COTEEEET SR T G A PR TRE Y SAFTNT FER. LI TR T AR T L PR AN T
AN BT WA S S B e O T AR Sa) S A T R
.

FREQUENCY CONTROL OF MODULA'IED_'

MACNETRONS BY RESONANT INJECTION SYSTEMT

ADIO CORPORATION OF AMERICA
RCA LARORATORIES DIVISION

1I.DUSTRY SERVICE LABORATORY
e S R TN T TR



LB-855

1 OF 8 PAGES

FEBRUARY 8, 1952

RADIO CORPORATION OF AMERICA

RCA LABORATORIES DIVISION
INDUSTRY SERVICE LABORATORY

LB-855

Frequency Control of Modulated Magnetrons

by Resonant Injection System

This report is the property of the Radio Corporation of America
and is loaned for confidential use with the understanding that it will not
be published in any manner, in whole or in part. The statements and
data included herein are based upon information and measurements
which we believe accurate and reliable. No responsibility is assumed for
the application or interpretation of such statements or data or for any
infringement of patent or other rights of third parties which may result
from the use of circuits, systems and processes described or referred to
herein or in any previous reports or bulletins or in any written or oral
discussions supplementary thereto.

Approved







Frequency Control of Modulated Magnetrons by Resonant Injection System

Introduction

The purpose of the investigations described in this bulletin is to
evaluate the merits of magnetron oscillators as transmitter tubes when
they are frequency and phase controlled by injection-locking to a standard
frequency source. The magnetrons used in this work were normal multicavity
magnetrons containing a cathode, a plate, and an output loop. Special
( attention was given to the production of amplitude-modulated r-f carriers
and also to the production of frequency- or phase-modulated carriers.
The amplitude-modulated carrier was produced by modulating the d-c plate
voltage of the magnetron. The angular-modulated magnetron carrier was
produced by angular modulation of the standard frequency source. The
investigations are not closed yet, but the results obtained are encouraging
for the application of magnetrons to services where previously only triodes

or tetrodes were considered as potential power tubes.

General Discussion

|f the d-c plate voltage of an unstabilized frequency limit of high-power amplifier tubes
magnetron is modulated with a superimposed then available. Furthermore, the magnetron has
a.c., varying output frequency will be observed. been developed into a reliable power tube only
Continuous frequency changes are called "push- during the past ten years.
ing" and discontinuous changes, "moding". Two Interest in the phase control of microwave

systems, similar in operation, which eliminate oscillators by injection of a locking current

these frequency changes will be discussed. The was awakened as a result of work done at M.I|.T.

frequency controlling ability of one of the and reported in 1948. E. E. David, Jr.? showed
systems, which was worked out in most of its that a klystron, at a frequency somewhat higher
details, is effective in suppressing the pushing than 3,000 Mc, can be phase locked to another
and also the moding, when 100 per cent ampli- microwave oscillator. The power was injected
tude modulation is applied to the magnetron into the oscillator by a directional coupler.
carrier by modulation of the plate, or even David's results represented an important ad-
when the magnetron is heavily over-modulated. vance. His scheme, however, was not applicable
To use a magnetron as an amplitude modu- for phase control of anode-modulated oscillators
lated r-f power source and to keep the carrier because a considerable part of the c-w in-
(‘ frequency constant by injection of a current jection power was absorbed by the loading
from a standard frequency source was proposed resistor of the controlled oscillator. Thus
by Irving Wolff in 1936." This idea preceded the maximum obtainable amplitude-modulation
by many years the necessity of using carrier factor would be rather limited in this system.
frequenéies higher than the practical upper Furthermore, the injection current flowed
( i ®M.1.T. Report No. 63, "Locking Phenomena in Micro-
U.S. Patent 2,113,225. wave Oscillators".
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through an attenuator. Consequently, the re-
quirement of the injection power was relatively

high.

The Purpose of the Work

The present investigations were directed
toward the problem of using uhf or microwave
oscillators as r-f power generators to produce
amplitude- and angular-modulatedhigh-power
carriers with a frequency and phase stability
which meets practical transmitter requirements.
Low injection power for stabilization is a
prime requirement. The most attractive high-
power generator is themagnetron with a carrier-
output to d-c—-input efficiency of about 60
per cent. The experimental work on the fre-
quency stabilizing systems was with
developmental Type A-128 magnetrons® built at
the RCA Laboratories and operated up to one-
kilowatt level at carrier frequencies of 750
and 825 Mc. The Type A-128 magnetrons include
an electron beam for frequency-modulation
purposes.
was not used during these experiments. It is
believed that the system can be operated also
at higher power levels and at different fre-
quency ranges.

done

The frequency-modulator beam, however,

The frequency deviation, due to the pushing
of an amplitude-modulated unstabilized magne-
tron, is substantially independent of the
thus it is similar to a
frequency-modulation process. Unstabilized
pushing up to 1 per cent of the carrier fre-
quency was observed during amplitude modulation,
and several

modulating frequency,

megacycles additional frequency
change were observed when the amplitude modu-
lation was Tow level
moding region, if 100 per
cent amplitude modulation of the magnetron
carrier is desired. Measurements have shown
that, when the magnetron is stabilized, the
remanent effect of the previously observed
pushing depends on the amplitude modulating

increased through the
which must be done

frequency, and consequently, it is similar to
lTow

The argument decreases only at very

the character of a phase modulation of
argument.
high amplitude modulation frequencies.

3

J. S. Donal, Jr., R. R. Bush, C. L. Cuccia, and
H. R. Hegbar, "A |-Kilowatt Frequency-Modulated
Magnetron for 900 Mc.", Proc. I.R.k., Vol. 35, pp.

664 to 669, July 1947.

The Resonant Injection System

One form of the Resonant Injection System

is represented in Fig. 1. A Class C amplifier
tube is placed in cavity "k". The grid of this
tube is excited with a subharmonic of the

output frequency. The amplifier tube in this
case is a grounded grid frequency doubler.
The plate cavity of "k" is tuned to the mag-
netron frequency, f_. In this circuit the r-f
voltage of the magnetron is present between
the plate and the grid of the Class C doubler
tube because the plate cavity of "k" is excited
also with magnetron voltage. The plate-cathode
circuit of the triode is only loosely coupled
to the magnetron voltage. the
triode absorbs little power from the magnetron.
The grid-cathode gap is the most delicate part
of the injection amplifier tube and must be
protected from overloading. Parallel to this
gap is coupled the grid exciting cavity, as
indicated in Fig. 1. This cavity is tuned to
one-half the magnetron frequency, f_ /2, con-
sequently it has low reactance to the magnetron
output frequency, f_. Thus the magnetron output
power cannot build up a high voltage between

Consequently,

the grid and cathode, and the grid-cathode gap )

is, therefore, protected.
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Fig. | — Resonant injection system.
The transmission lines "a" and "b" in )
Fig. 1 have optimum lengths. Line section "a"
should be chosen to transform the dynamic input
impedance of the oscillating magnetron into an

impedance which at the low end of the amplitude-
modulation cycle should be much smaller than

the input impedance of the line section "d",
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seen from the junction point toward the load.
lhe impedance of the section "d" toward the
load is equal to the load resistance provided
the "d" line section is matched. If the low
input-impedance requirement for the section
"a" is satisfied, the

line "b", at the

injection current from
low end of the amplitude
modulation cycle, is transmitted mainly to the
magnetron and the load receives only a small
portion of it. The length of line "b" is de-
termined by the requirement of the injection-
voltage transformation and of the magnetron
loading. Additional tuners on the transmission
line may adjust the proper loading of the
magnetron.

In the case of an amplitude-modulated
magnetron system, it is important that at the
low end of the amplitude-modulation cycle the
amount of injection power which flows to the
load, if any, should be extremely low because
this injection power reduces the depth of modu-
A 95 per cent
computed from the peak
can be obtained in this system.
In this case the magnetron is 100 per cent
modulated. The remanent 5 per cent amplitude,
which is due to the injection power in the
load, represents only 0.25 per cent of the peak
output power.

lation of the output carrier.
in the load,
carrier voltage,

modulation

The Power Requirement of the Injection Source

This above low power of 0.25 per cent of
the peak power does not represent the entire
required injection power. The condition can be
analyzed by considering the standing wave pat-
terns in the transmission line. Line 1 of
Fig. 2 shows the standing-wave pattern of the
injection voltage for the low power end of the
modulation cycle when the magnetron output is
100 per cent modulated, so that no magnetron
current flows in the line. The junctiom of the
main transmission line and the injection trans—
mission line is indicated by "X" in Fig. 2.
At point "X", as a consequence of the previously
described tuning condition, the injection has a
low voltage, Ae;, which is almost zero. The
existance of an almost zero voltage plane of

the injection standing wave, and the relative

(yoosition of this plane with respect to the

SHORT-CIRCUITED
TUNER_

—_——— O

MAGNETRON
——LOW END
———HIGH END s
OF AN AM CYCLE N
INJECTION
SOURCE

Fig. 2 - Standing-wave ratio in a resonant
system.

injection

magnetron input, proves that the magnetron
shows an almost pure reactance of low absolute
value to the injection voltage at the low—power
end of the AM cycle where the magnetron is cut
off. The reactance can be inductive or capaci-
tive, depending on the setting of the internal
magnetron tuner. The coupled into the
system at point "X", absorbs only a very low
amount of injection power at the low—power end
of the modulation cycle. If the magnetron input
reactance changes, and the standing wave pat-

tern does not have an almost zero voltage plane

load,

at "X", a finite injection voltage appears on
the transmission line which is terminated by
the load. This happens at different output

power levels; thus, the load absorbs more in-
jection power during most of the AM cycle than

it does at the low end of the cycle. The modu-
lated output envelope, which is composed of the
magnetron carrier and, at some levels, injection

power, is almost perfectly linearly related to
the voltage input to the modulator.

The injection source must also deliver
power to cover the losses of the circulating
high resonant injection current in the trans-
line and in the cavities. The investi-
gations are not yet completed on the question
of the requirement of the power capacity of
the injection source.

mission

As a practical example,
for one kilowatt of magnetron peak power, a
grounded grid triode, similar to the type-5588,
in frequency-doubler service produces sufficient
injection current at carrier output frequencies

below 1,000 Mc.
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Standing-Wave Ratio of the Magnetron
Line 2a in Fig. 2 represents at the high
end of the amplitude-modulation cycle the
produced in a short-
circuited tuner and in the injection line
terminated by a lossless injection source. The
voltage standing-wave pattern in
represented by nearly unity standing wave ratio
in Fig. 2 by line 2.
the standing-wave ratio is close to
at the high power end but it
the standing-wave ratio in

voltage standing wave,

line "a" is

In a properly tuned system
its minimum
is not necessarily
However,

is subject to changes during an ampli-

unity.

line "a"
tude-modulation cycle.
increases as the power islowered. The magnetron
its own

The standing-wave ratio

frequency and phase are determined by
tuning and by the external impedance
presented by all the circuit elements coupled
to the transmission line.
jection power in the load and the variation of
the same dynamically changes the impedance of
the load seen from the magnetron, thus in-

internal

The presence of in-

fluencing the phase of the magnetron output.
The injection current acts for the magnetron as
an externally applied reactance.
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The effect of
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load measured at plane L during
AM cycle.

Fig. -3 — External

presented to the magnetron by
is a synchronized opera-

the reactances,
the injection currents
tion of the magnetron with the injection source.

|f the free-running magnetron frequency is
nearly equal to that of the injection source
at the top of the amplitude modulation cycle,
then the maximum frequency correction must be
supplied at the low end of the cycle. At this
point the externally applied dynamic sus-
due to the injection source, must
have its greatest value. The voltage standing-
wave ratio in the line outside the magnetron
will be highest at the low end of the ampli-
tude-modulation cycle, as isthe case in Fig. 3.
It should be noted that as the magnetron power
is decreased toward the low end of the ampli-
tude modulation cycle there is a decrease in
the effective load resistance presented to the

ceptance,

junction between the line and the magnetron
loop. This junction is marked as plane L in
Fig. 3.
The Limits of the Amplitude Modulation
Oscilloscope pictures of the demodulated

carrier are reproduced in Fig. 4. |f the sine-
wave modulation, represented by Fig. 4a, is
increased up to the 1imit where the magnetron
carrier is 100 per cent modulated, the detected
envelope shows the formof Fig. 4b. The remanent
injection voltage amplitude, Ae;, can be ob-
served now on the scope. The magnetron starts
and stops oscillating at each modulating cycle
without breaking out of synchronism. At dif-
ferent modulating frequencies up to 100 kilo-
cycles square-wave modulation was applied to
the magnetron. The r-f envelope, detected by
a diode, reproduced the square wave with low
distortion, (Fig. 4c). Amplityde—modu]ating
frequencies up to several megacycles can be
applied. The r-f bandwidth which can be trans-
mitted is about 2 per cent of the carrier
frequency.

Angular Modulated Magnetron Output Carrier

if the
injection power is frequency or phase modulated,

It was proven experimentally that

the frequency of the magnetron output carrier

)

J

)
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follows the angular modulation with high
fidelity at least up to several hundred kilo-
cycles deviation. The magnetron carrier fre-
quency deviation is increased between the
angular-modulated stage and the magnetron
output. I|f the grid of the driver tube has, for
example, 100 kilocycles deviation, the magne-
tron carrier has 200 kilocycles deviation. This
is natural in the previously discussed circuit.
It is true also, however, in a different phase
control scheme, where the control frequency is
different from the magnetron output frequency.
Such circuits will now be described.

Synchronizing by a Subharmonic Frequency

Besides the previously described system,
another synchronizing system was developed.
represented by Fig. 1, the
driving frequency of the injection source is a

In the system,

subharmonic of the magnetron output frequency.
The plate-cavity of "k", is tuned to
the magnetron frequency, f_,, and the injection
current has the same frequency. In the system,
represented by Fig. 5, the plate-cavity of "k"
is tuned to a subharmonic of the output fre-
quency and the synchronizing current,

however,

injected
is also a sub-
harmonic of the magnetron frequency. A magnetron
output frequency of 750 Mc was used in the
experiments and the subharmonic freauency was
chosen as 375 Mc. The magnetron was loaded by a
jummy antenna which terminates the transmission

into the magnetron cavities,

‘line. The magnetron output loop with line
sections "a" and "b" and cavity !"k" are tuned
now to 375 Mc. The length of "a" is limited for
375 Mc by a high-pass filter. Thus, the in-
jection power does not flow toward the load.
"he high-pass filter had a simple construction.

In some experiments an open circuited 750-Mc
hal f-wave-length line was connected parallel
to the main transmission line. This line element
shows high impedance for the 750-Mc magnetron
frequency at the junction, but represents a
quarter wavelength open-circuited line, which
produces a virtual short-circuit for the 375-Mc
injection frequency. A Class C amplifier tube
placed in cavity "k" excites this resonant
system with 375 Mc. The grid circuit of the
Class C amplifier tube was driven by the sixth
subharmonic of the magnetron output frequency.
The magnetron cavity was tuned to 750 Mc and,
although it also forms part of a 375-Mc tuned
system, it oscillates only at 750 Mc. The
magnetron output carrier locks to the doubled
control frequency.

The question may arise as to how the
injected half-frequency voltage controls the
magnetron output frequency. Cold test has shown
that the magnetron vanes, where the output loop
is coupled, were excited with the 375-Mc volt-
age. Injection voltage of 6 per cent of the d-c
plate voltage was measured on the end of these
vanes. Such an a-c voltage is sufficient to
100 per cent amplitude modulate the magnetron
carrier, if it is superimposed on the d-c plate
voltage. This, however, happens here only for
some vanes. One kind of interaction may be due
to the plate voltage changes with the injection
frequency. Another possible kind of interaction
is a conversion process which produces the
doubled injection frequency in the magnetron
The doubled
injection frequency is the magnetron output

which is a diode type device.
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Fig. 5 - Subharmonic resonant injection system.
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frequency and the system may work as in the
previous case.

The reactive elements, which are the line
"b", the coupled cavity "k", and sometimes the
high-pass filter,may, in certain combinations,
introduce unwanted magnetron standing waves.
This effect can be reduced properly by the stub
tuners. These have no action on the tuned
circuit of the synchronizing frequency if they
are placed on the load side of the high-pass
filter where nosynchronizing frejuency is
present. The amplifier tube in cavity "k"
cannot be damaged by the magnetron power be-
cause no high magnetron voltage can be built
up in this cavity as it is tuned far away from
the magnetron frequency.

General Requirements of Resonant Locking Circuits

The requirements of a practical resonant
locking system can be summarized as follows:

1. Ahighcirculating synchronizing current
should be produced in the magnetron cavity to
obtain stable phase locking. This requires a
resonant tuning of the injection source, in-
cluding the magnetron input element.

2. The synchronizing current (at least on
the low power end of the modulation) should not
flow to the load, in order to permit deep
amplitude modulation and also to avoid loading
of the injection source.

3. The injection tube should be protected
from the magnetron power with reactive and not
with resistive circuit elements. In this manner
the protective elementsworkpractically without
injection- and magnetron-power loss.

A1l these requirements are fulfilled in
both described circuits. In Fig. 1 the proper

selection of the electrical lengths of the
transmission line satisfied the second require ~)
ment alone. In the case of subharmonic syn-
chronizing, as shown in Fig. 5, a high-pass
filter was added for the same purpose, but the
high-pass filter could be omitted and the same
effect could be obtained by proper selection
of the line lengths also at subharmonic syn-
chronizing frequencies.

Summary of Results

The characteristic behavior of a magnetron
stabilized by the previously described systems
is radically changed. Not only are the natural
jitter and the pushing due to plate modulation
practically suppressed, but also the low-level
moding disappears. A magnetron which, with a
given load, uncontrolled, cannot be modulated
to a power output below 100 watts, due to low—
level moding, in controlled condition starts
dynamically and statically from no output, and
its power can be increased up to the peak out-—
put without the production of any other fre-
quency than that determined by the crystal. 0O )
course, the sideband frequencies are also pro-
duced if the magnetron is modulated. The plate
power efficiency at the peak of the modulation
cycle is about 60 per cent. If the r—f output
power is reduced, due to modulation, the plate
power input is reduced also, almost proportion-
ally.

The crystal-controlled magnetron can be
applied practically in a manner similar to a
Class Cstage, even if electronically no analogy
exists between them. These experiments demon-—
strate a way of obtaining high crystal-con-
trolled transmitter power with gopd efficiency
in the high-frequency regions where conventional
amplifier tubes are limited in output power.
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