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Power-Adjustable Phase-Locked Magnetron
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Abstract— A 3-D particle-in-cell simulation model of a
commercial industrial heating magnetron is developed as a
guide for improving a fixed-output-power magnetron. After this
improvement, the magnetron is transformed into a 20-kW power-
adjustable phase-locked magnetron, which can then be injection-
locked with tunable power output. For the first-time ever, the
output power of the injection-locked magnetron is continuously
tuned from 2 to 19 kW. This large-power magnetron is both phase
and amplitude controlled, and is useful for the coherent power
combining of multiple magnetrons. The magnetron frequency
pushing effect, which affects the injection-locked frequency range
of the phase-locked magnetron, is observed in both simula-
tions and measurements. In the injection-locking experiments,
the locking bandwidth varies from 11.7 to 2.4 MHz when the
output power is tuned from 5 to 19.1 kW and the injection
power is kept at 120 W. Moreover, the center frequency of
the phase-locked magnetron increases with increasing output
power.

Index Terms— Continuous-wave (CW) magnetron, particle-
in-cell (PIC) simulation, phase-locking bandwidth, power
adjustable.

I. INTRODUCTION

MAGNETRONS are classical electric-magnetic crossed-
field nonlinear oscillator devices [1], [2], which have

been extensively used in industrial applications (including
microwave drying and microwave heating [2]), owing to
their high efficiency, low cost, and environmental friend-
liness. Large-power continuous-wave (CW) industrial mag-
netrons have been applied in a few new areas (for example,
the microwave plasma chemical vapor deposition method) [3].
In large-scale industrial applications, magnetron microwave
sources yield significant reduction in system costs, such as in
Space Solar Power Satellite (SSPS) [4], [5], and high-power
magnetron transmitters [6]. The power capacity of a single
magnetron is typically inadequate for large-power industrial
applications. A large-power microwave source can be obtained
by combining the power of multiple magnetrons. However,
a normal CW magnetron is characterized by a complex
frequency and hence, obtaining a high efficiency is difficult
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when the power of various magnetrons is combined [7].
This drawback may be overcome by using injection-locking
technology, which stabilizes the amplitude of, and renders
tunable, the output signal from the magnetron.

Injection-locked magnetrons have been studied for many
years, and successfully applied to the locking of rela-
tivistic magnetrons [8]–[10]. The injection-locking of CW
magnetrons has attracted increasing attention, owing to
the recent development of important applications includ-
ing microwave power transmission, SSPS, and high-power
magnetron transmitters [11]–[13]. In general, investigations
of injection-locked magnetrons have focused mainly on
phase control (rather than on power adjustment). In 2004,
Shinohara and Matsumoto [5], [14] successfully developed
a 300 to 500 W phase and amplitude controlled mag-
netron for microwave power transmission. This represented
the first-ever application where the phase and amplitude of
an injection-locked magnetron were simultaneously tuned.
Moreover, Tahir et al. [15] used a 1.2-kW oven magnetron as
a current-controlled oscillator. In our previous work, we real-
ized coherent power combining, which phase tuning, of two
15-kW fixed-output-power injection-locked magnetrons [16].
The applications and academic work of magnetron operation
have been done for many years [2]. However, experimen-
tal phenomena associated with magnetron operations remain
unclear. With the development of simulation technology, some
of these phenomena may be understood by comparing exper-
imental and simulation results [17].

In industrial applications, power-adjustable microwave
sources are essential for avoiding microwave heating disasters
(for example, thermal runaway) and improving the heating
efficiency. In this paper, we improved the direct current (dc)
power supply of a magnetron, using the simulation results
of a computer simulation technology (CST) 3-D particle-in-
cell (PIC) model as a guide for the improvements. These
improvements transform a fixed-output-power magnetron into
a 20-kW power-adjustable magnetron system, which is a large-
power, phase and amplitude controlled system. The scheme of
the experiment system reform consists mainly of rebuilding the
switched-mode customized power supply of the magnetron.
The magnetron power-adjustable simulation and experiments
are presented in Section II. Frequency pushing will influence
the injection-locked frequency range of the phase-locked mag-
netron, and therefore, the frequency pushing effect and the
phenomena occurring in the magnetron during the simulation
are considered in Section III. Moreover, the injection-locked
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Fig. 1. Simulation model. (a) 3-D model of the magnetron. (b) 12 sector-
and-slot side resonator.

Fig. 2. Magnetron simulation output at various values of the output power.

magnetron simulation and experimental measurement data are
presented in Section IV. The conclusion is given in Section V.

II. SIMULATIONS AND EXPERIMENTS ON FREE-RUNNING

POWER-ADJUSTABLE MAGNETRON

A. Simulation of the Magnetron in Free-Running Mode

A CST 3-D PIC model, as shown in Fig. 1(a), is set up
using the actual magnetron cavity dimensions. The magnetron
consists of 12 sector-and-slot side resonators. Four straps
are applied to both sides of the anode vanes, as shown in
Fig. 1(b). The output antenna is also included in the model.
Fixed simulation dc high voltage and magnetic field intensity
of 11.4 kV and 1550 Gs, respectively, are considered, whereas
the operating current is adjustable. We obtain a pi-mode
oscillation in the resonator at this operating point. A simulation
is performed at each value of the operating current and results,
including the time-domain output, spectrum, particle numbers,
and spoke figures, are obtained. The average power and anode
current are calculated from the particle collision data.

The output signal and free-running spectra obtained at
various anode currents are shown in Figs. 2 and 3, respectively.
Each curve is associated with an overall simulation time
of 1000 ns, and the magnetron is started up at the beginning.
When the oscillation mode is stable, the simulation of the
magnetron is also stable.

Fig. 3. Magnetron oscillating spectrum at various values of the output power.

Fig. 4. Water-cooled CW 20-kW magnetron.

TABLE I

FREE-OSCILLATION EXPERIMENT MEASUREMENT RESULTS

When the operating dc high voltage and the magnetic field
intensity are almost constant, the anode current gives rise
to frequency pushing, as shown in Fig. 3. The frequency
increases from 2.438 to 2.502 GHz with increasing anode
current.

B. Experimental Results

An S-band water-cooled CW magnetron (Nanjing Sanle
Microwave Technology Development Co., Ltd; see Fig. 4)
is used in the experiments, and the switched-mode power
supply of this industrial heating magnetron is rebuilt. In the
experiments, the operating cathode voltage of the magnetron
and the electromagnetic current are fixed at approximately
−11.4 kV and 3.2 A, respectively, and the magnetic field
intensity is 1550 Gs. The almost constant dc high voltage
of the magnetron is generated by the switched-mode power
supply, which provides an adjustable anode current supply and
filament current supply.
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Fig. 5. Experimental measurement results of the spectrum at various output
power.

Fig. 6. Dependence of the oscillating frequency and the number of particles
on the anode current.

Fig. 5 shows the spectra obtained at various values of
the output power. The data obtained from the free-oscillation
measurements are shown in Table I. During the experiment,
we adjust the anode current such that various values of the out-
put power (which is continuously tuned from 2 to 19 kW)are
realized. At high output power, the filament current must
be reduced for continued proper functioning of the mag-
netron. A frequency shift occurs in all experiments, but the
frequency (of the magnetron) becomes increasingly stable
when the output power reaches ∼70% of the switching power
supply.

III. FREQUENCY PUSHING EFFECTS

Frequency pushing means that the frequency increases with
increasing anode current of the magnetron [1]. For constant
operating dc high voltage and magnetic field intensity during
the simulation, we investigate magnetron pushing and the
formation of an electron bunch between the magnetron anode
and cathode.

The simulation results suggest that the output power, which
is also correlated with the filament and frequency, increases
with increasing anode current of the magnetron. Fig. 6 shows
the anode-current dependence of the oscillating frequency and

Fig. 7. Variation in the number of particles with output power.

the particle number in the free-running mode of the magnetron.
With increasing output power, the frequency of the free-
running magnetron shifts from 2.4387 to 2.4502 GHz.

Particle monitors are used to trace electron bunch
formation and spokes formation during the simulations.
The number of particles in the Anode-Cathode gap
decreases with increasing output power (see Fig. 7),
and at the same time, the output power increases
when the anode current is adjusted. For a given
π-mode stable oscillation, the spokes associated with
electron bunch formation at 680 ns (Fig. 8) reveal that the
number of particles in the resonator varies with the output
power. Sharp spokes are obtained when the oscillation is
set up, and the sharpness of these spokes increases with
increasing output power.

The simulation results suggest that the operating current
is correlated with the spoke position, when the magnetron is
operated under constant electronic and magnetic fields. How-
ever, experimental verification of this correlation is difficult.
The RF field in the interaction area intensifies and the radius
of the Brillouin hub decreases with increasing output power
and spoke height, respectively.

The Buneman-Hartree condition associated with the single-
particle orbit model and Brillouin flow model of a conventional
magnetron, describes the correlation among the operational
voltage, magnetic field, electron velocity, and parameter of the
magnetron structure [18], [19]; this parameter is unique. If the
Hartree voltage (i.e., operational voltage) is kept constant,
the frequency may be affected by the applied magnetic field.
The Brillouin hub is rotated around the cathode, and may
produce a ring current, which flows in the direction opposite to
the rotation direction (see Fig. 9). Based on the magnetic fields
generated by the electric current, the magnetic field stemming
from the hub will vary slightly and the frequency varies with
variations in the hub.

IV. INJECTION-LOCKING OF MAGNETRON

If a magnetron is injection-locked by an external signal, the
injection-locked bandwidth varies with varying output power,
owing to magnetron-frequency pushing effects. We verified
that this is the case by simulating a magnetron subjected to an
injection signal. Once the magnetron is locked by this signal,
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Fig. 8. Free-oscillation electron bunch formation at 680 ns and various
values of the output power. (a) 2.3 kW. (b) 5.3 kW. (c) 8.1 kW. (d) 10.9 kW.
(e) 15.1 kW. (f) 17.2 kW.

the injection-locked bandwidth varies with the magnetron
output power.

When the magnetron is in free-running mode, the anode
current and output power are 0.7 A and 5.3 kW, respectively.
Figs. 10 and 11 show the spectrum and the corresponding
number of particles obtained for free, unlocked, and locked
statuses of the magnetron, respectively. When a 2.440-GHz

Fig. 9. Brillouin flow in the magnetron.

Fig. 10. Spectrum of the free, unlocked, and locked magnetrons, for a fixed
output power of 5.3 kW.

Fig. 11. Number of particles occurring under various conditions at a fixed
power output of 5.3 kW.

signal is injected from the port at the end of the antenna,
as shown in Fig. 1, the magnetron output frequency differs
from 2.440 GHz, indicating that the magnetron is unlocked.
An injected-signal frequency of 2.444 or 2.450 GHz yields a
magnetron output frequency of 2.444 or 2.450 GHz, respec-
tively. Moreover, as shown in Fig. 12, when the magnetron
is locked at 2.450 GHz, the corresponding electron bunch
formation is sharper than that occurring at 2.444 GHz.

At a magnetron anode current of ∼1.8 A and an output
power of 17.2 kW, the magnetron is strongly injection-locked
between 2.450 and 2.451 GHz. Figs. 13 and 14 show the
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Fig. 12. Electron bunch formation of the injected signals (anode
current: ∼0.7 A). The upper and lower images correspond to the injection-
locked magnetron at 2.444 and 2.450 GHz, respectively. The amplitude of the
injected signals is constant.

Fig. 13. Spectrum of the free, unlocked, and locked magnetrons for a given
power output of 17.2 kW.

spectrum and number of particles in the electron bunch,
respectively, associated with the free, unlocked, and locked
configurations of the magnetron. The corresponding electronic
bunch formation is shown in Fig. 15. The magnetron remains
unlocked even after injection by a 2.455-GHz signal.

When the magnetron is injection-locked at 2.450 GHz, the
Brillouin hub in the magnetron varies with the operating anode
current. If the magnetron operating voltage, magnetic field,

Fig. 14. Number of particles occurring under various conditions at a fixed
output power of 17.2 kW.

Fig. 15. Electron bunch formation of the injected signals (free-running
output is 17.2 kW) for a magnetron injection-locked at (a) 2.450 GHz and
(b) 2.451 GHz. The amplitude of the injected signals is constant.

and the operating current are known, then the height of the
hub can be determined. The injected signal has more impact
on the spokes than the hub. Additionally, the injection-locked
bandwidth increases with decreasing output power.

When the magnetron output power is tuned, the injection-
locked bandwidth scope varies. Table II shows the injection-
locking experimental data, corresponding to magnetron output
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TABLE II

INJECTION-LOCKED EXPERIMENT MEASUREMENTS RESULTS

power values of 5, 10.2, 15, and 19.1 kW. In Table II, the
output power is tuned from 5 to 19.1 kW, and the bandwidth
decreases from 11.71 to 2.4 MHz, for a constant injection
power of 120 W to the magnetron. Moreover, at high values
of the output power, the center frequency of the phase-locked
frequency scope shifts to a higher value, this is consistent with
the occurrence of magnetron free-running frequency pushing
effects.

V. CONCLUSION

A 3-D PIC model of a sector-and-slot side resonator
magnetron is presented for investigating the behavior of the
magnetron output and the particle variation in the magnetron
cavity. The anode dc high voltage and the magnetic field
are kept constant in the simulation and experiments, and we
enhance the output power of the magnetron by increasing
the anode current. With this improvement, a fixed-output-
power industrial heating magnetron is transformed into a
power-adjustable magnetron. For the first-time ever, the output
microwave power of an injection-locked magnetron is contin-
uously tuned from 2 to 19 kW in the free-running state. The
frequency pushing phenomenon of a magnetron is observed
in both the simulation and experiments. These effects increase
the difficulty associated with injection-locking a magnetron,
with widely varying output power, at a given frequency. In the
simulation, the height of the electron spokes increases with
increasing output power. Furthermore, preliminary studies of
the phenomena associated with electron bunch formation were
performed by adjusting the anode current of the magnetron.
Injection-locking by an external signal is simulated with
the 3-D model. This model will be helpful for theoretical
investigations of an injection-locked magnetron. In the future
work, we will consider the coherent power combining of the
high power-adjustable phase-locked magnetrons.
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