that the resulting control caused distortion. In
other words, this amplifier prevented distortion in
the modulating amplifier and output stage but in-
creased the harmonics in the transmitter input
audio-frequency voltage.

The problem of designing a new automatic am-
plifier with a sufficiently long control-voltage time
constant so that it would not distort the audio-fre-
quency wave which it was amplifying, and yet act
rapidly so as to prevent momentary high audio-
frequency peaks from reaching the transmitter, was
solved by an amplifier consisting of two parts. The
first part is a true automatic monitoring amplifier
with a long control-voltage time constant. The input
audio-frequency voltage is amplified by the control
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Fig. 8—Control-distortion curves for constant-level amplifier.

scction of the amplifier, rectified, and applied to con-
tro) the gain of the speech amplifier proper. The time
constant was chosen as 3 milliseconds and gives con-
trol at a speed which will not cause audio-frequency
distortion for a 400-cycle wave. The resultant am-
plifier has the steady-state characteristic shown on
IFigg. 8. Distortion over the entire range of micro-
phone input does not exceed two per cent. The out-
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put voltage is maintained constant to within 2
decibels for input voltage variations of 20 decibels.
The second part of the amplifier can be called a peak-
limiting device. It consists of a circuit across the
output of the audio—frequel{cy amplifier tube. This
circuit was designed to have a zero time constant, but
it does not act unless the input voltage is of such
magnitude that it would cause overmodulation in the
transmitter. This peak-control device operates on
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suddenly applied peaks, and remains operating until
the control of the monitoring amplifier has had suf-
ficient time to come into play and reduce the ampli-
fier gain. It is true that this peak-control device
causes a certain amount of distortion, but, as will be
shown later, it is best to cause distortion here rather
than allow it to occur in the modulating amplifier
and output stage.

Referring back to Fig. 6, it will be seen that the
total harmonic distortion at 100 per cent modulation
would not amount to more than 6 per cent. This fig-
ure is quite low even when compared with the dis-
tortion figures of broadcast transmitters. This low
figure is true because there is only a single class A
audio-frequency stage in the transmitter, and this
stage need not be operated at capacity in order to se-
cure 100 per cent modulation. The only other distor-
tion is caused by nonlinearity in the modulating
amplifier and output stage.

The per cent distortion may be computed in terms
of watts of side-band power, which power may be
used to compute the field strength produced at a
given distance from the antenna. The side-band field
strength 1000 feet from a 9-type transmitter working
into a quarter-wave vertical antenna was compufed
for the case where the transmitter is modulated 100
per cent by a 4000-cycle audio-frequency  wave.
These computed data were plotted on g, 9. On the
same ligure is plotted the selectivity curve of the
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ground-station receiver equipped with a crystal pre-
selector as previously described. This receiver is
tuned to respond to a frequency 20 kilcoycles from
the transmitter carrier. It is assumed that the re-
ceiver is adjusted to respond to a 10-microvolt-per-
meter signal. The area enclosed between the two
curves represents the interference that may be ex-

TABLE 1

Interference Field
Strength in Micro-
volts per Meter

Modulating Frequency

Order of Interfering
(Cycles per Second) i

Harmonic

2000 10 14
2856.3 7 18
4000 5 21
5000 4 18
6666.7 3 65
10000 2 65

pected. Actually, no area exists if the audio fre-
quency is a pure sine wave; however, since the hu-
man voice is not a constant-frequency tone, the input
voltage will vary above and below 4000 cycles, and
the area of Fig. 9 is a fairly accurate analysis of
what actually takes place. The results are somewhat
surprising. Despite the fact that receiver selectivities
are very high and transmitter distortion is low, spurts
of power originating from the harmonics of the voice
frequencies appear at the receiver at high magnitudes
compared with the field strength of the desired signal.
These extraneous signals are present because of the
distortion in the transmitter. The field strength of an
individual signal is a function of the amount of dis-
tortion peculiar to the particular transmitter from
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Fig. 10—Fundamental audio frequencies present in transmitter
output when transmitter is modulated by a male voice.

which it is emitted and what harmonic it is of the
fundamental frequency from which it had its deriva-
tion. Generally speaking, if the 5th harmonic of 4000
cycles falls on an adjacent frequency band, the 10th
harmonic of 2000 cycles will interfere with much less
power. Also it follows that if, for a particular trans-
mitter, the 10th harmonic is the highest-order har-
monic with sufficient power to cause interference to
the nearest adjacent channel, all audio frequencies
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above 2000 cycles put into the transmitter will cause
interference. This principle may be demonstrated by
assuming that the adjacent channel is 20 kilocycles
from the carrier frequency of the interfering station
and by arranging the data of Fig. 9 in Table 1. From
this table it is evident that if the receiver being inter-
fered with can respond to a 14-microvolt-per-meter
signal, all frequencies greater than 2000 cycles will
produce interfering signals.

We ordinarily think of the male operator as having
a voice made up largely of the lower frequencies.
Fig. 10 was constructed by modifying the data given
in Speech Power and Iis Measurements* in accord-
ance with the audio-frequency characteristics of the
9-type radio transmitter. From this curve it can be
seen that the audio-frequency voltage, which will
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Fig. 11—H. Fletcher, “Interpretation of speech,” Jour.
Frank. Inst., vol. 6, p. 193; June 6, (1922).

be present in the transmitter if a male operator were
speaking into the microphone, would be composed of
1000- to 8000-cycle frequencies with less than 17
decibels difference in their relative amplitudes. If the
line marked zero level on Fig. 10 represents the
average input level, high frequencies to 7000 cycles
will be down only 8 decibels from this average value.
Fig. 9 suggests that adjacent-channel interference
may be reduced if as many of the high frequencies
of curve 10 as practicable are removed. This practice
would remove all frequencies, the harmonics of
which would have sufficient power to cause adjacent-
channel interference and all distortion frequencies
generated in the audio-frequency system where the
fundamentals are below the cutoff frequency and the
Ist harmonic falls at a frequency higher than the
cutoff frequency. The only interference frequencies
generated must be high-order harmonijcs originating
in the radio-frequency sections of the transmitter.
With linear radio-frequency stages of reasonably
good design, these high-order harmonics will not have
magnitude sufficient to cause interference if the in-
put amplifier prevents overmodulation.

Fig. 11 gives the percentage of syllables understood

* L. J. Sivian, “Speech power and its measurement,” Bell Sys.
Tech. Jour., vol. 8, pp. 646-661: October, (1929).
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when all frequencies higher than various abscissas®
are suppressed. The difference in the syllables under-
stood when all frequencies above 5000 cycles are
removed compared with those understood when all
frequencies above 2500 cycles are removed is only
15 per cent. In his book Speech and Hearing Fletch-
er shows that any system having a syllabic in-
telligibility of 80 per cent will have an over-all
intelligibility of 98 per cent or more if the over-all
intelligibility is defined as the percentage of sen-
tences received correctly. From the interference
standpoint, the difference in choice of cutoff fre-
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Fig. 12—2500-cycle low-pass filter characteristic.

quencies (2500 or 5000) would mean the difference
between the 4th and 8th harmonic as the interference
frequency. Filters with cutoff frequencies of 3500
and 2500 cycles were tested. The characteristic of the
2500-cycle low-pass filter is shown on Fig. 12. The
2500-cycle filter was somewhat more effective from
the interference reduction standpoint, while the
3500-cycle filter gave better intelligibility. The

6 H. Fletcher, “Interpretation of speech,” Jour. Frank. Inst.,
vol. 193, p. 6; June, (1922).
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proper cutoff frequency should be determined con-
sistent with the conditions at the aeronautical
ground station where interference reduction is to be
effected. This filter should be placed in the circuit

awmio | [L.pr. | [rRF] [RF
A Lﬁ?gR POWER H AUDIO HMOD.HPWR.
- aMP. | |FILTER] [ame| {amp,

Fig. 13—Block diagram of interference-free, acronautical
ground station.

at the point where the audio frequency is introduced
to modulate the radio frequency. By connecting this
filter to the circuit in this manner, it follows all
audio-frequency amplification; hence, it can remove
all high-order harmonics caused by audio-frequency
amplifier distortion (such as that caused by the
action of the peak-control circuit).

CONCLUSIONS

Interference tests were made using a portable
receiver on a frequency 35 kilocycles from that of the
transmitter. Interference-free reception was possible
when only 50 feet from the transmitting antenna.
When the low-pass filter was removed, a distance of
one and one-quarter miles was the separation neces-
sary between the receiver and transmitter before
interference-free reception could be had. The block
diagram of Fig. 13 sums up the elements found neces-
sary to complete the solution of the interference
problem.
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ground-station receiver equipped with a crystal pre-
selector as previously described. This receiver is
tuned to respond to a frequency 20 kilcoycles from
the transmitter carrier. It is assumed that the re-
ceiver is adjusted to respond to a 10-microvolt-per-
meter signal. The area enclosed between the two
curves represents the interference that may be ex-

TABLE 1
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pected. Actually, no area exists if the audio fre-
quency is a pure sine wave; however, since the hu-
man voice is not a constant-frequency tone, the input
voltage will vary above and below 4000 cycles, and
the area of Fig. 9 is a fairly accurate analysis of
what actually takes place. The results are somewhat
surprising. Despite the fact that receiver selectivities
are very high and transmitter distortion is low, spurts
of power originating from the harmonics of the voice
frequencies appear at the receiver at high magnitudes
compared with the field strength of the desired signal.
These extraneous signals are present because of the
distortion in the transmitter. The field strength of an
individual signal is a function of the amount of dis-
tortion peculiar to the particular transmitter from
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Fig. 10—Fundamental audio frequencies present in transmitter
output when transmitter is modulated by a male voice.

which it is emitted and what harmonic it is of the
fundamental frequency from which it had its deriva-
tion. Generally speaking, if the 5th harmonic of 4000
cycles falls on an adjacent frequency band, the 10th
harmonic of 2000 cycles will interfere with much less
power. Also it follows that if, for a particular trans-
mitter, the 10th harmonic is the highest-order har-
monic with sufficient power to cause interference to
the nearest adjacent channel, all audio frequencies
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above 2000 cycles put into the transmitter will cause
interference. This principle may be demonstrated by
assuming that the adjacent channel is 20 kilocycles
from the carrier frequency of the interfering station
and by arranging the data of Fig. 9 in Table I. From
this table it is evident that if the receiver being inter-
fered with can respond to a 14-microvolt-per-meter
signal, all frequencies greater than 2000 cycles will
produce interfering signals.

We ordinarily think of the male operator as having
a voice made up largely of the lower frequencies.
Fig. 10 was constructed by modifying the data given
in Speech Power and Its Measurements* in accord-
ance with the audio-frequency characteristics of the
9-type radio transmitter. From this curve it can be
seen that the audio-frequency voltage, which will
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Fig. 11—H. Fletcher, “Interpretation of speech,” Jour.
Frank. Inst., vol. 6, p. 193; June 6, (1922).

be present in the transmitter if a male operator were
speaking into the microphone, would be composed of
1000- to 8000-cycle frequencies with less than 17
decibels difference in their relative amplitudes. If the
line marked zero level on Fig. 10 represents the
average input level, high frequencies to 7000 cycles
will be down only 8 decibels from this average value.
Fig. 9 suggests that adjacent-channel interference
may be reduced if as many of the high frequencies
of curve 10 as practicable are removed. This practice
would remove all frequencies, the harmonics of
which would have sufficient power to cause adjacent-
channel interference and all distortion frequencies
generated in the audio-frequency system where the
fundamentals are below the cutoff frequency and the
Ist harmonic falls at a frequency higher than the
cutoff frequency. The only interference frequencies
generated must be high-order harmonics originating
in the radio-frequency sections of the transmitter.
With linear radio-frequency stages of reasonably
good design, these high-order harmonics will not have
magnitude sufficient to cause interference jf the in-
put amplifier prevents overmodulation.

Fig. 11 gives the percentage of syllables understood

L. J. Sivian, “Speech power and its measurement,” Bell Sys.
Tech. Jour., vol. 8, pp. 646-661; October, (1929).
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when all frequencies higher than various abscissas®
are suppressed. The difference in the syllables under-
stood when all frequencies above 5000 cycles are
removed compared with those understood when all
frequencies above 2500 cycles are removed is only
15 per cent. In his book Speech and Hearing Fletch-
er shows that any system having a syllabic in-
telligibility of 80 per cent will have an over-all
intelligibility of 98 per cent or more if the over-all
intelligibility is defined as the percentage of sen-
tences received correctly. From the interference
standpoint, the difference in choice of cutoff fre-
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quencies (2500 or 5000) would mean the difference
between the 4th and 8th harmonic as the interference
frequency. Filters with cutoff frequencies of 3500
and 2500 cycles were tested. The characteristic of the
2500-cycle low-pass filter is shown on Fig. 12. The
2500-cycle filter was somewhat more effective from
the interference reduction standpoint, while the
3500-cycle filter gave better intelligibility. The

5 H. Fletcher, “Interpretation of speech,” Jour. Frank. Inst.,
vol. 193, p. 6; June, (1922).
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proper cutoff frequency should be determined con-
sistent with the conditions at the aeronautical
ground station where interference reduction is to be
effected. This filter should be placed in the circuit
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Fig. 13—Block diagram of interference-free, acronautical
ground station.

at the point where the audio frequency is introduced
to modulate the radio frequency. By connecting this
filter to the circuit in this manner, it follows all
audio-frequency amplification; hence, it can remove
all high-order harmonics caused by audio-frequency
amplifier distortion (such as that caused by the
action of the peak-control circuit).

CONCLUSIONS

Interference tests were made using a portable
receiver on a frequency 35 kilocycles from that of the
transmitter. Interference-free reception was possible
when only 50 feet from the transmitting antenna.
When the low-pass filter was removed, a distance of
one and one-quarter miles was the separation neces-
sary between the receiver and transmitter before
interference-free reception could be had. The block
diagram of Fig. 13 sums up the elements found neces-
sary to complete the solution of the interference
problem.




Observations on Sky-Wave Transmission on
Frequencies Above 40 Megacycles

D. R. GODDARDT, AssocIaTE MEMBER, LR.E.

Summary—The resulls of daily observations at Riverhead,
L I, N. Y., since September, 1937, of European 40-to 45-megacycle
transmitters are reported. Measurements of field strength were made
on English, French, and German television signals. Multipath
propagation of the English video-frequency channel was observed
optically and the difference in path length determined.

HIS paper deals briefly with the results ol)-

tained by systematically observing and meas-

uring the field strength of television signals
from England, France. and Germany.

The English transmitters located at Alexandra
Palace, London, operated on 41.5 megacycles for the
sound channel and 45§ megacycles for the picture

Fig. 1—Ultra-high-frequency receiving equipment used for field-
strength determinations and path-delay measurements.
channel. The frequency of the French sound trans-
mitter at the Eiffel Tower was 42 megacycles and the
Berlin sound-transmitter frequency was 42.5 mega-

cycles.

A rhombic antenna 45 feet above ground and di-
rected towards London was used for these measure-
ments. Its length was 400 feet per side and it was
arranged so that the dimensions of the major and
minor diagonals could be readily changed. This was
done so as to facilitate matching the antenna to the
vertical arrival angle of the signal. The effective
height of the antenna system was about 20 meters.

Antenna adjustments were made by comparing
various settings of the rhombic antenna to a refer.
ence dipole 45 feet above ground. As comparisons

* Decimal classification: R113.7. Original manuscript re-
ceived by the Institute, May 25, 1938. Presented before joint
U.RS.I.-LLR.E. meeting, Washington, D. C., April 29, 1938:
presented before New York meeting, November 2, 1938.

T R.C.A. Communications, Inc., Riverhead, .. I., New York.
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were made on the London 41.5-megacycle signal the
results gave the optimum setting for that signal.
This setting corresponded to a vertical arrival angle
of roughly 7 degrees.

Fig. 1 shows the receiving equipment used. In the
foreground is a television receiver with a small
camera mounted over the oscilloscope. Only the
video-frequency amplifier and Kinescope controls
were used as it was thought desirable for these ex-
periments to have available greater flexibility than
the radio circuits of this set provided. Therefore, the
receiver standing to the left of the one just described
was designed by Bertram Trevor of this department.
This set provided automatic or manual volume con-
trol, a minimum noise equivalent of about 30 micro-
volts, with a band width somewhat less than 5 mega-
cycles, and two diode outputs, one giving a “positive”
and one a “negative” image. On the bench is the
signal generator and receiving equipment used for
signal-strength measurements.

Most of the observations took place between 9:45
AM.and 11:30 A.m., ES.T., as that appeared to cor-
respond approximately to the afternoon schedules of
all three countries. On several occasions, however,
the transmitters continued on into the afternoon,
usually on tone modulation. On November 19 and
20 the English audio-frequency transmitter was
operated from 5 A.M. to 8§ AM., and 9 AM. to 11 A,
E.S.T. On both occasions the signal was first heard
at Riverhead a few minutes before seven. On the
latter date, however, the signal disappeared at 7 a1,
and did not reappear until 9:20 A.M. October 16
from 4:00 r.M. to 4:30 p.u, was the only occasion on
which the 41.5-megacycle English signal was heard
on the evening schedule corresponding to 3:45 to
5:00 r.M., ES.T.

Fig. 2 shows the peak signal strength in decibels
above or Dlelow one microvolt per meter of the
English audio- (41.5 megacycles) and video-fre-
quency (45 megacycles) signals for every day during
the winter of 1937-1938 that either or hoth were
heard. The small crosses indicate holidays on which
no observations were made. The uppermost curve is
a plot of Fs-layer virtual height as broadcast by the
National Bureau of Standards. These measurements
are taken each Wednesday at noon, E.S.T. Directly
below this curve is g plot of the critical frequency of
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the F, extraordinary ray. The data for this curve
were supplied by John Howard Dellinger of the
National Bureau of Standards. Some of these values
were not obtained by actual critical frequency meas-
urements but are close approximations.

annels. The crosses indicate days on which no observations were made.

Inspection of Figs. 2 and 3 indicate that a strong |
signal is not necessarily accompanied by a high |
critical frequency or low layer height. However, the |
month of November produced the most consistently
strong signals and was characterized by a uniformly
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high critical frequency. One interesting case was
that of February 14. On this day, probably due to a
magnetic storm, the noontime critical frequency
dropped to 10,150 kilocycles and yet the English 45-
megacycle channel was heard faintly and the English
41.5-megacycle channel was quite strong. On De-
cember 1, however, the critical frequency rose to
14,700 kilocycles and only a weak signal was ob-
served on 41.5 megacycles and the 45-megacycle
channel went unheard.

Of course, it should be pointed out that the criti-
cal-frequency and layer-height measurements were
made at Washington, D. C., at noon while most of
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solid lines of the upper plot represent maximum signal
strengths observed from London on 41.5 megacycles. Broken
lines represent the same for 45 megacycles.

the signal-strength measurements were made from
one to two hours earlier in the day. Furthermore, as
the signals coming from Europe probably traversed
the Atlantic Ocean in two hops, the places in the
ionosphere that caused the signals to return to the
earth were something like 1800 and 4500 kilometers
northeast of Washington. '

An attempt to correlate the maximum usable fre-
quencies taken from the weekly broadcast of iono-
sphere data from station \WWV appears in Fig. 4.
The lower half of this figure represents the maximum
usable frequency interpolated for a distance of 2700
kilometers plotted for each Wednesday during the
winter of 1937-1938. Twenty-seven hundred kilo-
meters was used as it represents half the distance
between Riverhead, L. I., N. Y., and London. The
upper half of the figure is a plot of maximum signal
strength observed on the two English channels for
the same days that the ionosphere measurements
were made. The broken lines represent the 45-mega-
cycle signal and the solid lines represent the 41.5-

January

megacycle channel. The small circles indicate no
signal heard for that day.

From these data it may be seen that at no time
was 45 megacycles indicated as useful, the highest
values being 43.4 and 43.7 megacycles on December 1
and 22, respectively. On December 1 the voice chan-
nel was heard faintly and the video-frequency chan-
nel not at all, while on December 22 both frequencies
were quite strong. Another interesting case is that of
October 27, a day having the relatively low maximum
usable frequency of 35 megacycles. On that occasion
both the 41.5- and the 45-megacycle signals were
fairly strong. On March 23, there was a severe mag-
netic storm decreasing the usable frequency to 15.8
megacycles.

On November 5 the signal strength of the English
voice channel rose to about 56 decibels above one
microvolt per meter. Computation indicates that,
neglecting the effect of the ground near the receiving
and transmitting antennas, the field strength at
Riverhead from the 3-kilowatt English transmitter
should have been about 40 decibels above one micro-
volt per meter. At most, the effect of the ground at
both antennas would have increased the field at
Riverhead by 12 decibels making the expected field
52 decibels above one microvolt per meter or 4
decibels less than the peak values actually measured.
Of course, the field-strength measurements probably
include an error of a few decibels, but even so indica-
tions were that the attenuation over the path must
have been at times nearly zero. Possibly there may
have been a concentrating or focusing effect of some
nature,

The fading on all four signals observed was usually
very deep and rather rapid. During days of very
strong signals, however, the fading was quite slow,
occasionally remaining constant for nearly a minute
at a time. Selective fading on the voice channels
occurred rarely and was invariably accompanied by
a deep dip in signal strength. Two-receiver diversity
reception very effectively removed the distortion pro-
duced by this selective fading,

These European television signals have been re-
ported heard on a number of occasions from as far
west as Phoenix, Arizona. Clyde Criswell, located
near Phoenix, has reported hearing all the afore-
mentioned signals during the winters of 1936-1937
and 1937-1938. G. W. Kenrick at San Juan, Puerto
Rico. reported hearing the French, German, and
English voice channels several times during the past
winter. On most of these occasions the signals were
also heard at Riverhead.

On one occasion the rhombic antenna used for
these observations gave a very much weaker signal
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than a standard short-wave fishbone antenna di-
rected towards London. Usually the rhombic antenna
gave several times the signal strength observed on
these fishbone antennas. This condition lasted from
about 10:30 to 11:00 A.M. on February 15. This
condition may have been due to the signal arriving
over a path other than the great-circle path from
London. A deviation of but a few degrees from this
path would considerably reduce the voltage picked
up by the rhombic antenna while it would have slight
effect on the fishbone antennas as they were not
designed for these frequencies. Criswell reported ob-
serving variations in horizontal arrival angle with
his rotatable Reinartz beam antenna. He also re-
ported usually obtaining a stronger signal from a
southeasterly direction during times of weak signals
from London. This same condition was observed at
Riverhead during the winter of 1936-1937. In this
connection it might be mentioned that an amateur
at Peekskill, N. Y., operating on the 28-megacycle
band was observed to have “around the world” echo.
This occurred on December 12 at about 10:45 A.M.,
Eastern Standard Time. A few minutes later an
amateur in Holland was heard calling the operator
at Peekskill. At about the same time of the morning
of February 17 “around the world” echo was heard
on the second harmonic (37.8 megacycles) of a Rocky
Point, L. 1., N. Y., transmitter operating on 13.9
megacycles.

Before closing, mention should be made of the re-
sults obtained with the Kinescope shown in Fig. 1.
On February 18 the English video-frequency channel
became strong enough to synchronize the Kinescope
sweep circuits and allow glimpses of the picture being
transmitted. Usually these pictures consisted of
numerous images superimposed one on another in-
dicating two or more paths of propagation. The path
conditions were continually changing and occasion-
ally a single picture would appear quite plainly and
with good detail. Fig. 5 shows an attempt to photo-
graph this multipath phenomenon. It shows the
front view of a man’s head and shoulders. As can be
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seen there are two images and computation shows
that the horizontal displacement represents a time
delay of about 3.5 microseconds which corresponds
to a difference in total length of the two paths from
London of something less than 3000 feet.

Fig. 5—Photograph of television image received at Riverhead
from London showing displacement due to multipath propa-
gation,
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Added in Proof: Recent study indicates that the
Lorentz! polarization term probably should be in-
cluded in the computation of maximum usable fre-
quencies. Application of the Lorentz term would in
this case increase the predicted maximum usable fre-
quencies by about 20 per cent. This may be shown
graphically either by replotting the maximum usable
frequency curve or, as is done in Fig. 4, by drawing
the horizontal solid and dotted lines opposite 34.5
and 37.5 megacycles of the ordinate scale. These val-
ues represent 20 per cent less than the voice and video
frequencies of the London transmitters.

Now the correspondence between predicted maxi-
mum usable frequencies and observed signal condi-
tions is somewhat improved. Using these horizontal
lines as references, prediction for the 45-megacycle
channel rises from 38 per cent correct to 73 per cent
correct, and for the 41.5-megacycle signal increases
from 46 per cent correct to 77 per cent correct.

1 H. G. Booker and L. V. Berkner, “Constitution of the iono-

sphere and the Lorentz polarization correction, Nature, vol. 141,
pp. 562-563; March 20, (1938).




Radio Interference—Investigation, Suppression,
and Control’

H. O. MERRIMANY, ASSOCIATE MEMBER, IR.E.

Summary—The work of the Radio Division of the Department

of Transport in investigating and controlling radio interference is
described.
A detailed description is given of the equipment in the experi-

mental car, which is used for special investigations and measure-
ments of signal strength and interference in the field.

Thirty-three investigation cars are equipped with directional re-
cetvers and experimental surge traps. Two investigators on eacl car
tour their respective districts, locating sources of interference and
recommending cures. Means of suppressing interference, generally,
are outlined, including the use of capacitors, choke coils, and shield-
ing. The particular applications of these cures are described as re-
lating to streetcars, electromedical apparatus, and domestic and
commercial electrical equipment,

Reference is made to an Act of Parliament giving the Govern-
ment control of the use of interfering apparatus.

A summary of means of measuring inlerference in foreign coun-
tries and in Canada is given with special reference to the work of the
International Electrotechnical Commission.

INVESTIGATION OF INTERFERENCE

HE first step in the development work of the

Radio Division of the Department of Trans-

port of Canada in dealing with the interference
problem was the organization in 1925, of the Inter-
ference Section. One experimental automobile,
equipped for survey work, made tours in Quebec and
Ontario. From the information thus obtained, equip-
ment was improved and the work extended until
today the Department has one large car fitted
for measurements and experimental work and 33
cars for investigation purposes, having their head-
quarters at 22 principal cities throughout the Do-
minion.

In the beginning, the most serious interference was
found to originate on power and distribution lines
and it was in this direction that the principal efforts
were directed, so that today the Department has, for
work in this field, very satisfactory equipment and
a staff of trained men who are leaders in this par-
ticular line of activity.

Experimental Car

The experimental car has a panel body with win-
dows in the right side. Cabinets are built in the left
side to contain the receivers and instruments, and a
battery box on the right side below the windows also
forms a seat for the operators.

The loop is of open-wire construction and is wound

* Decimal classification: R430. Original manuscript received
by the Institute, April 27, 1938. Presented before Montreal Sec-
tion, April 20, 1938. )

T Engineer-in-Charge, Interference Section, Department of
Transport, Dominion of Canada, Ottawa, Ont., Canada.

i Assistant Radio Engineer, Interference Section, Department
of Transport, Dominion of Canada, Ottawa, Ont., Canada.
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in two halves, each balanced to ground. The four
leads are connected to the receiver by a low-capaci-
tance line.

A plain antenna, consisting of copper mesh, is lo-
cated in the roof of the car and a concentrated probe
antenna, described later, is carried on a reel,

The input circuit of the receiver is designed to
connect these antennas in several ways:

(1) Plain vertical for nondirectional reception.

(2) Loop for figure-of-eight response.

(3) A combination of (1) and (2) for absolute di-

rection or sense.

(4) Probe antenna.

The receiver is designed for field-strength measure-
ment and is an all-wave superheterodyne covering
from 200-20,000 kilocycles. The radio-frequency in-
dicator is a microammeter in the second-detector
diode circuit. An audio-frequency voltmeter meas-
ures the audio-frequency output. A standard-signal
generator may be connected to the input circuit of
this receiver in the usual way. All of the above
equipment is operated from self-contained batteries.

A second receiver consists of a modified 12-tube
all-wave chassis, which may be operated from 25-
or 60-cycle, 110-volt alternating current, or from
6-volt direct current. This receiver is used chiefly to
make records of interference intensity over a wide
frequency range.

To accomplish this the dial mechanism is driven
by a spring motor and the output registered on a
recording milliammeter. The drive for the latter
mechanism may be either its own spring motor, or
from the spring motor driving the receiver. Between
the receiver output and the recording meter is a
vacuum-tube voltmeter reading peak values and so
arranged that excess input voltage cannot harm the
meter.

Minor changes in the standard receiver have been
made, including the removal of the automatic volume
control, an extension of the sensitivity control to
approximately 80 decibels, and an arrangement
whereby the receiver sensitivity may be held con-
stant over the entire frequency range. This is accom-
plished by manually varying the sensitivity control
to conform to a curve on a rotating drum. The output
of the standard-signal generator may be used to
standardize the records of this receiver.
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This method of obtaining graphic records of output
at all frequencies has been extremely useful in many
investigations such as the interference from the ig-
nition systems of various types of automobiles. About
50 different cars were tested at all frequencies in a
comparatively short time. A report of this test 1s
available for all those interested.

Other equipment includes a cathode-ray oscillo-
graph, an interference-measuring set of American
manufacture, and various types of surge traps for
determining the most satisfactory and economical
method of suppressing the interference.

For special tests, where it is desirable to com-
municate between the observer in the car and the
operator of the interfering apparatus, small S-meter
transceivers are used.

The probe antenna assembly consists of a 6-inch
antenna, which may be extended for greater pickup,
a matching transformer to couple this to a balanced
transmission line, and a second matching trans-
former to couple the line to the receiver. The probe
end is insulated to withstand high voltage and may
be attached to a jointed pole for probing among pole-
line hardware and overhead circuits to determine the
point of maximum intensity and assist in locating
sources of interference.

Investigation Cars

The 33 investigation cars are constructed from the
standard coach-type car having the rear seat and
back removed and cabinets built in for the instru-
ments. An open-wire loop is mounted on the roof.

The receiver itself is a standard automobile type,
modified to suit our requirements. The modification
is along the same lines as described for the experi-
mental car.

An indicating meter may be switched to indicate
radjo-frequency voltage at the second detector or
audio-frequency voltage at the receiver output.

It is now proposed to equip the cars with receivers
covering some of the high-frequency bands in addi-
tion to the standard band. These receivers will be
specially constructed by using the domestic-type
chassis converted as required.

The cars are equipped with a more powerful gen-
erator capable of delivering continually 25 amperes
and an arrangement whereby the radio battery may
he charged.

A separate hattery is carried for the radio equip-
ment in addition to the car hattery. The charging
circuit to this battery may be openced when the re-
ceiver 1s in use, if desired, to eliminate interference
from the charging generator and jgnition system,

The interference from the ignition system is sup-
pressed to a large extent, the methods of suppression

varying with the different types of automobile en-
gines.
SUPPRESSION OF INTERFERENCE

The principles of suppression of radio interference
are now so well known that they will be discussed
very briefly under three headings, namely, capaci-
tors, inductances, and shielding.

(a) Capacitors. It has been found that the 1/10-
microfarad capacitors are satisfactory in the majority
of cases and that the exact capacitance is usually not
Critical. Smaller capacitors are frequently satis-
factory but a peculiar case arose recently. Small
capacitors were installed on a vacuum cleaner which,
on the first demonstration, proved remarkably suc-
cessful in eliminating interference when the receiver
was tuned near the high-frequency end of the broad-
cast band. When, however, the receiver was tuned to
the low-frequency end the interference was increased
by the capacitors. It was found that the capacitor in
combination with the inductance of the field coil of
the vacuum-cleaner motor set up a resonant circuit
which ruined reception on 550 kilocycles. When
capacitors are used to by-pass a surge it is essen-
tial that the impedance of this by-pass at the fre-
quency of the desired reception must be as low as
possible and, therefore, the leads of the capacitors
must be short. For suppressing interference from a
large generator it is found necessary that capacitors
be connected from each brush to the frame of the
generator with leads as short as possible. Capacitors
connected from the positive and negative terminals
of the generator to the frame are not always satis-
factory because of the high-frequency impedance
from some of the brushes to the terminals of the
machine. Large generators having 8 brush holders
frequently require 10 capacitors, one from each brush
to the frame and one from each terminal to the
frame. The capacitor from the negative terminal to
the frame is usually found very effective even though
the negative lead of the generator may be grounded
but the ground connection, if more than a few feet,
introduces considerable high-frequency impedance.

(b) Choke Coils. Only in exceptional cases should
choke coils be required. Frequently the field coils of
a motor may be used effectively as a radio-frequency
choke and thus provide a satisfactory and cconomic
cure for the interference.

(¢c) Shielding. Shielding is only necessary in excep-
tional cases where the direct radiation is objection-
able. Radio-frequency generators, both of the spark
and tube type, used for clectrotherapy, require very
thorough shiclding. Metal foil, such as aluminum foil
0.0003 inch thick, appears to be a better shield for
high frequencies than wire mesh.
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Impedance of Ground Lead

The effect of impedance of a ground lead was
demonstrated when testing the interference from
streetcar compressor motors. The radio inspector
explained to the car company that there should be
no interference from the compressor motors if the
field coils were on the positive side of the armature
but, to the surprise of the inspector, it was found
that a compressor motor so connected caused con-
siderable interference. On inspection, it was found
that the negative brush of the COmpressor was con-
nected to ground through a long lead. Therefore, he
suggested the test of connecting a short jumper from
the negative brush to ground. Instructions were given
and a test carried out with no improvement. The
radio inspector then found that the electrician con-
sidered 15 feet of No. 0 wire should be a good ground
but it was not effective. When the test was repeated
using a 6-inch ground connection from the negative
brush the interference immediately dropped to such
an extent that the inspector thought his receiver had
failed. This test convinced the railway electricians
regarding the importance of short ground leads for
reducing interference.

Power and Distribution Systems

With the co-operation of the power companies, the
background of radio interference from power and dis-
tribution systems has been greatly reduced.

These sources of interference may be considered
under two headings, namely, normal high tension and
interference from faults.

Normal high-tension interference due to the break-
down of overstressed air causes radiation from power
lines, which affects near-by receivers where the
coupling from the lines to the receivers is consider-
able. This is the case where lines of over 15,000 volts
pass through the center of the town or where the dis-
tribution lines run on the same poles as the high-
tension line and thus conduct the high-tension inter-
ference throughout the distribution system.

The latter case was satisfactorily and economically
cured at St. Tite des Caps, Quebec, Canada. In this
case, the 2000-volt distribution line was run along
the 40,000-volt line a distance of three miles and then
branched off to the town a distance of one-quarter
mile. The interference in the town was so great that
CKAC could scarcely be heard above the inter-
ference. Tests were conducted and the power com-
pany installed choke coils in the 2000-volt line, one
span away from the high-tension line. These choke
coils consisted of two hundred and fifty turns, in a
single layer, on a three-inch fiber cylinder. They were
so effective that with choke coils in circuit the radio
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interference was barely audible when listening to
CKAC. The drop in noise level appeared to be about
50 decibels at this particular frequency. The reduc-
tion in interference throughout the broadcast band
was satisfactory, although probably not as great as
50 decibels throughout the entire band.

Radio-interference-free insulators for lines over
30,000 volts have a metallic coating near the line and
tie-wire, and, also, in the pinhole, to provide a more
uniform distribution of electrostatic stress and satis-
factorily eliminate normal high-tension interference.

With regard to faults on high-tension lines, occa-
sionally, cracked insulators are found as well as
loose clamps and haywire lying on the line, and such
faults cause very widespread interference. These
sources are comparatively easy to locate with the
direction-finding equipment in the interference cars,
provided that the interference remains long enough
to take a bearing; when the interference is very
intermittent it is most difficult to locate. Some con-
sideration was given to the use of a double radio re-
ceiver, so arranged that directional indication could
be obtained from a single surge of interference. Pre-
liminary tests showed that this was possible, but it
was not considered practicable to increase the cost
and weight of our equipment for the comparatively
few occasions on which it would be required.

The more common sources of interference from
power lines are classed as faults and include loose
pole-line hardware in which various parts of the
hardware, such as crossarm braces and ground wires
located in different electrostatic fields, are not thor-
oughly bonded or sufficiently separated to prevent
electrostatic spark. Loose hardware causes a con-
tinuous interference very similar to that caused by
high-tension insulators where corona and brush
discharge occur at overstressed areas on the surface
of the porcelain. These two sources are similar, in
that the interference usually disappears in wet
weather, as the conducting wet surface of the in-
sulators or poles prevents these points from becoming
overstressed.

Electric-Railway Systems

Radio interference from electric-railway systems
is such a large problem that it would require many
hours to discuss. Reference will be made, therefore,
only to a few interesting features. Radio interference
from powerhouses has been practically eliminated by
installing capacitors from the brushes of the gener-
ators to the frames.

The problem of interference from the traction
motor could be simplified if the series field and inter-
pole windings were placed on the line side of the
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armature, in which position they would act asa choke
to radio-frequency surges. Unfortunately for radio,
however, some power engineers prefer to keep the
field on the ground side of the armature in view of
insulation considerations. One-tenth microfarad ca-
pacitors, connected with short leads from the posi-
tive and negative brushes to the frame, will reduce
the noise 20 to 30 decibels. Motors of the interpole
type are more satisfactory than others because of the
improved commutation.

There is usually no objection to placing the field
of the compressor motor on the line side of the arma-
ture, a change which will cure trouble from this
source. A short lead from the negative brush to
ground is essential.

No satisfactory and economic cure for the inter-
ference from the sparking at the trolley has been
found.

Reports have appeared of tests in Germany where
the carbon shoes are successfully used in connection
with new trolley wire. These carbon shoes have a
satisfactorily long life when exclusively used on
smooth trolley wires and the trolley wires will remain
smooth if no sparking occurs. If, however, a trolley
wheel is run on the trolley wire the resulting spark
will cause a roughness on the trolley wire, which will
saw through any carbon shoes. Thus, it is not prac-
ticable to use both carbon shoes and wheels on the
same trolley wire.

The trolley busses in Montreal are good examples
of what may be accomplished by the use of choke
coils in the line-feed and metal-shoe collectors. Inter-
ference from these vehicles has been reduced to a
negligible minimum. -

Automobile Ignition

Interference from this sources does not ordinarily
affect reception on the standard broadcast band in
the home, but may seriously affect short-wave recep-
tion. The Department has been working in co-opera-
tion with the Radio Manufacturers Association and
the Society of Automotive IEngineers, with the result
that many automobile manufacturers have made
changes in the design of their ignition systems, thus
reducing the radiation from their latest types of auto-
mobile engines.

Llectromedical A pparalus

Practitioners use apparatus similar to a radio
transmitter for giving therapeutic treatments. They
require to transmit this clectrical energy only from
the apparatus to the patient in the same room but,
in so doing, this energy is transmitted many hundred
miles. Recent tests indicated that apparatus operated
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in an Ottawa hospital caused radio interference in
many places three to five hundred miles distant.

The Department has developed means of sup-
pressing this interference. Such suppressive means
would cost the practitioner from two hundred to one
thousand dollars for each installation.

CONTROL OF INTERFERENCE

The system of friendly co-operation has been re-
markably successful in the great majority of cases
and the Department proposes to continue this sys-
tem wherever it can be successfully applied. There
are, however, the few cases where individuals and
companies have refused to give the necessary co-
operation to reduce interference. One example is that
of a manufacturer of household appliances who paid
a few cents each for capacitors for the suppression of
interference and installed these capacitors in ap-
paratus made for export to New Zealand. In order to
save this small additional cost he omitted to put the
interference suppressors in the apparatus intended
for the Canadian market and, thus, hundreds of
household devices which will cause interference to
radio reception are being installed in our own
country.

Occasionally, a householder will tell the Depart-
ment’s inspectors, “I know my vacuum cleaner
causes interference but I turn my radio off when the
vacuum cleaner is in use.” He refuses to purchase a
suppressor and states that he is not interested in his
neighbor’s reception.

In order to deal with such cases Parliament, in
1936, passed the following legislation (Section 23 of
the Canadian Broadcasting Act):

Regulations 23 (1) The Governor-in-Council may make regu-

prohibiting lations prohibiting or regulating the use of
interfering any machinery, apparatus or equipment
equipment. causing or liable to cause interference with

radio reception and to prescribe penalties
recoverable on summary conviction for the
violation or non-observance of any such
regulation, provided, however, that such
penalties shall not exceed fifty dollars per
day for each day during which such viola-
tion or non-observance continues.

Publication (2) Such regulations shall be published in the

and date Canada Gazelle, and shall take effect from

effective. the date of such publication or from the
date specified for such purpose in such
regulations, and shall have the same force
and cffect as if enacted herein.

Regulations are now being drafted and will be put
into effect in the near future.

Notice the wording of the Section . may make
regulations prohibiting THE USIE . ..” This Act
does not give the Dominion Government control of
the manufacture, advertising, sale, or installation.
These are matters which the Provinces control. Most
provinces, at present, control the manufacturing,

«
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advertising, sale, and installation of electrical equip-
ment and prohibit all electrical apparatus which
does not bear an approval label issued in accordance
with essential requirements and minimum standards,
as laid down by the Canadian Electrical Code, cover-
ing hazards to life and property.

It is hoped to find some mutually acceptable means
of co-ordinating the various services which control
electrical apparatus and installation.

Great care is being exercised in the drafting of
regulations to ensure that all sections of the radio and
electrical industries may benefit and that no un-
necessary hardships are imposed.

Obviously it would be unreasonable to prevent a
doctor from using his X ray in case of emergency, in
an endeavor to save life, simply because his ap-
paratus might cause radio interference, and power
should not be shut off from a large industrial plant
immediately a slight defect in wiring causes a buzz
in radio receivers. On the other hand, it would appear
equally unreasonable for many broadcast listeners to
have to endure reception marred by continual inter-
ference, caused by the operation of a single flashing
sign or a solitary electric sewing machine, when the
installation of a suitable suppressor could, in either
case mentioned, be made at relatively small cost
with beneficial results to all the broadcast listeners
concerned.

It is more difficult to draw the line in the case of 4
doctor who occasionally uses electrical apparatus to
give treatments, where the cost of suppression would
amount to several hundred dollars. Very helpful co-
operation has been received from the Canadian
Medical Association and it is hoped to find a mu-
tually acceptable solution to this particular phase of
the problem.

There are many points yet to be determined re-
garding what surges causing noise in a receiver should
be regarded as objectionable and be suppressed under
the new regulations. It is intended first to remove the
high spots of interference which can be economically
dealt with and then endeavor to reduce the noise
level progressively, giving due consideration to the
economic side of the question and the strength of
broadcast stations available to Canadian listeners. It
appears probable that a signal strength of 250 micro-
volts per meter might be a reasonable minimum sig-
nal to be protected by regulations in urban districts.

Measurement of Radio Interference

In order that, eventually, electrical appliances may
be given an approval rating with regard to radio
interference, it is desirable that some standard
method of measuring this interference be evolved.

January

In the United States, this matter is being studied
by a Joint Committee of the I<dison Electric Insti-
tute, National Electrical Manufacturers Associa-
tion, and Radio Manufacturers Association. In
Europe there has been formed an International
Special Committee on Radio Interference, under the
auspices of the International Electrotechnical Com-
mission,' which has been active and has drawn up
some very definite recommendations.

The first consideration was whether the inter-
ference should be measured in terms of the field
strength surrounding the apparatus or in terms of
the actual voltages at the terminals of the machine.
The latter method has been adopted by both com-
mittees whenever feasible.

In an attempt to correlate the interference to sta-
tions of various field strengths with the voltage at
the machine terminals the American committee
found that 92 per cent of the listeners were satisfied
when listening to a station at 5000 microvolts per
meter if the noise voltage was limited to 5000 micro-
volts at the machine terminals. This assumed a
modulation-to-noise voltage ratio of 30:1.

In England, the British Standards Institution has
issued a standard specification which calls for the
limitation of the noise voltage at the machine ter-
minals to 500 microvolts. Where this measurement
is not feasible the field strength of the interference,
measured within 10 yards of the source, must not
exceed 100 microvolts per meter.?

Since the permissible noise-to-modulation ratio is
40 decibels in England, this limitation would prob-
ably provide satisfactory reception for 90 per cent
of the listeners when receiving stations of 1000
microvolts per meter or more.

In Canada, this value would have to be somewhat
lower because we are attempting to protect signals
of 250 microvolts per meter.

For measurement purposes the interference volt-
age at the terminals of the apparatus is divided into
two components:

(1) the voltage between lines, known as the sym-
metrical component, and

(2) the voltage between line and ground, known
as the asymmetrical component.

The standard measuring network recommended by
the International Electrotechnical Commission and
adopted by the British Standards Institution® and
the American Committee is shown in Fig. 1.

The receiver transmission line is connected be-
tween A and B for the symmetrical component and

! London Office: 28 Victoria St., Westminster, S.1V.

® British Standards Specification No. 800.
8 British Standards Specification No. 727.
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between A and B short-circuited, and ground for the
asymmetrical component.

The receiver may be of standard design except for
the indicator circuit. The nuisance value of a noise
voltage tends to vary, not with the average or the
root-mean-square value of the wave, but, with the
peak value. The indicator should, therefore, be a
vacuum-tube voltmeter designed to approximate
peak values. For very sharp pulses, such as that pro-
duced by the ignition of an automobile, the ‘‘slide-
back” type of meter is desirable.*

In order to standardize this measurement, Ameri-
can practice uses a standard-signal generator whose
adjustable output is fed into the receiver’s input
circuit. The British receiver, on the other hand, em-
ploys a calibrated attenuator and makes use of ther-
mal agitation voltage in the input circuit to stand-
ardize receiver gain.b

A difficult problem in Canada is to estimate the
interference level at a complainant’s location. As
mentioned previously an effort is being made to pro-
tect all stations having field strengths greater than
250 microvolts per meter. By ‘‘protect” it is meant
that the noise peaks must be 30 decibels below modu-
lation peaks. The receiving installation also, must be
satisfactory. The antenna must not have an unduly
high coupling to the power wiring. In England, this
coupling factor is defined as the ratio of the inter-
ference voltages at the terminals of the apparatus to
the open-circuit voltage between the antenna ter-
minal and ground: The receiver itself must not be
abnormally susceptible to interference.

If the receiver is not carefully designed, the power
cord may conduct noise into the receiver. One par-
ticular set employed two condensers across the line,
the center tap of which was connected to the chassis
in such a way that the ground currents from the line
flowed through a portion of the first tuned circuit.

¢ See Laurence C. F. Horle, “The development of the radio
noise meter,” Bulletin No. 16 of Radio Manufacturers Associ-

ation.
s British Standards Specification No. 727,
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The ratio of signals required on the power cord to
that required on the antenna for equal output was
found to be 30. In a receiver of good design, using an
clectrostatically shielded transformer connected to
the receiver ground post, this ratio was 7400.
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Fig. 1—Schematic diagram of circuit network for
measurement of interference voltage.

Added in Proof: The whole problem of radio inter-
ference is now receiving consideration by the radio
and electrical industries and by the governments of
many countries in both Europe and America. The
technical problems are being carefully considered and
a great amount of data is being collected and ex-
changed through such organizations as the Inter-
national Electrotechnical Commission, the British
Post Office, the Canadian Engineering Standards
Association, the Joint Co-ordination Committee of
the Edison Electric Institute, Natiorral Electrical
Manufacturers Association, and Radio Manufac-
turers Association, and the American Standards
Association. The Department of Transport is par-
ticularly anxious at this time to co-operate with all
those interested in this problem and would be pleased
to supply copies of reports of specific investigations
and receive data which might be useful in developing
methods of measurement and standards. Such data
will be very useful in drafting the regulations referred
to in connection with the control of radio inter-
ference.
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Line Equalization

by Predistortion”

WALTER J. CREAMERTY, ASSOCIATE MEMBER, LR.E.

cated in Orono, Maine, has supplied a small

amount of program material to broadcast sta-
tion WLBZ, located in Bangor, Maine, about ten
miles distant. As the broadcast station did not feel
justified in maintaining an expensive high-grade cir-
cuit, which at most would be used only a few hours
a week, the New England Telephone and Telegraph
Company was asked to supply a nonloaded cable

]l NOR some years the University of Maine, lo-
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loop. The circuit provided consists of approximately
7 miles of 19-gage cable, 2 miles of 24-gage cable, and
1.5 miles of 26-gage cable. Its loss characteristic is
shown in Fig. 1. This circuit has been in operation for
some time with a conventional two-terminal equalizer
bridged across the line at the broadcast station.

Aside from the artistic and technical problems of
the studio, two factors have operated against high-
quality program supply of this circuit: (1) the lack
of technically trained personnel to monitor and con-
trol the input to the line, keeping it uniformly high
without overloading on signal peaks, and (2) the
difficulty in equalizing the long nonloaded cable,
with its line loss of about 32 decibels at 5000 cycles,
without dropping the program level at the broadcast
station below a reasonable value.

A satisfactory solution of both of these problems
has been arrived at by the simple expedient of pre-
distortion of the signal currents. An outline of the
system with a brief discussion of its advantages may be
of interest to those confronted with similar situations.

It may be well to point out first in somewhat

* Decimal classification: R550. Original manuscript received
by the Institute, March 7, 1938, )

T Department of Electrical Engineering, University of Maine,
Orono, Maine.
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greater detail the faults of the conventional system
which was first employed on this channel. (See Fig.
2(A).) The studio microphones worked first into a
three-stage preamplifier with manual gain control.
The output of this amplifier was patched through a
pad to a fixed-gain power amplifier of two push-pull
stages, the power capability of which was about
+25 decibels. On account of terminal requirements
in Bangor it was necessary to operate this at an out-
put level of about +5 decibels as read on a conven-
tional copper-oxide level meter. Now it has been
shown! that the peak power of the human voice in
ordinary conversation frequently reaches a value 100
times as great as the average value, or a variation of
20 decibels above average. Since this reference power
was obtained by integration over a considerable
period, and therefore is spread over some silent in-
tervals, it is not directly comparable to the average
reading of the volume indicator. Nevertheless these
two averages when used as references against peak
power probably differ by only two or three decibels.
Therefore we may conclude that for handling signal
peaks there is little margin of safety for the power
amplifier in spite of its 2-watt output rating. Further-
more, the use of the equipment on musical programs
with their wider energy ranges resulted in frequent
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Fig. 2—Block diagram of audio-frequency channels.
(A)—Cable equalization at receiving terminal,

(B)—Cable equalization by predistortion at sending terminal,
overloading even when careful manual adjustment
of the amplifier gain was attempted.

The use of a volume-limiting amplifier was con-
sidered for a time but the application of such a
device would not have solved the second problem
of frequency distortion in the cable,

The problem presented by the long nonloaded
cable circuit was the customary one of widely vari-

1 Har_vex Fletcher, “Some physical characteristics of speech
??gslrglusm, Bell. Sys. Tech. Jour., vol, 10, pp. 349-373; July,
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able attenuation within the audio-frequency band,
the equivalent being about 16 decibels at 1000 cycles
and 32 decibels at 5000 cycles. For complete equal-
ization of this circuit at the receiving end by a two-
terminal shunt equalizer the equivalent was of course
increased to about 32 decibels over the entire audio-
frequency band below 5000 cycles. This reduced the
indicated level at Bangor to nearly —27 decibels,
which was far too low for the broadcast-station
amplifiers to handle satisfactorily. The operating
tendency, therefore, was to sacrifice equalization in
order to procure sufficient power to drive the modu-
lator equipment, the result being that low fre-
quencies were given undue prominence.

A relatively simple solution for both the problem
of power capability in the studio amplifier and that
of cable equalization was suggested by the fact that
most of the energy requirements in the amplifier
were those imposed by the low-frequency com-
ponents of the program material,? while at the same
time these low-frequency energies were transmitted
over the cable efficiently enough but only to be
wasted in the terminal equalizer. The absurdity of
taking pains to build up low-frequency energies to a
high level for the sole purpose of wasting them in an
equalizer became apparent. Accordingly, it was de-
cided to introduce the equalization between the pre-
amplifier and the power amplifier, or, in other words,
predistort the signal currents, diminishing greatly
the energy content of the low-frequency components.
This would relieve the power amplifier of handling
the large energies associated with the frequencies in
the bass register and at the same time provide cable
equalization at the sending end. &

A four-terminal constant-resistance equalizer hav-
ing a frequency characteristic the inverse of that
of the cable was designed? for insertion as a 500-ohm
link between the preamplifier, now reduced to two
stages, and the power amplifier, replacing the pad
at that point. The line-up of equipment when work-
ing into 12 miles of artificial cable, as shown in Fig.
2(B), was tested and found to give a frequency
characteristic reasonably flat up to 6000 cycles.
A subsequent test from microphone input circuit to
a 500-ohm termination in Bangor over the actual
cable gave essentially the same results. The results
of this test are shown in Fig. 1. The system was then
placed in operation with a marked improvement in
the over-all quality of transmission from the stand-
points both of frequency and nonlinear distortion.
While designed particularly for handling cnergy

2 1. B. Crandall and D. MacKenzie, “Analysis of the energy

distribution in speech,” Bell. Sys. Tech. Jour., vol. 1 .110-128;
July, (1922). ¢ YO PR S
3(). J. Zobel, “Distortion correction in electrical circuits with

constant resistance recurrent networks,” Bell Sys. Tech. Jour.,
vol. 7, pp. 438-543; July, (1928).

ranges in ordinary speech, the equipment has also
proved satisfactory for handling musical programs,
in which the peak power frequently is of the order of
30 decibels above the average.

It has been found that an average predistorted in-
put level of 45 decibels (largely high-frequency
energy) to the line is ample to drive the equipment
at the Bangor terminal, where the frequency com-
ponents appear in approximately their true pro-
portions, after transmission through the cable, at a
level of about — 10 decibels.

The equalizer used to effect the distortion is a
simple network of resistance and reactance units.
A more refined design would yield a still further im-
provement in the over-all frequency characteristic of
the channel. It should be pointed out that the equal-
izer may be designed to correct also for diminishing
gain which many amplifiers show at low frequencies.
For such correction the equalizer would not introduce
at the low frequencies as much loss as that demanded
by the characteristic of the cable alone.

The chief advantages of this system of equalization
are (1) that it permits the utilization of relatively
long but inexpensive nonloaded cable circuits as a
part of high-quality channels, (2) reduces the power-
handling requirements of the studio amplifier, since
the distortion of the preamplifier output by the
equalizer reduces the energy content of the low fre-
quencies far below the normal value, or, in other
words, alters the relative energy levels of the high-
and low-frequency components normally found in
program material until they are more nearly alike,
and (3) simplifies to a marked degree the monitoring
and control functions at the speech-input equipment
without resort to special volume-limiting devices,
so that operators without technical training may
usually find no difficulty in maintaining high-quality
circuit performance.

The author wishes to suggest the possibility of
applying the principle of predistortion to situations
not involving cable equalization but for the purpose
of reducing the number of control points in a given
channel. If predistortion is applied after the first
stage of amplification following the microphone, all
succeeding stages will be driven more nearly alike on
the various frequency components with far less likeli-
hood of overloading. There will have to be provided
ahead of the final stage, of course, a compensating
equalizer to restore the frequency balance, but the
control of energy levels should be critical only at
this final stage.
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Electron-Beam Magnetrons and Type-B
Magnetron Oscillations’

KINJIRO OKABET, NONMEMBER, I.R.E.

Summary—Various experimental results obtained with electron-
beam magnetrons are given. The mechanism of type-B magnetron
osctllations is described using a novel method which takes into con-
sideration all the experimental results hitherto obtained in connection
with magnetrons of various types.

INTRODUCTION
‘T WAS pointedoutinother communications!? that
very high-frequency oscillations of two different
types could be produced with a split-anode mag-
netron. These two types were the oscillation whose
frequency is approximately independent of the ex-

(a)

®

ternal circuit (type A) and the one whose frequency
depends principally on the external circuit (type B).
Some investigators have attempted to explain type-B
oscillations by a negative-resistance relation obtained
statically, exactly in the same way as in the case of
a dynatron, notwithstanding that the author® has

* Decimal classification: R133. Original manuscript received
by the Institute, June 14, 1937; revised manuscript received by
the Institute, February 17, 1938.

t Department of Physics, Osaka Imperial University, Osaka,

apan.
! pl Kinjiro Okabe, “On the short-wave limit of magnetron oscil-
lations,” Proc. I.R.E., vol. 17, pp. 652-659; April, (1929).

% Kinjiro Okabe, “On the magnetron oscillation of new type,”
Proc. LR.E,, vol. 13, pp. 1748-1749; October, (1930).

® Kinjiro Okabe, “On the production of ultra-short-wave os-
cillations with cold-cathode discharge tube,” Proc. I.R.E., vol.
21, pp. 1593-1598; November, (1933).
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called attention to the fact that oscillations of type
B differ fundamentally from those of the dynatron
type, and from experimental evidence most of the
ultra-high-frequency oscillations obtained with a
split-anode magnetron are of the B type, not the
dynatron type. Later, Posthumus? theorized on the
mechanism of the oscillation in question, showing
that it differs fundamentally from the dynatron type.
Kilgore® also pointed out that the oscillations ob-
tained with a four-split-anode magnetron may not
be the dynatron type. Recently, Herriger and Hiil-
ster® outlined a similar theory and called these oscil-
lations “Laufzeitschwingung héherer Ordnung.”

Fig. 3

In this paper, the mechanism of the magnetron os-
cillation of type B will be described in detail, illus-
trating all the essential characteristics of the present
oscillation. The operation of the electron-beam mag-
netron,” a new type, will be given first. This tube pro-
duces type-B oscillations more successfully than does
the split-anode magnetron and does not produce the

* K. Posthumus, “Oscillations in a split-anode magnetron,”
Wireless Eng., vol. 12, pp. 126-130; March, (1935).

® G. R. Kilgore, “Magnetron oscillators for the generation of
frequencies between 300 and 600 megacycles,” Proc. I.R.E., vol.
24, pp. 1140_—1157; August, (1936).

¢ F. Herriger and F. Hiilster, “Die Schwingungen der Magnet-
E?gig?)hren,” Hochfrequenstech., vol. 49, pp. 123-132; April,

" Kinjiro Okabe, “Electron-beam magnetron,” Jour. I.E.E.
(Japan), vol. 57, p. 55; January, (1937).
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ultra-high-frequency dynatron-type oscillations. Con-
sequently, the pure characteristics of the type-B
oscillation will be clearly understood from the exper-
imental results obtained with the present tube.

ELECTRON-BEAM MAGNETRON
1. Construction and Connection

Figs. 1 (a) and (b) show the arrangement of the
electrodes of typical electron-beam magnetrons, in
which 4, S, and F are, respectively, the anode, oscil-
lation electrodes, and filament cathode. Figs. 2 and
3 are photographs of tubes constructed in our labo-
ratory and with which the experimental results to be
described were obtained. The anodes of these tubes
are about 2 centimeters in diameter and about 1
centimeter in axial length.

Fig. 4 shows the construction of a water-cooled
electron-beam magnetron. The anode can be water-
cooled directly from the outside without the use of
pipes within the tube—a great advantage when pro-
ducing oscillations of very great power.

(/AHODE A WATER |

\ et ot
(e T n 5 JRpp———
| ; 01 T
! I [ | !
(f‘% "";tj—‘———“—J—’JqFZ‘T\’)‘Tﬂ"P L k——ﬂ

T fearen A
Fig. 4

A typical connection is shown in Fig. 5, from which
it will be seen that a magnetic field of proper inten-
sity must be applied to the tube in the direction
of the axis of the anode, or in a direction near toit. The
heavy lines show the circuit that determines the
wavelength of the oscillation.
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Fig. 5

The anode merely accelerates the electrons in
traveling from the cathode. In the case of the
split-anode magnetron, its anode performs the func-
tions of both accelerating the clectrons and main-
taining the oscillation.

2. Experimental Resulls

In the figures that follow, %, N, and 74, respec-
tively, represent the efficiency, the measured wave-
length, and the detector current which hecomes a
measure of the oscillation intensity. The efficiency

is assumed to be the ratio of the power consumed by
a lamp load to the anode input, expressed in per-
centage. The other symbols are diagrammatically
shown in Fig. 5.

Fig. 6 shows the changes in the detector, anode,
and oscillation-electrode currents when the intensity
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of the applied magnetic field /I was varied. These
characteristics are very similar to those of the split-
anode magnetron.

Fig. 7 shows the changes in the wavelength, the
anode current, and the current of the oscillation
electrodes as the length of the oscillation circuit was
varied. Until oscillation starts, no appreciable cur-
rent flows through the oscillation electrodes, show-
ing that the value of negative resistance obtained
statically is infinity. The anode current is also very
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small when oscillation does not occur. In its main
points, the characteristics shown in the figure are
about the same as those of the split-anode magnetron
for type-B oscillations.
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Fig. 8 shows the changes in the anode current, the
oscillation-electrode currents, and the wavelength
when the voltage applied to the oscillation electrodes
was varied.

Fig. 9 shows the changes in efficiency and wave-
length when the

\Zipgl}% JYPE, intensity of the ap-
H=2309. plied magnetic field

o N was varied. In ob-
/{ 3]0 taining this curve,

the length of the
oscillation circuit
was adjusted to
generate the most
intense oscillation
40 at each wvalue of
H. The maximum
value of efficiency
obtained under the
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7,0 o5 s0 ditions was as high
/ . as 70 per cent.
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—— Ve (V) field are shown in

Fig. 8 Fig. 10. In order to

produce longer-wavelength oscillations, the intensity

of the applied magnetic field must be increased,

exactly in the same way as in the case of type-B
split-anode-magnetron oscillations.
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The above results were obtained with the tube
shown in Fig. 2. Results obtained with the tube
shown in Fig. 3 are given in Fig. 11, which corre-
sponds to Fig. 10. Assuming the dimensions of the
electrodes and operating conditions to be the same,
tubes shown in Figs. 1 (b) and 3 give oscillations of
shorter wavelengths than those shown in Figs. 1 (a)

January

and 2. This relation is also exactly the same as that
which holds in the case of the two- and four-split-
anode magnetrons.

In short, these experimental results show that the
oscillations obtained with electron-beam magnetrons,
in their principal characteristics, are exactly the same
as the type-B oscillations obtained with a split-anode
magnetron, and also that a negative-resistance rela-
tion obtained statically is not necessary for produc-
ing oscillations of
this type. This con-

clusion can also be z J r 7
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Fig. 12 (a) shows the path described by an elec-
tron, assuming that the alternating potential of the
lower oscillation electrode is negative and the upper
one is positive at the
instant the electron
arrives at point 1.
The time required by
this electron in trav-
eling from 1 to 3
along the helical path
1, 2, 3 is approxi-
mately equal to half
the period of the
oscillation. Fig. 12 (b)
shows the phase re-
lation between the
position of the elec-
tron in space and the 36 440 520 o0 80 7e0

: . —H (g
alternating potentials :
of the oscillation elec- Fig. 11
trodes. In this case, a certain amount of the kinetic
energy of the electron must add itself to the energy of
the oscillation every time the electron passes the split

We shall now | I—
|
Y
|

8 Kir}ji'ro Okabe, “Magnetron oscillations of ultra-short wave-
lengths,” (in English), Shokends, Ogawacho, Kanda, Tokyo, 1937.
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part, the velocity of the electron being reduced. Fig.
13 shows the path described by an electron, assuming
that the phase of the alternating potential is oppo-
site to the above at the instant the electron arrives
at the gap on the right-hand side. In this case, the
electron acts to diminish or stop the oscillation, the
velocity of the electron itself being accelerated. The
chances of the energy being withdrawn from the
oscillating circuit must be less than those of the
energy from the electrons being transferred to the
oscillating circuit, since the accelerated electrons
either will be captured readily by the anode, etc., or
they may return to the neighborhood of the cathode
in a satisfactory manner as will be shown later.
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Fig. 12

The foregoing considerations could be extended
to other cases in which the electrons emit from vari-
ous parts of the cathode at any instant of alternating
potential. The author, however, is confident that the
mechanism of the oscillation in question will be
clearly understood from the above, without describ-
ing these cases.

The path of an electron in an electron-beam mag-
netron of the four-split type, which corresponds to
that of Fig. 12, is shown in Fig. 14. Figs. 12, 13, and
14 show diagrammatically, why, provided thé di-
mensions of the tubes and their operating conditions
are the same, a tube of the four-split type produces
oscillations of shorter wavelength than one of the
two-split type.

Fig. 15 shows the paths of electrons that are de-
scribed under the same conditions as those assumed
in the case of Figs. 12 and 13, except in the matter
of the intensity of the applied magnetic field. In this
case, it is reasonable to assume a large virtual cathode
around the cathode from a theoretical point of view.
The apparent diameter of this virtual cathode in-
creases with the intensity of the applied magnetic
field and may be very small at the critical value of
the magnetic field. As shown by the dotted line in
the figure, most of the electrons accelerated by the
alternating electric field, instead of reaching the
anode directly, may return to the virtual cathode.
Consequently, the efficiency of the tube under this
condition may hecome much higher than in the cases
of Figs. 12 and 13.
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In short, Figs. 12, 13, and 15 show diagrammati-
cally why both the wavelength of the oscillation and
the efficiency increases with an increase in the in-
tensity of the applied magnetic field.
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The mechanism of type-B oscillations obtaiﬂned
with a split-anode magnetron can be explained in the
same way as for the above case. No further illus-
tration of this seems to be necessary.

Various calculations and a number of experiments
were tried in order to check the above considerations.

VIRTUAL CATHODE A

A
. N

Sy
IFig. 14

Fig. 15

CONCLUSION

The experiments regarding the electron-beam mag-
netron are now being continued. However, it seems
to be noteworthy that a small radiation-cooled sec-
tionalized magnetron®? operating on the principles
of the electron-beam magnetron, successfully pro-
duced a useful output of 100 to 200 watts at a wave-
length between 50 and 80 centimeters. This indicates
the probability of being able to produce very intense
oscillations at ultra-short wavelengths with a water-
cooled electron-beam magnetron.

The theory of the mechanism of type-B magne-
tron oscillations seems to have been completed
qualitatively and follows from the assumption of a
virtual cathode.
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