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GENERAL INFORMATION
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the paper unless the author requests their return. Information on the me-
chanical form in which manuscripts should be prepared may be obtained by
addressing the secretary.
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sin. Acceptance for mailing at special rate of postage is provided for in the
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INSTITUTE NEWS AND RADIO NOTES

Tenth Annual Convention

The Tenth Annual Convention of the Institute which was held in
Detroit, Michigan, was attended by four hundred and ninety men and
ninety-six women and was held in the Hotel Statler during the first
three days in July. The banquet, on the evening of July 2, was at-
tended by four hundred and twelve: There were thirty-four exhibitors
who filled all of the room available for that purpose with samples of
their products and demonstrations of equipments.

Twenty-one papers were presented at the seven technical sessions
which were held. Visits were made to General Motors Research Lab-
oratory, Greenfield Village, and the Ford Motor Plant.

The Institute awards were presented to the recipients during the
banquet by President Ballantine. W. G. Bryant, the Netherlands
consul in, Detroit accepted the Medal of Honor in behalf of Dr. van
der Pol and the Morris Liebmann Memorial Prize was handed to Dr.

Llewellyn.
Those who were present appreciated the effective arrangements

made by H. L. Byerlay and his convention committee who deserve
the sincere thanks of all who participated in the meeting.

Personal Mention

C. B. Aiken formerly with Bell Telephone Laboratories is now
Associate Professor of Electrical Engineering in charge of communica-
tion at Purdue University.

R. C. Ballard previously with General Household Utilities Com-
pany has become a television engineer for RCA Victor in Camden, N.J.

L. M. Clement has been named vice president in charge of engi-
neering of the RCA Manufacturing Company at Camden having pre-
viously been with the International Standard Electric Company at
London, England.

F. R. Dodge, Lieutenant Commander, U.S.N., has been trans-
ferred from the U.S.S. Detroit to the U.S.S. Raleigh basing at San Diego,
Calif.

J. B. Hawkins has left Emerson Television and Radio Corporation
to become general superintendent of the radio receiving set division of
RCA Manufacturing Company at Camden.

977



978 Institute News and Radio Notes

B. L. Hubbard is now an industrial engineer for Philco Radio and
Television Company at Philadelphia having previously been with the
RCA Victor Company.

I. H. Loucks in the Federal Communications Commission inspec-
tion service has been transferred from Grand Island, Neb., to Phila-
delphia, Pa.

M. C. Partello, Lieutenant Commander, U.S.N., has been trans-
ferred from the U.S.S. Biddle to the Brooklyn Navy Yard.

V. S. Roddy has left Wired Radio, Inc., to join the engineering
staff of the United States Signal Corps at Wright Field, Dayton, Ohio.

E. W. Sanders formerly with the Juniata Radio Laboratory is now
with the RCA Manufacturing Company at Camden.

R. A. Swan, Jr. of the Hygrade Sylvania Corporation has been
transferred from Salem, Mass., to Emporium, Pa.

H. C. Tittle previously with Stewart -Warner Corporation has be-
come chief engineer of the Radio Division of General Household
Utilities Company in Chicago.

 +  --me!) >e-<  +
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TECHNICAL PAPERS

AIRCRAFT RADIO EQUIPMENT FOR USE_ON
EUROPEAN AIR LINES*

By
A. D. HODGSON

(The Plessey Company, Ltd., Ilford, Essex, England)

Summary-The apparatus to be described has been developed to provide a
transmitting and receiving equipment for small and medium commercial and private
aircraft which will be extremely simple to operate and as foolproof as possible.

Many features are introduced which, although they have been in use for broad-
cast and other commercial radio apparatus, have not been applied to aircraft radio
equipments.

For example, an electrical remote tuning system is used for the receiver, and
automatic volume control on both telephony and telegraphy is provided. The equip-
ment provides a telephonic range of 180-200 miles, and a telegraphic range of 850-
400 miles, and weighs only sixty pounds complete.

FOR: communication on the European air routes frequencies
between 340-350 kilocycles are in general reserved for telephony,
while telegraphic working is confined to the band of 325-336

kilocycles. The majority of large aircraft on regular international routes
employ an operator and carry out all their communication by telegra-
phy, while the smaller aircraft on shorter routmand machines used for
private charter employ telephony and the equipment is operated by
the pilot, as the extra weight and accommodation for an operator can-
not be allowed.

In some cases telephony and telegraphy are carried out on the
same wavelength, for example, at Le Bourget, where the quantity of
telephony communication is relatively small, both telegraphy and
telephony are carried out on 333 kilocycles. In addition to this, on
other routes direction finding facilities are only available on 325 kilo-
cycles. The aircraft equipment must therefore be capable of working
on 350, 333, and 325 kilocycles, and furthermore a quick change from
one to the other without any following adjustments to obtain accurate
setting is necessary. Again, where aircraft are operating over a long
sea crossing the frequency of 500 kilocycles is also necessary for emer-
gency work. The equipment must also be capable of transmitting
continuous waves, interrupted continuous waves, or telephony on any

* Decimal classification: R520. Original manuscript received by the In-
stitute, September 10, 1934.
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980 Hodgson: Radio Equipment on European Air Lines

of these four wavelengths, and the type of transmission must be ca-
pable of instantaneous change.'

To fix the operating frequencies exactly the transmitter employs
a master oscillator in which a fixed subdivided condenser with semi-
variable trimming condenser is employed, separate sections being
switched in for each wavelength. The master oscillator drives two
amplifier valves in parallel, and to avoid the possibility of overloading
the amplifier valves when the aerial circuit is untuned, the anodes of
the amplifiers are coupled to the aerial circuit via a high impedance
transformer.

This output circuit arrangement has the added advantage that the
operating frequency of the transmitter may be changed while it is in
operation, further if the aerial is lost or if the transmitter is switched
on before the aerial is run out, no damage can occur to the amplifier
valves. The transmitter is therefore extremely foolproof, and no
amount of misuse of the controls will cause any damage to the valves
or circuit.

Modulation for telephony is performed by the valve grid leakmethod, and interrupted-continuous -wave telegraphy is obtained
from a high note buzzer having a secondary winding connected to the
microphone transformer primary. Keying for telegraphy is performed
in the grid circuit of the amplifiers, a heavy negative bias being applied
during the spacing period.

The receiver is a superheterodyne having a detector -oscillator of
the pentagrid type with two coupled preselector circuits, one inter-
mediate -frequency amplifier working at 117 kilocycles, a double diode
triode, and a double diode pentode. Delayed automatic volume controlis provided by the double diodes, and for continuous-wave reception
the triode section of the double diode triode is switched on to an oscil-
lating circuit whose frequency and amplitude are adjusted to operate
in conjunction with the automatic volume control circuits and toprovide a clear beat note free of key clicks from ten microvolts totalinput to two millivolts.

On telephony the triode section of the double diode triode forms an
additional low -frequency stage and drives the double diode pentodefor maximum output. With this arrangement a maximum of 0.6 watt
can be obtained across the telephones for a total signal input of thirty-five microvolts.

The oscillator -detector portion of the circuit is built into a separate
unit, and the output from this frequency converter is passed via a line

1 Note: Since this article was written additional operating frequencies havebeen called for, and now the transmitter must operate on 500 kilocycles, 365,345, 333, 326 at least.
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to the main receiver unit which contains the intermediate amplifier and

the remainder of the circuits. By this means the frequency converter

which contains the tuning circuits can be placed near the pilot of the

aircraft and thus enable direct tuning of the receiver to be obtained

without the use of mechanical remote controls with the inevitable

trouble of backlash.
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Fig. 1-Schematic layout of type AC 44 equipment.

Owing to the automatic volume control circuit no reaction control
is necessary, and the receiver therefore has only one accurately cali-
brated control and is extremely simple to use.

Incorporated in the frequency converter unit are two meters read-
ing the transmitter aerial current and the total direct -current feed to
the equipment; these meters are remotely operated. Plugs for micro-
phone, telephones, and key are also provided. This unit thus forms in
effect the main control unit,_and is mounted near the pilot together
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with the remote controls for the transmitter switches, while the re-
mainder of the equipment may be placed in any convenient part of the

Fig. 2

Fig. 3

machine. Fig. 1 shows the schematic layout of the complete installa-tion.
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The transmitter and receiver are both built on an anodized and
enameled aluminium framework. On two sides of these frameworks
steel disks carrying sponge rubber rings are fixed. These rings engage
in supports in a tubular steel crate; the transmitter and receiver there-
fore sit one above the other on these rubber rings in the crate which is
provided with light removable aluminium sides for protection. The
crate may therefore be bolted direct into the aircraft without any
further rubber supports. In Fig. 2 the crate, receiver, and control unit
with cover removed are shown. The supports for the rubber rings are
shown at A, while the steel disks and rubber rings are marked B. The
two meters and microphone, telephone, and key plugs are plainly
visible on the control unit, also the frequency changing valve.

Fig. 4

The power supply for the equipment may be obtained from a wind -

driven generator or rotary transformer running from the main lighting
battery. Power at nine volts low tension and 600 volts high tension is

required, and on telephony the transmitter has an output power of

eighteen watts with seventy per cent modulation; on telegraphy thirty-
five watts output is obtained. With this power from medium size

eight- to ten -seater machines a range of 180-200 miles telephony and
350-400 telegraphy is obtainable between the aircraft and the normal
airdrome stations.

The entire equipment consists of a transmitter and receiver in crate,
control unit, generator with windmill and speed regulating mechanism,
aerial winch with two hundred feet of wire and two pounds flexible
weight, aerial fair -lead, remote controls for transmitter switches, tele-
phones, microphone, and key.



984 Hodgson: Radio Equipment on European Air Lines

The total weight of these items is sixty pounds. The equipment
therefore detracts but little from the pay load of the aircraft, and yet
is solidly built, reliable, and simple to operate.

Ag. 3 shows the entire equipment with the transmitter and receiver
mounted in the crate. In Fig. 4 the equipment is seen mounted behind
the pilot's cockpit in a seven -seater aircraft.

ACKNOWLEDGMENT
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PARASITES AND INSTABILITY IN RADIO TRANSMITTERS

I i Y

( ; . NV. F YLER
(General Electric Company, Schenectady, N. Y.)

Summary-Several types of parasites or spurious oscillations and other forms
of radio transmitter instability are described. Methods of locating and eliminating
parasitic circuits are discussed.

APARASITE in radio work is any spurious oscillation taking
place in a vacuum tube circuit other than the normal oscilla-
tion for which the circuit is designed.

Parasites occur as any normal oscillation when the necessary con-
ditions for oscillation exist. In a great many instances troubles which
are attributable to other causes are actually due to parasites. They
may cause additional carriers and side bands to be radiated, voltage
flashover, instability, loss of efficiency, and short life or failure of
vacuum tubes and other circuit elements. Parasites or spurious oscilla-
tions cannot be fully anticipated in building radio transmitters of a
new type. If the best results are desired it is usually necessary to elim-
inate any existing parasites by special tests after a transmitter has been
constructed. In many cases the determination of the parasitic circuit
may require considerable study and the use of cut -and -try methods.
Detuning and damping of the offending circuit to stop the oscillation
is then quite simple. It is the purpose of this paper to describe methods
of determining and eliminating common parasites and a few other
forms of transmitter instability.

Ten or fifteen years ago most vacuum tube transmitters consisted
of an oscillator tube feeding the antenna directly, without much atten-
tion being paid to frequency stability or efficiency. If the oscillator did
not function properly it was common practice to reconstruct the outfit
with one of the other oscillator circuits. Actually, the trouble may
have been due to parasitic oscillations which were not fully recognized
at the time.

We still have parasites in radio transmitters and with high power
tubes and complex circuits the trouble is increased.

During the installation of the WLW 500 -kilowatt transmitter using
twenty 100 -kilowatt tubes, it was necessary to eliminate approximately
a dozen parasitic oscillations before stable operation and high efficiency

* Decimal classification: R133 X R355. Original manuscript received by the
Institute, March 25, 1935. Presented before Washington Section, U.R.S. I.,
February 11, 1935.
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986 Fyler: Parasites in Transmitters

were obtained. This was not indicative of poor design; it was the con-
dition to be expected when first testing a very high power transmitter.
Oscillations were found all the way from an audio frequency which
could be heard up to an ultra -high frequency of 200 megacycles, or
one and one-half meters wavelength. The latter oscillation was very
unusual considering the large coils and condensers used in this trans-
mitter. It is desirable to consider the way in which it was found and
studied, in order to illustrate the peculiar conditions which may exist
with parasites.

Another parasite at a frequency of twenty megacycles was being
studied in one of the three large amplifiers with a wavemeter tuned
to the frequency of oscillation. The plate voltage of 12,000 volts was
removed to make a circuit change and the wavemeter current reading
did not drop to zero. The meter reading dropped to zero only when
the bias was removed from the amplifier. Also the oscillation started
up again when the bias was applied. During these tests the plate am-
meters read zero current. It was noticed that the wavemeter current
reading could not be changed appreciably by tuning the wavemeter,
nor could any resonant frequency be found throughout the available
wavemeter range of twelve to 20,000 meters. However, the greatest
meter reading was obtained with the smallest wavemeter coils and
with the tuning condenser at its minimum position. Therefore, midget
condensers and coils were connected with a 100 -milliampere radio -
frequency meter in an improvised wavemeter to find the approximate
frequency of oscillation. Finally, with a two -plate midget condenser
connected directly across the terminals of the meter with leads about
one inch long a resonant point was found and a full scale reading of
the meter obtained with the improvised wavemeter located near one
of the large amplifier tubes. The oscillation wavelength was found to
be about one and one-half meters by measurements with Lecher wires.
Since positive bias was being used to obtain this oscillation it was
apparent that the oscillation was of the Barkhausen type. This was
verified by noting the frequency change with variations of the grid
potential. Knowing the bias voltage and the diameter of the tube
anode a good check on the observed frequency was obtained.

This parasite is probably present in most class B and C radio-
frequency amplifiers and oscillators during negative peaks of the radio -
frequency plate voltage. Apparently the oscillation is not detrimental
because of its limited conditions of oscillation and inherent poor
efficiency. No high voltages appear to result from the oscillation even
in 100 -kilowatt tubes:

Probably the most detrimental parasites are those which cause
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flashovers or which materially lower the amplifier efficiency. If flash-
overs occur at the seal of a costly tube or if the efficiency is only half
the expected value, the parasite is most undesirable.

The tubes and associated circuits in a transmitter may have
damped and undamped parasites depending upon the circuit losses,
the feed -back coupling, the grid and plate potentials, and the re-
actance or tuning of the parasitic circuits. The damped oscillations or
"trigger" parasites as they are sometimes called occur as the result of
a shock or transient with peak modulation, keying transients, or flash
arcs in vacuum tubes. It is well known that oscillations start more
easily with high plate voltage and with zero, or even positive, grid -
bias potentials, due to increased mutual conductance. Hence parasites
may oscillate only during part of a modulation cycle. However, it is
advisable and usually possible to obtain steady-state or undamped
oscillations of all parasites in order to study the essential circuit con-
ditions. The possibility of an oscillation existing may be predicted
mathematically or by previous experience under certain conditions,
but with existing parasites it is usually a question of studying the
circuit when oscillation exists and changing or damping the circuit so
as to eliminate the parasite.

There are certain parasites which stop when the grids are saturated
as in a class C telegraph or plate modulated stage, but some of the
parasitic oscillations may still exist even when the grids are well
saturated. This is particularly true of ultra -high -frequency parasites
where the parasitic frequency is much higher than, the normal amplifier
frequency and the parasite may oscillate for many cycles during each
radio cycle. It has also been found that low -frequency parasites may
be present during part of a modulation cycle in a class B radio -fre-
quency amplifier as described later.

A capacity must have connections made to it and at a very high
frequency the capacity circuit may actually be inductive with negli-
gible series resistance. Also a coil has distributed capacity and at cer-
tain frequencies the inductance coil may be, in effect, a capacity with
negligible series resistance. Hence, one should visualize a capacity
being an inductance, and an inductance being a capacity at certain
frequencies. Also it is necessary to consider the interelectrode capacities
in vacuum tubes as tuning and coupling elements with high -frequency
parasites. Shunt tuned parasitic tank circuits are more common than
series tuned circuits, but abnormally high radio -frequency voltages
indicate the presence of series resonant circuits and these are frequently
very difficult to locate.

For determining whether parasites may occur in a given amplifier,
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the normal radio -frequency grid excitation or oscillation should be
removed without upsetting the normal circuit conditions. Reduced
plate voltage is advisable for the first test and the bias should be
reduced to a low value without causing the plate dissipation rating to
be exceeded except possibly for momentary tests. It is desirable to try
positive grid bias with low plate voltage for dynatronic grid parasites.
Most oscillations have been found to start best in certain parts of the
tube characteristic and, therefore, the filament, grid, and plate volt-
ages should be varied over wide limits, including the emission limiting
region which seems especially important.

On large tubes with tungsten filaments the filament cannot be
damaged by running at low voltage, and it is easy to control the
amplitude of a parasitic oscillation within reasonable limits by lower-
ing the filament voltage. The parasitic frequency and circuit can then
be determined by a wavemeter coupled to the circuit and by finding
the high voltage points. When these facts have been determined, it is
generally possible to deduce the type of oscillation and the circuit.
When one parasite is eliminated it is quite possible that a different
type of parasite may start. Although vacuum tubes have been found
to oscillate simultaneously on more than one frequency, it is quite
possible that one oscillation may prevent one or more other oscillations.

A small neon lamp is commonly used to indicate whether an oscilla-
tion exists and for finding the high voltage points in the circuit. The
lamp may be fastened on the end of an insulated rod and, for best
results, the glass part of the neon lamp should be brought close to the
various conductors, coils, and capacitors where parasitic voltage may
exist. The plate and grid connections have the highest parasitic po-
tentials in most cases. For studying a low -frequency parasite it is
sometimes desirable to add a piece of wire to a terminal of the lamp
to increase the voltage sensitivity of the lamp.

If it is not possible to obtain steady-state oscillations, the various
transmitter circuits may be checked without power being applied for
resonant frequencies by inserting small radio -frequency meters at
various points and coupling a radio -frequency oscillator to the circuits.
If resonant conditions are found which indicate possible parasitic cir-
cuits, the necessary changes may be made without applying power.
This method is useful for locating the circuits of highly damped
"trigger" parasites.

An all -wave receiver is very useful for checking the transmitter
output for spurious frequencies in addition to the normal harmonics.
One must be careful not to misinterpret image frequency response if
the receiver is located near the transmitter. An oscillating detector or
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auxiliary beat oscillator further increases the value of this method of
checking parasites. A pure tone should result in listening to an un-
modulated carrier from a transmitter. A rough tone usually indicates
the presence of parasites.

The cathode-ray oscillograph is useful for studying *low -frequency

or weak parasites in the absence of the normal transmitter oscillation.
Little coupling is usually required for obtaining sufficient deflection,
and the oscillation frequency is easily obtained by comparison with
a known sweep frequency.

Following is a list of common oscillator circuits (Fig. 1) in the
order of their importance for analyzing the various parasitic circuits:

(A) The tuned-grid-tuned-plate oscillator circuit is found to be the
basic circuit for the most common types of parasitic oscillations. There
must be grid and plate circuits approximately tuned to the same fre-
quency with capacitive feed -back through the grid -to -plate capacity
of the vacuum tube. The oscillation may be stopped by excessive
damping or by detuning of the circuits. The grid circuit is detuned
preferably to a much higher frequency than the plate circuit for
parasitic elimination.

(B) Grid dynatron oscillator circuit. In large tubes a negative slope
of the grid -current characteristic corresponding to a few hundred ohms
negative resistance (due to secondary emission from the grid) may
exist with positive grid potentials and high positive plate potentials.
The negative resistance of the grid may permit spurious oscillations
in several grid circuits. In general the plate -circuit constants are not
important in determining the oscillation frequency.

(C) Relaxation oscillation circuit. This type of oscillation usually
occurs as a modifying feature of other types of parasites. Certain
parasitic oscillations, as for instance, the tuned-grid-tuned-plate
variety, may start and stop at a rate determined by the periodic charge
and discharge of a grid -blocking capacitor through a resistance, similar
to the operation of a relaxation oscillator. This type of oscillation is
used in superregenerative receivers of the self -quenching type. An
amplifier may have two different modes of high -frequency parasitic
oscillation and change from one to the other at a low -frequency rate
due to a similar relaxation effect.

(D) Hartley circuit.
(E) Colpitts circuit. Both of these oscillating circuits have a com-

mon tank circuit with inductive feedback predominating between the
grid and plate portions of the circuit in contrast to the capacitive feed-
back in the tuned-grid-tuned-plate oscillator.
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(F) Meissner oscillator. This is somewhat similar to the Hartley
and Colpitts circuits in that it has a single tuned tank although the grid
and plate circuits are inductively coupled.

(G) Electronic oscillators. These include the Barkhausen, Gill-
Morrell, dwarf oscillations, etc. These internal tube oscillations require
positive grid and approximately zero plate potentials.

The following diagrams show several types of parasites and these
are simplified where possible by omission of neutralizing circuits and
other circuit elements. Two very common high -frequency parasites
will be considered first. A series parasite is arbitrarily defined as a push -

A TUNED GRID TUNED PLATE

B GRID DYNATRON

TUNED GRID TUNED PLATE MODIFIED
BY RELAXATION GRID OSCILLATION

D HARTLEY

E COLPITTS

F MEISSNER

Fig. 1-Common oscillator circuits for parasitic analysis.

pull oscillation with the grid potential 180 degree out of phase. Simi-
larly, a parallel parasite indicates the paralleling of tubes with the
radio -frequency grid voltages in phase. The oscillation is seen to take
place through the capacitor circuits and at high frequency we may con-
sider the inductances of these circuits as being the grid- and plate -cir-
cuit inductances of a tuned-grid-tuned-plate oscillator. The inter -
electrode tube capacities are the coupling and circuit capacities. Due
to the inductance of the neutralizing leads the circuit is not neutralized
for the ultra -high -frequency parasite. These short-wave oscillations
may be quite vicious and produce high voltages and currents. Fig. 23
shows a high -frequency parasitic arc standing on an insulator. If
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the parasite occurs in but one tube, the push-pull circuit or the tubes
may be unbalanced and this is easily determined by checking the tubes
and circuit constants. If the oscillation is a parallel parasite the grids
or the plates may be connected together without appreciably affecting
the oscillation. The neutralizing capacitors may prevent the series or
push-pull oscillation if the neutralizing bridge happens to be balanced
at very high frequency although this is a very remote possibility.
It is obvious that the neutralizing circuit is of little use in preventing

Fig. 2-High-frequency parasites.

paralleled tube oscillations since the neutralizing capacity adds to the
grid -to -plate tube capacity in supplying coupling between grid and
plate circuits. This will be shown in more detail below.

The high -frequency parasite may be eliminated in a number of
ways. For class C amplifier circuits, resistors in the order of one to
twenty-five ohms may be added close to the grid or plate connections
of the tubes for damping the circuits. The resistors for damping the
grid circuits should be noninductive wire -wound or preferably carbon -
stick resistors. In class B linear amplifiers, and also with large tubes, it



992 Fyler: Parasites in Transmitters

is not desirable to add very much series resistance in the grid circuit
due to possible limiting on the positive peaks of modulation caused by
grid current flowing through the resistor. In this case low resistant
chokes may be added in parallel with the resistors to carry the direct
current. It is also possible to eliminate the oscillation by detuning the
grid and plate circuits so that the grid circuit is tuned to a much higher
frequency than the plate circuit. This is accomplished by making the
grid to filament circuit as short as possible, or in other words, by
mounting the grid tank capacitor close to the tube. This lowers the
inductance of the parasitic grid circuit. Small choke coils with one or
two microhenries of inductance may then be added next to the plate
connection so as to add inductance in the plate circuit. This method of
eliminating high -frequency parasites is particularly applicable with
tubes having the grid and filament connections brought out at one end.
Also the plate circuit dimensions in practice are much larger than those
of the grid circuit. Resistors may be added in parallel with the small
parasitic plate chokes or the chokes may be wound with resistive wire if
necessary in order to prevent "trigger" oscillations. However, sufficient
detuning of the parasitic circuits usually accomplishes the same result.
Simple choke coils next to the plate tend to improve the amplifier
efficiency and reduce the harmonic components of the plate current.
The parasitic plate choke may form a series resonant circuit with the
plate -blocking capacitor at the fundamental frequency for improving
the plate efficiency. Hence it is desirable not to dampen the parasitic
plate chokes unless a trigger oscillation takes place in this circuit. In
push-pull amplifiers the neutralizing circuit commonly used is shown
in Fig. 2. If the neutralizing capacitor leads have appreciable inductive
reactance the amplifier may become sufficiently unneutralized as to
oscillate at a frequency near the normal operating frequency. Complex
resonance conditions due to tapped circuit elements, coupled circuits,
or chokes may further complicate the difficulty. In high power short-
wave transmitters the large size of the apparatus and length of connec-
tions also tend to aggravate the parasitic trouble. The usual representa-tion for the bridge neutralized circuit is given in Fig. 3A. This may bemodified by considering inductance in the neutralizing capacitor
branch of the circuit Figs. 3B and C, and it is evident that the bridge
is not balanced except at one frequency where the net capacitive re-actance in the neutralizing circuit equals the plate -to -grid capacitive
reactance. If the grid tank circuit or excitation is connected at the mid-
points S as shown in Fig. 3C instead of directly on the grid connections,
and if the capacitor Cn= C07,, the circuit will remain neutralized over awide band of frequencies. Similarly if parasitic plate chokes are con-
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netted next to the anodes a balanced bridge may be obtained by
making Cn = C0 and connecting the plate tank circuit to the points
marked T in Figs. 3D and 3E so that the inductance of the parasitic
plate choke between the plate of the tube and the point T equals the
inductance of the circuit from the point T to the grid of the opposite
tube. Care must be taken that the inductive reactance in either circuit
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Fig. 3-Wide frequency band neutralization.

is small compared with the C or C7, reactance and in very high -fre-
quency transmitters this is accomplished by using short wide neutral.
izing leads.

The typical amplifier circuit of Fig. 2 is redrawn for illustrating two
forms of low -frequency parasites where the tubes are in effect paral-
leled. Figs. 4A and 4B show the parasitic circuit with series -fed plate -
voltage and Figs. 4C and 4D show the parasitic circuit with shunt
fed plate voltage.
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With a parallel parasite it is possible to connect both grids or both
plates together without influencing the oscillation since these points
are at the same potential. It should be noted that the grid circuit con-
sists of an inductive branch through the leakage inductance of the
grid tank coil and the grid choke to the cathode. The grid tank capaci-
tors are in parallel. Also the stage is not neutralized for parallel para-
sites. In fact, the total feed -back capacity between the grid and plate
circuits is the sum of the grid -to -plate capacity in the two tubes plus

L

B

D

L CH

Fig. 4-Low-frequency parasites.

the two neutralizing capacitors. This large amount of feed -back capac-
ity makes possible very low -frequency oscillations.

In a class B radio amplifier this parasite has been found to exist
even with normal carrier excitation on the amplifier and to vary in
amplitude with modulation.

Modulated carrier waves may be found on each side of the normal
carrier at a spacing from the carrier frequency of plus and minus n
times the parasitic frequency. The modulation envelope may be dis-
torted and flashovers may occur in unloaded circuits due to high para-
sitic voltages generated at high percentages of modulation. These
flashovers have been found to be most prevalent with low -frequency
audio modulation which allows sufficient time for build-up of the
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oscillation. In a 50 -kilowatt broadcast transmitter having a 30 -kilocycle
parasite, flashovers occurred at 200-cycle, 100 per cent modulation,
but as the audio frequency was lowered, flashovers started at lower
percentages of modulation. At thirty cycles the modulation was only
about fifty per cent for flashovers. Apparently the build-up time of the

low -frequency oscillation was appreciable.
The parasite may be eliminated by reducing the size of the grid

A

B

C

Fig. 5-Parasites due to ungrounded split -tank capacitors.

choke and by increasing the size of the plate choke. This follows the
general procedure of tuning the plate circuit to a lower frequency than
the grid circuit. Resistance may also be added in parallel with either
choke, although in most cases this does not appear necessary.

It is common practice to use a split capacitor with the center point
grounded when a push-pull radio -frequency circuit is used or when a
single tube is loaded into a double -ended tank circuit. If the capacitor
is not grounded for radio -frequency potentials, a parasite may result
in the circuit of Fig. 5A. The circuit as simplified is given in Fig. 5B
and this is similar to the Colpitts circuit as modified for ultra-high-fre-
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quency oscillators. The current flows through the neutralizing lead and
the plate tank capacitor. By-passing the center point of the tank capaci-
tor to the cathode effectively shorts the plate circuit of the tube and
this should stop this type of oscillation.

A low -frequency parasite may also occur in the single ended circuit
particularly if chokes are used in grid and plate circuits. One possible
circuit is shown in Fig. 5C.

This oscillation may be stopped by using a split stator capacitor
with the rotor grounded, or by detuning and damping of the parasitic
circuit as explained previously for low-frequency parasites.

A. CIRCUIT WITH EXCITATION AND LOADING TAPS

B. CIRCUIT WITH TAPPED TUNING ELEMENTS
Fig. 6-Parasites due to tapped coils and capacitors.

When taps for loading, Fig. 6A, or tuning, Fig. 6B, are used,
additional circuits for parasitic currents are found. If the parasite is
caused by the use of tapped coils for loading or excitation, it is apparent
that detuning of the coupling circuits by the addition of reactance isindicated, or else a change to inductive coupling is necessary. When
tuning capacitors C1, Fig. 6B, are tapped across part of the tuning
inductances for obtaining a vernier adjustment in tuning or to reducethe capacitor potential, a complex circuit is formed which offers reso-nance at more than one frequency. In an oscillator this may aggravatethe drag loop tuning effect. In an amplifier a parasite may occur at a
frequency for which the neutralization is ineffective. In general thismethod of obtaining a vernier control of tuning is undesirable, particu-
larly if the capacitor Cl is tapped across a relatively small part of the
inductance.
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If grid and plate transmission lines, or either, are connected directly
to the tank coils, a parasite may be found at a frequency close to the
normal operating frequency due to the fact that the transmission line
offers multiresonance conditions and the amplifier oscillates at a
frequency for which it is not neutralized, as described above. This
parasite may sometimes be stopped by changing to inductive coupling
or by detuning of the transmission line circuits so that the grid and

Fig. 7-Transmission-line parasites.

plate parasitic circuits are widely detuned. It may also be stopped by
adding damping resistors at a point of high parasitic current in the
transmission lines. In the case of a parallel
transmission lines to ground, the damping resistance can be added so
as not to cause any loss at the normal carrier frequency.

If "shunt feed" of both bias and plate voltage supplies is used,
considerable trouble may result from complex resonance conditions.

Fig. 8-Choke-coil parasites with "shunt feed."

The choke coils tend to resonate at various frequencies with the tank
elements causing parallel or series parasites of the tuned -grid tuned -
plate variety. After studying choke parasites, one is tempted to elimi-
nate all choke coils, due to the fact that sufficient trouble can be had
without tolerating choke parasites. If chokes are to be used in a trans-
mitter for a specific purpose, as for instance, eliminating the direct
plate voltage from the neutralizing and plate tank capacitors, then it is
desirable to use the shunt feed in either the grid or the plate circuit
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but not in both. In the 500 -kilowatt WLW power amplifiers (push-pull
circuit) the shunt method of feeding plate voltage is used for these
particular reasons and the plate chokes were very carefully resonated
at the assigned frequency. Even then it was found that very high radio -
frequency voltages existed at certain points along the choke coils and
arcovers occurred to near -by objects. It was also noticed that consider-
able fourth harmonic of the fundamental radio frequency was being
radiated from the antenna. A wavemeter near the transmitter showed
almost as much deflection on the fourth harmonic as on the funda-
mental. All of these results were traced to a resonance condition in the
grid transmission line and the plate choke coils at the fourth harmonic
of the operating frequency. It was necessary to change carefully the
number of turns on the coil and add resistance to the grid line in order
to eliminate the difficulty.

Fig. 9-External link circuit parasite.

Considering the Meissner oscillator circuit, consisting of an external
tank circuit coupled inductively to a grid coil and to a plate coil, a
parasite may occur in transmitters having additional circuits as a
framework link coupled to the normal circuit elements. There has been
found one case, where the internal framework of a set link coupled the
grid and plate circuits to cause a parasite. This was eliminated by
opening the framework circuit to prevent the link coupling.

With large water-cooled tubes operating at high plate voltage, a
large amount of secondary emission from the grid may occur with
positive grid potentials. The negative slope of the grid -current char-
acteristic indicates negative grid resistance which will produce oscilla-
tions in conjunction with a tank circuit. The grid -current characteristic
shown in Fig. 10 indicates a negative grid resistance which will produce
oscillations over the range of A to B. The oscillation frequencies which
occur are largely determined by the grid -circuit constants, and, there-
fore, the cure used for the tuned-grid-tuned-plate oscillation does not
apply. In connection with dynatronic grid parasites, it should be
noted that the grid -current meter will usually read negative grid cur-
rent. This fact often helps in determining this type of parasite. There
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are several grid circuits or grid paths to ground, especially in a push-
pull circuit, any one of which may cause a dynatronic grid parasite.
Parallel and series oscillating circuits have been found. The inductance
of the armature of a bias motor generator and its associated filter
capacitor may control the frequency of a very low-frequency oscilla-

RECTIFIER
TUBE

A

B

C

TOTAL
AMPLIFIER

TUBE

Fig. 10--Dynatronic grid parasite and dynatron rectifier.

tion of the radio -frequency carrier amplitude in a class B radio -fre-
quency amplifier. In addition to all of the oscillations due to the various
grid circuits on a tube, it should be emphasized that the amplifier may
oscillate at the fundamental frequency even though it is perfectly
neutralized, since the grid circuit oscillates at the grid tank circuit
frequency and the oscillation is amplified as usual in the plate circuit.

Some success has been obtained in damping the oscillation circuit
with resistance, but for complete protection it is most practicable to
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add a dynatron rectifier to the grid circuit which will draw positive
grid current when the amplifier grid draws negative current. Series
grid resistance is undesirable in class B radio -frequency amplifiers,
especially with wide variation in the value of positive and negative
grid current. A runaway effect in the operation of the tube may result
from the use of series grid or biasing resistance when incipient gas
flashes occur in large tubes, since the grid may suddenly assume a high
positive potential.

With 100 -kilowatt vacuum tubes, the dynatron rectifier, Fig. 10C,
may be a two -element 50 -watt size kenotron tube having resistance
R1 in series with the plate circuit in order to control the current drawnr

INPUT OUTPUT

Fig. 11-Parallel connected amplifier tubes.

by the tube. The rectifier tube and resistor are connected between grid
and filament of the amplifier tube, so that current flows only with
positive radio -frequency grid potentials.

A series resistor R2 shorted by a capacitor C2 may be used to bias
further the dynatron rectifier so that it does not draw current until the
negative resistance region A -B is reached. The resulting over-all grid-
current characteristic over this range may be made approximately
zero or slightly positive as shown in the upper curve of Fig. 10A. The
rectifier tube current may be emission limited for high positive values
of grid voltage, and this is desirable to limit the peak grid load in a class
B radio -frequency amplifier for minimizing audio distortion.

When tubes are paralleled it is well known that intertube parasites
may exist. The oscillation is at very high frequency and of the series
type. The frequency is determined by the inductance of the conductor
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between the grids, and the input capacity of the tubes. The plate cir-

cuit similarly has a conductor between the plates of the tubes, and, of

course, a tube output capacity. It may be eliminated by connecting

small resistors in the order of twenty-five or fifty ohms in series with

each grid or the grids may be tied together with as short leads as pos-

sible, and small choke coils may be connected in series with each plate.

Fig. 12-Paralleled amplifiers.

In the WLW 500 -kilowatt transmitter there are three identical
amplifiers, each of which will deliver 170 kilowatts. The grid circuits
are excited in parallel and the inductively coupled output coils are
connected in series.

Additional parasitic circuits with the paralleled amplifiers were
largely due to the common grid transmission line. A parallel parasite of
all tubes was stopped by grounding the mid-point of the grid loading
resistor. In addition to the common grid line circuit there are parasitic
circuits between amplifiers. The plate chokes and tank capacitors
formed the plate circuit for the tuned-grid-tuned-plate type oscilla-
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tions. Damping resistors were added in the transmission lines to each
amplifier as shown and these effectively prevented oscillations between
amplifiers. There were two resistors in series in this circuit between
amplifiers, yet for the excitation current from the driver stage the resis-
tors are connected in parallel. This minimizes the power lost in the
resistors at the fundamental frequency.

In a push-pull amplifier with transformers in the grid and plate
circuits, high -frequency oscillations above the audio -frequency range
may occur on peaks of audio excitation. In the high power class B
audio modulator at WLW this oscillation was found at a frequency of
550 kilocycles.

Fig. 13-Class A and B audio amplifier parasites.

The oscillation is commonlyof the push-pull tuned-grid-tuned-plate
type. The interelectrode tube capacities become significant at radio
frequencies and the audio amplifiers are not neutralized in general
practice. In general, audio transformers have natural resonant fre-
quencies above the audio-frequency range where the impedance is
very high or very low corresponding to shunt and series resonance. The
high -frequency resonant points are in approximate harmonic relation
as modified by the fixed stray capacity of the terminal bushing insula-
tors and winding. Above the resonant frequency range the transformer
impedance may be low and capacitive at a power factor determined by
the characteristics of the insulation. Transformer impedances vary
over wide limits with different input and output transformers in a classB stage and the oscillation frequency will be determined by the opti-
mum circuit conditions.

There are many ways to stop the oscillation. The grid transformer
secondary is usually loaded into separate resistances, but this does not
necessarily prevent the oscillation if the grid leads are long and include
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a large loop area. The grid loop area may be reduced, or, better still,
by-pass capacitors may be connected in parallel with the grid and fila-

ment connections of the tubes close to the tube connections for circuit

detuning. Small resistors may be connected in series with each plate
lead. Also a resistor may be connected across the primary of the output
transformer close to the tubes in series with a capacitor which has high
reactance at audio frequencies and low reactance at the parasitic fre-
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Fig. 14-Cascade amplifier instability.

quencies so that the resistor is effective in damping the output trans-
former primary at radio frequencies.

The input transformer in a class B amplifier should have low leak-
age reactance in order to minimize audio distortion and parasitic
oscillations which may be aggravated by periodic commutation of the
grid current.

In large transformer coupled class A amplifiers.it is possible to have
parasites similar to those described in the class B audio amplifier and
the method of prevention is the same.
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Cascade amplifier instability is a function of the amplification and
interstage coupling, particularly between the output and input circuits.
Frequently "motor -boating" or low -frequency oscillations may be
caused by resonance conditions in filter circuits which are common to
more than one stage. In resistance coupled class A amplifiers with a
common plate voltage supply additional complications result, in pro-
portion to the size of the interstage coupling capacitors and the grid
resistors. It has been found that the RC product of these two values is
limited to about 100,000 (ohms >0..tf) in typical amplifier circuits for
stable (*ration.

INPUT STAGE STAGE -STAGE
NO. 1 NO.2 NO.3-

c -

Y Y P Y Y

a
Fig. 15-Trigger parasites.

OUT

Decoupling circuits, consisting of resistors and capacitors, Fig. 14B,or separate filters, are effective in preventing instability betweenamplifiers having nominal gain. Separate resistors are connected inseries with the plate supply to each amplifier and each lead is by-passedon the load side in each amplifier. Separate power supplies may berequired to prevent feedback from a high level amplifier into a lowlevel amplifier.
If capacitors alone are used in by-passing common grid or platepower supplies, Fig. 15A, interstage coupling is possible at very highfrequencies where the by-pass capacitors form parallel resonant cir-cuits with the common connections, Fig. 15B. A small change in the



Fyler: Parasites in Transmitters 1005

length of a lead may produce stability. Nevertheless the decoupling

circuits are most satisfactory for preventing instability.
Input circuits usually require careful shielding and filtering to pre-

vent stray magnetic or electrostatic coupling, particularly from the

radio -frequency output of a transmitter. Electrostatic shields between

audio transformer windings are sometimes required.
In high power amplifiers requiring high plate voltage, an inter-

mittent parasite may exist due to shock excitation by a transient of

some circuit in the amplifier. The parasite may be a damped oscillation

of any of the types mentioned.
It is conceivable that steady-state parasites may be eliminated but

a high voltage oscillation may exist for a few cycles during a transient.

If parasites are eliminated by circuit damping rather than by circuit
detuning the possibility of transient or trigger parasites is reduced.

Very spectacular flashovers may result when a parasite excites a
series resonant circuit. It is well known that the voltage across both of

the series elements may rise to one hundred times or possibly one
thousand times the applied voltage depending upon the ratio of react-

ance to resistance of the circuit. If a series resonant circuit exists in the

plate circuit of a high power amplifier where the series inductance

happens to be the plate lead to a tube, and the stray capacity of a

coupled tank circuit to ground forms the capacitor element, it is pos-
sible to obtain extremely high voltage.

During testing work with a ten-kilowatt oscillator, a momentary
flashover of two feet occurred from a secondary circuit to ground when
the plate voltage of seven kilovolts was applied to the oscillator. The
arc was thin and blue in color and only occurred for a fraction of a
second on the starting transient. Apparently this type of parasite may
be stopped by circuit detuning or damping as previously described. In
the test oscillator a small capacitor from grid to cathode eliminated
the trouble.

There is another type of surge in radio transmitters which simulates
the phenomena of a "trigger" parasite. This is the internal flash arcs of
large vacuum tubes. The flash arc has been called "gas flash," "Rocky
Point effect," and "arcback," although the latter designation is com-
monly reserved for mercury-vapor tubes. The internal tube flash is
primarily a function of potential gradient and gas pressure in high
vacuum tubes. Potential gradient is a function of the potential between
elements and of the curvature of the tube elements. The random occur-
rence of the flash arc in vacuum tubes, frequently not concurrent with
modulation peak potentials, indicate spasmodic gas -pressure variations.
The intensity of the visual flash arc varies from a barely noticeable
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incipient breakdown in the tube producing a momentary audible ping,
to an intense power arc resulting in a virtual short circuit between tube
anode and cathode or grid accompanied by a loud metallic sound from
the anode. It is possible to burn out the filament and grid wires with a
sustained arc. The amplitude of the short-circuit plate current in large
tubes must be controlled by a series plate resistor, Fig. 16B, and the
high voltage power supply to the tubes should be opened or discon-
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Fig. 16-Flash arcs in vacuum tubes.

netted very quickly if the energy dissipated within the tube is to be
kept within safe limits. Protective plate resistance in the order of 100
to 200 ohms for a 10 -kilowatt tube and 20 to 40 ohms for a 100 -kilo-
watt tube has been found desirable. The tungsten filaments of large
tubes permit gradual clean-up of gas and a circuit tuning condition has
been found advantageous, especially with new tubes. If the plate circuit
is tuned to a slightly lower frequency than the normal operating fre-
quency to produce a leading power factor of plate current and a five to
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ten per cent increase in the direct plate current in a class B or C radio -

frequency amplifier, the clean-up action of the filament is apparently
improved. The plate tank inductance or capacity is increased slightly
in order to achieve the leading power factor. (Fig. 16C.)

Frequently a screen -grid tube amplifier will oscillate when con-
nected in the usual circuits even with the screen grid suitably by-passed
to the filament. The tube may oscillate at the fundamental frequency
due to stray coupling between the grid and plate circuits, Fig. 17A.
Grid and plate choke coils or other circuit elements may be mounted

A

A To B
SERIES RESONANT

+E5

Fig. 17-Screen-grid tube oscillations.

too close together or the grid and plate circuits may be coupled through
paralleled leads. If the screen -grid by-pass capacitor is too small, or if
the lead connecting it to the cathode is too long, also, if the frequency
is too high, the screen grid may not be effective in preventing feed -back
coupling through the control -grid -to -plate capacity in the tube. It has
been found that a variable capacity may be substituted for the fixed
screen -grid by-pass capacitor as a possible means of preventing this
instability at the higher frequencies of operation. The screen-grid radio -
frequency potential may then be reduced to a low value by series
resonance of the external circuit to 'the cathode. This does not mean
series resonance of the circuit including screen -grid -to-cathode capacity
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as this would give high radio -frequency screen -grid voltage, and permit
a tuned-grid-tuned-plate ,oscillation with an ineffective screening ele-
ment.

A

1

B

Fig. 18-Screen-grid tube parasites.

If the screen grid is supplied with voltage through a high value ofseries resistance from the plate-voltage supply, and if the excitation islow in a class C amplifier, an unstable oscillating condition may resultwhich is similar to a relaxation effect. The frequency is determined by

Fig. 19-Crystal oscillator instability.
the RC time constant of the screen -grid circuit. This condition may becorrected by using a voltage divider for the screen -grid voltage supply,so as to prevent excessive changes in the screen -grid voltage. Anothertype of parasite, Fig. 18B, consists of an ultra -high-frequency oscilla-tion where the screen grid becomes an anode and the oscillation is ofthe tuned-grid-tuned-plate type as shown. This is stopped by adding
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inductance or resistance to the grid circuit either to detune or dampen

the circuit.
When a very high -frequency crystal is used, the spacing between

the plates becomes small and the shunt capacity, therefore, increases.
If the leads between grid and filament of a crystal oscillator tube are
too long, a high -frequency parasite may exist between the grid and
plate circuits as a tuned-grid-tuned-plate oscillation where the grid
inductance consists of the long grid lead. The plate -circuit inductance
consists of the plate -tuning capacitor lead. The tube interlectrode
capacities form the capacitive elements of the tank circuit. it is desir-
able to keep the grid circuit short and lengthen the plate circuit, possi-
bly by adding a choke coil next to the plate of the tube. Inductive
feedback is reduced by separation of the grid and plate leads and by

+E
B

Fig. 20-Oscillator parasites.

decrease of the area of the grid -circuit loop. Ceptain crystals have
abrupt frequency changes due to a slight change in temperature. One
cure is to reduce the crystal current to a low value to prevent heating
by the use of a pentode oscillator. Another is to change to the new low
temperature coefficient crystals which permit even greater output from
the crystal oscillator.

One form of superregeneration detection depends for its action upon
the use of a high resistance grid leak so that the oscillations in the tube
start and stop at a superaudible rate as determined by the value of the
grid leak and capacitor. This type of composite oscillation might be
considered a form of relaxation oscillation. The interruption frequency
is determined by the values of the grid leak and blocking capacitor.
An oscillator may break into this superregeneration or intermittent
blocking, due to the grid -leak resistance being too high but it may also
be due to the fact that the ratio of grid excitation to plate tank voltage
is too high, or in other words, because of overexcitation.

Oscillators of the tuned-grid-tuned-plate, Hartley, and Colpitts
types have parasitic circuits through capacitor leads and chokes as de-
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scribed above for amplifiers, and similar methods of prevention apply.
The Meissner oscillator parasites easily at a frequency determined by
the grid and plate coils and tube capacities, especially with loose
coupling to the external tank circuit.

In receivers, the loud speaker, together with variable condensers,
tubes and other elements, may cause an objectionable howl due to

A

Fig. 21-Mechanical resonance oscillation.

mechanical coupling. Similarly, the tube elements in transmittingtubes, and the coils in large transmitters may sometimes mechanicallycontrol the frequency of an audio oscillation. This oscillation may also
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Fig. 22-Standing-wave parasite on plate of tube.

depend upon the transmission of sound through air or other mediumfor coupling between mechanically vibrating elements. In any case thesolution to the problem is quite simple because of the fact that thesound may be heard. The mechanical coupling or damping may bechanged sufficiently to prevent the oscillation by the use of shock
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mounting or more rigid construction. In the diagram shown, (Fig. 21A)

vibration of the screen -grid tube was found to cause an audio oscilla-
tion due to mechanical coupling between the tank coil and the tube.
The oscillation was easily stopped by more rigid mounting of the coil.

About six years ago an interesting parasite was discovered at
WGY with developmental 100 -kilowatt tubes. If both grid and plate
leads are by-passed to the filament, standing waves of voltage at an

Fig. 23-High-frequency arc standing on an insulator.

ultra -high frequency may be found on the tube elements. The voltage
is, of course, low at the by-passed end and high at the free end of the
tube (Fig. 22). The frequency of oscillation was about 50 megacycles.
Many kilowatts can be developed in this way although the circuit is
rather inefficient because of the fixed loss in the lower voltage end of the
tube. This parasite may be cured by removal of either by-pass capaci-
tor and by inserting an inductance in the plate lead as described above
for elimination of high -frequency parasites,
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PRECAUTIONARY NOTE

The study and elimination of parasites require close adherence to
safety precautions because of the attendant exposure to high power
circuits while making test changes. High -frequency parasitic currents
have been found to break down the insulation in safety interlocks and
in start -stop switches. The moral is to use adequate safety devices in
working on any circuit with voltages over three hundred volts. A red
light which shows when the high voltage is on, gives a certain protec-
tion but is an indicator and not a safety device. All high voltage filter
condensers should have bleeder resistances and best of all a safety
switch should be used to short-circuit high voltage filter condensers
when working on the transmitter.

CONCLUSIONS

In the elimination of parasites from a transmitter, the circuits
should be kept as simple as possible to prevent complex resonance
conditions. Radio -frequency choke coils and shunt -feed circuits should
be kept at a minimum. Wide band neutralization circuits are desirable.
The grids of vacuum tubes should be effectively by-passed capacitively
to the cathode through a capacity, and inductance added next to the
plates of the tubes to eliminate short-wave parasites. If necessary, the
plate or grid parasitic circuits should be damped with resistance.
Inductively coupled rather than capacitively coupled input and output
circuits should be used wherever possible. The mechanical layout of a
short-wave transmitter should be well planned with short leads and
compact tank circuits to keep the current where it is supposed to be
and to minimize stray coupling between circuits.

e
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Summary-The fundamental functions of the electrons and their work cycle,

in the interelectrode space of high vacuum tubes, are discussed. It is shown how the
triode feed -back circuit becomes inoperable at very high frequencies due to space-
time and reactance characteristics. It is further shown how the space-time conditions
can be organized to benefit the maintenance of oscillation instead of becoming a
detriment. Some of the more familiar arrangements, such as the Barkhausen and the
magnetron circuits, which' are based on this principle, are discussed in some detail.
With these illustrations as a background the author describes a new method of fre-

quency multiplication at very high frequencies. This method yields much greater
power outputs than hitherto possible and promises to become very useful.

Various means for frequency stabilization are referred to and the merits of
frequency controlling devices, such as crystals and low power factor circuits, are com-

pared.
Special problems encountered in the application of modulation at very high fre-

quences are described and reference is made to methods developed to meet these prob-

lems.
Practical considerations of circuit arrangements are described in some detail.

Several examples of transmitter design are given. These sections are illustrated
with photographs.

Important points in connection with antennas and transmission lines are
discussed and the results of some measurements are given.

The paper ends with a brief reference to some propagation results obtained by
RCA Communications engineers and others.

INTRODUCTION

HE purpose of this paper is to report progress in theoretical con-
ception as well as in practices pertaining to ttLe application of the
frequency band between 300 and 1000 megacycles to radio com-

munication.

THE ELECTRON PERFORMANCE IN HIGH VACUUM

Since electrons are negative electric charges, their presence in the
interelectrode space of a vacuum tube causes, by virtue of electrostatic
induction, positive charges to be distributed over the electrodes which
will vary in accordance with variation in position of the electrons. If
the external circuit consists of a resistance it can be seen that the cur-

* Decimal classification: R355.5. Original manuscript received by the
Institute, June 11, 1934: revised manuscript received by the Institute, Novem-
ber 19, 1934. Presented before Ninth Annual Convention, May 30, 1934, Phila-
delphia, Pa.
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rent produced in this resistance, by virtue of the electron motion in the
interelectrode space, always causes a voltage drop on the electrodes
which retards the electron motion and decreases the rate at which elec-
trons enter the interelectrode space.

When the electrons land on the electrodes, the positive charges in
the electrode meet the corresponding electron charges and are cancelled.
The current caused by the electron motion therefore ceases at the mo-
ment the electrons land. Whatever kinetic energy the electron possesses
at the time it lands is lost in the form of heat.

/0
FH-1 (Spit anode
Magnetron)

(Barichausen oscillator)
26

loo lbw
Frequency in megacyc es

Fig. 1-Frequency versus power output at rated anode dissipation of someAmerican transmitting tubes. Curves not otherwise indicated refer to per-formance in triode feed -back oscillators. These curves were originally pub-lished by W. C. White in the General Electric Review, September, (1933).

THE ELECTRON PERFORMANCE IN HIGH
VACUUM AT HIGH FREQUENCIES

When the well-known, triode feed -back oscillator is adjusted forhigher and higher frequencies, a frequency will eventually be reachedbeyond which the device fails to perform. (Fig. 1.) It is ugually assumedthat the increased circulating currents necessary to maintain properelectrode potential across the decreasing capacitive reactance of theinterelectrode space cause prohibitive losses. This is, however, not the
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major factor in well -designed circuits and the chief limitations are
instead to be found in the vacuum tube itself.

Hitherto it has been possible to neglect the interelectrode transit
time of the electrons in vacuum tube phenomena. The finite velocities
of the electrons introduce phase lags in the electron motion which are
unsuitable to the triode feed -back method and results in a reduction of
efficiency. Accompanying this phase lag electrons are trapped in the
interelectrode space. As the transit period terminates, the electrons in
the grid -cathode space come to a stop. The grid potential is rapidly
becoming very negative and assumes a controlling effect upon the field

in the grid -cathode space. This field therefore changes direction and
the electrons in the grid -cathode space are thrown back into the cath-
ode at high velocity, resulting in high kinetic loss. Since the plate be-
comes more positive, while the grid grows negative, the field in the
grid -anode space is increased. The electrons in this space therefore re-
ceive additional impetus in the direction of the anode and arrive there
at high velocity and thus with a high kinetic loss. At the lower frequen-
cies the interelectrode spaces are "cleaned out" before the potentials
have had time to reach excessive values. The higher the frequency the
greater becomes the number of electrons which fail to accomplish the
transfer or which transfer under field conditions which cause excessive
kinetic losses. The existence of these losses has previously been referred
to but not explained.' Since a great portion of the grid input energy, due
to trapped electrons, appears at the cathode, its value can be observed by
noticing the increase in cathode resistance from -the increased cathode
temperature. Estimates of the loss obtained in this way indicate that
it is a major source of frequency limitation in conventional transmit-
ting tubes.

In order to reduce the losses during the "cleaning -out" period, the
interelectrode space must be made small in volume so that it contains
a small number of electrons in transit. If the power output is to be
reasonably retained and since the cathode emission at the present can-
not be increased, the cross section of the interelectrode space cannot be
excessively reduced. The only way to obtain substantial decrease of
volume is thus to reduce the length of the interelectrode space. While
this on one hand results in increased capacity with the handicap of
higher circulating currents it improves the phase relation between the
moving electrons and the electrode potentials. Thompson and Rose2

1 F. B. Llewellyn, "Vacuum tube electronics at ultra -high frequencies,"
PROC. I.R.E., vol. 21, pp. 1532-1574; November, (1933).

2 B. J. Thompson and G. M. Rose, Jr., "Vacuum tubes of small dimensions
for use at extremely high frequencies," PROC. I.R.E., vol. 21, pp. 1707-1722;
December, (1933).
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have had rather outstanding success in compromising these factors in
the design of receiving tubes for very high frequencies.

GENERATION OF HIGHER FREQUENCIES

In the triode feed -back circuit the electron flow takes place during
a very short favorable portion of the oscillation cycle. Due to the finite
velocity of the electrons it has been shown that it is not possible to
confine the existence of electrons in the interelectrode space to such
short portions when the frequency is increased. As a result, and be-
cause of the nature of the circuit, the oscillating power created in the
external circuit is returned to the electrons and lost in the form of heat.
It is, therefore, necessary to choose methods in which the electrons may
perform usefully during more prolonged portions of the oscillation
cycle; in which the time of travel of the electrons and the electric fields
produced by the electrons themselves contribute to the condition of
oscillation. In other words, the electrons themselves and their motions
constitute the whole oscillator. All such oscillators require electric, and
often also magnetic, field conditions such that the electrons as a group
are subjected to unstable conditions which can produce whistle effects
in the interelectrode space. The periodic pressure effects in an air
whistle would thus correspond to the potential effects set up by the
periodic formation of concentrations in space charge.

These conditions may be obtained if the electrons are given an
opportunity to miss an anode as they are accelerated toward it. After
missing the anode and as the electrons are thus carried away from it by
their own momentum, they will be subject to a retarding force instead
of an accelerating force from the anode. They will eventually come to
a stop and again be accelerated toward the anode. The positive direct -current potential on the anode thus makes the electrons describe a
pendulum motion. Since there are many electrons and thus many such
pendulums they cannot be permitted to oscillate at random phase since
they will then cancel each other's effect upon the external circuit. The
pendulum motions must, therefore, be organized to operate in unison.
By comparison with the traffic congestion on a highway which occurs
at points where the traffic speed is reduced, it is easily seen that con-gestion of electrons will arise in the regions of the interelectrode spacewhere the electrons turn around. As these accumulations form, theresultant electric field in the interelectrode space is gradually beingaltered. This alteration influences the motion of the electrons. Also,electrons arriving later at the turning region, retard the turning aroundof the earlier ones, while, on the other hand, the earlier electrons speedup the turning around of the later ones. This condition is therefore
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crnducive to synchronization of the oscillating electrons so that t hey

form into groups. When the oscillating electrons form into groups they
will thus no longer cancel each other's influence upon the external
circuit. The losses from the currents induced in the external circuit by
the group motion will, therefore, introduce a load upon this motion,
and the motion of the individual members of the oscillating electron
group will become attenuated. This attenuation takes place in the di-
rection toward the prime mover, t he anode, where the electrons are
ultimately deposited. Since they are continually being replaced by
newly emitted electrons of high momentum, the motion of the group as

a whole is not attenuated but may be represented by an average of the

motion of its cont inually changing members. I t should also be clear
that many of the electrons will be subject to accidentsso that they will
prematurely collide wit li the anode. There is no elect rode $2,,st em known

where this can be prevented. The fact should, however, be noted that
while such collisions represent very great losses the kinetic energy so
spent is not taken from the oscillating energy in the external circuit
as the case happened to be at the end of transit in the triode feed -back
oscillator. Practically all of the momentum possessed by the electrons
has been derived from acceleration by the int (Tele et rode, direct -current
field. Since the cathode is inherently located in a region where the elec-
trons reverse their motion and since the space charges, there forming,
appear periodically, it is clear that the emission from the cathode will
also be subject to periodic fluctuations. This phenomenon and the syn-
chronizing tendency between the individual electron pendulums as
they approach the turning regions amplify one another and establish
a reasonably substantial tendency for the electrons to form a whistle
effect in the interelectrode space.

The best known methods utilizing these principles are the Park-
hausen and the magnetron methods. In both these arrangements the
electrons are made to turn around before reaching the plate. In the
Barkhausen method an ordinary three -element vacuum tube may be
used. The grid is highly positive and acts alternatingly as accelerator
and decelerator for the electrons which pass through. The plate is
mostly operated at a slightly negative potential to facilitate the revers-
ing of the electron motion before the electrons reach the plate. The
path of an individual electron is shown in Fig. 2.

The magnetron, as is well known, consists in its most common form
of a centrally located cathode which constitutes the axis of a cylindrical
anode. The anode has a high positive potential and the electrons are
made to miss it by virtue of the deflecting properties of an axial mag-
netic field. The path of an individual electron is shown in Fig. 3.
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One very interesting phenomena in common for both the Bark-
hausen and the magnetron methods is the difference in the behavior of
the oscillations when the tuning of the external circuit is approached
from a state of lower or higher circuit tuning. This phenomenon is due
to the fact that the voltage inducing effect from the electrons is two-
fold. The electrons accumulating near the plate or near the cathode
cause voltages to be produced on these elements by electrostatic in-
duction. The voltage drop across the resistive component of the ex-
ternal circuit is, however, a maximum when the electrons are in a state
of highest velocity. This voltage is therefore ninety degrees in phase
lead of the voltage set up by the electron accumulations. The combined
voltage on the electrodes therefore tends to make the electrons turn

C

Fig. 2-Attenuated path of the individual electron when partaking in organizedgroup motion in a triode pendulum oscillator.
Fig. 3-Attenuated orbit of the individual electron when partaking in organizedgroup motion in a magnetron oscillator.

around sooner. The frequency is increased. Since the frequency of
oscillation thus increases as the resistance between the electrodes is
increased, a peculiar effect occurs when the tuning of the interelectrode
circuit is varied. If the circuit resonance is made to approach the elec-
tron oscillation frequency from a lower value, the electron oscillation
in the tube will recede upward and will thus have to be trailed by the
circuit tuning. If the circuit tuning is adjusted above the electron
oscillation frequency and then lowered, the oscillation frequency movesup to meet it. In the Barkhausen case this phenomenon has been called
Gill and Morell oscillations.

EFFECTS IN THE VICINITY OF ELECTRODES
In addition to the effects of the electron motion so far consideredit may also be of interest to consider the local effects in the closevicinity of an electrode.
The electric field from the electron, which at a distance covers

the electrode fairly uniformly and causes a current of no definite origin
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to flow through the electrode, as the electron moves, becomes more
concentrated as the electron nears the electrode. The current origin
in the electrode becomes more and more defined into a spot under
the electron where it becomes very concentrated. The direction of
this current is toward the spot if the electron is in an approaching
state and away from the spot if the electron is in a receding state.
These considerations, of course, do not apply to electrons moving
parallel with the electrode surface. This phenomena is naturally ex-
tremely rapid in that such concentrations do not become noteworthy
until the electron is fairly near the electrode. It takes place during a
very small fraction of the total transit time of the electron. Its period
is therefore greatly in excess of that represented by the transit time
and represents real ultra -high frequencies. These "surface oscillations"
are independent of the frequency at which the device operates and
depend only on number and velocity of the electrons.

Carrying the discussion a little further it becomes increasingly
difficult to see where to draw a line between these "spot impulses" and
heat quanta. It depends largely upon the size of the area under con-
sideration if the period belongs to the radio -frequency region or the
heat region. If the electron is headed for a landing on the electrode
the spot becomes smaller and smaller until we reach the molecular
and atomic structure of the electrode where the remaining kinetic
energy is interchanged.

If the electron does not approach the electrode quite so close, like
for instance when an electron passes through a ,grid structure the
frequency produced, while high, is definitely one far below that of
heat.

Not being organized these impulses cannot be shown in the ex-
ternal circuit under ordinary conditions. It may, however, be possible,
by special methods to set up conditions, by using a very restricted
number of electrons, whereby these oscillations may be shown.

NEGATIVE RESISTANCE

The expression "negative resistance" is very commonly used in
explaining oscillatory phenomena. Reference to it in the previous dis-
cussion has been avoided until sufficient background could be estab-
lished for a clear understanding of its nature. It has been seen how in
the triode feed -back circuit maximum electron transit is obtained
when the anode potential is at a minimum. As the anode voltage de-
creases the current through the tube increases. In an electron pendulum
device the electrode toward which electrons are moving has its highest
negative tendency as the electrons possess their greatest radial velocity.
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Therefore, as the electrode voltage decreases the current through the
tube increases. In the so-called dynatron method, similar current -
voltage conditions are obtained with the aid of secondary emission.
The electrons are usually made to pass through a grid of high positive
potential toward a plate of less positive potential. The electrons will,
therefore, land on the plate with considerable velocity, causing other
electrons in the plate to bounce off and be attracted by the grid. As
the positive potential on the plate is increased the oncoming electrons
will have a higher velocity and thus cause more electrons to bounce
off and travel in the opposite direction. The total current will decrease
because the ratio between electrons coming to the plate and leaving
it has been decreased. All these methods, therefore, have the one char-
acteristic in common that current and voltage vary inversely. This is
characteristic of negative resistance. Since the operation of the dyna-
tron is not based on time delay in electron transit this method, in its
fundamental principle, is not adaptable to generators of extremely
high frequencies. More or less developed dynatron action is, however,
often obtained in conjunction with other methods whenever electrodes
are bombarded by high velocity electrons.

FREQUENCY MULTIPLIERS

Since the electron pendulum methods are critical to fields and
space charges, each type of tube has a fairly well established maxi-
mum output at a particular frequency. The outputs from conventional
sizes of tubes are limited to a very small portion of the power output of
which they are capable when operating at frequencies where the time
of eleCtron transit is of no significance. It was, therefore, considered
that if the frequency of the greater amounts of power possible to pro-duce at the lower frequencies could be multiplied efficiently, greater
power may also be realized at the higher frequencies.

The commonly known vacuum tube frequency multipliers, whichare widely used for various purposes, consist of a triode, a circuit con-nected to the grid which is tuned to the fundamental frequency and acircuit connected to the plate which is tuned to a harmonic frequency.The grid has a negative bias and the plate has a positive potential.
The frequencies used are usually well below the values at which thetime of electron transit assumes significance. This shortness of thetransit time is in fact an asset since the production of harmonics de-pends on the immediate establishment and discontinfiation of electroncurrent as the grid potential passes above and below the cut-off value.By virtue of the plate power the device also operates as an amplifier.As the input frequency is increased, the electrons will remain in
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the process of transit while the electrode potentials may vary consider-

ably. Like in the triode feed-back circuit this is very detrimental. As

the grid potential goes below cut-off value, it first retards the electrons

moving toward it from the cathode. The electrons therefore deliver the

energy they chiefly received from the direct -current source into the
external oscillating circuit and the grid receives an impetus in accord

with its negative swing. As the grid continues to become more negative

the electrons will finally come to a standstill whereafter they will be

accelerated back toward the cathode. They will then draw power from

the external circuit. The acceleration received in this direction is

greater since the grid is now very negative. The total effect of the mo-

tion from the cathode and back again is, therefore, a loss. The electrons

in the grid -anode space received added acceleration in their original

direction as the anode potential swings in a more positive direction.
This accelerating power is thus also obtained from the oscillating en-
ergy in the external circuit. Both the fundamental frequency circuit
and the harmonic circuit, therefore, lose more and more of their power

as the frequency is increased.
Due to the increase in potential gradient toward the central cath-

ode in cylindrical element tubes the greatest effects upon the motion
of the electrons are, of course, obtained in this region. Electrons which
emerge from this region have a more predetermined motion for the
rest of their path than electrons in flat element tubes. This condition
makes the electrons passing through the interelectrode space of cylin-
drical tubes less sensitive to variation in electrode potentials, during a
great portion of their journey, than in flat electrode tubes with uniform
fields. This fact, of course, holds regardless of the methods of oscilla-
tion employed.

At the lower frequencies the grid simply acts as a throttle which
lets electrons through to the anode during a short portion of the cycle.
The electron accelerating power required for the production of this
motion and the subsequent harmonic it induces is thus chiefly' taken
from the direct -current plate supply. As the frequency is increased the
number of electrons which do not complete their transit from cathode
to anode becomes a greater and greater portion of the total number of
electrons which enter the interelectrode space. The power stored in
these electrons, as they are pushed toward the electrodes, is taken from
the alternating -current component of the external circuit. It is, there-
fore, clear that as the frequency is increased, the frequency multiplier
becomes less of an amplifier. The fundamental frequency input, in-
stead of being only a guide to the electron performance, becomes a
driving force. Since the frequency multiplier outputs at higher fre-
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quencies must derive the driving power from the fundamental fre-
quency input it was necessary to find a way by which the motion of
the electrons, thus driven, could be organized to converge, so that they
would, during a certain phase of their motion, fall through an appreci-
able portion of the interelectrode space in the short time corresponding
to a harmonic current. It was found possible to accomplish this by
introducing a magnetic field which is perpendicular to the electric field.
In a cylindrical tube this then becomes an axial magnetic field. The
effect of the magnetic field may be most easily understood by referring
to the curves in Figs. 4, 5, and 6. For the sake of simplicity a tube with
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Fig. 4-Position versus time of electrons in an alternating -current field betweenflat electrodes. Each curve represents electrons which have left the cathodeduring a certain phase of the alternating -current cycle.

two parallel plane electrodes is being considered. Alternating voltageis applied of such frequency that the time of transit is too slow forcrossing the interelectrode space. The positions of the electrons leavingthe cathode at different times, under the influence of the positive halfcycle of the voltage on the other electrode, will be distributed through-out the space as shown in Fig. 4. From these curves it can be seen thatthere is a tendency for the electron positions to become more and moredivergent with time. Even a rectifying action can be observed in themotion of the electrons which leave the cathode during the first halfof the positive half cycle. If a magnetic field, perpendicular to theelectric field, is introduced it can be given such a strength that the
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° electrons which leave the cathode successively, during the generous
time period of a half cycle of the fundamental frequency, will all com-

plete their return journey to the cathode within a very definite time
limit. (See Fig. 5.) By integrating the velocities, the curve shown in Fig.

6 is obtained. It represents the shape of the resulting electron current
curve. A transformation of the fundamental frequency power directly

into a harmonic component thus becomes possible. The electron stream
exhibits a positive resistance to the fundamental frequency current

a
2.8

2

2.

.2

0

'4.

d'

0 80

Fig. 5-Organization of positions shown in Fig. 4 when introducing a steady,
transverse magnetic field. Note how the electrons, returning to the cathode,
converge in respect to time.

and a negative resistance to the harmonic. As the electrons return to
the cathode they still possess considerable kinetic energy. If it is at-
tempted to lower this kinetic energy by further circuit loading, the
disorganizing effect from the load prevents further gain in efficiency.
The efficiency also depends largely upon which harmonic is chosen.
While the efficiency obtained when producing the second harmonic is
high, the efficiency of the generator of the fundamental frequency oscil-
lations is low since it has to operate nearer the border limits of the
triode feed -back circuit than when a higher harmonic ratio is used. The
multiplier efficiency, however, drops very rapidly as the harmonic ratio
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is increased. Fewer electrons become subject to complete organization.When odd harmonics are produced, two tubes can be operated in push-
pull fashion. Very simple circuit arrangements are then obtained. From
these considerations, the third harmonic has often been chosen as themost satisfactory compromise.

Among the standard tubes available, some three -element tubes
happened to be the most satisfactory for frequency multiplication.Examples of such tubes are shown in Fig. 7. Although it has been foundmost efficient to let all the elements become part of the circuit eitherfor bias purposes alone, or for tuning purposes as well, the cathode andthe grid are, of course, the essential elements between which the major
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Figs 6-Electron current curve corresponding to conditions shown in Fig. 5.

electron performance takes place. The grid is negatively biased andthe plate is given zero or negative potential. The input and the outputcircuits can be applied to any one of the elements as long as the com-bined circuit tuning produces potentials in coordination with the de-sired electron motion. Different values of magnetic field strength aresometimes necessary when choosing various modes of connection.The efficiency obtained with standard, cylindrical element triodesas triplers is about ten per cent. The efficiency gain by using a magneticfield varies but has so far been found to be at least three times that ob-tained without magnetic fields.
Two advantages result from the use of frequency multipliers. Thepower obtainable with a tube used as a frequency multiplier is manytimes greater than that which it would deliver as a pendulum oscillator.Frequency control circuits of great accuracy may be employed.
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FREQUENCY CONTROL

One of the advantages of very high frequencies for communication
purposes is the insignificant width of the modulation band as compared
with the frequency of the carrier. This makes it possible to consider a
great number of communication channels within frequency limits only
a few per cent apart. In order that full advantage may be taken of this
situation it is, however, clear that as the carrier frequency is increased
its relative stability must also be increased. Aside from this considera-
tion, very accurate frequency control is required to permit maximum
selectivity in the receiver in order to obtain optimum signal-to-noise
ratio. The transmitters have been required to provide stability suffi-

cient for reception by means of very selective superheterodyne receiv-

Fig. 7-Left: UX-852 transmitting tube; very useful all around tube for triode
feed -back circuits (Fig. 1), triode pendulum, and frequency multiplier cir-
cuits.
Middle: 300-600 megacycle wavemeter and output indicator. Note the
two 50 -watt load lamps.
Right: RCA -846 (UV -846) water-cooled tube, useful for triode feed -back
circuits (Fig. 1) and for frequency multipliers.

ers, without loss of signal quality. Special efforts have been made to
produce oscillator outputs as free as possible from undesirable ampli-
tude and frequency variations. Since the difficulties of eliminating these
disturbances increase in proportion to the oscillator frequency, the
utmost of every available means for frequency stabilization had to be
mobilized. Vital circuits must be well shielded against electric or mag-
netic influences of variable character. It is also very important that the
frequency determining parts of the circuit be mechanically separated
from their surroundings in order to avoid disturbance from vibrations.
In coupling up with output circuits such as transmission lines and an-
tennas, great care must be taken that a minimum of coupling is being
used. The reaction from variation in the constants of such circuits, due
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to wind, precipitation, etc., will otherwise become very disturbing.
Self -bias, by means of leak resistances and self -rectification often re-
sults in a tendency to maintain constant tube impedance if introduced
in correct porportions in various branches of the tube circuit.

It has often been found necessary to provide smoother anode po-
tentials than normally required at the lower frequencies. Variations
in the direct -current supply have been eliminated by means of a regula-
tor consisting of a combination of resistors with a vacuum tube, Fig.
16. The grid of the regulator tube is connected to a potentiometer in-
serted between the direct-current power supply and ground through a
source of constant negative bias such as a battery. The function of this
bias source is to overcome the positive voltage drop in the potentiom-eter so that the grid may be maintained at proper operating poten-
tial. The anode of the regulator tube draws current from the direct-current power supply through a resistor. The oscillator power is sup-plied through the same resistor. As an example, an increase in voltage
across the direct -current power supply makes the grid of the regulatortube less negative. This increases the current through the common
regulator resistor through which both the anode of the regulator tubeas well as the anode of the oscillator are supplied. An increase in thevoltage drop across the regulator resistor thus takes place. If the deviceis properly adjusted, the rise in voltage is completely compensated bythe drop across the regulator resistor. A front view of such a regulator
device is shown at the right in Fig. 14.

In addition to such measures it is very desirable to incorporatespecial frequency controlling devices such as crystals and low powerfactor tank circuits. Since crystals, of reliable performance above afew megacycles, are difficult to obtain it is necessary to use manystages of frequency multiplication in conjunction with this type ofmaster oscillator. Low power factor tank circuits can be applied moredirectly and, since they otherwise compare favorably with crystals,they are more practicable as frequency stabilizers at very high fre-quencies.

MODULATION
In modulating an oscillator it is sometimes quite difficult to obtainpure amplitude modulation which is not distorted by variations inphase or frequency of the oscillation. This difficulty is rather outstand-ing with the electron pendulum type oscillators.
Higher degrees of purity may, however, be obtained by resortingto compound modulation, i.e., by applying the modulation energy inat least two different ways and in such a manner that componentsrepresenting undesirable modulation effects are cancelled. In a Bark-
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4,ausen oscillator it is, for instance, possible to obtain amplitude modu-
lation substantially free from frequency variations by modulating the
plate and grid cophasially with correct proportions of modulating
voltage. An increase in the positive grid potential will tend to increase
the electron velocity while a simultaneously applied decreased nega-
tive potential on the plate will increase the length of path. The fre-
quency of the electron oscillation may thus be kept constant while the
flow of the electron current is being modulated. In order to obtain
linear amplitude modulation over as large a range as possible, the
power output of the nonmodulated carrier must, of course, be reduced
since the maximum output of electron oscillators is very definite.

In master oscillator frequency multiplier types of transmitters,
undesired frequency modulation is less prevalent, but may sometimes
still be desirable to eliminate inasmuch as any variation in the load on
the master oscillator will influence its frequency stability. Compound
modulation, of various types, may thus be used to advantage.

One very effective way of producing amplitude modulation is to
control the power output by interposing a modulator between the trans-
mitter and the antenna. For producing a steady tone, such as required
for interrupted continuous wave telegraphy, a commutator across the
transmission effective. For more universal purposes
vacuum tube circuit is, however, required. At frequencies above 200
megacycles most vacuum tubes now available are not capable of fur-
nishing efficient conditions for electron transit. In the description of
electron pendulum oscillators it was pointed out £hat the orbital mo-
tions of the individual electrons are subject to decay as they deliver
their energy to the external circuit. In the case of an absorber the
electrons must instead absorb energy from the external circuit and
deposit the so -acquired kinetic energy in the form of heat on the elec-
trodes or the electrons must be so organized that they will serve
efficiently as intermediary links by which the energy is efficiently
directed into resistive load circuits. If the electrons themselves are to
be made to absorb energy, conditions must be set up which give to the
electrons a natural period, or the tendencies for such a period, near the
period of the energy to be absorbed. In such a case, the orbital motion
of the electrons will be of increasing amplitude so that its kinetic
energy will increase. This principle has also been verified in the develop-
ment of apparatus for the production of high speed ions for the purpose
of bombarding atomic nuclei. Periodic oscillations of increasing am-
plitude are then given to ions instead of electrons.3

3 E. 0. Lawrence and M. S. Livingston, "The production of high speed light
ions without the use of high voltages," Phys. Rev., April 1, (1932).



1028 Lindenblad: Transmitters for Frequencies Above 300 Megacycles

CIRCUIT CONSIDERATIONS AT ULTRA -HIGH FREQUENCIES

If the electromagnetic field, established around an electrical circuit
carrying oscillating energy, has dimensions comparable to the wave-
length, energy will be radiated.

Radiation may be reduced by using a balanced or symmetrical
circuit, one whose adjacent, corresponding parts give rise to electro-
magnetic fields of equal amplitudes at opposite phase. The circuit can
actually be built symmetrical as is done in push-pull circuits or as in
two -wire transmission lines. An orginally nonsymmetrical circuit may
be located near a conductive surface, Fig. 8.

In the ultra -high -frequency technique, linear conductors are often
used for tuning instead of circuits with lumped constants. The relative
merits of various combinations of tuning circuits may sometimes be
judged by the total number of resonance points obtained. The fewer

Fig. 8-FP-126, single tube, triode pendulum oscillator. Note the arrangementof the nonsymmetrical circuit near a shield and the wedge-shaped block-ing capacitors which serve as tuning sliders. They are wedged between theconductor and the shield. The surface facing the shield is lined with mica.

such degrees of freedom, the better is the circuit. These resonancepoints arise from many conditions. At very high frequencies, the tube
elements and the internal leads of a vacuum tube form an appreciableportion of the total tuned circuit. When continuing these elements andtheir leads with linear conductors, of dimensions giving constantswhich match, no additional degree of freedom is obtained. When using
external circuits with lumped constants, the total circuit does, so tospeak, more definitely consist of several distinctly separated reactancecomponents. These components may neutralize each other in various
combinations, creating several resonance points. An additional sourceof multiple degrees of freedom is also provided by the coupling phe-
nomena created between the various circuits by the capacity combina-tions between the vacuum tube elements. This effect adds resonancepoints to linear tuning systems as well as to tuning systems with
lumped constants. The resonance points so far referred to, are usually
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qcite close in frequency. The linear type of tuning circuit may, in
addition to these, respond to octaves or harmonics of the frequency to
which they are fundamentally tuned.

The choice of tuning method is thus determined by many factors.
For low frequencies, the linear tuning method becomes impracticable
on account of the large physical dimensions required. As the frequency
is increased and it becomes possible to use linear tuning, a great num-
ber of harmonics may be obtained if the oscillator is still capable of
producing an output at the harmonic frequency. By using circuits
with lumped constants the harmonic feature may be more easily
avoided. The trouble with coupling frequencies may be minimized,
'or avoided, by so adjusting the circuit that only one of these resonant

Fig. 9-Transmission line lead-in detail, showing high 'impedance metallic
suspension links sometimes called "metallic insulators."

frequencies conditions, such as voltage and phase, become of control-
ling influence. At still higher frequencies, where special methods are
used and in which the direct -current potential of the electrodes, in a
larger measure, controls the frequency, the choice of tuning methods
becomes more arbitrary. It may then be determined by other factors
such as mechanical features, cost, space required, etc. When the fre-
quency is so high that the first voltage nodal point appears on the lead
inside the glass envelope of a vacuum tube, or in some other inac-
cessible place, the external circuit must be given characteristics equiv-
alent to the addition of a conductor extending half a wave, or a mul-
tiple thereof, from this nodal point. Such arrangements are especially
successful in master controlled circuits which are void of the ability to
self -oscillate.

Linear conductors may, at very high frequencies, replace insulating
supports. Such conductors must then be given a certain length so that
their impedance is very high at the point of support. For this reason
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they must also be arranged to be nonradiating in the same manner as
linear tuning circuits. A quarter -wave conductor with one end grounded
will have high impedance at the other end. For the support of a push-
pull circuit a pair of such conductors may be used. Such a pair then
corresponds to a U-shaped conductor half a wave long from end to
end, with an electrically neutral point at the bend. The losses incurred
from the use of these metallic insulators are usually much lower than
obtainable with insulating material. Their mechanical strength is
superior and their disturbing effect upon the electrical circuit is smaller.

Fig. 10 --Bend in a transmission line showing application of metallic insulator.

They have been found particularly useful in transmission-line workdown to frequencies as low as fifty megacycles. Applications are il-lustrated in Figs. 9 and 10.
It has been found that stranded wires cause very high losses. Thereason is that the twisting increases the inductance of the individualstrands. At very high frequencies a considerable portion of the currentwill, therefore, force its way over the shorter and lower reactance pathfrom strand to strand either capacitively or conductively. Since suchconductors are seldom clean, the losses at such crossovers are veryhigh. This point requires special consideration in connection with someof the standard transmitting tubes which are equipped with strandedconnecting leads. It is best to eliminate these leads whenever possible.
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For obtaining a direct grounding effect on the filaments of a tube
it is sometimes necessary, for reasons already mentioned, to extend the
length of these leads to make them one-half wave long. In less conven-
tional circuits certain improvements in the phase and voltage condi-
tions between the electrodes may be obtained if it is possible to tune
the filament circuit. Whether linear conductors or circuits with lumped

Fig. 11-Front View of 462 -megacycle, 6 -watt output, UX-852 tube, push-pull
transmitter of the triode pendulum oscillator type.

constants are used, the easiest way of supplying the filament heating
current is to make the radio -frequency conductor of tubular material
and to locate the leads for the heating current inside this conductor.
Small blocking condensers should then be used at the filament end to
prevent radio -frequency currents from entering the heating circuit.
Such arrangements are illustrated in Fig. 18.

When using larger tubes, of the water-cooled type, the water can
be supplied to the tube jackets through metal tubing which also serves
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as tuning conductor. The supply and return water may be handled
either through concentric or independent tubings. The latter is some-
times convenient in that the two parallel tuned circuits thus obtained
allow independent branches for tuning and coupling. (See Figs. 17 and
18.) If these leads also carry high direct -current potential the water
circuit is continued through a rubber hose of adequate length. This
hose is usually attached at a point neutral to radio -frequency voltages.

During experimental work it may often be found difficult to get a
new circuit going. Since it is much easier to study the sources of trouble

-va t.S.A.*AY. !!

Fig. 12-Side view of 462 -megacycle, 6-watt output, UX-852 tube, push-pulltransmitter of the triode pendulum oscillator type, showing "catalyst"circuit.

if a circuit is oscillating, it is sometimes valuable to use an auxiliary
trigger or a "catalyst" circuit. The functions of such a circuit are
manifold. The conductive losses of the oscillator circuit may be too
high. There may be an excessive radiation resistance or some phase and
voltage condition may need correction. A catalyst circuit has, therefore
no definite form but must be made up to suit the suspected condition.
A wide strip of copper, a half wave long, may be bent around in differ-
ent ways and placed in various positions near the tubes or the associ-
ated circuits, Fig. 12: If, for instance, the trouble consists of too high
resistance in the flexible tube leads, some of the external circuit tuning
may be taken over by the catalyst circuit since it may be placed in such
a position that it is capacitively coupled to the tube elements directly
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through the glass envelope without the aid of the leads. Phase condi-

tions may sometimes be corrected by means of tuned loops. Most forms

of catalyst circuits are applicable in reducing radiation. The location

of shields at certain distances from the oscillator may also sometimes
produce desired results.

EXAMPLE OF TRANSMITTING EQUIPMENT

In order to obtain as complete design data as possible the experi-
mental models have in some cases been developed to such a point that

irenM

Fig. 13-Side view of 462 -megacycle, 6 -watt output, UX-852 tube, push-pull
transmitter of the triode pendulum oscillator type, cathode circuit tuning is
here being used.

they would, as nearly as possible, conform with the exacting require-
ments of commercial operation. Many of the considerations in such
designs have already been discussed in a general way. Examples of
such equipment need, therefore, only a brief description.

1. U X-852 Barkhausen Transmitters
The first two transmitter units were built to operate at a frequency

of 462 megacycles and a wavelength of 65 centimeters. For about a
year they were used for two-way telephony between Rocky Point and
Riverhead. These transmitters, which are shown in Figs. 11, 12, and
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13, are of the triode electron-pendulum type. Each transmitter con-
sists of a pair of UX-852 tubes, operated in push-pull. The tuning cir-
cuits are of the linear conductor type and of the trombone variety. In
one transmitter only the plate and the grid circuits were tuned. The
filament heating current was supplied through choke coils. The oscil-lator was equipped with a catalyst circuit, Fig. 12. This circuit con-
sisted of sections of three-inch wide metal strips forming a U of variable
length similar to a trombone circuit. At the end of this U were flanges,
each facing one of the oscillator tubes. As an alternative the other
transmitter was equipped with a tuned cathode circuit, Fig. 13. On

Fig. 14-Left: Front view of 432 -megacycle, 15 -watt output transmitter, con-sisting of a 144 -megacycle oscillator, a buffer amplifier, a frequency tripler,and an amplitude modulator of the absorber type. All stages are of thepush-pull type, using UX-852 tubes.
Right: Front view of plate voltage regulator for the plate supply of theoscillator stage and the buffer stage.

account of the heating current leads inside, the filament tuning con-ductors cannot conveniently be of the trombone type but must in-stead be tuned by a sliding connector. It made little difference whichcircuit was coupled to the load. The power was taken from the platecircuit in this case. Potentiometers for individual control of the direct-current electrode potentials of the two tubes were also-introduced. Alltuning, coupling, and potential regulation was performed from thefront of the panel. Radio -frequency ammeters were inserted at pointsneutral to radio -frequency voltages. It was due to the desirability ofkeeping these meters in a fixed position and on the front of the panel,
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that the circuits had to be looped over and be tuned by trombones.

This transmitter was compound modulated. A special modulator,
shown in Fig. 23, was built for this purpose.

The positive grid voltage required at 462 megacycles was 500 volts.
The negative plate voltage was 125 volts. The normal filament voltage
is ten volts for the UX-852 tubes. In order to obtain suitable emission
of 250 milliamperes per tube it was necessary to cut the filament volt-
age down to between seven and nine volts. Due to the great heating
gradient from the grid, the filament emission would at times become
unstable. Some tubes would eventually become stable at about nine
volts. This phenomena was credited to the sensitivity of the thoriated

Fig. 15-Rear view of the 432 -megacycle, 15 -watt output, multiplier type
transmitter shown on the left in Fig. 14.

filaments used in this type of tube. A power output of six watts was
obtained from these transmitters.

2. UX-852 Frequency Multiplier
As a result of the experiments with frequency multipliers, a trans-

mitter as shown in Figs. 14, 15, and 16 was built. It is of the push-pull
type throughout. The first stage may either self -oscillate or be driven
at about 144 megacycles. The output from this circuit drives an am-
plifier, or buffer stage, which gives a power amplification of two to one.
This is the best amplification that could be obtained with the X-852
tubes at this frequency. The power from this buffer is fed into a tripler
circuit which delivers 432 megacycles output at about ten per cent effi-
ciency. The tripler is equipped with means for producing an axial
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magnetic field of about 150 gauss. The power output obtainable from
this transmitter is fifteen watts. All- the tube elements are tuned and
the tuning circuits are of the linear conductor type and of both the
trombone and slider variety, depending upon the need.

One of the reasons for studying frequency multipliers has been the
need of greater frequency stability and the particular adaptability of
this method to frequency control. Crystal control was one of the first
methods to be tried. An auxiliary control circuit was built which con-
sisted of a crystal oscillator operating at about two megacycles fol-
lowed by six stages of frequency multipliers. The crystal circuit and
the first four stages were single sided circuits employing LTX-210 tubes.
The last of these stages fed into the combination of a single UX-860
buffer and a single UX-852 doubler driving a push-pull UX-852
tripler circuit, raising the frequency from 48 to 144 megacycles. It
was found beneficial, even in this frequency region, to introduce an
axial magnetic field. The field strength required was less than 100
gauss. The output from this auxiliary frequency control circuit was
then used to drive the first 144 -megacycle stage of the transmitter.

For modulation, a push-pull UX-852 absorber was used which was
connected across the antenna transmission line as shown in Fig. 16.
The length of the connecting leads to the absorber were such that
optimum modulation effect would be obtained. These leads were con-
nected to the grids of the absorber which act as modulation terminals.
The plates may be left floating since they have no part in the circuit.
The grid and the filament circuits are tuned. The grids are given a
positive bias of about sixty volts, which causes them to draw a current
of about five milliamperes each at an axial magnetic field of 200 gauss.
The modulation voltage as well as the radio -frequency carrier to be
modulated were then superimposed upon this grid condition. In this
way it was possible to obtain linear amplitude modulation of about
35 per cent.

Numerous arrangements for replacing the complicated crystal
drive, with its many multiplier circuits, have been tried. These ar-
rangements consisted of various forms of low power factor circuits
connected to the grids of the 144 -megacycle oscillator. Some of these
arrangements have proved very successful in that stability approach-
ing that of crystals was obtained. Data on such circuits have already
been published and further information may be published later.

3. RCA -846 Frequency Multiplier Transmitter

Although the design of a semicommercial model of this apparatus
has not been finished, at the time of writing this paper, it appears to
have sufficient points of interest to warrant being included among the
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transmitter examples in its experimental form, Figs. 17 and 18. It
consists of a push-pull oscillator operating at 137 megacycles furnish-
ing power to a push-pull frequency tripler. The tripler is provided with
an axial magnetic field. All the tubes are RCA -846 water-cooled tubes.
The tuning circuits are of the linear conductor type and arranged
similarly to the circuits for the UX-852 multiplier. The tubular plate
tuning conductors also carry the water supply to the plate jackets.

Fig. 17-Frequency multiplier transmitter, consisting of a 137 -megacycle, 1500-watt output, triode feed -back oscillator (in the background) and a tripler,with organizing magnetic field, giving an output of 115 watts at 411 mega-cycles. Both stages use RCA -846, water-cooled tubes in push-pull forma-tion. Note lamp loaded wavemeter (same as in Fig. 7).

Several optimum circuit combinations, each requiring a different
magnetic field, could be otained. With an input to the tripler of 1200
watts the best output obtained when using a magnetic field was 115
watts at an output frequency of 411 megacycles. The magnetic field
required for various circuit arrangements varied between 100 and 300
gauss. When using no magnetic field the best circuit arrangement
would give an output of 35 watts.
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4. Triode Feed -Back Circuits

Great progress has been made recently in the development of tri-
odes for operation, according to the conventional feed -back method,
at very high frequencies. Transmitting tubes have been developed
which will give good output up to as high frequency limits as 300
megacycles. (ZP-94 curve in Fig. 1.) It is therefore no longer necessary
to resort to special methods for frequencies of this magnitude. These
developments have, however, also resulted in a proportional increase
in the frequency borders of the frequency multiplier method and it is

Fig. 18 -411 -megacycle, 115 -watt output, RCA -846 water-cooled tube, push-
pull tripler with parallel coil system magnet for producing organizing mag-
netic field.

now possible to consider this very stable method in the 1000 -mega-
cycle region.

ANTENNAS AND TRANSMISSION LINES

In designing directional antenna systems, choice can be made be-
tween two general principles. The first one, which may be called the
Hertzian method, consists in redirecting the radiated energy from a
single nondirective radiator into one direction. This is done by means
of a parabolic, metallic reflecting surface or by means of conductors
arranged in a parabolic array. The perfection of the method depends
upon the size of the reflector system, measured in wavelengths.

In the second method no reflecting surfaces need be employed. The
origin of radiation is instead distributed. A number of radiating ele-
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ments, such as dipole antennas may be so spaced and phased that they
add up very efficiently only in diametrically opposite directions. By
further combination, radiation in one of these directions may also be
eliminated.

Several years ago the method of combining straight harmonic ra-
diators instead of dipoles was introduced by RCA Communications,
Inc.4 This principle has greatly simplified the details of directive an-
tenna design. Detailed descriptions of such systems have been pub-
lished previously in the PROCEEDINGS.6 As the name indicates, the
harmonic wire antennas are based on the standing wave principle.

Fig. 19-Feed end of the V antennas.

When the frequency is sufficiently high so that it becotnes possible to
make the length of the radiators on the order of 50 to 100 wavelengths,
the radiation attenuation becomes so great that very little energy
reaches the far end of the wires. The antenna then becomes unidirec-
tional and aperiodic. This is a great simplification since it makes re-
flector systems and tuning arrangements unnecessary. An antenna of
this type is shown in Fig. 19. It is commonly known as a V antenna.
A V antenna 100 wavelengths long should have an angle of 9.8 degrees
between the wires. The power gain, over a doublet, is`more than 100.It may at times be desirable to provide an antenna entirely free

Lindenblad, U. S. Patents No. 1,884,006 and No. 1,927,522.6 P. S. Carter, C. W. Hansell, and N. E. Lindenblad, "Development of direc-tive transmitting antennas by R.C.A. Communications, Inc.," PROC. I.R.E.,vol. 19, pp. 1773-1843; October, (1931).
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from back radiation. Such an occasion may arise when the transmit-
ting and receiving antennas have to be closely located and operate on
near -by frequencies. An antenna having a metallic sheet reflector is
then desirable since it is more perfectly free from back radiation than
other antenna types. In order to avoid curved reflector surfaces, an-
tennas as shown in Fig. 20 were designed. This antenna consists of
rectangularly bent wires with half -wave distances between the bends.
By combining several such wires an arrangement is obtained in which
all the vertical elements are free to radiate and are of the same phase,
whereas all the horizontal ones have their radiation cancelled by a

Fig. 20-"Billboard" type, directive antenna.

horizontal member of another wire in juxtaposition. The various bent
wires are attached to a common feeder line in pairs, at half -wave in-
tervals. The wires are supported by means of insulators or metal col-

umns at the voltage nodal points. The whole system is mounted in
front of either a metal screen or a solid metal sheet at a distance of

about a quarter of a wave or an odd multiple thereof.
Many workers have followed the practice of building the transmit-

ter and antenna system together as a single unit. This is undesirable
in many cases because the antenna must be at a great height to obtain
great range. A transmitter located at the antenna cannot be serviced
conveniently. Consequently, it is often desirable to locate the antenna
and transmitter some distance apart, requiring the use of transmission
lines of considerable length. On most occasions this has been the prac-



1042 Lindenblad: Transmitters for Frequencies Above 300 Megacycles

tice. A study of the characteristics of such lines had therefore to be
made. Balanced lines using No. 4 B&S and No. 6 B&S wire were in-
vestigated. Inductive coupling to the line under test was employed to
minimize the effect of reflections and unbalance in the connecting lines
from the transmitter. The measurements on the lines were made with
the aid of a sensitive thermogalvanometer which made it possible to
use very small capacitive coupling to the wire system, thus avoiding
disturbance of the natural capacity and resistance of the line. The
relatively large amount of power (100 watts) available from the fre-
quency multiplier transmitter was an important factor in making it
possible to use very light coupling between the measuring instrument
and the wires. The measurements included determining losses and also
velocity variations due to moisture on the wires. The loss measure-
ments were carried out at a frequency of 405 megacycles and the ve-
locity measurements at 422 megacycles.

For No. 4 B&S wires spaced one inch apart the calculated value of
the attenuation constant per 100 feet is 0.037. The measured average is
0.045. This corresponds to an efficiency of 91.4 per cent for a 100 -foot
line and 40.7 per cent for a 1000 -foot line. The theoretical value of
the attenuation constant for a No. 6 B&S wire is 0.042 per 100 feet
and the measured value is 0.050. This corresponds to an efficiency of
90.5 per cent for a 100 -foot line and 36.8 per cent for a 1000 -foot line.
It was found that the difference between losses on clean and weathered
wires was too slight to be measured. These measurements indicate that
it is practical to use balanced, closely spaced, two -wire transmission
lines up. to several hundred feet in length. For longer lines, the more
expensive large diameter concentric conductor type of line must be
chosen if good efficiency is to be maintained.

The presence of spacers, if made of good material and if used spar-
ingly, usually add very little to the loss in dry weather. In wet weather,
however, the loss and the reflections caused by such spacers are very
serious handicaps. They are avoided entirely by using U-shaped half-
wave conductor suspension loops, or "metallic insulators."

During rain the increase in loss from the presence of a water film
on the wire was found negligible. The wave velocity along the line
did, on the other hand, show a very marked decrease. Weathered and
polished wires also showed a very marked difference in their ability
to hold water. A horizontal line made of new No. 6 B&S wires with
one -inch spacing was found to hold enough water to reduce the ve-
locity by three per cent. The distribution of the water was very beady.
The thickness of an evenly distributed water film required to cause
this amount of variation in velocity was found by calculation to be
0.008 inch. The distribution of the water on a weathered wire was



Lindenblad: Transmitters for Frequencies Above 300 Megacycles 1043

much less beady and was more evenly distributed. The velocity change
for maximum water condition was 0.6 per cent, corresponding to a
uniform film thickness of 0.002 inch. The maximum reduction in ve-
locity for a weathered No. 4 B&S wire was 0.5 per cent.

From these values, the velocity change on a more open -wire system

such as a V antenna can be calculated. For such a system the velocity
change for weathered wires amounts to about 0.2 per cent or less. This
is fortunate since the change will ordinarily not have sufficient influ-
ence upon the characteristics of a hundred -wave antenna to be serious.

Such variations and even greater ones can, however, be expected dur-
ing sleet storms. In some commercial installations it will be necessary

Fig. 21-Rocky Point receiving equipment for 200- to 500 -megacycle signals.

to provide for sleet melting. There-are a number of ways in which this
can be done with long wire antennas.

PROPAGATION TESTS

The chief purpose of the transmitter equipment which has been
developed in accordance with the principles just outlined has been to
study propagation in new frequency regions. Since the results of some
of these tests are quantitatively described in detail in a paper by B.
Trevor and R. George,6 only some of the results obtained will be given
in this paper.

After preliminary local tests, communication between Rocky Point
and Riverhead, a distance of fourteen miles, was established. The 6 -watt,
462 -megacycle Barkhausen transmitter shown in Figs. 11, 12, and 13

6 B. Trevor and R. George, "Notes on propagation at a wavelength of
seventy-three centimeters," PROC. I.R.E., vol. 23, pp. 461-470; May, (1935).
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was used. This equipment was duplicated so that two-way telephony
could be carried on. The Rocky Point receiving equipment is shown
in Figs. 21 and 22. Both transmitting and receiving antennas, which
were of the billboard type shown in Fig. 20, were mounted on supports
fifty to seventy-five feet high in order to be in line of sight. As is usual
when there is line of sight between transmitting and receiving antennas,

Fig. 22-Triode pendulum detector with trombone tuning circuits.Detail of unit in the background of Fig. 21.

no fading was observed. Rain, snow, and dense clouds of smoke from
forest fires seemed to have no effect on the signals. The absence offading on this circuit was a desirable feature since its purpose was totest the stability of transmitters and receivers. The equipment wasused later for propagation studies under more difficult space -circuitconditions.

The Barkhausen transmitter, at Rocky Point, Figs. 11, 12, and 13,
was eventually replaced by a frequency multiplier unit, Figs. 14, 15,and 16, capable of delivering up to 15 watts at 432 megacycles. The
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Rocky Point-Barkhausen and low power multiplier set-up is shown in
Fig. 23. Two horizontal V antennas were also erected. They were both
seventy feet above the ground. One was 70 waves long and directed
eastward on Riverhead. The other was 100 waves long and directed
westward on the Empire State Euilding in New York City, fifty-six
miles away. Signals from these antennas were observed with a portable
receiver and a small directive antenna mounted on top of a car. Sig-
nals without fading were received at distances up to thirty miles, in
many localities considerably below the line of sight. By locating the

Fig. 23-Rocky Point low power ultra -high -frequency transmitter set-up.
From left to right: 15 -watt, 432 -megacycle frequency multiplier; voltage
regulator; 6 -watt, 462 -megacycle transmitter; compound modulator; and
rectifier for modulator.

receiving system on top of high buildings in New York and in airplanes
it was found that signals without fading could be received at distances
of from fifty to sixty miles when received as much as 500 feet below
the line of sight. The distances below the line of sight given here re-
present actual values taken from contour maps of the terrain between
transmitter and receiver. They will, therefore, check only approxi-
mately with simple geometric considerations based on the average
curvature of the earth.

During these cruises with car and airplane, the unusual fact was
observed that the apparent width of the beam was considerably smaller
than the calculated width. For example, the beam from the 100 -wave
V antenna, which should have been about five miles wide over New
York, seemed to be only two miles wide at the most,
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After the 100 -watt frequency multiplier transmitter became avail-
able it became possible to increase the range of observation. The fre-
quency used was 411 megacycles. For the approximate distance of
sixty miles, signals at ground level, 2000-3000 feet below the line of
sight, would fade when completing their last lap over a very variable
land and water route. When the receiving end of the route was over
an uninterrupted body of water, there was very little fading at the
time of observation. At a point 113 miles away, with only a relatively
small stretch of water midway, only violently fading signals could be
observed, even during prolonged observation periods. These observa-
tions were made at an elevation of about 400-500 feet above sea level
and 8000 feet below the line of sight. It was also determined, that atleast for this particular space circuit, horizontally polarized waves
were considerably superior to vertically polarized waves. The fact
was also observed that the plane of polarization at the receiver was atall times identical with that at the transmitter.

With the transmitting antenna 70 feet above the surrounding coun-try and 170 feet above sea level, badly fading signals were observed inan airplane, 165 miles away, flying at a height of 7500 feet. In a later
flight, after the height of the transmitting antenna had been increased
to 120 feet above the surrounding country and after the receiver andthe ignition system of the plane had been very substantially improved,
surprisingly little distance was added to that obtained in the previousflight. Badly fading signals could still be observed at a distance of 172miles when flying at an altitude of 7500 feet and two miles below theline of sight. The routes of these signals were chiefly over land.

It appears from these tests that the distance of reliable as well asunreliable signals increases with the increase of power at the transmit-ter. It is unsafe to predict whether this proportionality will remainwhen still higher powers are applied. The distance beyond line ofsight, for reliable signals, will, of course, also depend upon the natureof the route.
If improved facilities result in much greater distances, no doubtthe electrical conditions of the portions of space more remote from theearth's surface will play an important part in determining the propa-gation characteristics. The indications are that, at the present, mostof the phenomena observed are obtained in the region of space nearthe earth's surface. No doubt such phenomena as nonuniform humid-ity and the surface condition of water bodies have a great influenceupon the characteristics of the propagation along the earth's surface.The shape and nature of the landscape, nedless to say, has an enor-mous influence.

In Table I, a chart of propagation results, obtained at different
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TABLE I
EXAMPLES OF 'ULTRA SHORT-WAVE TRANSMISSION

Fre-
quency
Mega-
cycles

Wave-
length
Centi-
meters

Distance Elevation
Meters Value of

m
Terminals of
Test Circuit Investigators

km miles a b

60 500 205 128 700 530 3.87 Nice -Corsica Jouaust, Ferris
"I Milan

40 750 456 284 1462 0 1.1 Hawaii -Kauai Beverage,
Hansell

40 750 145 90 518 0 1.446 Kauai -Oahu Peterson,
Fifield,
Matthews

Empire State
44 682 446 278 1916 387 1.32 Building- Jones
61 492 Mt. Washington

527 57 270 168 750 340 1.58 Rocca di Papa-
Cape Figari

Marconi,
Mathieu

527 57 86 53 750 0 -3.0 Rocca di Papa-
Yacht Elettra

"
a

430 70 90 56 304 51 2 Rocky Point-
Empire State
Building

Lindenblad,
Dow, George,
Trevor

411 73 96.5 60 52 18 1.22 Rocky Point- "
Montauk Point

406 74 180 112 70 116 1.16 Rocky Point- a

Arney's Mount
406 74 105 65 70 65 1.43 Rocky Point- a

Atlantic High-
lands

406 74 274 170 70 2287 1.88 Rocky Point- "

Airplane

frequencies by various investigators, is shown. In comparing these re-
sults the method referred to by Jouaust7 has been used. A factor m is
used which the radius of curvature of the earth must be multiplied
to give the curvature of the propagation path. Thus if m assumes its
smallest value, that of unity, the curvature of the propagation path
will be equal to the curvature of the earth. According to Humphrey
the value of m for light is 5.7. Others have given it values as high as
10. The results given in the table may be judged by the smallness of
the factor m. It can be seen that for frequencies above 30 megacycles,
the Hawaii -Kauai telephone circuit has a very highly curved propaga-
tion path. At frequencies above 300 megacycles, very high curving was
obtained on the test circuit between Rocky Point and Arney's Mount.
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THE GRID -COUPLED DYNATRON*

BY

F. MALCOLM GAGER
(Boston College, Chestnut Hill, Massachusetts)

Summary-This paper deals with an improved oscillatory system wherein
the dynamic excursion is associated with the secondary emission region of the
vacuum tube characteristic, plate current vs. plate voltage. A more or less conven-
tional dynatron oscillator, using a tetrode, is improved by feeding back some of the
output power to the inner grid. The maximum increase in. oscillatory power was
found to be about fifty per cent above the same system with a static control grid po-
tential.

INTRODUCTION

HE limitations of the dynatron and the pliodynatron oscillatory
systems are readily discernible when one associates a given elec-
tronic device with some R, L, and C circuit in an attempt to increase

the amplitude of oscillation by reducing the internal resistance R of the
tuned circuit. It can be shown experimentally and graphically that a cer-
tain region exists over which the amplitude is materially increased by a
reduction in R, however, as larger and larger amplitudes are realized and
the peak voltage (E,--ez), Fig. 1, approaches the second point on the
i,, =f (Ep-kez) characteristic, where one secondary electron is realized
on the average for every primary impinging electron, the system ex-
hibits a diminishing return for any effort to improve the circuit by
increasing its external impedance. When this region is approached or
crossed by the peak amplitude it will be found that the circuit drives
the tube for a portion of the cycle in order to produce energy equili-
brium. The circuit to be described is one wherein a deformation of the
dynamic characteristic is obtained to alter the power relations between
the tube and circuit, thus affording a change in the amplitude of oscil-
lation for some fixed circuit and tube conditions.

THE DYNATRON

Fig. 1 shows diagrammatically a four -element tube arranged with an
oscillatory circuit. The electrical arrangement of the electronic device
shows that it should operate on the dynatron principle due to Hull. A
three -element electronic device is equivalent for the connections shown
since the cathode and the inner grid of the electronic ,device, Fig. 1,
can be considered as some equivalent cathode for three -element tube
considerations. In this paper, Fig. 1 and curves associated with that

* Decimal classification: R355.9. Original manuscript received by the In-stitute, July 3, 1934.
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figure will be considered to apply to both the three- and four -element
electronic device if the inner grid is disposed as shown or in combina-
tion with some fixed bias potential.

Let us choose an operating point, Fig. 1, on the plate-current-
plate-voltage characteristic somewhere near the first point where, on
the average, one secondary electron is collected for every primary im-
pinging electron. If the slope of the curve at this point is such that the
value of (dEp/dip) is equal to, or less than, the absolute value L/RLC of

the tuned circuit, the system will start to oscillate and will come to

L
ez

Rb

Ep

.1.1' 11-

- EoG-

Fig. 1

stable equilibrium at some voltage amplitude ez, for example, which ap-
pears across the tuned circuit, L, RL, C. The existence of the time vary-
ing voltage ez causes the instantaneous plate voltage to vary between
the peak limits (E,-1-ez) and (E,,- ez) at an angular velocity very
nearly equal to 1/-VLC.

Since the excursion of the voltage ez determines the interchange of
current between the tube and the tuned circuit, a qualitative plot of
the current to the tuned circuit will show wherein an increase in the
amplitude ez is not met by equal increases in the available energy per
cycle from the tube; and thus higher amplitudes are only obtainable by
shortening the life of the tube by the application of excess voltages or
by using oscillatory circuits that are not ordinarily realizable.

The shapes of the anode current curves and the corresponding oscil-
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latory power curves are shown in Fig. 1 for three amplitudes e <e
<e. It is permissible to assume a sinusoidal amplitude for ez in com-
puting the shape of the current and consequently the power curves
because with a fair oscillatory circuit the harmonic voltage content is
small and the harmonic powdr contributions are quite negligible. It is
evident by inspection that as the amplitude ez increases from ez, to ez2,
to ers etc., the time per cycle is decreasing within which plate current
flows from the plate or anode battery to the tube and circuit, (i.e., plus
values of in). It is also evident that some peak values of ez corresponding
to an instantaneous anode voltage (En- ez) occur at the "free-wheeling"
portion of the cycle and do not enter as products of a current i2 to
contribute energy to the oscillatory circuit. Referring to the other half
of the cycle where peak values of ez make the instantaneous plate
voltages (Ed-ez) it is evident, as ez increases, that the peak values of
ez occur at low values of plate current; and if the excursion is such that
the positive region of plate current is entered the oscillatory circuithelps drive the tube and an additional sink is produced for the entire
system.

METHODS OF INCREASING THE AMPLITUDE
It can be concluded from the simple system of equations for the

oscillatory system shown in Fig. 1, and by physical reasoning, that
the amplitude of oscillation can be increased in several ways; by areduction in an effective negative resistance (-d E/d i) at the ex-
pense of the cathode and supply batteries, by a reduction in the effec-
tive resistance of the tuned circuit in order that the circuit might drive
the tube for a portion of the cycle, or by a deformation of the dynamic
characteristic in such a manner that instead of following a single curvefor one set of element potentials, it will sweep across a family of char-
acteristics so as to contribute more or less available energy per cycleto the tuned circuit than is expended by the tuned circuit in some con-trol electrode circuit to bring about this change in the dynamic char-acteristic.

There is a limit to which the resistance RL or any contribution toloss in the condenser C, Fig. 1, can be reasonably reduced unless me-chanical resonating systems are resorted to. It is also expedient not tooverload the electronic device in order that it might have a reasonablylong life. Thus, considering some fixed element potentials, some defor-mation of the dynamic characteristic must be realized by virtue of anoscillatory state in order that an increase in the available energy percycle from the tube to the oscillatory circuit is to be realized.
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HYPOTHESIS OF THE IMPROVED CIRCUIT

In order to accomplish the previously mentioned dynamic char-
acteristic deformation a dynamic change in some inner or outer
grid potential must be developed, in a desired relation with the oscil-
latory current and favorably related in phase, so as to produce the de-
sired effect. This dynamic change in some control element potential
can be produced by any form of mutual coupling of the control ele-
ment with the oscillatory circuit.

Since the energy associated with the tuned circuit gives rise to the
voltage e, across the circuit, any additional load upon this circuit
is equivalent to an effective increase in RL. On the other hand, even
though the effective increase in RL is inevitable by virtue of some
coupled loss from some control electrode, the energy expended in the
control element circuit might be offset by a more substantial increase
in the available energy per cycle and thus result in a net gain in am-
plitude. Inasmuch as the available number of primary electrons is
limited and the energy dissipated in the internal dynamic resistance of
some control electrode might be large for large voltages it would seem
that as the introduced voltage due to the oscillatory current was in-

creased, the increase or decrease in oscillatory current would pass
through a maximum or minimum point or exhibit a best value for each
set of circuit and tube conditions.

INNER AND OUTER GRID CONSIDERATIONS

Confining the discussion to increases in amplitude with a four -
element electronic device one might survey the possibilities of pro-
ducing a change in the inner or outer grid potential. The outer grid, at
least for the tubes available to date, operates as a collector at a rather
high direct potential and draws considerable current. It is quite neces-
sary to make an appreciable change in the outer grid potential to pro-
duce a substantial change in the tube characteristic. On the other
hand, the inner grid can be operated at either a negative, zero, or
positive potential with respect to the cathode and it requires relatively
small changes in potential to produce an appreciable change in the
number of primary electrons leaving the vicinity of the cathode. Since
the inner grid exerts such a marked control over the space charge, and
the negative resistance (-dEplclip) is inversely proportional to the
number of primary electrons, a properly phased control of the inner
grid potential will result in a dynamic change in the excursion in as
much as the inner grid' determines the number of primary electrons
which impinge upon the plate.

The effective projected area of the outer grid is not considered.
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THE IMPROVED CIRCUIT

Fig. 2 depicts one form of the new electrical arrangement that sub-
stantiates the foregoing hypothesis. In this circuit the inner grid po-
tential is not only a function of the direct bias potential but also the
oscillatory current in the tuned circuit. As drawn, the circuit shows
an inductive coupling between the oscillatory circuit and a coil associ-
ated with the inner grid. For increases in oscillatory current the mutual
can be arranged so that as the point (4-1-e,), Fig. 2, is approached
dynamically, the inner grid potential increases positively so as to release
more primary electrons from the cathode area, thus producing an in-

Li c

p
.440- *-4 +,:0-1 

Fig. 2

crease in secondary emission. As the excursion of (e,) approaches thepoint corresponding to (Ep-e,) there is a reduction in the number of
primary electrons and hence a decrease in the plate current. In the re-gion denoted by instantaneous values of (E-e,) the contribution ofthe instantaneous products (erip) only occur for a small portion of the
cycle and at low values of e, and i p. Hence, the loss of available energyper cycle from this portion of the cycle is negligible compared to thegain produced on the other half cycle. The net result for the specificoperation point designated in Fig. 2 is an increase in the number of
primary electrons impinging upon the plate and thus an over-all in-crease in negative current in the negative portion of the plate -currenthalf cycle and a reduction in the positive region of plate current. The
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contribution of the positive half cycle of plate current is negligible to
that of the negative half for large values of ez and, the net result is a
deformation of the dynamic characteristic to produce a desired result.
A dynamic characteristic for the circuit of Fig. 2 is shown with this
figure by the dotted line, where the full line represents the dynamic
characteristic without inner grid excitation. It is evident that an
average of the instantaneous products of ez and iP integrated over the
cycle for the same amplitude ez will be greater in the case of the dotted
dynamic characteristic than that for the full line. The corresponding
tube current and power curves are represented by curves D and D' and
F and F' appearing as part of Fig. 2.

The excitation of a control electrode by some mutual relation with
the oscillatory circuit has been considered on the basis of an increase in
the oscillatory amplitude. The converse is possible for an opposing
connection to the control electrode, and the effects of this introduced
voltage upon the inner grid will be mentioned as it relates to the experi-
mental evidence and the conclusions.

EXPERIMENTAL OBSERVATIONS

The circuit of Fig. 2 was arranged as shown and a study of the oscil-
latory current in the L, RL, C circuit was made as a function of mutual
(M) and the element potentials. It was found that the circuit exhibited
a best value of (M) for each set of tube conditions and the values ob-
served were different for each value and polarity of. the inner grid bias
potential. The power increase was also found to be quite marked for
some settings, and increases in oscillatory power from the tube to the
circuit varied from fifteen to fifty per cent. A qualitative résumé of the
experimental observations is given in the conclusions, it being deemed
irrelevant to set forth quantitative measures for any particular elec-
tronic device where a considerable variation in the negative character-
istic can be found in tubes of the same type.

MATHEMATICAL RELATIONS

The mathematical treatment of the circuit, Fig. 2, is equivalent to
those existing in the idealized arrangement where a negative resistance
is placed across an L, RL, and C circuit. It is, however, necessary to
interpret the negative resistance for the dynamic characteristic of the
tube as composed by a sweeping of the family of characteristics; and in
addition the interpretation of RL must be such as to include any
coupled grid or control electrode losses where conditions are such that
they might exist. Such an idealized treatment results in a two -mesh
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network, the determinant of which must vanish in the case of sus-
tained oscillations, i.e.,

D= Z11 Z12
= 0.

Z21 Z22

Substitution of the various impedances corresponding to Zu, Z12, and
Z22, and a collection of terms results in the conditions for oscillation

L w2L2- RI = = (collecting the reals)
RLC RL

and the angular velocity

1
approximately

-\/ LC (collecting the imaginary terms)
0.1

which is consistent with the idealized conditions and will furthermore
be found in texts dealing with oscillatory circuits in combination with
negative real parameters.

CONCLUSIONS

It is well to state that in addition to the effect of either increasing
or decreasing the power output of the oscillatory system at any specific
frequency the system offers other advantages. With the system shown
in Fig. 2 no difficulty was encountered in producing constant voltage
variable frequency oscillatory systems for both audio- and radio -fre-
quency ranges. The latter was accomplished by combining the natural
voltage -frequency characteristic of such an oscillatory system with
compound mutual coupling from the oscillatory circuit to some load
circuit. Other combinations such as simple or compound coupling from
the oscillatory circuit to some control electrode simultaneously ar-
ranged with simple or compound mutual coupling from the oscillatory
circuit  to the load circuit produced substantially constant voltage-
frequency characteristics when the condenser C was made variable.

The performance characteristics of the system, Fig. 2, for operating
points in the near region as shown by this figure are summarized as
follows for a '24 type tube:

(1) The maximum increase in oscillatory power varied somewhat
critically with the value of coupling and a best value was found to exist
for each condition of inner and outer grid bias, anode voltage, and
circuit impedance.

(2) The maximum increase in oscillatory power was greater for the
operating point shown in Fig. 2 when the inner grid bias was in the re-
gion of zero than when said bias was either positive or negative.
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(3) The voltage introduced on the inner grid which produced the
optimum oscillatory current increased with the plate potential.

(4) For increasing plus values of inner grid bias the smaller the
coupled voltage necessary to produce maximum oscillatory current.

(5) Small values of oscillatory current produced by poor oscillatory
circuit conditions were not increased to any marked degree by the
method suggested.

(6) For all values of inner -grid bias other than zero small values
of coupling voltage first produced a slight decrease and further aug-
mentation of this voltage produced an increase in the oscillatory power.

(7) Any increase in oscillatory power obtained by this method can
of course be reproduced with a noncoupled system by changing the
excitation voltages of the tube.

It must be remembered that other operating points and tube po-
tentials produce a variety of intersections between the circuit loss curves

and the calculated available power curves plotted as a function of the
oscillatory voltage, and thus the experimental findings summarized
previously must not be considered to apply generally.
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OPTIMUM DESIGN OF TOROIDAL INDUCTANCES*

BY

GROTE REBER
(Wheaton, Illinois)

Summary-This paper gives the development of formulas for optimum design
of single turn toroidal inductances to be used in ultra -high -frequency tank circuits.
Two fundamental types of inductances are analyzed. Equations and curves for con-
dition of maximum Q and parallel resistance R' are set forth. The determination of
radio frequency resistance, operating conditions, and possible uses are discussed.

INTRODUCTION

ITH THE recent development of ultra -high -frequency com-
munication has come the problem of transmitter frequency
stability. One solution to this problem has been described by

Kolster.' He has modified the conventional LC tank circuit so that a
high Q may be obtained at these superfrequencies. The inductance is
composed of a single turn current sheet path of toroidal shape with a
slot around the periphery. Capacity for tuning this inductance is ob-
tained by flanges attached to the edges of the slot. The resonant fre-
quency is varied by changing the spacing of the flange plates which
changes the circuit capacity. The resistance of this combination is very
low and a high Q results even with small values of inductance.

For convenience in mathematical analysis toroidal inductances of
single turn may be divided into two fundamental classes. When cut
by a plane through the axis the first will show a flux path of circular
cross section. The second will have a flux path of rectangular cross sec-
tion. In this discussion the former will be referred to as a torus and the
latter as a toroid. A third possibility exists by combining the two. This
will be called an oval. These shapes with their dimensions are shown inFig. 1.

THE TORUS

The relation for the inductance2 of this type is

L = 0 . 0319(r2 - 1/r22 - r12) microhenrys (1)
where r1 and r2 are in inches.

* Decimal classification R382. Original manuscript received by the Institute,February 15, 1935; revised manuscript received by the Institute, May 1, 1935.F. A. Kolster "Generation and utilization of ultra -short-waves in radiocommunication," PROC. I.R.E., vol. 22, pp. 1335-1354; December, (1934).2 "Radio instruments and measurements," Bureau of Standards CircularNo. 74, p. 251, (1924).
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The resistance can be determined by the following method. The
resistance of one increment of the surface will be

torus

Ai
AR = M

tOrold

27ra

Ovnl

Fig. 1-Types of toroidal inductances.

Fig. 2-Method of calculating resistance of torus.

(2)

where M is the resistivity constant. It is a function of the material and
the frequency and will be discussed later. Also A/ = r109 and a ---- r2 -Fri
sin 0. The resistance of the torus will be

A/ riM -1-r12 de
R = 2Mi-= -

2ra r -7/2 r2 -1- rl sin 0

When integrated this will take the form

riM 2
R - [ tan -1

7 Vr22 - ri2
r2 + ri

N/r22 - r12)

ri. - r2
- tan -1 ± C

N/r22 - ri2

where C is an integration constant equal to zero. By applying

tan (a - (3) =
tan a- tan 13
1 + tan a tan 13

(3)

(4)

(5)
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to the part within the brackets of (4) it can be shown this is equal to
7r/2 so that

r1

\/r22 - r12
1M ohms . (6)

When the outside diameter 2K and the inductance L of this type
have been chosen the two diameters and resistance are automatically
determined. Curves for various values L, K, R/M and ratios ri/r2 are
shown in Fig. 3.
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Fig. 3-Graph showing optimum design constants for the torus.

For any fixed frequency the product LC is a constant. From
LC(02= 1, C=1/Lc02. Also Q = VL/R2C. Let 0.0319 = C1 in (1). Substi-
tuting these into the equation for Q

1 r La) Cico r21/r22 7'12 r22,-17 r12Q =
ri (7)

differentiating this with respect to either r1 or r2 and setting the deriva-
tive equal to zero
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r22 [r2 2r1] - r13 - \/r22 - r12 [ri r2] 2 = 0 . (8)

This is the relation between r1 and r2 for any given w and outside diam-

eter 2K (K=rid-r2) to produce the maximum Q. It gives the points
where R/M increases at the same rate as L. This is plotted and shown
as curve Q in Fig. 3.

By similar procedure curves for maximum effective shunt resistance
R' offered by the parallel resonant circuit may be determined.

L L2w2

R' -
RC

= cyc02 (2r22 - r1wr22 - r12 - 2r2(r22 - r12)1

ri

The optimum relation between r1 and r2 will be found to be

2'yr22 _ ri2(ri2 _ 2rir2 - r22) - (27'13+37.1'n - 4rir22 - 2r23) = 0 .

(9)

(10)

It gives the point where R/M increases as the square of L. This is
plotted and shown as curve R' in Fig. 3.

THE TOROID

The relation for inductance' of this type is

r2
L = 0.005081 loge - microhenrys

ri

where r1, r2, and 1 are in inches.
The resistance can be found by integration. Fig. 4 shows the fun-

damental shapes the toroid is composed of; namely, two cylinders and
two rings.

Fig. 4-Component parts of toroid.

The resistance of an element of the ring will be AR = Ax/27x. Setting
up the integral and integrating between limits r1 and r2

3 J. H. Morecroft "Principles of Radio Communication," Second Edition,
pp. 198 and 199.
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1 r2
RR = loge - M ohms .

2r ri
(12)

The resistance of an element of the cylinder will be OR = Ax/27rr. Set-
ting up the integral and integrating between limits 0 and /

/
Re = M ohms. (13)

27rr

The total resistance of the toroid will be

(.1 1
M ohms . (14)L2r r2 r rl

When an outside diameter 2K and inductance L have been chosen
it will be possible to find an infinite number of r1 and / values to satisfy
the requirements. From an inspection of the possibilities it will be
seen that the limits are shown in Fig. 5.

I I

T

A II

Fig. 5-Possible extreme shapes of toroid.

Both of these figures will have a large resistance for any given
inductance and value 2K. Fig. 5 A will have high resistance because oflarge ratio of diameters r2/ri and Fig. 5 B because of great length 1. To
find the optimum ratio of diameters and length / for given outside di-
ameter and inductance to produce minimum R the equations for Land R, (11) and (14), are differentiated with respect to either / or r1and set equal to zero. The derivatives with respect to / or r1 are setequal to each other and solved for 1. This gives:

r2
2r1r2 loge -

rl

r2
r1 r2 - r2 loge -

r,

(15)

This value of / is then substituted into (11). With r2 taken at variousvalues of K the values of L and RIM are determined for given ratiosof r1 to K and shown in Fig. 6.

rr
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The values of 1 in per cent of K are determined from (15) and
plotted against r1 in per cent of K and shown by curve L in Fig. 7. The
lines denoted by X and Yin Fig. 6 show the values of 1= 2K and 1/2K,
respectively. These are arbitrarily chosen as useful design limits.

By the same procedure as used in (7) Q is determined as

Q
reico

M

r2
2r1r2 loge -

ri

r2
2(ri r2) - r2 loge - (16)

where C1= 0.00508 from (11) and r2= K.
When this is differentiated with respect to r1 there results an

equation from which no real value of r1 can be found. This is because
OR/ AL never becomes equal to 1 on curves of L vs R/M over' the
optimum range. By inspecting Fig. 6 it will be seen that as ratio ri/K
decreases the curve R/M becomes more nearly parallel to curves of L.
The denominator of (15) will equal zero when r1= 27.85 per cent
(approximately) of r2 and for this value an infinite 1 will result. At
this limit OR/ AL =1 and maximum Q is attained. From this it can be
seen that slightly higher values of Q can be obtained for given L by
using long, small diameter toroids.

This can be shown in different manner by letting 1= Jr2 where J is
a constant. Substituting this into (11) and (14) and combining in the
manner of (7)

27rwCil

M

r2
r2r1 loge -

ri

r2
if(ri r2) 2ri loge -

r1 -
(17)

differentiating this with respect to r1 and simplifying the J drops outand

r2
r2 loge -= r2

rl
(18)

which is the same conclusion arrived at before and shows that there is
no finite value of 1 that will produce maximum Q.

The equation for optimum R' may be obtained by using the same
procedure used to get (17) and (9).
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[276,2j2c,2
R' =

r2
rir22 (log,

M
r2

r2) 2r1 loge -
r1 _

ohms. (19)

Differentiating this with respect to r1 and solving for J

J

r2
2r1 loge

r2 r2
r2 loge - - (r1 r2)

(20)

This is plotted in terms of 1 as curve R' in Fig. 7 and is also asymptotic
to value r1= 27.85 per cent r2. Curves similar to those of Fig. 6 could be
plotted for maximum R' values.

Throughout this discussion of the toroid the value r2 has been
maintained a constant equal to K.

THE OVAL

This type is a combination of the torus and the toroid. The induct-
ance of any turn is equal to the summation of all possible pairs of ele-
ments of the turn. These mutual inductances depend on the positions
of the elements. While not strictly accurate the formula for inductance
of the oval can be obtained to a good approximatio4 by combining the
formulas for the inductances of the torus and the toroid. Looking at
this from a qualitative viewpoint a change in current I in the oval will
produce a change in flux linkages in the center rectangular portion ap-
proximately equal to that change I would cause in a toroid of equal
dimensions. Similarly for the semicircular end sections. As 1 of the oval
approaches infinity or zero causing this shape to approach the toroid
or torus as limits the closer the above statements come to being exact.
On this basis (1) and (11) may be combined into (21) by simple addi-
tion and a proper change of notation for the toroid part. Like the
torus rid -r2 = K.

(7'2 +
L = C1/ loge C2(r2 - -\/r22 - r12) microhenrys (21)

r2 -

where C1=0.00508, C2 = 0.0319.
In the same manner the resistances of the torus and the toroid may

be added to find the resistance of the oval.
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R = + 1M ohms . (22)
/ ( 1 1 2.1

[ 27r \ r1 + r2 4- r2 - r1 ) v r22 - ri2

By the same reasoning and processes used in obtaining (15) the opti-
mum length is found to be

(K-r0[Cor-VKVK-2r1 loge
K -2r1 C2(N/KN/K-2r1- (K-27-0)]

1-
C1[2(K -K loge K

K-2ri (23)

The denominator here will be zero when r1= 36.1 per cent r2 and the
inside diameter will be 27.85 per cent of K showing the oval has the
same characteristics as the toroid when r1 and r2 are chosen to give
large values of 1.

To set up equation for condition of maximum Q let 1= JK and
ri-l-r2= K. Substitute these into (21) and (22) and combine in manner
of (7).

coVK(K-2r1 dC loge KT 4-C2(K- 2r11
K- 2r1

rir-V K-2ri+J(K -ri)/ K
_I. (24)

Differentiating this with respect to r1, setting the derivitive equal to
zero and solving for J the result comes out in the form of a quadratic
in J.

KJ2[CiK2( 2K - 2r -K loge
K - )

JK[71-Ci-VK 1/K - 2r1 2r1 -K loge
K

K - 2r1)

C2(K - ri) ( \TKVK - 2r1 - 2(K - Ti))

C271-\,/ KV K - 2r1[K3/2N/K - 2r1 r12 - K2 + riK] = 0. (25)

For any values of r1 up to 1/2K, J will have two real positive roots. One
will be of large value corresponding to the conditions of great length
as found in the toroid and the other will be of very small length ap-
proaching the values found in the torus as 1 approaches zero.

Equations to obtain maximum R' can be set up in manner of (9).
However they are of little practical use as the result is a third degree
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equation in J with very complex coefficients. Two roots will be real and
positive approximating the conditions found in the toroid and torus
while the third one will be negative.

Curves similar to Figs. 3, 6, and 7 could be drawn. However the
net result would only be values between the two sets determined for
the torus and the toroid because the oval approaches either one of
these shapes as limits.

ADDENDUM

Various other odd cross sections could be taken up such as ellipses,
triangles, egg -shapes, etc., but it is doubtful whether any increase in
either Q or R' would be secured with given over-all dimensions by the
use of such shapes.

All the above calculations have been made on the assumption of
lumped constants. The torus because of its geometric shape will prob-
ably have the least amount of distributed inductance and capacity.
Very long toroids will approach a line in characteristics.4 Such an
inductance will have an outside to inside diameter ratio of 3.6 for least
attenuation.

In regard to the accuracy of the formulas for inductance (1) and
(11) the following may be quoted from reference (2) page 251. "The
value so computed is strictly correct only for an infinitely thin winding.
For a winding of actual wires a correction may be calculated as shown
in the Bulletin of the Bureau of Standards, No. 8, page 125; 1912. The
correction is, however, very small." From the above .it can be seen that
the higher the frequency the more pronounced the skin effect becomes
and the nearer this type of inductance approaches the specified in-
finitely thin winding. In any case the error is probably less than 0.1
per cent.

The method of calculating resistance is open to some question on
the basis that the current density at the center portions of the in-
ductance is high from two causes. First, the surface area is less than
that at other points. Second, the inductance if of short length may have
appreciable stray capacity within from one end to the other. These
effects might force the current deeper into the conductor and cause an
apparent increase in the resistivity constant. This would cause M to
be an inverse function of the diameter. If such a situation could be
taken into account the optimum values of any given radius such as
r1 in the toroid and oval and the values of Q and R' in the torus would
be increased slightly.

' Sterba and Feldman "Transmissions lines for short-wave radio systems,"
PROC. I.R.E., vol. 20, p. 1171; July, (1932).
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The resistance constant M is a function of frequency and the ma-
terial. The conducting surface layer will have a depth' of 6.62/\/f cm
at unit permeability. Copper has a resistivity' of 1.72 X10-6 ohms per
centimeter cube. Combining and changing to inches,

pl 1 . 72 10-' 2 . 54
1V/ == == = 0.260.10-6N/7 (26)

a 6.62
2.54

where f is in cycles per second.

TABLE I

Column A C D E
I F

Type of Inductance
Frequeneyinme
Constant M
Constant LC
Outside Diameter
Inductance in Microhenrys
Capacity in Micromicro-

Toroid

0.0672

I Toroid

0.0672

Toroid
60

2.015X10
7.05)00
15 inches

0.0730

Torus

-3

-13

0.0672

Torus I

0.0355

Torus

0.0635

farads 105 105 96.5 105 198 111ri in per cent of K 20 37.8 17.5 46.8 39.6 46.3/hIpercentof/C 110 182 110
Rin10-3ohms 3.15 2.72 3.56 3.77 1.75 3.43

8050 9300 7700 6710 7650 6950R' in 103 ohms 204 235 213 165 102 169

Table I shows relatively what various designs will accomplish with
fixed diameter 2K. For comparative purposes a frequency of 60 mega-
cycles is chosen and the largest toroid described by Kolsterl is taken
as a standard. Its characteristics are in column A. Column B is toroid
of same LC ratio as A with optimum dimensions for maximum Q and
R'. C is toroid to produce maximum R' with same over-all dimensions
of A. D is torus using same LC ratio as A. E is torus to produce maxi-
mum Q. F is torus to produce maximum R'. Reference to Kolster's
article will show a rather wide discrepancy between the Q value he
shows and the one in Table I, column A. This is probably due to using
different values of M.

Inspection of all the equations derived above will show that the
values of Q, R', L, etc., can be increased indefinitely as the diameter
and length of the inductance are increased. Just what the limits are is
open to conjecture but experience has shown that the diameter 2K
should be less than a quarter ofa wavelength and preferably nearer 10
per cent X. The length probably should not be greater than 5K at mostand not over 25 per cent X. If the inductance is made larger than the
suggested dimensions the percentage of distributed constants will in-

5 F. E. Terman, "Resonant lines in radio circuits," Electrical Eng., p. 1047;July, (1934).
6 "Standard Handbook," 9th Edition, p. 547.
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crease and the equations will not have much meaning as the apparatus
will then tend to act as a line.

Kolster has shown that the optimum operating point for the tank
will be at a condition where

1
LoC0CO2 = 1 - -

Q2
(27)

where Lo and Co are the tank inductance and capacity. The frequency
of oscillation will be determined by LoCog= 1. C is the total circuit
capacity Co+C8 where C8 is circuit stray (the driving tube). Sub-
stituting these into (27)

1
LoCow2 = L 0(Co C8)o)2 - -

Q2

since,

L = 1/002(C° + C8)

Co 1= 1 - - 
Co ± Ca Q2

Solving this for Co,

(28)

(29)

Co = C8(Q2 - 1). (30)

This will give a very high value of Co for any large value of Q. However,
it must be remembered that C8 is in series with a large positive react-
ance in the form of leads across Co so that the effect will be the same
as tapping C8 down on the inductance instead of directly across Co.

While these tank circuits enable a high Q to be obtained for fre-
quency stability on wavelengths below ten meters they are also useful
in building up a large parallel resistance R' for an efficient power am-
plifier or to obtain gain in a tuned radio -frequency type receiver. Their
selectivity characteristics should be useful for image and noise suppres-
sion in a receiver or to reduce harmonic radiation from a cower ampli-
fier working on a distorted wave form.

Tuning by change of spacing of the condenser plates produces too
critical adjustments to be used for a receiver. One suggested way of
accomplishing this is to mount a small trimmer on the condenser rim
as shown in Fig. 8. The rough adjustments are made by varying con-
denser plate spacing in the usual way. The frequency coverage can be
determined by spacing of the trimmer plate distance "a". A very slight
amount of stray L and C is introduced by this method. The trimmer
should preferably be mounted directly opposite the driving tube. 
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Another simple way of changing the frequency one per cent or less
is to insert a thin sheet of mica, isolantite or other insulator between the
flanges. This sheet of insulating material should be less than 25 per cent

spring

)nonconducting elm/ t

coupling /

Fig. 8-Design of vernier tuning arrangement.

of the flange spacing to prevent a flashover due to lowering of break-
down potential caused by a too severe change of the electrostatic
field.? A strip of metal can be used if the reduction of the air gap is not
too great.

T. Walmsley, "Notes on the design of radio insulators," PROC. I.R.E., vol.16, p. 363; March, (1928).
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SOME POSSIBILITIES FOR LOW LOSS COILS*

BY

FREDERICK EMMONS TERMAN
(Stanford University, California)

Summary-A toroidal coil wound with a fiat conductor so curved that the flat
side follows exactly the surface of the toroid has remarkably low losses. The Q
(=co', IR) of such a coil is independent of the number of turns, is proportional to
size, and to the square root of frequency. For maximum Q there is a best proportion
which is given in the paper for the case of toroids of rectangular and circular cross
sections, together with formulas for calculating the losses and the Q for such toroids.
These formulas show that values of Q between 1000 and 10,000 are theoretically
realizable with reasonable dimensions. The practical difficulties of realizing the
theoretical possibilities are discussed, and it is shown that the mechanical construc-
tion must have a perfection comparable to the skin depth of current penetration.

HE ordinary tuning inductance used in radio circuits has an
effective resistance at its working frequency which is normally
many times the resistance to direct currents. This is because the

flux lines, which cut across the conductor, give different portions of the
cross section different impedances, with the result that most of the
current is concentrated in the small part of the cross section having the
lowest impedance. Thus in the single layer solenoid of Fig. 1 the current
concentrates in the shaded regions and only a small part of the con-
ductor is effective in carrying current.

Fig. 1.-Flux and current distribution in a single layer solenoid, showing how
the current concentrates in those parts of the conductor circled by the fewest
flux lines. The current density is indicated by the depth of shading.

One means of minimizing this tendency is to employ a strip con-
ductor so oriented that the flat side is substantially parallel to the

* Decimal classification: R382. Original manuscript received by the
Institute, April 25, 1935. Presented before U.R.S.I., Washington, D.C., April
26, 1935.
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flux lines at each point. While this idea may be applied to solenoid coils,
its most practicable form is in toroidal coils in which the flat surface.
of a strip conductor is shaped to fit as nearly as possible the surface of
revolution represented by the toroid. Such coils are shown in Fig. 2
and it will be observed that the flux lines are everywhere parallel to the
flat surface. The result is that the current is distributed uniformly over
one side of the strip instead of being concentrated in a small region as
in Fig. 1, and the effective resistance is therefore greatly reduced.

(a)

1

(b)

Fig. 2-Toroidal coils wound with strip conductor that is curved to follow the
surface of revolution formed by the toroid. Note that the magnetic flux linesproduced by current passing through the coil are everywhere parallel to theflat side of the immediately adjacent conductor.

The simple geometrical configuration of a toroid makes it possible
to calculate the resistance and Q of toroids such as shown in Fig. 2.
Since the depth to which the current penetrates the strip conductor is
small compared with the radius of curvature of the surface, one can
calculate the resistance using the skin-effect formula for a flat surface.'
When such a conductor is not too thin the resistance which it offers is
the same as though the current were uniformly distributed over a "skin
depth," which in the case of copper is 0.00662/Vf centimeters, where
f is in megacycles. A toroid with rectangular cross section (Fig. 2(a))

1 Kennelly, Laws, and Pierce, "Experimental researches on skin effect inconductors," Trans. A.I.E.E., vol. 34, p. 1953, (1915).
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made of copper, and with the space between turns a negligible fraction
of the total circumference, hence has a resistance of

Resistance =
-ON 1.724 X 10-6 hN hN 2 7.2 N dr]

0.00662 2rr1 2irr2 2rr

h h 1.2

= 41.5\8N210-'[- -+ 2 loge -
r1 r2 rl

(1)

where N is the number of turns, f the frequency in megacycles, and the
dimensions are in centimeters. Since the inductance of the coil is
0.004606 Nth logio r2/ri

wL

Q = =

303r2V:f
(2a)

If It and r2 are constant, Q is maximum where r2/ri =3.59. With these
optimum proportions

84 . 3V.fr2
Q for optimum r2/ri = (2b)

( 1 + 0.556 -7.2 )

When the toroid has a circular cross section (Fig. 2(b)) the resist-
ance is given by the expression

VIN 1.724 X 27 do
Resistance =

0.00662 X 2r o b - r
r

1
= 0 .00026-VIN2

1 ) 2

cos 0

(3)

Since the inductance in microhenrys is 0.01257 N2(R - VR2- r2), one
has

coL 1 - -V1 - (r/R)2 -
Q =

R
-= 303VIR V1 (4a)
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If the outer radius b=R+r is kept constant as r/R is varied, then
Q will be greatest when r/R= 0.71. For this optimum proportion

Q for optimum proportion = 52.1 b -VI. (4b)

The outstanding properties of the toroidal coils of Fig. 2 revealed
by (2) and (4) are:

First, the Q is independent of the number of turns.
Second, the Q is proportional to the square root of frequency so

that, unlike ordinary coils, the higher the frequency the greater the
Q.

Third, the Q is directly proportional to the linear dimension of the
coil provided the proportions are kept constant.

Fourth, with fixed outer dimensions there is an optimum inner
diameter which will give the highest Q.

The values of Q theoretically obtainable with reasonable proportions
are amazingly high. Thus a toroid such as shown in Fig. 2(a) one foot
high and one foot in outer diameter will have a Q of 3200 at 10 mega-
cycles.2 At lower frequencies even higher values are possible because
the size can be increased inversely with the frequency. Thus at 1000
kilocycles a coil ten times the size of the above example would have a
Q of about 10,000, and while the dimensions appear absurdly large at
first glance they are not necessarily so impracticable when it is realized
that there is no external magnetic field, and that a toroid of such large
dimensions would need have only a single turn.

Investigation was made of the possibilities of a multilayer toroidal
coil of the type herein discussed, but as a result of the analysis outlined
in the Appendix it was found that the inside turns would carry large
eddy currents unless the thickness of the inside conductor was of the
same order of magnitude as the "skin depth." It is therefore necessary
that the winding be confined to a single layer, in spite of the fact that a
multilayer construction permits the use of wider turns.

The analysis and discussion given above assumes that perfect
mechanical symmetry is obtained, and in particular that the surfaces
of the conductor which carry the current are sections from a perfect
figure of revolution. The increase in resistance occasioned by imper-
fections cannot be predicted mathematically, but the analysis given in
the Appendix for the proximity effect in a multilayer coil indicates

2 It is interesting in this connection to note that F. A. Kolster using what isessentially a one turn toroid of the type shown in Fig. 2(a) but with the innerradius somewhat less than the optimum value, has reported values of Q of severalthousand at 20 to 60 mc. F. A. Kolster, "Generation and utilization of ultra -short waves in radio communication," PROC. I.R.E., vol. 22, pp. 1335-1354;December, (1934).
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that the actual losses will be considerably greater than those existing
under ideal conditions if the mechanical imperfections of the surfaces
exceed appreciably the "skin depth." This means that each turn must
be so curved and orientated that when taken in relation to the adjacent
turns it is not out of line more than about 0.00662/ -\8,c centimeters.
This represents a high degree of precision, particularly at the higher
frequencies, and makes the problem of completely realizing the theoret-
ical possibilities a difficult one.

A number of constructional methods suggest themselves. One possi-
bility would be to use a solid insulating core upon which a copper
coating could be plated. Turns could then be formed by cutting the
coating. A variation of this method is to use a wax or type -metal core
which is melted out after the turns are formed and securely fixed in
place by fastening to insulating rings. The coil shown in Fig. 2 (a) can
be built up using pieces cut from cylinders for the strips along the h
direction, and flat members for the ends.

The type of toroidal coil herein described fills in the gap between
the low frequencies at which litz wire performs satisfactorily, and the
frequencies high enough to utilize the remarkable properties of resonant
lines to obtain high Q.3 Throughout this frequency range it is theoreti-
cally possible to realize coil Q's of several thousand. Such coils when
operated at substantially constant temperature would give sufficient
frequency stability when used in an oscillator to meet, without diffi-

culty, the requirements for code transmitters. It even appears that a
tuned -circuit oscillator incorporating an inductance such as mentioned
above having a Q of 10,000 could rather easily give the frequency sta-
bility required of broadcast stations provided the inductance was con-
structed well enough to have good mechanical stability.

The simplifications and economies that would result from being
able to dispense with the inflexible crystal and its power amplifiers and
frequency doublers, are too obvious to need discussion. Hence, while
it is admittedly a difficult matter to realize the full theoretical possi-
bilities of the new type of low loss toroid, the constructional problem is
not insoluble, and the results which are to be obtained appear to be well

worth the trouble.
APPENDIX

Proximity Effect in Miltilayer Toroid
Consider the two -layer toroid shown in Fig. 3. The current distribu-

tion and resistance for the outer layer is exactly the same as though

F. E. Terman, "Resonant lines in radio circuits," Electrical Eng., vol. 53,
p. 1046; July, (1934).
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no inner layer were present, but the magnetic flux produced by the
outer layer induces eddy currents in the inner layer. These eddy cur-
rents are superimposed upon the current distribution that would exist
in the absence of the outer layer, and can be thought of as being the
consequence of a "proximity effect."

Partial section along 4,- 4,

414241-6,
17,-4

(774

Fig. 3-Multilayer toroid wound with strip conductor.

In the case of the vertical members in Fig. 3 these eddy currents
flow up one side of the inner layer and return down the other side as
indicated, and greatly increase the loss in the conductor. It is possible
to calculate the current distribution in the inner layer for these vertical
members. The differential equation that applies is still the same as
applies to the outer layer,' but the boundary conditions are now dif-
ferent. The solution is of the form

iz= A cosh ax+B sinh ax
where,

ix= vector current .density at point x (Fig. 3(a))
oc2=4r ary X10-9
-y = conductivity of the metal
x= distance into inner conductor from edge (Fig. 3(a))

A and B= constants of integration determined by the boundary
conditions, which are

(1) at x = 0, H =
2irR

NI

r t 2irR
(2) j ix dx = I

o N
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where,
N = turns in the outer layer
I = current passed through the toroid
H = magnetic intensity produced by current in the outer layer

t = thickness of inner layer conductor.
The first of these conditions states that the magnetic intensity at the

edge of the inner layer adjacent to the outer layer is produced solely
by the ampere turns of the outer layer. The second condition states
that the total net current flowing in the inner conductor is the current
passed through the coil. The eddy currents merely add to the current
density at some points and subtract from it at others.

Substituting the first condition into the equation, and making use

of the relation di/dx=a2H obtained when setting up the original

differential equation, gives

aNIB=
2rR

Similarly, substituting the second condition into the equation leads to

the result
INa (2 - cosh at
2irR sinh at

When these constants are substituted into the equation for current, it
will be found that for a thickness t considerably greater than the "skin

depth" the presence of the outer layer makes the current density at
the side of the inner layer away from the outer layer twice what it
would be with no proximity effect, and also causes current to flow on

the other side of the inner layer whereas no such current would flow if

the outer layer were not present. Extension of the analysis to the outer
vertical side of the inner layer also leads to an analogous result. The

result is that the proximity effect increases the losses in the inner layer

by a factor of almost exactly five times, and the inner layer hence be-
comes a liability.

The mathematical development of this Appendix has been given in

skeleton form because it is only incidental to the main purpose of the

paper. The reader who wishes to study this mathematics in detail
should first consult the paper by Kennelly, Laws, and Pierce' to obtain
the derivation of the fundamental differential equations.
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MULTIFREQUENCY IONOSPHERE RECORDING AND
ITS SIGNIFICANCE*

BY

THEODORE R. GILLILAND
(National Bureau of Standards, Washington, D.C.)

Summary-Results obtained in hourly measurements of critical frequencies
of the layers of the ionosphere are presented for the period of a year between May,
1933, and April, 1934. The critical frequencies were obtained by an automatic
recorder which covers the frequency band 2500-4400 kilocycles at a uniform rate of
200 kilocycles per minute. Critical frequencies in this band are for the E and F1
layers in the daytime and for the F layer at night. Graphs are presented which repre-
sent hotirly averages of critical frequencies for each layer for each month. The points
from which the averages are obtained are also plotted to show the scatter. The critical
frequencies for the E and F1 layers follow in phase with the sun both diurnally and
seasonally. During the day "fine structure" is often in evidence indicating other
strata between the usual E and F1 layers. The results obtained for the F layer during
the winter night are of particular interest. After dropping to a minimum near mid-
night the critical frequency increases to a maximum at about 4:00 a.m., then drops
to a second minimum before sunrise. This increase during the night represents more
than a 100 per cent increase of maximum electron density.

The results for the period September 11-30, 1933, are compared with those for
the same period of 1934 showing a considerably greater ionization density for the
latter period. The minimum point of the average curve for 1934 is about 180 kilocycles
higher than that for 1933. Whether or not this increase is connected with the new sun-
spot cycle is not yet certain.

Some of the results have been studied in connection with a practical communica-
tion problem which was concerned with skipping of signals in short -distance trans-
mission along one of the airways. The results are used to determine the limiting fre-
quency for any distance up to a few hundred miles.

Information of the type presented here should prove useful in the study of theproperties of the upper atmosphere, as well as in the interpretation of communication
problems.

I. INTRODUCTION

HE purpose of this paper is to present some of the results ob-
tained with an automatic recorder which gives the relation be-
tween the radio frequency of the pulse signals used and the

virtual height reached by them in that portion of the upper atmosphere
now called the ionosphere. With records of this type it is possible tointerpret some of the characteristics of radio waves which travelby way of the ionosphere. The equipment, which has been described

* Decimal classification: R113.61. Original manuscript received by- the In-stitute, January 17, 1935. Publication approved by the Director of the NationalBureau of Standards of the U. S. Department of Commerce. Presented in part atWashington meeting of U.R.S.I., April 27, 1934. Published in Bur. Stan. Jour.Res., vol. 14, pp. 283-305; March, (1935).
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i)rriously.' employs the pulse method of Breit and Tuve with modifi-

caons which permit automatic recording. The system consists of a
trfsmitter, receiving set, and galvanometer oscillograph with photo-

gr3hic attachment. The transmitter is made to send out short pulses
wIch arrive at the receiving set via the ionosphere as well as directly
fru the transmitter. By passing the output of the receiving set
th)ugh the oscillograph a photographic record is made which gives

a :easure of the virtual height reached by the pulses. The frequency

of he transmitting and receiving sets which are placed in the same
ron is shifted continuously from 2500 to 4400 kilocycles at the uni-
fon rate of 200 kilocycles per second per minute, thus requiring 9.5
mutes for each record. During most of the time records are made once

ea i hour although at times they are made each half hour. This work
is eing carried on at the National Bureau of Standards field station
nu Beltsville, Maryland (Lat. 39°2' N.; long. 76°51.5'W).

During the daytime the band of frequencies used (2500-4400 kilo -

c3 es) indicates the presence of at least three strata. For the lower
rave of frequencies the waves are returned from the E layer with a
vi ual height of about 110 to 120 kilometers. As the frequency is in -
or bsed the waves pass through the E layer and are returned from the
F ayer with a virtual height usually between 180 and 240 kilometers.
A the frequency is increased still further the waves penetrate the F1
la ;r and are returned from the F2 layer with a virtual height of 280
ki meters or more. In the late afternoon the F1 and F2 layers appear to
mge so that at night only one well-defined layer is in evidence in the
F3gion with a virtual height of 240 kilometers and higher. As the ion
d( sity decreases in the evening, frequencies above 2500 kilocycles are
ndonger returned from the E layer. Later at night the highest fre-

ncies in this band finally penetrate the F layer and are no longer

rurned at normal incidence; i.e., for transmission straight up and

si light down. Occasionally the ion density becomes so low that even
2. 0 kilocycles is not returned. The lowest frequency which just passes
thugh a layer at normal incidence is called the critical frequency of

ti layer. The discussion that follows deals mainly with the measure -
n ats of the critical frequencies of the E and the F1 layers in the day -
the and of the F layer at night. Besides the more or less regular refrac-

tia phenomena discussed above there are sporadic reflections from the
legion which appear at almost any time but most often during the

amer. Also reflections from the F region for frequencies above the
u critical values appear at times. That this sporadic phenomenon

Gilliland, Bur. Stan. Jour. Res., vol. 11, p, 561; October, (1933), RP 608;
P)c. I.R.E., vol. 22, p. 236; February, (1934).
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is reflection rather than refraction is indicated by the character of thd
pattern obtained. The usual F -layer refraction with critical frequencies
for both ordinary and extraordinary rays is often "visible" through an
E layer which can support several multiple reflections. The character
of these sporadic reflections is shown in some of the records that follow.

The data discussed here were obtained over a period of a year be-
tween May, 1933, and April, 1934, inclusive. Also some of the data
obtained during September, 1934, are compared with those of Septem-
ber, 1933.
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MULTIFREQUENCY IONOSPHERE RECORDING AND
ITS SIGNIFICANCE*

BY

THEODORE R. GILLILAND
(National Bureau of Standards, Washington, D.C.)

Summary-Results obtained in hourly measurements of critical frequencies
of the layers of the ionosphere are presented for the period of a year between May,
1933, and April, 1934. The critical frequencies were obtained by an automatic
recorder which covers the frequency band 2500-4400 kilocycles at a uniform rate of
200 kilocycles per minute. Critical frequencies in this band are for the E and F1
layers in the daytime and for the F layer at night. Graphs are presented which repre-
sent houily averages of critical frequencies for each layer for each month. The points
from which the averages are obtained are also plotted to show the scatter. The critical
frequencies for the E and F, layers follow in phase with the sun both diurnally and
seasonally. During the day "fine structure" is often in evidence indicating other
strata between the usual E and F, layers. The results obtained for the F layer during
the winter night are of particular interest. After dropping to a minimum near mid-
night the critical frequency increases to a maximum at about 4:00 a.m., then drops
to a second minimum before sunrise. This increase during the night represents more
than a 100 per cent increase of maximum electron density.

The results for the period September 11-30, 1933, are compared with those for
the same period of 1934 showing a considerably greater ionization density for the
latter period. The minimum point of the average curve for 1934 is about 180 kilocycles
higher than that for 1933. Whether or not this increase is connected with the new sun-
spot cycle is not yet certain.

Some of the results have been studied in connection with a practical communica-
tion problem which was concerned with skipping of signals in short -distance trans-
mission along one of the airways. The results are used to determine the limiting fre-
quency for any distance up to a few hundred miles.

Information of the type presented here should prove useful in the study of the
properties of the upper atmosphere, as well as in the interpretation of communication
problems.

I. INTRODUCTION

THE purpose of this paper is to present some of the results ob-
tained with an automatic recorder which gives the relation be-
tween the radio frequency of the pulse signals used and the

virtual height reached by them in that portion of the upper atmosphere
now called the ionosphere. With records of this type it is possible to
interpret some of the characteristics of radio waves which travel
by way of the ionosphere. The equipment, which has been described

* Decimal classification: R113.61. Original manuscript received by the In-stitute, January 17, 1935. Publication approved by the Director of the NationalBureau of Standards of the U. S. Department of Commerce. Presented in part atWashington meeting of U.R.S.I., April 27, 1934. Published in Bur. Stan. Jour.Res., vol. 14, pp. 283-305; March, (1935).
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previously.' employs the pulse method of Breit and Tuve with modifi-
cations which permit automatic recording. The system consists of a
transmitter, receiving set, and galvanometer oscillograph with photo-
graphic attachment. The transmitter is made to send out short pulses
which arrive at the receiving set via the ionosphere as well as directly
from the transmitter. By passing the output of the receiving set
through the oscillograph a photographic record is made which gives

a measure of the virtual height reached by the pulses. The frequency

of the transmitting and receiving sets which are placed in the same
room is shifted continuously from 2500 to 4400 kilocycles at the uni-
form rate of 200 kilocycles per second per minute, thus requiring 9.5
minutes for each record. During most of the time records are made once
each hour although at times they are made each half hour. This work
is being carried on at the National Bureau of Standards field station
near Beltsville, Maryland (Lat. 39°2' N.; long. 76°51.5'W).

During the daytime the band of frequencies used (2500-4400 kilo-
cycles) indicates the presence of at least three strata. For the lower
range of frequencies the waves are returned from the E layer with a
virtual height of about 110 to 120 kilometers. As the frequency is in-
creased the waves pass through the E layer and are returned from the
F1 layer with a virtual height usually between 180 and 240 kilometers.
As the frequency is increased still further the waves penetrate the Fl
layer and are returned from the F2 layer with a virtual height of 280
kilometers or more. In the late afternoon the F1 and F2 layers appear to
merge so that at night only one well-defined layer is in evidence in the
F region with a virtual height of 240 kilometers and higher. As the ion
density decreases in the evening, frequencies above 2500 kilocycles are
no longer returned from the E layer. Later at night the highest fre-
quencies in this band finally penetrate the F layer and are no longer
returned at normal incidence; i.e., for transmission straight up and
straight down. Occasionally the ion density becomes so low that even
2500 kilocycles is not returned. The lowest frequency which just passes
through a layer at normal incidence is called the critical frequency of
the layer. The discussion that follows deals mainly with the measure-
ments of the critical frequencies of the E and the F1 layers in the day-
time and of the F layer at night. Besides the more or less regular refrac-
tion phenomena discussed above there are sporadic reflections from the
E region which appear at almost any time but most often during the
summer. Also reflections from the F region for frequencies above the
usual critical values appear at times. That this sporadic phenomenon

Gilliland, Bur. Stan. four. Res., vol. 11, p, 561; October, (1933), RP 608;
Paoc. I.R.E., vol. 22, p. 236; February, (1934).
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no inner layer were present, but the magnetic flux produced by the
outer layer induces eddy currents in the inner layer. These eddy cur-
rents are superimposed upon the current distribution that would exist
in the absence of the outer layer, and can be thought of as being the
consequence of a "proximity effect."

Partin/ section Q/eng 0- q

Fig. 3-Multilayer toroid wound with strip conductor.

In the case of the vertical members in Fig. 3 these eddy currents
flow up one side of the inner layer and return down the other side as
indicated, and greatly increase the loss in the conductor. It is possible
to calculate the current distribution in the inner layer for these vertical
members. The differential equation that applies is still the same as
applies to the outer layer,' but the boundary conditions are now dif-
ferent. The solution is of the form

ix =A cosh ax+B sinh ax
where,

ix = vector current .density at point x (Fig. 3(a))
a2=4r ary X10-9
y = conductivity of the metal
x = distance into inner conductor from edge (Fig. 3(a))

A and B= constants of integration determined by the boundary
conditions, which are

(1) at x = 0 H
2irR

NI

(2) fo 2 rR
ix dx = I

N
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where,
N = turns in the outer layer
I = current passed through the toroid

H = magnetic intensity produced by current in the outer layer

t = thickness of inner layer conductor.
The first of these conditions states that the magnetic intensity at the

edge of the inner layer adjacent to the outer layer is produced solely

by the ampere turns of the outer layer. The second condition states
that the total net current flowing in the inner conductor is the current

passed through the coil. The eddy currents merely add to the current
density at some points and subtract from it at others.

Substituting the first condition into the equation, and making use

of the relation di/dx =a2H obtained when setting up the original

differential equation, gives

aNI
B=

2irR

Similarly, substituting the second condition into the equation leads to

the result
INa (2 - cosh at

A=
2irR sinh at

When these constants are substituted into the equation for current, it

will be found that for a thickness t considerably greater than the "skin

depth" the presence of the outer layer makes tile current density at
the side of the inner layer away from the outer layer twice what it
would be with no proximity effect, and also causes current to flow on

the other side of the inner layer whereas no such current would flow if

the outer layer were not present. Extension of the analysis to the outer
vertical side of the inner layer also leads to an analogous result. The

result is that the proximity effect increases the losses in the inner layer

by a factor of almost exactly five times, and the inner layer hence be-

comes a liability.
The mathematical development of this Appendix has been given in

skeleton form because it is only incidental to the main purpose of the

paper. The reader who wishes to study this mathematics in detail

should first consult the paper by Kennelly, Laws, and Piercer to obtain

the derivation of the fundamental differential equations.
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Summary-Results obtained in hourly measurements of critical frequencies
of the layers of the ionosphere are presented for the period of a year between May,
1933, and April, 1934. The critical frequencies were obtained by an automatic
recorder which covers the frequency band 2500-4400 kilocycles at a uniform rate of
200 kilocycles per minute. Critical frequencies in this band are for the E and F1
layers in the daytime and for the F layer at night. Graphs are presented which repre-
sent hourly averages of critical frequencies for each layer for each month. The points
from which the averages are obtained are also plotted to show the scatter. The critical
frequencies for the E and F1 layers follow in phase with the sun both diurnally and
seasonally. During the day "fine structure" is often in evidence indicating other
strata between the usual E and Fl layers. The results obtained for the F layer during
the winter night are of particular interest. After dropping to a minimum near mid-
night the critical frequency increases to a maximum at about 4:00 a.m., then drops
to a second minimum before sunrise. This increase during the night represents more
than a 100 per cent increase of maximum electron density.

The results for the period September 11-30,1933, are compared with those for
the same period of 1934 showing a considerably greater ionization density for the
latter period. The minimum point of the average curve for 1934 is about 180 kilocycles
higher than that for 1938. Whether or not this increase is connected with the new sun-
spot cycle is not yet certain.

Some of the results have been studied in connection with a practical communica-
tion problem which was concerned with skipping of signals in short -distance trans-
mission along one of the airways. The results are used to determine the limiting fre-
quency for any distance up to a few hundred miles.

Information of the type presented here should prove useful in the study of the
properties of the upper atmosphere, as well as in the interpretation of communication
problems.

I. INTRODUCTION

THE purpose of this paper is to present some of the results ob-
tained with an automatic recorder which gives the relation be-
tween the radio frequency of the pulse signals used and the

virtual height reached by them in that portion of the upper atmosphere
now called the ionosphere. With records of this type it is possible to
interpret some of the characteristics of radio waves which travel
by way of the ionosphere. The equipment, which has been described

* Decimal classification: R113.61. Original manuscript received by the In-stitute, January 17, 1935. Publication approved by the Director of the NationalBureau of Standards of the U. S. Department of Commerce. Presented in part atWashington meeting of U.R.S.I., April 27, 1934. Published in Bur. Stan. Jour.Res., vol. 14, pp. 283-305; March, (1935).

1076



Gilliland: Multifrequency Ionosphere Recording 1077

previously.' employs the pulse method of Breit and Tuve with modifi-
cations which permit automatic recording. The system consists of a
transmitter, receiving set, and galvanometer oscillograph with photo-
graphic attachment. The transmitter is made to send out short pulses
which arrive at the receiving set via the ionosphere as well as directly
from the transmitter. By passing the output of the receiving set
through the oscillograph a photographic record is made which gives

a measure of the virtual height reached by the pulses. The frequency
of the transmitting and receiving sets which are placed in the same
room is shifted continuously from 2500 to 4400 kilocycles at the uni-
form rate of 200 kilocycles per second per minute, thus requiring 9.5
minutes for each record. During most of the time records are made once
each hour although at times they are made each half hour. This work
is being carried on at the National Bureau of Standards field station
near Beltsville, Maryland (Lat. 39°2' N.; long. 76°51.5'W).

During the daytime the band of frequencies used (2500-4400 kilo-
cycles) indicates the presence of at least three strata. For the lower
range of frequencies the waves are returned from the E layer with a
virtual height of about 110 to 120 kilometers. As the frequency is in-
creased the waves pass through the E layer and are returned from the
F1 layer with a virtual height usually between 180 and 240 kilometers.
As the frequency is increased still further the waves penetrate the F1
layer and are returned from the F2 layer with a virtual height of 280
kilometers or more. In the late afternoon the F1 and F2 layers appear to
merge so that at night only one well-defined layer isin evidence in the
F region with a virtual height of 240 kilometers and higher. As the ion
density decreases in the evening, frequencies above 2500 kilocycles are

no longer returned from the E layer. Later at night the highest fre-

quencies in this band finally penetrate the F layer and are no longer
returned at normal incidence; i.e., for transmission straight up and
straight down. Occasionally the ion density becomes so low that even
2500 kilocycles is not returned. The lowest frequency which just passes

through a layer at normal incidence is called the critical frequency of
the layer. The discussion that follows deals mainly with the measure-
ments of the critical frequencies of the E and the F1 layers in the day-
time and of the F layer at night. Besides the more or less regular refrac-

tion phenomena discussed above there are sporadic reflections from the
E region which appear at almost any time but most often during the
summer. Also reflections from the F region for frequencies above the
usual critical values appear at times. That this sporadic phenomenon

1 Gilliland, Bur. Stan. Jour. Res., vol. 11, p, 561; October, (1933), RP 608;
Paoc. I.R.E., vol. 22, p. 236; February, (1934).
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is reflection rather than refraction is indicated by the character of the
pattern obtained. The usual F -layer refraction with critical frequencies
for both ordinary and extraordinary rays is often "visible" through an
E layer which can support several multiple reflections. The character
of these sporadic reflections is shown in some of the records that follow.

The data discussed here were obtained over a period of a year be-
tween May, 1933, and April, 1934, inclusive. Also some of the data
obtained during September, 1934, are compared with those of Septem-
ber, 1933.
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Fig. 1-Records taken during the morning at half-hour intervals showing thechanges in character of the patterns from August to November, 1933.

II. DAYTIME E- AND Fr -LAYER RESULTS
The type of record obtained during the daytime is shown in Figs.

1 and 2. In Fig. 1 records taken during the morning at half-hour inter-
vals show the changes with season from August to November, 1933.
Each small section of record gives the virtual height for the band from
2500 to 4400 kilocycles. The interpretation of patterns of `this type has
been given previously'2 and will not be discussed in detail here. The

2 For a discussion of the theory see Kirby, Berkner, and Stuart, Bur. Stan.Jour. Res., vol. 12, pp. 15-51; January, (1934); PROC. I.R.E., vo.. 22, pp. 481-521; April, (1934).
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record at 0600 E.S.T. for August 18 shows the ordinary and extraordi-
nary rays returned from the F region with the critical frequencies3 fF"
and fp'. The critical frequency for each ray occurs at the point where
the trace approaches the vertical. By 0700 the ordinary ray critical
frequency is above 4000 kilocycles and formation of the F1 layer is
beginning to appear. The pattern at 0800 shows F1 refraction with one
multiple, as well as both E and E-F reflections.4 E-F reflections are
those which penetrate the E layer, then make two round trips between
the top of the E and the bottom of the F layer before finally coming
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Fig. 2-Records showing changes in the character of the patterns from August
to November, 1933, between 1100 and 1530 E.S.T.

down through the E layer to earth. This type of reflection is quite
common and can be differentiated from the others because its trace

3 The following nomenclature for critical frequencies is used:
fE for E -layer critical frequency.
fF," for F, -layer critical frequency. Ordinary ray.
fF,' for F, -layer critical frequency. Extraordinary ray.
fp" for F -layer critical frequency. Ordinary ray.
fF' for F -layer critical frequency. Extraordinary ray.
Attention has just been called to nomenclature adopted at the London meet-

ing of the U.R.S.I. in September, 1934. The U.R.S.I. nomenclature will be used
in future publications.

4 Called M reflections by Ratcliffe and White in England.
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has the same shape as that of the F -layer trace below it while its
separation from the F trace is about the same as the separation be-
tween the E and F traces. This indicates that the reflecting E layer is
fairly thin at times, perhaps less than 10 kilometers in thickness when
E -F reflections appear.

The pattern at 0900 shows both the E and F1 critical frequencies.
The F1 critical frequency becomes more pronounced later in the morn-
ing. This critical frequency is for the ordinary ray. The extraordinary
ray can be seen at times but its critical frequency is usually above the
limits of the present recording system.

The F -layer stratification is seen to become less pronounced and the
decrease in both the E and F1 critical frequencies can be seen as winter
approaches. The records of Fig. 2 show the changes from August to
November, 1933, between 1100 and 1530. At 1100 on August 31 there
is a triple critical effect between the usual E and F1 layers. "Fine struc-
ture"5 of this type which has been noted by other observers is quite
common and indicates other strata between the usual layers. Multiple
critical frequencies do occur at times of rapid increase in ionization,
especially at sunrise. This is to be expected because the rate of change
of frequency is not great enough to keep up with the rapid increase in
ionization. It is not likely, however, that this is the cause of the fine
structure shown above. At 1130 there are only two critical frequencies
between E and F1 and at 1200 and after there is only one. Fine struc-
ture is in evidence on many of the other records of Fig. 2. It should be
pointed out that many of the patterns recorded are very complex and
that it is often difficult and sometimes impossible to interpret the re-
sults. With three or more layers, some of them giving double refrac-
tion, with reflections directly from, as well as back and forth between
layers, added to multiple reflections and refractions, it can be under-
stood that some of the patterns will be quite complex.

The results of the year's measurements of E -layer critical frequen-
cies are shown in the graphs of Figs. 3, 4, and 5. The time scale is di-
vided into half-hour intervals and the frequency scale is divided into
intervals of 50 kilocycles. The points falling within a given interval are
plotted within the rectangle corresponding to that interval. When there
is only one critical frequency it is shown as a dot. When the critical
frequencies are multiple (i.e. where fine structure exists) as shown in
Fig. 2, the lowest one is plotted as a dot and the second one as a cross.
The values higher than the second are not indicated.

6 J. P. Schafer and W. M. Goodall, Nature, vol. 131, p. 804; June 3, (1933);E. V. Appleton, Nature, vol. 131, p. 872; June 17, (1933); J. A. Ratcliffe andE. L. C. White, Nature, vol. 131, p. 873, June 17, (1933).
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The curves represent hourly averages of the lowest critical frequen-

cies. The points representing measurements on the half hour are not
included in the average curves because they are relatively few in num-
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ber compared to the hourly measurements. The averages for the second
critical frequency are not shown. The curves for May, June, and July
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are dotted because the measurements were relatively few in number
during these months and the average value shown may not represent
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an accurate average for the month. It is likely that the maximum of
the average curves for May and June should be higher. Most of the
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curves show some irregularity, which can be understood, considering
the wide scatter of the points. Some of the scatter may be caused by
the fact that one of the critical frequencies of a multiple group may
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disappear between records and it is usually impossible to tell which one
is missing. As a result the lowest one of the group which appears in the
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average curve may actually represent the critical frequency for a higher
stratum. The maximum of the average critical frequency curve for each
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month is shown in Table I. In each case the maximum comes very near
to noon.

The results of critical frequency measurements of the ordinary ray
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in the F1 layer for the year are shown in Figs. 6, 7, and 8. The curves
represent averages of measurements made on the hour only. Here, as
for the E -layer results, the points are plotted in rectangles representing
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intervals of one-half hour and 50 kilocycles. Stratification does not ap-

pear between the F1 and F2 layers so that only one critical frequency

is in evidence. During most of the day the extraordinary ray critical
frequency is above the highest frequency recorded by the present sys-
tem. As mentioned above, the F -layer stratification appears only dur-
ing the daytime, and is much more pronounced in summer than in
winter. The maximum of the average curve for each month is shown in
Table I. As for the E layer, the maximum comes very near to noon.

TABLE I
MAXIMA OF AVERAGE CRITICAL FREQUENCY CURVES

For Day E Layer For Day F Layer

Year Month

Maximum of
Average
Critical

Frequencies
Year Month

Maximum of
Average
Critical

Frequencies

ko ko

1933 May 3270(?) 1933 May 4205(?)

1933 June 3230(?) 1933 June 4205(?)

1933 July 3375(?) 1933 July 4205(7)

1933 August 3310 1933 August 4160

1933 September 3105 1933 September 4175

1933 October 2925 1933 October 4050

1933 November 2795 1933 November 3980

1933 December 2775 1933 December 3870

1934 January 2780 1934 January 3850

1934 February 2910 1934 February 4115

1934 March 3120 1934 March 4215

1934 April 3255 1934 April 4275

III. NIGHT F -LAYER RESULTS

As mentioned before, the frequencies within the band covered by
the present system are usually returned from the F layer at night. Fig. 9
shows the type of record obtained for six consecutive nights in October,
1933. During the first night the critical frequency for the extraordinary
ray fell below 2500 kilocycles at 2000 E.S.T., increased to a maximum

of 3920 kilocycles at 0400 and then fell to a minimum of about 3750
kilocycles at 0600. Both rays are in evidence from 0200 to 0600, inclu-
sive. The ordinary ray is at the left and the extraordinary at the right.
Although accurate determination of the actual separation between the
two critical frequencies will await a more nearly simultaneous determi-
nation of the two values, the separation is very nearly 800 kilocycles
when the ordinary ray critical frequency is at 2500 kilocycles. Theory
shows that with this separation the ions here are undoubtedly elec-
trons. The changes during the second night are quite different. A mini-

mum critical frequency of 3450 kilocycles occurred at 2100 followed by

a maximum of 4100 kilocycles at 0000 and another minimum below

2500 kilocycles at 0500. The critical frequency increased also during the
other four nights but it did not fall below 2500 kilocycles unless possi-

bly during the third night when F refractions were obscured by strong
sporadic E reflections at 2300 and 0000.
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The greater portion of the critical frequencies obtained at night in
this band were for the extraordinary ray. The. curves of Figs. 10, 11,

I and 12 have been plotted from hourly averages of this critical fre-
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Fig. 10-Night F -layer critical frequencies with hourly average curves for May,
June, July, and August, 1933.
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quency for each month. The points are plotted in squares representing
intervals of one hour and 100 kilocycles. The character of the average
curves for the winter months is of particular interest. This is especially
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true for November, December, and January. It will be noted that on
the average during these months there is a definite increase in density
of ionization during the night followed by a decrease before sunrise.
Table II shows the maximum and minimum values of the average
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TABLE II
MAXIMA AND MINIMA OF AVERAGE NIGHT CRITICAL FREQUENCY CURVES FOR THE F LAYER

Month
1st

Minimum,
ko

Time of
Occurrence

E.S.T.
Maximum'ko

Time of
Occurrence

E.S.T.

2nd
Minimum,

kc

Time of
Occurrence

E.S.T.
May, 1933 3160(7) 0400
June, 1933 2735(7) 0400
July, 1933 2750(?) 0400
August, 1933 2850 0200
September, 1933 2825 0430
October, 1933 3330 2300 3400 0100 3150 0430
November, 1933 3045 2300 3830 0320 3370 0600
December, 1933 2800 2200 3820 0430 3430 0600
January, 1934 2800 2320 3820 0400 3440 0600February, 1934 3045 0000 3335 0320 3155 0510March, 1934 3265 0410
April, 1934 3010 0400

NOV 2-3, 1933
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Fig. 13-Records of November 2 and 3, 1933, showing increase of F -layer criticalfrequency during the night. Between 2230 and 0330 the critical frequencyfor the extraordinary ray increases from 2950 to 4070 kilocycles represent-ing more than a 100 per cent increase in maximum electron density. fF"represents ordinary ray critical frequency. fF' represents extraordinary raycritical frequency.
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curves for each month with the time of occurrence. Calculation shows

that during December the maximum electron density more than
doubles between 2200 E.S.T. and 0430 E.S.T. No explanation is offered
to account for this increase in ionization during the night. It seems to
be centered about midwinter. Fig. 13 shows records taken at half-hour
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Fig. 14 --Records showing increase of F -layer critical frequency during
the night, December 22, 1933.

intervals during the night of November 2-3, 1933. The extraordinary
critical frequency has a minimum value of 2950 kilocycles at 2230 and
increases to a maximum of 4070 kilocycles at 0330 and then drops to
another minimum of 3030 kilocycles at 0530. This represents more than
a 100 per cent increase in maximum electron density in five hours. Fig.
14 shows similar changes during the early morning of December 22.
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Fig. 15 shows some of the different types of records obtained at
night. I of Fig. 15 shows sporadic E reflections at 2000 and 2100
E.S.T. E -F reflections together with F ordinary and extraordinary
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Fig. 15-Showing different types of records obtained at night. I shows sporadic
E reflections at 2000 and 2100 E.S.T. E -F reflections together with F ordi-nary and extraordinary rays are also visible. II shows strong E reflectionswith E -F and F at 1800 and 1900. E is strong with F weak at 2000. Only F
extraordinary ray is visible at 2100 with critical frequency about 3200 kilo-cycles. III shows F extraordinary ray at 0000. Strong E reflections with 5multiples appear at 0100 and continue through 0200 and 0300. IV shows Fextraordinary ray at 1900 and 2000. E and 2 multiples show at 2100. At2200 F extraordinary ray is visible with E reflections. At this time E layerappears to be stratified which is unusual for these conditions. From 2500to 3400 kilocycles the virtual height is 120 kilometers while from 3400 to4400 the height is 170 kilometers. V shows reflections at frequencies abovethe critical frequency for refraction for the F layer. Thus at 0400 the extraor-dinary ray critical frequency is 3950 kilocycles while the reflection continuesbeyond 4400 kilocycles.
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rays are also visible. In II strong E reflections with E -F and F are
visible at 1800 and 1900. E is strong with F weak at 2000 E.S.T. Only
the F extraordinary ray is visible at 2100 with critical frequency about
3200 kilocycles. In III of Fig. 15 only the F extraordinary ray is visible
at 0000. Strong E reflections with five multiples appear at 0100 and
continue through 0200 and 0300. In IV F extraordinary shows at
1900 and 2000. E and two multiples show at 2100. At 2200 F extraor-
dinary is visible with E reflection. At this time the E layer appears
to be stratified, which is unusual for these conditions. From 2500 to
3400 kilocycles the virtual height is 120 kilometers, while from 3400
to 4400 the height is 170 kilometers. In V reflections at frequencies
above the critical frequency for refraction are shown for the F layer.
Thus at 0400 the extraordinary ray critical frequency is 3950 kilo-
cycles while the reflection continues beyond 4400 kilocycles.

IV. APPLICATION OF RESULTS TO A PRACTICAL COMMUNICATION

PROBLEM

Recently one of the air transport companies experienced difficulty
in communicating at night between ground stations and aircraft along
one of the routes in northeastern United States using a frequency of
3257.5 kilocycles. Conditions were reported to be especially bad during
September, 1934. Since the frequency used is within the band covered
by the measurements described above, the data were examined to
determine what behavior would be expected at this frequency. The
data for the period September 11-30, 1933, were compared with those
for the same period of 1934, and are shown in Table III. The figures
without letters in this table indicate extraordinary critical frequencies
for the F layer in kilocycles. The discussion is in terms of the extraor-
dinary ray since the problem is concerned with the limiting fre-
quency which will return to earth. As mentioned before the ionization
which gives sporadic reflections from the E layer will, at times, support
transmission at frequencies considerably above the critical value for
the refracted ray. When sporadic reflections ar6 returned from the E
layer the highest frequency returned is indicated in the table by the
letter E. The reflections occur only a few times during September and
are relatively unimportant during the period included in the table.
Reflections from the F layer are indicated by the letter R after the
highest frequency reflected. Where both reflection and refraction occur
in the F layer two numbers are given for the hour, the critical frequency
for the refracted ray being given alone while the highest reflected fre-

quency is followed by the letter R. These reflections are also relatively
unimportant compared to the refractions. When they do appear the
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maximum frequency returned is usually not much higher than that
returned by refraction. Records were obtained during 118 of the 140

TABLE III
MAXIMUM FREQUENCIES RETURNED FROM THE IONOSPHERE AT NORMAL INCIDENCE

Night Sept.
Hour, E.S.T.

2300 0000 0100 0200 0300 0400

September 11-30 inclusive, 1933
11-12 3220 3150 3200R 3100R 2600
12-13 3250 3250 3100R 3100R 2900R
13-14 X 2700 2770 3150 3150
14-15 2700 2550 2700 2680 2550
15-16 2600 2550 f 2710

131001
f 2700
13100R 2620

16-17 3250 3230 /2800
13200R 2770 2770 2700

17-18 3500 3340 2930
18-19 2730 2710 2740 2610
19-20 3450 3230 3230 3210 2980 2700
20-21 3330 3170 3250 3130 3290 f E2900

1 2770
21-22 3270 3100 2910 2770 2900
22-23
23-24 3350 3500 3460 f E3400

1 3200
f E4400
1 3170

fE3400
3350

24-25 3630 3500 3430 3310 3150 3180
25-26 3530 3220 2570 E4000 E4400
26-27 2870 2570 2730 2970
27-28 3770 13510

12750R
13400
13800R 3310 3230 3150

28-29 3200 3280 3180 3250 3140 309029-30 3080 2950 2790 2910 2910 305030-Oct. 1 3470 3100 3150 3200 3200 3270Average 3220 3135 3080 2955 2950 2875

September 11-30 inclusive, 1934
11-12 3900 3350 2950 2770 270012-13 4200 4100 3900 3670 3170
13-14 4250 3950 3750 (3500

139001
f 3550
13800R

f 3400
13800R

14-15 4500 4000 3550 3400 3330 3180
15-16 4060 3820 3600 3510 3280 f E3500

1 326016-17 4180 4050 3670 3370 3000 255017-18 3650 3700R 3680R 3450R 3500R 3600R18-19 3630 3530 3650 3720 3570 360019-20 4000 3900 3600 3330 2850 275020-21 3800 3500 3200 3200 3000 3020
21-22 4500 4270 3650 3240 2900 2760
22-23 3300 3050 2770 2760 2720 2730
23-24 3750 3600 3650 3330 12950

13400R
24-25 4300 4070 3870 3350 3300 2700
25-26 E3500 E3200 12800

13400R
12870
13500R 3300 f E3440

1 295026-27 3650 3500 3650 3830 3530 340027-28 3150 3130 3160 3130 3180 311028-29 3500 3380 3280 3250 3300 340029-30 3600 3730 3650 3600 3470 3580
30-Oct. 1 3130 3000 3120 f E3000

1 3160
f E2950
1 3160 3150

Average 3840 3690 3470 3320 3175 3040

0500

3000R
2600
2530

2720
E3900

2800
E4400

3220
3010

fE3300
3180
3200

3000
2970

2840

2760
3000

3800R
3200
3800R
3060

3900R
3350
3100
2940

2770
weak
2800
3150

f 2500
13100R
3250
3320

E3700
3450
3530
3200
3060

hours of this period in 1933 artd during 138 of the 140 hours for the
corresponding period of 1934. X indicates that no signals are returned
at frequencies above 2500 kilocycles.
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The curves of Fig. 16 are plotted from the hourly averages of the
F layer extraordinary ray critical frequency and may be used together
with the lower curve of Fig. 17 to determine, on the average, the high-
est frequency which would be expected to be useful for transmission
for any short distance between transmitting and receiving stations.

For example, the average critical frequency at 4:00 a.m. during the
period September 11-30, 1934, is 3040 kilocycles. Then from the lower
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Fig. 16-Curves showing hourly averages of night F -layer extraordinary ray

critical frequencies for periods September 11-30, 1933, and for September
11-30, 1934. Note that minimum for 1934 is about 180 kilocycles, higher
than for 1933.

curve of Fig. 17 the factor for 100 miles, say, is found to be 1.06 and
for 200 miles is 1.21. Then on the average during this period no sky -

wave frequencies above 1.06X3040 or 3225 kilocycles would be re-
ceived at distances nearer than 100 miles from the transmitter and no
frequencies above 1.21 X3040 or 3680 kilocycles would be received at
200 miles or nearer. The variability from night to night is quite large

so that individual values of critical frequency are often much different
from the average value. Table III shows that the critical frequencies
from which the average value was taken for 4:00 a.m. range from 2700

to 3600 kilocycles. The curves of Fig. 17 may be used together with
table III to determine the limiting frequency for any distance at any
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hour of this period. The factors given by the curves of Fig. 17 are
simply secants of the angle of incidence at the layer.

It will be noted that the curve for September, 1933, shown in
Fig. 16 is somewhat different from that shown in Fig. 11. This is due
to the fact that the curve of Fig. 11 represents the whole month while
the other curve represents only the last twenty days of the month.

It is interesting to note that the minimum of the average curve
for 1934 is about 180 kilocycles higher than that for 1933. Since the
trend of the sun -spot curve is upward it might be inferred that the
critical frequencies will increase as the sun -spot cycle progresses up-
ward but since these observations extend over such a short period of
time it is not advisable to make any predictions at this time. The
provisional sun -spot numbers total 57 for this period of September,
1933, and 106 for the same period of 1934.

Table IV is prepared from Table III and shows the percentages
of the time that the critical frequency for the extraordinary ray falls
below 2500, 2750, 3000, and 3250 kilocycles during the periods Septem-
ber 11-30, 1933, and 1934. The percentages of the time that 2750,
3000, and 3250 kilocycles were above the limiting frequency for a dis-
tance of 100 miles and, similarly, when 3000 and 3250 kilocycles were
above the limiting frequency for 200 miles, are also given in Table IV.

TABLE IV
PERCENTAGES OF THE TIME DURING THE PERIODS SEPTEMBER 11-30, 1933 AND 1934, FOR WHICH

LIMITING FREQUENCIES FELL BELOW SPECIFIED VALUES
(Data covers hours 2300-0500; 11:00 P.M. -5:00 A.M. E.S.T.)

.1 =frequency
specified

Critical frequency
falls below/

f exceeds limiting frequency

for 10C miles for 200 miles
1933 1934 1933 1934 1933 1934

(kc)
2500

(per cent)
5.1

(per cent)
1.45

(per cent)- (per cent) (per cent) (per cent)
2750 25.4 5.8 10.2 2.93000 44.0 17.4 30.5 12.3 5.1 1.453250 74.5 39.2 46.5 22.4 15.3 2.9

It is likely that the satisfactory ground -wave range at this fre-
quency is only thirty or thirty-five miles so that transmission is mainly
by sky wave. The results of this study show that at times night trans-
missions over short distances at a frequency of 3257.5 kilocycles pass
through the ionosphere and are lost from the earth. The results also
indicate that a lower frequency such as 2750 kilocycles passes through
the ionosphere at a given angle a much smaller perceniage of the time.
It would be necessary to go below 2500 kilocycles to obtain practically
complete freedom from skipping. The other F -layer critical frequency
graphs indicate that transmissions at a frequency of 3257.5 kilocycles
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will often pass through the ionosphere during any season. These
graphs (Figs. 10, 11, and 12) together with the lower curve of Fig. 17,
may be used to determine, on the average, the limiting frequency for
any time of the year for any distance.

The communication circuit of the air transport company was not
in operation during September, 1933, but the results show that even
more trouble would have been experienced then than in 1934.

In allocating frequencies for a given type of service a consideration
of data of the type shown here should prove useful. World-wide in -
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formation will be necessary for an intelligent allocation of frequencies
to be used in different geographical locations and for different types
of service.

V. CONCLUSIONS

An attempt is made to picture the results of the year's critical
frequency measurements in the solid diagram of Fig. 18. The hourly
averages of the day F1 critical frequencies above 3600 kilocycles are
shown in the solid curves at the left. The curves below these represent
averages of the day E critical frequencies above 2650 kilocycles. The
solid curves at the right represent averages of night F critical frequen-
cies below 3800 kilocycles. It is evident that the band used (2500-4400
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kilocycles) gives an important and interesting part of the total cross
section. The day E- and F1 -layer critical frequencies are seen to follow

AVE

0[ZpINAIZY 1ZAY,
Fl LAYEIZ
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EXTRA-012Di N,A2Y 12AV,
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9 11 13 15 17 19 21 23
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3 5

12)

1?2. )-03600 z
3400 3
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3000 11-

2800 74
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7

U
Fig. 18-Diagram showing hourly average critical frequency curves for night

F -layer extraordinary ray, day F1 -layer ordinary ray, and day E -layer, for
each month, May, 1933-April, 1934.

in phase with the sun both diurnally and seasonally. During the winter
night the F -layer critical frequency drops until an hour or two before
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midnight, then increases until about 0400, after which it decreases
again before sunrise. The maximum density of ionization frequently
more than doubles after the first minimum.

A detailed analysis of the data has not yet been made with rela-
tion to magnetic storms. There have been no severe magnetic storms
coincident with the hourly observations during the last one and a half
years. Appleton has reported6 that during magnetic storms in the
northern Norway polar region reflections from the ionosphere were
absent at all frequencies. No such pronounced effect has been observed
in this latitude during the past one and a half years. It is expected
that the severity of magnetic storms will increase with the advance of
the sun -spot cycle during the next four or five years so that the rela-
tion between magnetic storms and changes in the ionosphere will be
more easily recognized.

The probable effect of solar disturbances likewise will be demon-
strated only by the accumulation of data over a longer period of time.
Although the average night F -layer critical frequency curve for Septem-
ber, 1934, is considerably higher than that for September, 1933, no
predictions are made at this time that this indicates a definite trend
upward in the future. Data accumulated during the next four or five
years should show how much sunspots do effect critical frequencies.

Information of the type shown here should prove useful in the
study of the properties of the upper atmosphere as well as in the study
of radio transmission.

Although the results obtained give a considerable part of the whole
cross section it is desirable to extend the present system so that all of
the critical frequencies will be obtained for the twenty-four hours.
When more complete information of this type is available for different
parts of the world and when the results are compared with actual
transmission data a more complete understanding of sky -wave trans-
mission should follow.

6 E. V. Appleton, R. Naismith, and G. Builder, Nature, vol. 132, p. 340
September 2, (1933).
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DISSIPATION IN PHASE -COMPENSATING NETWORKS*

BY

A. T. STARR
(London, England)

Summary-The effects of dissipation in the lattice -type, phase -compensating
network are considered. There are three effects: (1) the phase shift is slightly different
from the ideal calculated value; (2) there is introduced an attenuation; (3) the image
impedance varies, especially near the frequencies of resonance and antiresonance of
the lattice arms. The third effect is most important as it causes highly inconvenient
reflections. Two methods are described for avoiding this effect, one of the methods
having the special advantage that it avoids effect (1) at the same time.

INTRODUCTION

SINUSOIDAL wave, E cos(cot+O) suffers attenuation and
phase shift during transmission, so that the received wave is
Ee-0 cos[wt+ 0 - ad. e-13 is the diminution factor, /3 the attenu-

ation in nepers, and ao the phase shift. Whatever /3 and ao are, the
received wave is a replica of the sent wave, since both are sinusoidal.

If the sent wave is not sinusoidal we can express it as a Fourier
series or integral with component or partial waves of the form given
above. These partial waves have attenuation 13 and phase shift ao,
which are in general functions of w. In order that the received wave
be a replica of the sent wave it is necessary that 13 be independent of
w and a be of the form wto plus a multiple of 7; for telephony it is
sufficient that /3 be independent of w and ao = wto+constant. The pro-
cedure adopted by transmission engineers' is to equalize the attenua-
tion at all frequencies by means of "equalizing networks" and then to
insert phase -compensating networks, which introduce very small at-
tenuation (ideally no attenuation) but a phase shift a so that ao+a
is of the form wto+ constant.

Before discussing phase -shift networks, a few words will describe
the effects of attenuation and phase shift. If 0 is greater at high fre-
quencies than at low, transmitted speech sounds woolly; if 0 is greater
at low frequencies the speech sounds tinny. It was found sufficient for
reasonable lengths of transmission line to equalize 13; for great lengths
it is found that this is not good enough, for if ao is not of the form
wto+constant, each syllable is preceded by a whistling noise. In the
case of picture transmission the nonlinearity of the plase-shift curve

* Decimal classification: R140. Original manuscript received by the In-
stitute,November 9, 1934; revised manuscript received, January 17, 1935. Part
of a thesis accepted for the Ph.D. degree by the University of London.

1 See Zobel, Bell Sys. Tech. Jour., pp. 438-534July, (1928).
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causes a blurring effect; furthermore, for exact reproduction the con-
stant added to coto must be a multiple' of

There are several kinds of networks, notably the lattice and bridged
T, which can be designed to give zero attenuation (in the ideal case)
at all frequencies and a desired phase shift. This paper discusses the
departure of these networks from the ideal case caused by unavoidable
resistance in the inductances that are used.

LATTICE -TYPE, PHASE -COMPENSATING NETWORK

Fig. 1 shows the well-known lattice network. If Zi and Z2 are in-
verse networks, the lattice network is of the constant -resistance type;
i.e., the image impedances are a constant resistance at all frequencies.

Z,

Fig. 1

Furthermore if the network consists wholly of reactive elements,
there is no attenuation over the whole of the frequency range, so that
the network is suitable for phase compensation. This facilitates design,
for the system can be equalized for attenuation, paying no regard to
phase, by the use of equalizing networks (described by Zobel'), and
then the phase can be compensated without upsetting the conditions
of equalized attenuation.

The lattice network' of Fig. 1 is symmetrical so that Zit = Zi2 = Zs,
say, the image impedance. The open -circuit impedance is

and the short-circuit

so that

Zo = + Z2)

Z8 = 2Z,Z2/(Z1 + Z2),

Z1 = "VZOZ8 = \/Z,Z2

2 See Zobe1,1 p. 501 et seq., and Starr, "Electric Circuits and Wave Filters,"
Ch. XII.

See K. S. Johnson, "Transmission Circuits," pp. 130-134; or Starr,2
pp. 170-174.
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and,

giving,
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tanh T = \/Z8/Zo = 2N/Z1Z21(Z1 ± Z2),

tanh (T/2) = -VZi/Z2. (1)

Z1 and Z2 are made inverse to one another, so that Z,Z2 = R2. This
is done by making an inductance L in Z1 correspond to a capacity
L/R2 in Z2, a resistance RI to a resistance R2/Ri, and a capacity C to
an inductance CR2, a series combination to a parallel combination,
and a parallel combination to a series combination. For example the
impedances of Figs. 2(a) and 2(b) are inverse with product R2.

This being so

and,

Fig. 2

Zi =- R

T = 2 tanh-1 (Z1/R) }

If Z1 is a purely reactive impedance, jX1, say, Z2 is purely reactive
also and equal to -jR2/Xi. Then,

so that,

and,

T = 2 tanh-4 (jX1/R)
= j2 tan -1 (X1/R),

-= 0

a = 2 tan-' (Xi/R)}

(2)

(3)

Type A Network

In this case Z1=jceL and Z2 = iNCOL/R2), the network shown in
Fig. 3.



Then,

where,

and,
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a = 2 tan -1 (coL / R)

= 2 ta,n' (w/coo),

coo = R/L = 111/LC. I

da = coo/ (0)02 + co2)
dco

L

Fig. 3

Fig. 4

2 (-)- - = -
(A)o

da a
a, - , and - are shown in Fig. 4.

dw co

(4)

(5)

(6)
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Effect of Resistance in the Coils

In any actual case, however, the coils L will have some resistance,
r, say. The leakage of the condensers is negligible in comparison. Let,

coL/r = Q,

the factor of the coil. Then,

Zi = OjcoL r)/jwC

 = 1/jQ

8Q

12=. R(1 + jR/2Q.

(7)

Q will be of the order of 50 to 300, depending upon the frequency and
the type of coil, so that R/8Q2 may be neglected, but jR/2Q introduces
an irregularity which will produce undesired reflection effects. In
addition the propagation constant will be modified. The effect can be
illustrated simply by imagining the network of Fig. 3 to be terminated
by a resistance R. Then the ratio of the emerging to the ingoing current
is

Z1 Z2

Zi + Z2 + 2R

jwL(1 + 1/ jQ) - 1/jwC
jwL(1 1/jQ) + 1/ jwC + 2R
k /(t) , say.

It will be found that'

ra *=. 2 tan--' (00.0o) + 2(42LC /Q(1 + w2LC)2

The numerator is approximately

jwi. (1 +

and the denominator
(002

J
1j41

Lo2

(402)
472

/ /Q(1 +

two 1

/ _Iwo? -Iwo w Q =. jw.1, 47 (1 -
CO- Car (.0(2 4002

1 -
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and,
k '_. 1 - 2R/QwL(1 + 1 /(.02LC)2

Thus the phase shift is increased by 2c02LC/Q(1+6.)2LC)2 while an

attenuation is introduced of the amount

2R/ [QcoL(1 1/(.02LC)2] nepers.

In practice several such networks will be in tandem and so each
network will not be correctly terminated. The actual phase shift ob-
tained will be modified by reflections, and will be difficult to calculate.

Fortunately, this undesirable state of affairs can be avoided by
allowing for the unavoidable dissipation in the coils, after design, by
the following method.

Correction for Dissipation

The networks Zi and Z2 are made truly inverse, after the correct
values of L and C have been calculated, by placing resistances R2/r
across the condensers' C. If desired, leakage in the condensers G can be

allowed for by making their resistances assume the value 1/(r R2 -G),
but this will be usually unnecessarily accurate because r will vary with
frequency somewhat. This method will eliminate reflections, since the
network now will be really a constant -resistance network, in ad-

dition it will be shown that the phase shift of the network assumes the
calculated value for a network without dissipation. This will help design

considerably.
Proof will next be given that the employfnent of correcting re-

sistances leads to ideal phase shift but introduces some attenuation.
Let Z1 be an impedance composed of coils and condensers in which

a typical coil has an impedance z = jcoL (1 + 1/jQ), and a typical con-
denser has an impedance z = 1/jc0C(1+ 1/j(2). Z2 is made inverse by
placing resistance across the corresponding condensers to allow for
dissipation in coils of Z1 and resistances in series with coils correspond-
ing to leakages in condensers in Z1. The same is done for Z1 to allow
for losses in Z2. Then,

Zi = VZ1Z2 = R,

and,

But,

T = 2 tanh-i (Z1/R).

Z1 = f[jcoLi(1 1/3(21), 113wC2(1 + 1 ti(22) .

British Patent. No. 342,307.
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Let,
1

= jwLi, z2 = , etc.,
jwC2

the impedance of the elements in the ideal case, and,

jwLi ( 1 + j1(21) zl Az1,

1

Then,

jwC2( 1 +: 1
3Q2 )

= z2 Az2, etc.

Zl = f [zi Azi, z2 Az2, J

of Of
= f[zi, z2, ] Azi Az2 ,

azi az2
,

to the first order, where f[zi, z2, . . . ] is the value of Z1 in the ideal case
and so with the derivatives.

f(zi, z2, . . . ) is clearly a pure imaginary =j4,(to)R, say, and the
derivatives are real positive quantities. Also,

and,

coLi
Az, .---- jcoLl( 1 + 1 - jcoLis = ---,

3Q1 Qi

Z2
1

1jwC2 (1 ± j(22)

to the first order, so that Az,, 622, . . . are all positive real quantities
to the first order. Then,

1 ofT = 2 tanh-i = j2 tan-' [ ¢,(w) - - Az .

jR az

Expanding by Taylor's theorem this gives

1 1

jWC2 WC2Q2
(8)

AzT = j2 tan-' [4)(W)± 2 [_azf
1 +1/R4)2(co)

giving a phase shift 2 tan-1[4(co)], which is the value of the ideal case,
and an attenuation of
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2IR Of

1 ± 02(w)
1-

az
Az nepers. (9)

This last summation is taken over all the elements in one arm of
the lattice network, and Az is given for a coil or condenser by (8).

Special Case. Corrected A Type Network

This is shown in Fig. 5.

L,r
Fig. 5

The phase shift for this is the same as for the ideal network of
Fig. 3; viz., a=2 tan-1(coL/R).

In this case z=jcoL, f(z)=z, and OW = wL/R. Equation (9) then
gives the attenuation as

2/R wL 2w/coo
.1. = nepers.1 + w2L2/R2 Q Q(1 + 0,2/0,02)

Ideal Type B Network

This is shown in Fig. 6 for the ideal case.

L

Fig. 6

In order that Z1 and Z2 be inverse

L1 L2

= =C2 Cl

= /win/(1 - C/J2LIC1),
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giving,

where,

and,
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a = 2 tan -1 coLIJR(1 - 6)2/.1CI)

= 2 tan -1 [-yx/(1 - x2)] (10)

x = co/a)°,

coo = 1/N/L1C1

= woLi/R = VLI/L2

Type B Network with Dissipation

Suppose the coils L1 have resistance R1 and L2 resistance R2.

Let co Li/RI=Qi and co T.,2/R2= Q2, then,

Z1 =

jcoLi ( 1 + 1
)

1 - w2Lic1(1 + 1 )
i(21

1 1

Z2 = jWL2 (1 +
3WC2

zi = N/z1z2

1+
1

3(21

1 W2L2C2  1+
3Q2 1

1/2

1 - W2LICI ( 1 ±
.7(21

(12)

It is found in practice that the impedance of an A type network,
even when uncorrected, is fairly constant over a reasonable range of
frequency, although it has the reactive part jR/2Q. At very low fre-
quencies, say down at 50 cycles, this does not hold, and the method
described above is necessary.

The uncorrected B type, however, has an image impedance which
varied rapidly in the neighborhood of coo= 1/N/L1Ci =1/-VL2C2. The
variation may be thirty or fifty per cent of the nornjal impedance.

D. C. Espley (late of the International Telephone and Telegraph
Laboratories) found experimentally that if the Q's of the coils are
made equal the variation is smoothed out. It is easy to see that this
is so, for if we put Q1= Q2, and LiCi =L2C2, equation (12) gives
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Zi = -V(L1/C2)(1 1/jQi),

which is of the same form as the impedance for the A type network
and is fairly constant over wide ranges of frequency except at very

low frequencies.
Espley corrected the impedance of the B network by making the

Q's of the coils equal by inserting a resistance in series with the coil

which has the larger Q. By using a resistance box, he varied the in-
serted resistance so as to keep the Q's equal. This reduced the im-
pedance of the B type network to that of the uncorrected A type
network, which was sufficiently constant in his range of frequency.

This result is unexpected, for if we have Q's of values 80 and 50
say, the best we can do is to reduce both Q's to 50, and this gives less
variation- of image impedance than the Q's of values 80 and 50. So
values of 50 and 50 are better than values of 80 and 50. Of course
values of 80 and 80 will be better than either, but Q cannot be easily

increased.
The reason why equalization of the Q's helps is because of the

behavior of the factor

[1 - W2L2C2(1 + 1 AO ]/ [1 - w2L1C1(1 + } 1/2

whose square is

[ (1 - w2L2C2)
W2.L2C2

3Q2

When,

jW2L2C2
[ 1 +

Q2(1 - W2L2C2)

w2L1C1

oLici -
[ (1 w2L1C1)

L Q1(1 - w2L1C1)

Q1(1 - w2L1C1)
< 1

Q1
w2L1C1 <

Qi

expression (13) becomes approximately

j(.02LiCi ( 1 11+
1 - co2L1C1 (22 Q1 )

Let,

w2L1C1 - KQI

1 + Q1

( 1 :i )

(14)
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where,

Then,

If Qi = m

(13) =
1 - co2L1C1(1 1/./Q1)

1 + 1/jQ2

1 ± 1/X21

and if Q1 and Q2 are reasonably large, this =1. At co2.T.ICI. = co2L2C2= 1,

1 - (1 + 1/jQ2) Qi
(13) = = = m.1 - (1 + OW Q2

If m is not equal to unity we have a considerable variation in (13) and
hence in the image impedance, which is R-01+1/j(2i) at low fre-
quencies, R-V(1+1/jQ2) at high frequencies, and [RN/(1-1-1/jQI)]
X/ at w= CO0=110111C11)=1ML2C2)

If this variation in image impedance were gradual, it might be
allowed for, so that the impedance would be almost constant in the
desired range. But the variation is not gradual, for (15) shows that the
impedance is nearly equal to R-V(1+1/jQi) except near co2=1/L1C1,
near which frequency, therefore, the whole of the variation takes place.
This region is thus one of rapidly varying impedance. This would
cause large reflection losses and would upset the phase shift also. The

Starr: Phase -Compensating Networks

K < 1.

KQi ( 1 1(14) = 1 + j
1 + Q1 -kQl.(22 Q1 ) 

and Qi and Q2 are both large, this becomes

( \
1 + j

K

1 -K
m 1

Qi ) (15)

If m is not equal to 1, the second term of this last expression can
become large as K approaches the value 1: (K must not be taken too
near to unity, for then the step from (13) to (14) will not be justified
as an approximation.)

Hence, unless Qi = Q2, (13) will vary appreciably near the region
of co2L1C1 = co2L2C2= 1.

A very simple way of seeing this is the following:
When c,o2.L.IC1 is very small, (13) is clearly nearly equal to unity.

Similarly when co2LiC1 is very large,

1 - w2L2C2(1 1/jQ2)
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Q's should thus be made equal at w = 1MLICI) = 1/NAL2C2,) since
here only is there a rapid change of impedance.

We may correct for impedance more exactly by -the method de-
scribed in the beginning of the paper. We do this by putting a re-
sistance R2/R2 in parallel with C1, and a resistance R2/R1 across C2.
This is shown in Fig. 7.

Fig. 7

R1 and R2 should be the alternating -current resistances at the
critical frequency w = 1/ ./L1C1 = 1/N/L2C2, if this frequency is in the
transmitted range, otherwise at the mid-frequency. This method will
correct impedance irregularities and, besides, it will produce a phase
shift equal, to a first approximation, to the value for the ideal network.
The unavoidable attenuation can be calculated by (9).

RECAPITULATION OF RESULTS

Ideal, type A network. (Fig. 3.)

where,

= 0 and a = 2 tan-i(w/coo)

wo = R/L = 1R/LC.

Image impedance is

R = 'VL/C.

Actual, type A network. This has a resistance r in the coils. Let,

wL/r = Q.
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Then,

1 \
= 2R/ [ (26)ii( + ow )

nepers,

a = 2 tan -1 (w/coo) 2w2LCaQ (1 + OLC)2,

and,

Zi=.R jR/2Q.

Corrected, type A network. (Fig. 5.) Here,

2w/wo
# = nepers,Q(1 + 0)2/(002)

a = 2 tan-' (w/coo),

and,

Z, = R.

Idedl, type B network. (Fig. 6.)

and,

where,

= 0 ,

Zi = R,

-yx
a = 2 tan.-' (1 - x2

x = w\/LC and ey = -\/L1/L2.

Actual, type B network. Coil Ll has resistance RI and coil L2 has R2.
Let coLi./Ri. = Q1, and wL2/R2 = Q2. The image impedance is

if

1 ± .1"1 1- w2L2C2. + 1 )1
/Q2

( 1 - co2LICI 1 +
jQl

( 1 + ) C0LL) 022

1 + )
./Q1 3Q2

1/2

C1 - C0022

1 +
1

)

1'2
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When Qi = Q2 this reduces to the simple form
1

Z, = R(1 +

and the reflection effects are negligible except at low frequencies. In
general (210Q2 and there is a rapid and large variation of Z, in the
neighborhood of w= wo, at which frequency

Zi = R 1 ±
1 \ 1/2 / Q1 \ 1/2

j(11 Q2 )
Corrected, type B network. (Fig. 7.) Here a is given by equation (9);

a is the same as for the ideal case; viz.,

and Zi is R.

2 tan-' ( 1

yx

- x2 )

-Fii>>-6-<Gia..--+
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BO OK REVIEWS

Drawings and Drafting Room Practice.-American Standard. 24 pages. American
Standards Association, 29 West 39th Street, New York, N. Y. Price 500.

The American Standards Association has issued a printed pamphlet con-
taining the drawings and drafting room practice adopted as an American Stand-
ard by the American Standards Association, May, 1935. The standards which
are covered include the arrangement of views, line work, dimensioning, sheet
sizes, and lettering and are the result of several years' work on the part of a
large representative committee under the chairmanship of Professor Franklin
DeR. Furman of Stevens Institute of Technology under the sponsorship of the
Society for the Promotion of Engineering Education and The American Society
of Mechanical Engineers. The pamphlet bears the A. S. A. designation Z 14.1
-1935. *L. E. WHITTEMORE

The Fundamentals of Radio, by R. R. Ramsey, Professor of Physics, Indiana
University. Second edition, revised and enlarged, 426 pages. Published by
the Ramsey Publishing Co., Bloomington, Ind., Price $3.50.

In this work the author has "endeavored to give the basic theory of radio
as it is exemplified in modern practice." A knowledge of electrical theory, such
as may be gained in a first course in physics, is presupposed. With this under-
standing, the first four chapters on elementary electricity are to be considered
as a concise and convenient review of fundamental principles, and are not in-
tended as a thorough presentation of the subject. The introductory chapters on
capacity and inductance are likewise to be classed under the same heading.

The main treatment of the radio fundamentals follows a spiral approach.
That is, more general principles are first passed in review, and a return is made
later to consider them in more detail and to point out their applications in prac-
tice. The book is especially complete and valuable in the practical information
it contains and in the full descriptions of apparatus. The teacher will find it a
compact guide to modern practice.

The book is well provided with diagrams of circuits and is profusely illus-
trated with cuts of apparatus. In the case of the more complicated vacuum tube
circuits a more detailed explanation of the circuits would be helpful to such read-
ers as have had no previous acquaintance with vacuum tube "hookups."

This second edition is about fifteen per cent larger than the first edition,
written in 1929, and the rapid progress of recent developements has necessitated
considerable changes and revision. The author is to be congratulated on having
succeeded in covering so much ground in a treatise of moderate size. The presenta-
tion is clear and logical, but a rather unusual staccato style of writing is employed
throughout. tFREDERICK W. GROVER

* American Telephone and Telegraph Company, New York City.
t Union College, Schenectady, N.Y.
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BOOKLETS, CATALOGS, AND PAMPHLETS RECEIVED

Copies of the publications listed on this page may be obtained without

charge by addressing the publishers.

The RCA Manufacturing Company, Radiotron Division, Harrison, N. J.,

has issued Application Note No. 48 on the graphical determination of the de-

crease in an inductance produced by a coil shield and Application Note No. 49

on the construction of a top -cap shield for metal tubes.

The Western Electric 400 -watt radio transmitting equipment is described

in a booklet issued by that organization which should be addressed at 195 Broad-

way, New York City. Another booklet describes studio speech input equipment

for broadcast purposes and a third booklet describes a midget transmitter de-

signed for private airplane flyers.

A leaflet issued by Thordarson Electric Manufacturing Company of 500

W. Huron Street, Chicago, Ill., describes a kit for the construction of a combined

condenser capacitance and leakage testing instrument.

The Handee grinder produced by the Chicago Wheel and Manufacturing

Company of 1101 W. Monroe Street, Chicago, Ill., is described in a leaflet issued

by that organization.

Volume 2 of their booklet on "Service Hints" has recently been issued by the

Hygrade Sylvania Corporation of Emporium, Pa.

Sensitive Research Instrument Corporation of 4545 Bronx Boulevard,New
York City, has issued leaflet Volume 1, No. 4 on "instruments for Use with

Photo Electric Cells."

Remote controls for automobile radio receivers are described in Bulletin

No. 37 issued by DeJur-Amsco Corporation, 95 Morton Street, New York City.
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nology, 1930. Western Electric Company, machine switching, 1922-1923; radio
marine division, Radio Corporation of America, 1924; radio marine division,
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Gilliland, T. R.: Born March 16, 1903, at Danville, Illinois. Received B.S.
degree in electrical engineering, California Institute of Technology, 1927; M.S.
degree in communication engineering, Harvard University, 1931. Commercial
radio operator, aboard ship for two years between 1923 and 1927; Radio Section,
Bureau of Standards, 1928-1930, and June, 1931, to date. Associate member, In-
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Studied mechanical engineering, Norrkoping Polytechnic Institute, 1912-1915;
electrical engineering, Royal Institute of Technology, Stockholm, 19161919.
Immigrated to the United States, October, 1919. Drafting department and radio
engineering department, General Electric Company, 1920; engineering staff,
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1934.

Reber, Grote: Born December 22, 1911, at Chicago, Illinois. Received B.S.
degree in electrical engineering, Armous Institute of Technology, 1933. With M.
G. Harbula, 1933. Engineer, General Household Utilities Company, 1934; en-
gineer, household radio department, Stewart-Warner Corporation, 1935. Radio-
man U. S. N. R., 1929-1933. Member, American Radio Relay League; American
Rocket Society. Associate member, Institute of Radio Engineers, 1933.

Starr, A. T.: Born 1905, at London, England. Received B. S. degree, London
University, 1925; B.A. degree (Wrangler), Cambridge University, 1927; M.A.
degree, Cambridge University, 1931; Ph. D. degree, London University, 1934.
Honorary mention, Smith's Prize, 1929. International Telephone and Telegraph
Laboratories, 1928-1931; lecturer, Faraday House Electrical Engineering Col-
lege, 1931 to date. Associate member, Institute of Radio Engineers, 1931.
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Insulated
Shaft

Stud tor
A. C. Switch

Fibre Guard
for Solder Flue

ALLEN -BRADLEY

cie Carbon Wiping Contact
Fold1,,arbon bulien owoy)

ISolld Molded ResICIlance

3/8" Mounting Hole

SilverPlated OnePiece Contacts

Severe Service
Cannot Change

Type J Bradleyometers
The solid molded resistor is homogeneous in cross sec-
tion-it is not a film -type unit. In longitudinal section,
the material is varied to suit specified resistance-rota-

tion curves; after molding, the
unit cannot change. Severe ser-
vice cannot alter its performance.
Long wear has no deteriorating
effect on this molded resistor.

The small size of the Type J Bradley-
ometer - it is only 1" in diam-
eter-makes it ideal for all radio re-
ceivers including midgets and auto -
radio tuning heads. A fiber guard
fitted over the silver-plated one-piece
contacts effectively excludes solder
flux. High humidity has no effect on
Bradleyometer J, and the control re-
mains permanently noiseless.

Type IS Bradleyometer

Type J Bradleyometer

The Type I Bradleyometer is made in two
types: Type I is a volume control without
line switch; Type IS has a built-in line
switch actuated by the control knob. Both
units are interchangeable with other types
of volume controls built to A.M.A. stand-
ards. Therefore, every radio receiver can
easily be improved by standardizing on
these dependable and compact controls.

RADIO
RESISTORS

the Choice of the
World's Largest

Radio Manufacturers

BRADLEYUNITS
FIXED RESISTORS

These solid molded fixed resistors
have an exceptionally low volt-
age coefficient. Moisture and age
do not affect them. All manufac-
turing processes are under con-
tinuous laboratory control. Such
uniformity of manufacture as-
sures resistors that are quiet and
dependable in radio receivers.

1=timme:m

MAT)

SUPPRESSORS
Allen-Bradley Suppressors do not
"open circuit" in service; they do
not "drop" In resistance and,
therefore, fail as suppressors;
they do not have a high voltage
characteristic; they do not fail
from exposure to oil and water;
they do not break due to car or
engine vibration. Those resistors
are enclosed In rugged, non -
arcing bakelite casings.

Write for Allen-Bradley data.

ALLEN -BRADLEY 116 W Greenfield Ave MILWAUKEE. WIS..

When writing to advertisers mention of the PROCEEDINGS will he mutually helpful.
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IN PORTABLE TEST INSTRUMENTS
This new Model 622 Series of Weston Portable Electrical Indicating Instruments
represents an outstanding achievement in instrument design. Including both
DC and AC types, instruments in this series are magnetically and electrostatically
shielded, and are available in ranges and sensitivities for ordinary field and
laboratory work, as well as for service demanding ultra -sensitivity, such as
circuits involving thermocouples, pyrometers, electron tubes, etc. The instru-
ments are supplied in Bakelite cases of modern design, with large scale open-
ings and increased length of scale to simplify accurate reading. All external
connections are readily accessible, and in the multi -range units convenient
switching arrangements have been made. In the AC thermocouple types, pro-

vision has been made for replacement of the vacuum
thermocouple without exposing the movement.

You will want complete data on Weston Model
622 Series. Bulletins are freely offered . . . Weston
Electrical Instrument Corporation, 589 Frelinghuy-
sen Avenue, Newark, New Jersey.

WESTQN
barumenis

When writing to advertisers mention of the PROCEEDINGS voill be mutually helpful. -

VIII



6p*
NMI. ,e471/10
ilMIffIlli

, fifil Pky,
INI VflfilietJ

1110f1 r4Vr.74, f, A!..Z:_:: ..,'",h' FiteifftrrOW01:
_.- iZertillit ;VieZiir- -

IINP
iI.--%/144

II ?if"

HAVE BROUGHT MANY IMPROVEMENTS IN
TELEPHONE SERVICE

BACK in the early days of the tele-
phone, practically all wires were carried
overhead on poles or on house -tops.
Some of the tallest poles carried as many
as thirty cross -arms and three hundred
wires:

If the old system were in use today the
streets of our larger cities would scarcely
have room enough for their canopy of
wires. Traffic would be impeded, tele-
phone service subjected to the whims of
nature.

Better ways had to be found and the
Bell System found those ways. As many
as 1800 pairs of wires are now carried in
a cable no larger than a baseball bat.
Ninety-four per cent of the Bell
System's 80,000,000 miles of wire is
in cable; sixty-five per cent of it is

beneath the ground. This has meant a
series of conquests of space, and insured
greater clarity and dependability for
every telephone user. But it is only one
of many kinds of improvements that have
been made.

The present generation does not re-
member the old days of the telephone.
Service is now so efficient that you accept
it as a matter of course. It seems as if it
must always have been so. Yet it would
be far different today if it were not for
the formation and development of the
Bell System.

Its plan of centralized research, man-
ufacture and administration-with local-

ized operation-has given America
the best telephone service in the
world.

BELL TELEPHONE SYSTEM
When writing to advertisers mention of the l'i«.xEliniNag will be 1u :finally helpful.

DC



EQUIPPED
IIN

-When the occasion arises,
ERIE RESISTOR'S production facilities
can adequately meet exceptional demands.

It was 3 P. M. on a recent Monday afternoon. "We must have

3,000 resistors at once", phoned a large, well-known radio manu-

facturer. The order called for 10 different resistance values and

two different wattage ratings. Although not all of the pieces were

in stock, the complete shipment was on its way by 5 P. M. the same

day and was received in time for the start of production Tuesday.

MONDAY 5 RM.

While filling rush orders is of extreme importance, it
is the day after day handling of both large and small
orders satisfactorily and promptly in which Erie
Resistor prides itself.

Modern automatic machinery in practically every
manufacturing and checking process makes large
volume production possible without sacrificing rigid
control. Every Erie Resistor and Suppressor is
individually triple -tested for resistance value and
performance is checked with random samples from
various production stages.

Whether your order is for 100 or 100,000 pieces, you
can entrust it to Erie Resistor.

MAL
&WAY job

"14

?tie IntarAaee
3000 "62414rat4-,
aronce, RUSHI''

TUESDAY A.M.

c:t9

- e
J

I

PtientranuiacZawt, -
ODUCTION NOTCURTAI LE D

ERIE RESISTOR CORPORATION
.1 ERIE, PA.>

Factories in ERIE, PA. -TORONTO, CANADA - LONDON, ENG.
When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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fintititute of Ratio Crtginters
Incorporated

330 West 42nd Street, New York, N.Y.

APPLICATION FOR ASSOCIATE MEMBERSHIP

(Application forms for other grades of membership are obtainable from the
Institute)

To the Board of Directors
Gentlemen:

I hereby make application for Associate membership in the Institute of Radio
Engineers on the basis of my training and professional experience given herewith,
and refer to the members named below who are personally familiar with my work.

I certify that the statements made in the record of my training and profes-
sional experience are correct, and agree if elected, that I will be governed by the
constitution of the Institute as long as I continue a member. Furthermore I agree
to promote the objects of the Institute so far as shall be in my power, and if my
membership shall be discontinued will return my membership badge.

(Sign with pen)

(Address for mail)

(Date) (City and State)

Sponsors:
(Signature of references not required here)

Mr. Mr.

Address Address

City and State City and State

Mr.

Address

City and State

The following extracts from the Constitution govern applications for admission to the
Institute in the Associate grade:

ARTICLE II-MEMBERSHIP
Sec. 1: The membership of the Institute shall consist of: * * * (c) Associates, who shall be

entitled to all the rights and privileges of the Institute except the right to hold any elective
office specified in Article V. * * *

Sec. 4: An Associate shall be not less than twenty-one years of age and shall be a person who
isinterested in and connected with the study or application of radio science or the radio arts.

ARTICLE III-ADMISSION AND EXPULSIONS
Sec. 2: * * * Applicants shall give references to members of the Institute as follows: * * * for

the grade of Associate, to three Fellows, Members, or Associates; * * * Each application for
admission * * * shall embody a full record of the general technical education of the appli-
cant and of his professional career.

ARTICLE IV-ENTRANCE FEE AND DUES
Sec. 1: * * * Entrance fee for the Associate grade of membership is $3.00 and annual dues

are $6.00.

ENTRANCE FEE SHOULD ACCOMPANY APPLICATION

XI



(Typewriting preferred in filling in this form) No.

RECORD OF TRAINING AND PROFESSIONAL
EXPERIENCE

Name
(Give full name, last name first)

Present Occupation
(Title and name of concern)

Business Address

Permanent Home Address

Place of Birth Date of Birth Age

Education

Degree
(college) (Date received)

TRAINING AND PROFESSIONAL EXPERIENCE

DATES

Record may be continued on other sheets of this size if space is insufficient.

Receipt Acknowledged Elected Deferred
Grade Advised of Election This Record Filed

XII



r0217 DECIBEL METER KIT
-

TOTO INCREASE METER RANGE
-USE NEW TRIPLETT
DECIBEL METER KITS !

THESE new Decibel Meter Kits in-

crease range from up 6 to up 42
decibels. For 500 ohm input line. Fur-
nished for either constant or non -
constant impedance. The use of a

decibel kit facilitates immediate adjust-
ments and elimination of distortion. DECIBEL MET ER

No. 150 Decibel Meter Kit-Non-Constant Impedance.
Includes: Triplett 3" meter, 2 -deck selector switch, 9 wire wound

multipliers with Bakelite mounting board, hook-up wire,
blue prints and instructions.

Complete-$21.67, Net to Dealers.

No. 200 Decibel Metzr Kit-Constant Impedance.
Similar to No. 150 but with Triplett 3" Constant Im-
pedance Decibel Meter.

Complete-$23.50, Net to Dealers.

The above kits are also supplied with Triplett 2" Decibel Meters
at $1.00 net each less than above prices.

Kits are easy to assemble-all parts marked to correspond with
blue prints.

TRIPLETT ELECTRICAL INSTRUMENT CO.
183 MAIN STREET BLUFFTON, OHIO, U.S.A.

ism s IM =mem anw. mama /1 IMMIS

Triplett Electrical Instrument Co.
183 Main Street, Bluffton, Ohio

Gentlemen:
Please rush me at once more information about the new Decibel Meter Kits and your I

new catalog describing the 1936 line of Triplett instruments and testers.

I Name

Street

-11Town State
WINSIN - ~MI lemmw1 Wien

When writing to advertisers mention of the PIU,CEEDINGS W.71 be mutually helpful.
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introducing

RES !STOP S

C°444614M6'
OHMS

YrERALDING a new era in resistance design, IRC
announces the Type "B" INSULATED Metallized Re-
sistors-the first insulated resistors to meet the needs
of modern, compact home receivers and auto radios.

Retaining all the features for which IRC Metallized
type resistors have long been famous, they now have
high voltage insulation completely sealing the resistance
element and making it moisture -proof.

Small, light, accurate-most proficient in every re-
sistor characteristic-they warrant the careful attention
of all radio engineers.

Samples in sizes up to 1 -watt gladly sent.

INTERNATIONAL RESISTANCE CO.
Philadelphia, Pa.

Toronto London Copenhagen Milan Paris Berlin

When writing to advertisers mention of the PROCEEDINGS will be mutually hclpfu!.
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Cornell -Du -
biller engineers
had been striving
for years to insul-
ate and protect
their condensers,
against these
conditions.

THE first step was to completely seal the raw conden-
ser in a liner or inner carton. This box is constructed

of wax impregnated chemically pure manila. With
the sealing of terminal openings the carton becomes
air tight. To give the condenser additional protec-
tion, it is dipped into a moisture -proof composition.

THIS operation prepares the unit for insertion into
the outside container. Metal can electrolytics are then

filled with a sealing wax of a high viscosity, reducing
the possibility of air bubbles. The final stage in the
assembly of this condenser is the spinning over of the
outer edge of the can. The edge is spun over onto a
rubber gasket, insuring a complete air tight elec-
trolytic condenser.

THE cardboard box electrolytics are double sealed in
a similar manner and given a final impregnation in

a special wax bath. This bath is kept at a constant
temperature to allow the wax to penetrate all interstices.
This painstaking and expensive process has produced
an electrolytic condenser whose capacity, equivalent
series resistance and leakage are kept to a degree
of constancy unobtainable in any other make of elec-
trolytic heretofore, (see graph) and at no additional
cost

4' 0

I
rrr IA. In, AM .

,11.5.01.73
Ad W" rvria9Tha G7,
p-rsoler - 104

5-- 6-rrcer-
.voarrimpams N DEGISES PNAVNIT

Samples illustrating these features
are gladly supplied upon request.
Special engineering catalog I#127

now available. Your inquiries are
appreciated.

CORN
4379 BRONX BOULEVARD NEW YORK

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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PROFESSIONAL ENGINEERING DIRECTORY

QUARTZ CRYSTALS
for Standard or Special

Radio Frequency Applications

Write for Catalog

BLILEY ELECTRIC CO.
230 Union Station Bldg.

ERIE, PENNA.

Cathode Ray Tubes
and Associated

Equipment For All
Purposes

Write for Complete
Technical Data

ALLEN B. DUMONT
LABORATORIES

UPPER MONTCLAIR, N.J.

PRACTICAL RADIO
ENGINEERING

One year Residence Course
Advanced Home Study Course
Combined Hon,. Study -Residence

Course

Write for details

Capitol Radio Engineering
Institute

Washington, D.C.

MICROPHONE
APPLICATIONS

Our engineering department will co-
operate, without obligation, in the
selection of suitable microphones for
standard or special applications.

SHURE 13120TNERS COMPANY
Alanufacill'rs dlkicapiscau,lizaz+uattea ati71:4"7783tngmeers
215 WEST HURON ST. CHICAGO, ILLINOIS
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C
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G
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I
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Professional Engineering Directory XVI
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SEEPAGE -PROOF
EVAPORATION -PROOF

CORROSION -PROOF Electrolytics

Details of top and terminal of
AEROVOX electrolytics:

Terminal stud spun onto
soldering lug and washer.
Terminal stud molded in in-
sulating cover.
Tab from condenser section
held by spun -over terminal
stud.
Edge of aluminum can spun
over into soft -rubber gasket,
for positive sealing.
Pure aluminum metal parts,
eliminating corrosion.

1.

2.

3.

4.

5.

IN MINUTE details, rather than mere gen-
eralities, will you find dependable perform-

ance and long life for metal -can electrolytics.
Otherwise they all look alike.

So AEROVOX invites you to familiarize your-
self with its consistent refinement of mechanical
design, chemical control, choice of pure metals,
exact processing methods. For in choosing elec-
trolytics for trouble -proof service, might it not
be worth your while to ask "What's inside the
can?"

DATA
Latest AEROVOX Catalog features
largest variety of electrolytic condensers
now available. Other types of conden-

sers, too, as well as line of resistors. Submit your con-
denser and resistor problems for engineering coopera-
tion.

CORPORATION
71 Washington St. Brooklyn, N.Y.

When writing to advertisers mention of the PizocKEDI NGS will be mutually helpful.
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Available with five
type of switches.
Single or double
tapped. Twin and
triple assembly with
or without switch.

The new "super" trains suggest a smooth-
ness . . . an effortless acceleration! Centra-
lab Radiohms too, are famous for their
smoothness ... that permit easy attenuation
without objectionable noises.

For CENTRALAB RADIOHMS employ the
patented non -rubbing contact whereby a
strip of polished metal rocks on the resistor
so that the only rubbing is between an oil -
less wood bearing and the polished metal.

The public demands smooth performance
. . . therefor specify CENTRALAB.

RADIOHM
CENTRALAB Division of Globe -Union Mfg., Co., Milwaukee, Wis.

When writing to advertisers mention of the PROCEEDINGS will be mutually helpful.
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Take Your Choice
Every member of the Institute of Radio Engineers will want
to wear one of these three attractive emblems. All of these
emblems are appropriately colored to indicate the various
grades of membership and each emblem is approximately
the size of the following illustrations.

The Lapel Button is of 14k gold, with background enameled in the
membership color, and with the lettering in gold. The screw -back on
the back of this button fastens it securely to your coat.

$2.75 pospaid-any grade.

The Pin is also of 14k gold. It is provided with a safety catch and is
appropriately colored for the various grades of membership.

$3.00 postpaid-any grade.

The Watch Charm handsomely finished on both sides, is also of 14k
gold, This charm is equipped with a suspension ring for attaching to
a watch fob or chain.

$5.00 postpaid-any grade.

Orders, accompanied by checks made payable to the Institute
of Radio Engineers, should be addressed to

THE INSTITUTE OF RADIO ENGINEERS
330 West 42nd Street
NEW YORK, N.Y.

Send in your order now!



A

NEW

INDUCTANCE

BRIDGE

HE new General Radio Type 667-A Inductance Bridge fur-
nishes the solution to the difficult problem of accurately

measuring the inductance of small coils of very low Q. In addition
it is a general purpose bridge which can be used to measure in-
ductors to 1,000 h with an accuracy of 0.2%.

It is particularly useful in the measurement of resistance of
inductors and the ratio of a -c to d -c resistance up to 50 kc.

The resistance decades of this bridge are inductively compen-
sated and the inductance and resistance balances are entirely in-
dependent.

The bridge is direct -reading from 1 p.h to 1 h between 60 cycles
and 10,000 cycles.

Type 667-A Inductance Bridge $325.00
(In U.S. and Canada)

II rite for Bulletin EX -3103-R for complete details

GENERAL RADIO COMPANY
30 State Street

CAMBRIDGE A MASSACHUSETTS

oLORGE BANTA PUBLISHING COMPANY, MENASHA, WISCONSIN


