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Abstract

Continuous-wave magnetrons continue to offer the highest efficiency, lowest cost per watt,
and greatest compactness among high-power microwave sources, making them attractive
for industrial, scientific, and defense applications. Emerging missions, particularly space
solar power systems, industrial microwave heating, and accelerators, demand significantly
enhanced performance metrics, including high DC-to-RF efficiency, thermal stability, ultra-
low phase noise, and precise phase controllability for coherent operation. To satisfy the
critical requirement for high power, low-cost microwave sources with high spectral purity,
extensive research has focused on injection-locking techniques, external phase/frequency
modulation methods, and large-scale coherent power combining. This paper reviews
the fundamental characteristics of CW magnetrons, recent advances in injection-locked
magnetron transmitters, power-combining systems employing multiple injection-locked
magnetrons, magnetron-based phased-array systems, and emerging applications. Finally,
the challenges and promising development directions for next-generation CW magnetrons
are discussed.

Keywords: CW magnetron; injection-locked magnetron; wireless power transmission;
magnetron power combining

1. Introduction

In commercial and industrial applications, particularly in microwave heating,
continuous-wave (CW) magnetrons continue to outperform solid-state alternatives by
offering significantly higher DC-to-RF efficiency (typically >80%), lower cost per watt,
greater compactness, and reduced environmental impact [1-5]. Owing to their low man-
ufacturing cost, high per-unit output power (typically 1-100 kW), extended operational
lifetime, and superior power-to-mass ratio, CW magnetrons remain the dominant choice in
these sectors [3]. Nevertheless, conventional magnetrons suffer from inherent drawbacks,
including frequency instability, elevated phase noise, and limited cathode lifetime resulting
primarily from thermionic emitter degradation [3,6]. Recent studies have demonstrated
that these limitations can be effectively overcome through injection-locking techniques,
improved power-supply stability, advanced cathode materials, and precise phase-control
methods [7-9]. When appropriately stabilized, CW magnetrons emerge as highly attractive
and cost-effective sources for emerging high-power applications requiring high spectral
purity and phase coherence, such as wireless power transmission (WPT), microwave power
transmission (MPT), space solar power stations (SSPS) [7-9], RF drivers for superconducting
accelerators [10], and large-scale coherent power combining [11,12].
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WPT is a point-to-point wireless power transfer technology. The transmitted power
of WPT is significantly higher than that of communication systems and requires power
concentration at the receiver [13]. MPT is a type of WPT that operates in the microwave
frequency band. An MPT system consists of a DC-to-microwave converter, a large antenna
array to form and transmit the microwave beam to the receiver, and a microwave-to-DC
rectenna [14,15]. The most promising and largest-scale application of MPT is SSPS. An
SSPS comprises a solar energy collector that converts solar energy into direct current (DC)
electricity, a DC-to-microwave converter, a large antenna array to beam the microwave
power to the ground, and a ground-based microwave-to-DC rectenna [16].

MPT systems require high power levels, high DC-to-RF conversion efficiency, and
narrowband microwave sources. Wideband oscillation in free-running magnetrons causes
significant fluctuations in the microwave beam from MPT transmitting systems owing to
degraded frequency and phase stability [8,17]. Spurious noise radiated from MPT transmit-
ting systems can interfere with other communication systems. Most SSPS configurations
based on MPT have been designed to operate at 2.45 GHz or 5.8 GHz within the industrial,
scientific, and medical (ISM) bands, which coincide with commercial magnetron frequen-
cies [8]. The magnetron is considered a candidate for the high-power microwave source in
MPT systems and solar power satellite (SPS) projects due to its high DC-to-RF conversion
efficiency (>70%), low weight-to-power ratio, and low production cost [18]. When the
magnetron output is injection-locked, the DC-to-microwave converter in MPT systems can
utilize a magnetron-based design [16].

This paper presents a comprehensive review of recent technological progress in CW
magnetrons. Section 2 examines the fundamental operating characteristics of CW mag-
netrons, injection-locking mechanisms and implementations, key innovations in locked
magnetron transmitters, external modulation techniques, and practical modification ap-
proaches for performance enhancement. Section 3 reviews power-combining architectures
and active phased-array systems based on injection-locked magnetron arrays, with empha-
sis on WPT and SSPS applications. Section 4 discusses novel operating regimes, emerging
design concepts, and research directions for next-generation CW magnetrons targeting fu-
ture industrial and wireless power transmission systems. Finally, conclusions are provided
in Section 5.

2. Injection-Locked CW Magnetron

2.1. Magnetron Operation Characteristics
2.1.1. Operating Parameters of Magnetron

The magnetron was invented in the 1920s and rapidly became a cornerstone of military
radar systems during and after World War IL In the pre- and post-war periods, funda-
mental theoretical and experimental investigations were conducted by Hull, Brillouin,
Hartree, Rieke, and others, establishing the foundational understanding of magnetron
operation [1,19,20]. Among the most significant contributions were the definition of the
operating region bounded by the threshold (Hartree) voltage and the Hull cutoff voltage,
later generalized as the Brillouin-Hartree condition in relativistic magnetron theory.

The operating characteristics of a magnetron are typically represented by its voltage—
current (V-I) characteristic, which must be analyzed together with output power, oscillation
frequency, and other parameters. In addition to intrinsic device parameters, the oscillation
frequency is significantly influenced by operating conditions, thermal effects, and external
circuit interactions [1].
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Thermal effects represent a critical factor in frequency stability. During magnetron
operation, temperature variations can also induce changes in the output frequency. At
startup, thermionic electrons emitted from the cathode are subjected to crossed electric
and magnetic fields; a portion of these electrons return to the cathode through back-
bombardment, causing continuous temperature fluctuations within the interaction space
and resonant cavities. Prior to the establishment of a stable oscillation mode, the output
frequency exhibits large transient deviations. Once a stable oscillation is achieved, the
frequency gradually converges as the device approaches thermal equilibrium. The time
required to reach thermal equilibrium depends on the magnetron type and is strongly
influenced by physical parameters such as size and thermal mass. Larger, high-power
magnetrons may require warm-up periods of up to one hour before achieving acceptable
frequency stability [21].

2.1.2. Frequency Characteristics of Magnetrons

Magnetron frequency stability is typically characterized by two distinct phenomena:
frequency pushing and frequency pulling. Frequency pulling results from variations in load
impedance, which alter the phase of the reflected wave and thereby perturb the internal
electron dynamics. This effect simultaneously influences both the operating frequency and
output power, which are conventionally characterized using a Rieke diagram. In contrast,
frequency pushing arises from changes in anode current under fixed load conditions. The
dependence of oscillation frequency on anode current is described by the frequency-pushing
characteristic curve [22,23]. Typical CW magnetrons exhibit pushing factors depending on
cavity design and operating regime.

Internal temperature fluctuations within the magnetron—arising from electron back-
bombardment or changes in ambient temperature—can induce significant frequency drift.
To improve the output stability and controllability of continuous-wave (CW) magnetrons,
two principal strategies are commonly adopted: device-level structural optimization and
operating-parameter control.

The operating-parameter control approach achieves performance enhancement with-
out altering the physical structure of the magnetron. Key adjustable parameters include
anode voltage [13,16], anode current [24], filament current [25,26], magnetic field [13,27,28],
and system-level adjustments associated with injection locking [29,30]. For instance, refer-
ence [28] provided a “magnetic priming” method for a low noise mode-controlled mag-
netron rapid startup. The azimuthally varying axial magnetic fields had been utilized in
the magnetic priming experiments on oven magnetrons.

Injection-locking technology synchronizes the magnetron oscillation to a stable ex-
ternal reference signal, thereby suppressing frequency drift and significantly enhancing
long-term frequency and phase stability [29,30].

System-level implementation of injection locking is typically combined with precise
control of other operating parameters. For instance, reference [26] investigated a technique
in which the filament current is extinguished shortly after oscillation startup. Experimental
results demonstrated that switching off the filament current eliminates cathode-related
anode current ripple and reduces electron-induced thermal loading, resulting in a substan-
tially narrower oscillation bandwidth.

2.2. Injection-Locked Magnetron
2.2.1. Development of Injection-Locked Magnetron

Since the invention of the magnetron, reducing its phase noise has remained a central
research focus. As a classic crossed-field oscillator, the magnetron’s output can be effectively
stabilized and controlled using injection-locking techniques [12,25,31]. The fundamental
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mechanism of injection locking is as follows: when an external signal with a frequency close
to the magnetron’s free-running frequency is injected, the oscillator’s output frequency is
pulled from its natural value toward the injected frequency, ultimately achieving frequency
and phase synchronization [28,32].

Injection locking represents the primary method for improving magnetron noise
performance [29,33]. Although its characteristics and theoretical foundations have been
investigated for decades [29,34], a comprehensive and unified theoretical framework has yet
to emerge [35]. Robert Adler was the first to systematically formulate the theory of injection
locking, and his seminal work continues to serve as the cornerstone for explaining this
phenomenon across various oscillators, including magnetrons [29,36]. Phenomenologically,
injection locking can be interpreted as the dynamic response of a free-running magnetron to
an external injected signal. Following a transient interaction between the injected signal and
the internal oscillation, the magnetron enters a stable locked state when its output frequency
exactly matches the injected frequency and the phase difference becomes constant [29,37].

From the 1940s to the 1970s, widespread military deployment of magnetrons imposed
increasingly stringent requirements on frequency and phase stability [34]. Extensive studies
were conducted on magnetron performance, and research combining magnetrons with
injection-locking technology began to appear. However, work during this period remained
predominantly theoretical. The absence of high-stability solid-state sources limited exper-
imental success, while the bulkiness and weight of injection-locked magnetron systems
posed significant barriers to practical engineering implementation [34,37-40].

In the 1980s and 1990s, the global energy crisis stimulated renewed interest in SSPS. W.
C. Brown first highlighted the unique advantages of injection-locked magnetrons for SSPS
applications, significantly accelerating research into CW magnetron frequency stabilization
and phase-control technologies [41-43]. As early as 1954, W. C. Brown had patented a
magnetron-based amplifier [44]. Unlike conventional magnetrons, which operate solely as
oscillators, this device incorporated an input port while retaining operating principles and
characteristics nearly identical to those of standard magnetrons [42,43,45].

Research during this era also demonstrated that injection locking of CW mag-
netrons enables the construction of phased arrays and coherent power combining
to generate higher-power microwave sources [43]. Simultaneously, CW magnetrons
gained increasing attention in civilian applications such as industrial microwave heat-
ing [1]. In parallel, injection-locking studies continued to focus heavily on high-power
pulsed magnetrons for military purposes, with substantial contributions from American
researchers [46-50]. Many techniques developed for pulsed magnetrons remain applicable
to CW magnetron systems.

Entering the 21st century, rapid advances in microwave wireless power transmission
and industrial heating have shifted SSPS and related research from theoretical studies
to experimental validation, driving a marked surge in investigations of CW magnetron
injection locking [51]. High-power CW magnetrons are now widely deployed in commercial
and industrial microwave heating systems. Emerging applications, including SSPS and
WPT, demand magnetrons that are efficient, stable, and capable of precise amplitude and
phase control. Because CW magnetrons require continuous and highly stable DC high-
voltage supplies and produce continuous output waveforms, their stability requirements
are particularly stringent. Injection-locking technology, with its proven effectiveness in
phase stabilization, has become a core solution for mitigating inherent magnetron instability.
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2.2.2. Injection-Locked Magnetron Method

Free-running magnetrons are crossed-field vacuum electron devices that generate
microwave oscillations and are widely employed in microwave heating, radar systems, and
related applications [52]. In contrast, injection-locked magnetrons are predominantly uti-
lized in MPT and high-power industrial heating systems requiring coherent outputs [14,53].
The operating principle of frequency- and phase-stabilized magnetrons closely resembles
that of a phase-locked loop (PLL). A low-power, high-stability reference microwave signal
is injected into the magnetron to counteract its inherent frequency drift, thereby establishing
a stable phase relationship between the magnetron output and the reference [27,54]. By em-
ploying “quasi-PLL” techniques, a magnetron can be converted into a power amplifier with
feedback, yielding an oscillator that exhibits both frequency locking and phase stability.

Current magnetron injection-locking techniques are mainly classified as self-injection
locking [27,55-57], mutual (peer-to-peer) injection locking [30,58,59], master—slave injection
locking [60], and external injection locking [61,62].

Self-injection locking stabilizes the magnetron by feeding a portion of its own output
back through a delay line or resonant cavity. As illustrated in Figure 1, the structure
and principle of typical self-injection-locked oscillators are analyzed in [55,56]. Phase
stability in this configuration primarily depends on the electrical length of the feedback
path and the oscillator topology. Reference [63] experimentally validated the effectiveness
of self-injection locking for frequency stabilization and noise suppression in magnetrons.
This approach incorporates a tunable high-Q cavity within the feedback loop, enabling
flexible adjustment of the phase shifter. Reference [57] proposed a noise reduction in the
self-injection to realize quasi-locking of the magnetron.

Circulator Directional coupler

Magnetron T} Output Load

Delay line or high Q resonator or amplifier
or phase shifter or filter

Figure 1. Self-injection-locked magnetron from reference [55].

Reference [60] shows the master—slave injection method, in which the “slave mag-
netron” provides the injected signal, and the magnetron is injected and locked as the
“master magnetron”. Mutual or peer-to-peer injection locking is similar to the master—slave
injection method, which utilizes the output of one magnetron to drive another [58,59].
The two devices can achieve bidirectional mutual locking or operate in a master—slave
configuration. Reference [58] performed an experiment on peer-to-peer locking of two
2-kW magnetrons and showed that the two nonlinear magnetrons may be locked to a
common frequency.
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Master-slave injection locking was experimentally verified in [30] using the two
2.45 GHz 800 W CW magnetrons as phase locking in a reflection amplifier. In refer-
ence [60], two Panasonic 2M244-M1 magnetrons based on master—slave injection-locking
were demonstrated.

Although the aforementioned injection-locking techniques significantly enhance out-
put stability, the energy oscillates in a narrow frequency band, which is not concentrated
at a single frequency point, and the precise phase control is difficult. To attain higher
phase precision, external auxiliary control is essential. This is typically realized by combin-
ing external reference-signal injection with closed-loop feedback adjustment of operating
parameters—primarily the anode high voltage, and in some cases the magnetic field or
filament current—thereby enabling precise amplitude and phase regulation. A comparison
of the various magnetron injection-locking methods is provided in Table 1.

Table 1. The injection-locked methods of magnetron.

Reference Magnetron Power Injection-Locked Frequenc Injection-Locked
8 Output Method 9 y Bandwidth
Self-injection with a o
[63] LG magnetron 220 W high-Q cavity 2.455 GHz 0.12%
National
[30] Electronics, SXRH 800 W Oscillator-driver 2.4478 GHz /
(driver), model
HS (oscillator)
2 KW 2.44867 GHz;
[58] n maenetron 300-900 W Peer-to-peer 2.44960 GHz; /
Oven magneto 2.45067 GHz
Panasonic
[60] OM244-M1 830 W Master-slave 2.4512 GHz /
[57] Panasonic 1kW Self-injection 2443 to 2.444 GHz 0.885-4.7 MHz
2M244-M1 quasi-locked ' ' ' '

2.3. Phase-Locked CW Magnetron
2.3.1. Phase-Locked of Magnetron

To achieve high-precision phase control, an external reference signal exhibiting excel-
lent frequency and phase stability is required. This low-power signal is injected into the
magnetron, enabling it to produce a high-power output with locked frequency and phase.
Phase-locked magnetrons are primarily employed in microwave wireless power transfer
(WPT) and coherent power combining applications. The foundational injection-locking
system for magnetrons was proposed by W. C. Brown et al. [45]. Brown further devel-
oped the concept by inventing a novel crossed-field vacuum-tube amplifier, termed the
“extended interaction tube” or crossed-field amplifier (CFA), which effectively transforms
the magnetron from an oscillator into a power amplifier while retaining perpendicular
electric and magnetic fields.

Extensive research on magnetron-based wireless power transfer has been conducted
by Prof. N. Shinohara’s group at Kyoto University, Japan, with particular emphasis on
injection locking of commercial Panasonic S-band and C-band magnetrons [4,61,62]. In
ref. [61], a PLL-like feedback architecture was employed; a stable reference signal, phase-
adjusted via a phase shifter, was injected into the magnetron. Figure 2 depicts its operation
as a reflective amplifier suitable for coherent radar systems, where the injected signal
power is typically 10-13 dB below the magnetron output. Shinohara’s team has also
applied magnetrons as transmitters in space solar power system (SSPS) experiments. Given
the significantly higher cost of semiconductor amplifiers compared with vacuum tubes,
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ref. [62] proposed an efficient phase- and amplitude-controlled magnetron (PACM) and a
PACM-based near-field phased-array architecture tailored for SSPS.
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Figure 2. Phase-controlled magnetron system [61].

Phase-control accuracy is critical for magnetron locking, multi-source power combin-
ing, and phased-array formation. Multiple studies have shown that the phase deviation
of the injection-locked magnetron output gradually increases with the increase in the de-
viation between the injection signal frequency (at the same injection ratio) and the center
frequency of the magnetron injection-locked bandwidth [64—66]. Prof. C. Liu’s team at
Sichuan University, China, has performed systematic investigations into injection locking
and power combining of high-power continuous-wave (CW) magnetrons as shown in
Figure 3 [64,65,67,68]. In ref. [64], the phase stability of a 20 kW S-band CW magnetron
was characterized under external injection. With 150 W injected power and approximately
19 kW output, the maximum phase deviation ranged from 1° to 6° across the locking band.
In 2021, the team reported a 20 kW S-band injection-locked magnetron achieving a record-
low injected power of only 3 W and phase noise of —85 dBc/Hz at 50 kHz offset—the best
reported performance for S-band magnetrons exceeding 20 kW output [65]. Additional
contributions include work by S. Fujii et al., who demonstrated injection locking of a
Panasonic 2M137A-01BTM magnetron using an external oscillator with an injection ratio of
—26 dB [66]. X. Chen et al. investigated an external oscillator injection-locked 5.8-GHz mag-
netron system and established the equivalent circuit model [69]. As depicted in Figure 4,
H. Huang et al. demonstrated a 5.8 GHz phase-locked magnetron system in which the
measured phase fluctuation of the injection-locked magnetron was approximately +2.5°
under open-loop conditions and reduced to approximately £0.5° when closed-loop phase-
locked-loop control was activated, thereby confirming effective phase stabilization [11].
These results collectively highlight the considerable potential of external injection-locked
magnetrons for scalable high-power coherent systems. A summary of key parameters and
performance metrics of representative externally injection-locked magnetrons is presented
in Table 2.
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Figure 3. Block diagram of an injection-locked 15 kW magnetron system [65]. Red arrows is the
direction of large power output of the magnetron.

Figure 4. A 5.8-GHz phase-locked magnetron system [11]. Blue number 1,2,3,4,5 is the measurement

position.
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Table 2. Summary of external injection-locked magnetron systems.
Ref. Year Magnetron Type FNommal Power Output Injection-Ratio Locked Frequency Locked Bandwidth
requency
[45] 1990  Oven magnetron 2.45 GHz 500 W 30 dB / /
[61] 2000 2M236 245 GHz Over 600 W —30dB 1.5 MHz
[67,68] 2016 J\anjing Sanle 245 GHz Over 129 kW About 0.11 2.438-2.4432 GHz 2-5MHz
15 kW magnetron
Nanjing Sanle . (0.005-0.12 kW)/
[70] 2017 20 KW magnetron 245 GHz Adjustable 19.1 kKW 2.439-2.4515 GHz 11.7-2.4 MHz
Panasonic 752-768 W;
[69] 2020 M5802-KRSC1 5.8 GHz 304-344 W 0.0075-0.15 / About 0~25 MHz
Nanjing Sanle 0.003 kW/18.3 kW 2446 MHz@11.2 kW;
(631 2021 20 kW magnetron 245 GHz 10-18:3 kw With Load-Pull 2447.5 MHz@18.3 kW 34-3.9 MHz
[11] 2024 Panasonic 5.8 GHz / 10 W/300 W 5.782 GHz /

2.3.2. Phase-Locked CW Magnetron for Accelerator

Proton accelerators typically require RF source phase stability of 1-2°, whereas electron
accelerators demand 0.1-0.2° [71]. Although magnetrons offer high efficiency, low cost,
and compactness, they have rarely been adopted in high-energy accelerators owing to
insufficient inherent frequency and phase stability. Significant improvement in magnetron
phase stability would enable their practical use in accelerator applications.

Injection locking of pulsed magnetrons has been extensively investigated for accelera-
tors [33,72-74]. In one early approach, the output of a tetrode amplifier was employed as
the injection signal to phase-lock a magnetron, producing RF pulses suitable for accelerator
requirements [46].

Accelerator-grade injection-locked magnetrons usually require auxiliary high-stability
sources such as traveling-wave tubes (TWTs) or superconducting RF cavities [75]. A. C.
Dexter’s group at Lancaster University, U.K., systematically explored injection-locked
magnetrons as a cost-effective alternative to conventional high-power microwave sources
for superconducting linear accelerators [31,76,77]. 1. Tahir et al. demonstrated injection
locking of a commercial 2.45 GHz microwave-oven magnetron using a continuous-wave
(CW) scheme with a 40 dB injection ratio and DSP-assisted feedback control (experimental
arrangement [76]. In 2011, Dexter’s team reported the first successful use of an injection-
locked magnetron for active phase control of a superconducting cavity [78]. A 704 MHz,
440 kW CW magnetron was paired with a niobium superconducting cavity, achieving
frequency control to within 3 Hz, independent amplitude and phase regulation, and peak-
to-peak phase fluctuation of 2° (0.95° rms) [78].

A two-stage injection-locked CW magnetron system was developed by G. Kazakevich
et al. at Fermilab to drive superconducting cavities in the proposed Project-X intensity-
frontier accelerator [10,75,79]. As illustrated in Figure 5, a 1 kW CW S-band magnetron,
injection-locked in two stages, served as the RF source for the 1.3 GHz superconducting cav-
ities of an 8 GeV pulsed linac [79]. Testing confirmed that such magnetically primed sources
could substantially reduce capital costs compared with traditional klystrons, inductive
output tubes (IOTs), or solid-state amplifiers [10].

Subsequent work demonstrated a 2.45 GHz CW injection-locked magnetron providing
vector control for a superconducting RF (SRF) cavity, achieving 30 dB amplitude dynamic
range, 0.3% rms amplitude stability, and 0.26° rms phase stability [80]. Further advances in
magnetron control techniques tailored for SRF accelerators were experimentally validated
in [81].
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Figure 5. The injection-locked two-stage CW magnetron [79].

These results collectively establish that injection-locked magnetrons can meet or ap-
proach the stringent phase-stability requirements of modern superconducting accelerators,
offering a highly cost-effective alternative to conventional RF sources.

2.3.3. Injection-Locked Magnetron Modulator

Precise phase control of injection-locked magnetrons provides the fundamental pre-
requisite for implementing various modulation schemes. Extensive research on magnetron-
based modulation has been conducted by Y. Yang et al. at Kyoto University [5,17,25,82,83].
As illustrated in Figure 6 [82], a frequency-shift-keying (FSK) modulator operating near
the magnetron’s natural oscillation frequency was employed in [82]. The modulated signal
was amplified to 10 W and injected into a Panasonic M5802 magnetron via a circulator. This
configuration enables simultaneous wireless power transfer and data communication using
amplitude, phase, or frequency modulation. A reliable data rate of 9600 bps with zero bit
errors was achieved, demonstrating that an injection-locked magnetron functioning as a
power amplifier exhibits excellent controllability [82].

PC LabVIEW
| RS232 @ @ @

Modulator

Driver circuit

- r I
High-Voltage Amplifier Demodulator

Power Supply i

> >

5.8GHz 2 =

Magnetron = =

o /=

Circulator

Figure 6. FSK modulation and injection-locking scheme for simultaneous power and data

transmission [82].

In [83], an injection-locked 2.45 GHz continuous-wave (CW) magnetron was utilized
in a wirelessly powered television system (shown in Figure 7). At the transmitter, frequency
modulation was applied to the injection-locked magnetron to encode video signals while
delivering microwave power. At the receiver, the incident microwave energy was simul-
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taneously rectified to provide 48 W of DC power and demodulated to recover the video
signal, achieving a wireless range of 3.5 m [83].

% Transmitter 3

DVD Player Circulator I ]
WA

FM Modulator —>{Amplifier Antenna

v
Full wave H Magnetron

voltage doubler

\ % S
- Recelver \
S ATVANARN A
M demodulator [€ Antenna

| | WA

vV 4—‘ DC/DC Converter HRectiﬁer

. J/

Figure 7. Diagram of wireless-powered TV system based on magnetron [83].

A four-element phased-array system employing 5.8 GHz injection-locked magnetrons
was demonstrated in [84], delivering a maximum microwave output of 1637 W while
supporting simultaneous wireless information and power transfer (SWIPT). Under various
modulation rates, the measured power transmission efficiency fluctuated by less than 0.5%.
Frequency-modulated camera video signals were successfully transmitted and decoded,
confirming the robust performance of the injection-locked magnetron array in joint power-
and-information transfer applications [84].

These results collectively establish that injection-locked magnetrons can serve as highly
controllable, high-power transmitters capable of supporting advanced modulation formats
for integrated wireless power and communication systems.

Unlike the injection-locked magnetron system described in Section 2.2, which oper-
ates primarily within a narrow bandwidth, the phase-locked magnetrons presented in
Section 2.3 provide precise control of frequency, phase, and amplitude. These systems
further enable magnetron modulation capabilities.

Phase-locked configurations typically utilize a single-magnetron injection-locked ar-
chitecture, where the output power capacity is limited by the efficiency of the individual
magnetron. However, if multiple magnetrons can be synchronized to the same frequency
and phase, power combining in a multi-magnetron system becomes feasible. This approach
allows the total output power to exceed the limit of a single magnetron.

Achieving injection locking across multiple magnetrons requires preliminary screening
of a larger pool of devices to select those exhibiting similar locking characteristics. This
selection process is essential for successful power combining but increases the overall

https://doi.org/10.3390 /microwave2010003


https://doi.org/10.3390/microwave2010003

Microwave 2026, 2, 3

12 of 22

system scale and integration complexity. In Section 3, multi-magnetron injection-locked
systems are reviewed.

3. Power Combining of Multiple Magnetrons
3.1. Injection-Locked Magnetron Power Combining Based on Waveguides

In industrial applications, the per-unit cost of commercially manufactured continuous-
wave (CW) magnetrons rated above 1 kW is substantially higher than that of typical
microwave-oven magnetrons. The highest reported output powers for single CW mag-
netrons in the three principal ISM bands used for microwave heating are approximately
300 kW (L-band), 30 kW (S-band), and 1 kW (C-band), respectively [68,85]. S-band and
C-band magnetrons have attracted the majority of research attention for WPT applications
and microwave heating [12,16].

Microwave power-combining technology employing multiple synchronized sources
has been widely adopted in high-power microwave communication, remote sensing, elec-
tronic countermeasures, WPT, SSPS, plasma heating, superconducting particle accelerators,
and industrial microwave processing [16,58,67].

As the demand for multi-kilowatt and megawatt-class microwave sources contin-
ues to grow, individual magnetrons are approaching their fundamental power-handling
limits, making coherent power combining using multiple oscillators a key research fo-
cus [68,86,87]. The prerequisite for efficient power combining is that all sources operate
at identical frequency and maintain a stable, controllable phase relationship [88]. Injec-
tion locking provides a highly effective synchronization technique for magnetrons: a
common low-power reference signal (or mutual coupling between magnetrons) locks the
phase of each oscillator, after which the individual outputs are coherently summed using
waveguide combiners, hybrid couplers, or resonant structures to achieve near-theoretical
combining efficiency.

During their wireless power transmission research, Prof. N. Shinohara’s group at
Kyoto University successfully demonstrated both power combining and phased-array
operation using arrays of commercial magnetrons. Earlier, in the 20th century, coherent
power combining of high-power injection-locked pulsed magnetrons was investigated for
particle accelerator applications [89,90].

A pioneering result was reported by T. A. Treado et al. in 1994, who achieved 96%
combining efficiency—the first demonstration of highly efficient combining of microwave
power from two phase-locked long-pulse or CW magnetrons [90]. A. C. Dexter et al. [78]
demonstrated an amplitude control scenario using two injection-locked magnetrons shown
in Figure 8. By precisely adjusting the effective phase difference between the outputs of the
two magnetrons, they controlled both the effective phase difference and the attenuation of
the radio RF amplitude to a superconducting accelerator cavity.

To overcome the power limitations of single microwave sources in demanding in-
dustrial processes—such as microwave plasma chemical vapor deposition (MPCVD) for
diamond thin-film synthesis—Prof. C. Liu’s team at Sichuan University has conducted
extensive research on coherent power combining using injection-locked magnetrons.

In 2015, they developed and experimentally validated a two-magnetron S-band coher-
ent power-combining system employing 15 kW CW injection-locked magnetrons, achieving
combining efficiencies exceeding 95% [67]. As shown in Figure 9, one magnetron’s output
phase is actively controlled via a digital phase shifter, while a phase detector continuously
monitors the relative phase difference between the two sources [67,68].
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Figure 9. The power combining system based on two S-band injection-locked 15 kW CW
magnetrons [68].

Subsequent work reported a four-magnetron S-band array using 20 kW hybrid
injection-locked magnetrons, delivering a total coherent output power greater than 60.6 kW
with a combining efficiency of 91.5%—setting a performance record for S-band magnetron-
based systems at that time [91]

Reference [92] experimentally demonstrated a microwave power-combining system
that leverages the power-splitting characteristics of a magic-T junction to achieve mutual
injection locking of two 1 kW S-band magnetrons. By adjusting the operating frequency
to control the relative phase difference between the two magnetron outputs, the system
enables high-efficiency dual-path coherent power combining. Measured results confirm a
combining efficiency of 94.5%.

Another innovative design utilized an asymmetric H-plane T-junction combiner with
closed-loop phase compensation (CLPC), enabling two magnetrons to be frequency-locked
using only a single external injector through port coupling. This configuration achieved a
maximum combining efficiency of 95.7% [93].

At 5.8 GHz, a high-efficiency four-way power-combining architecture based on a
non-isolated, lossless five-port waveguide hybrid combiner was demonstrated in [11].
Experimental results showed that injection-locked operation without an external PLL
yielded combining efficiencies above 95%, with a peak efficiency of 97.7% attained through
precise phase control of the injected signals.

A summary of the key parameters and performance of the aforementioned phase-
locked magnetron power-combining systems is presented in Table 3.
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Table 3. Power combining system parameter of phase-locked magnetron systems.
Nominal . Combining Combining Combining
Refer. Year Magnetron Frequency Single Magnetron Power Ways Power Efficiency
Nanjing Sanle o
[67,68] 2016 15 kKW magnetron 2.45 GHz 12-14 kW 2 25 kW 95%
Nanjing Sanle o
[91] 2019 20 KW magnetron 2.45 GHz 20 kW 4 60 kW 91.5%
Panasonic o
[92] 2020 IM167B-M?32 2.45 GHz 0.98 kW 2 1.8 kW 94.5%
Panasonic o
[93] 2021 IM167B-M32 2.45 GHz 1kW 2 1.2-1.58 kW 95.7%
[11] 2024 Panasonic M5802 5.8 GHz Adjustable below 360 W 4 1.2 kW 95-97.7%

3.2. CW Magnetron Active Phased Array for WPT

Due to the inherent power-capacity limitations of individual microwave sources,
phased-array technology is widely employed to coherently combine the outputs of multiple
sources, thereby significantly increasing the total transmitted microwave power [7,36,61].

For SSPS applications, the development of efficient, large-scale, high-precision,
lightweight, and low-cost phased-array antennas has become a primary research focus [15].
In recent years, Prof. N. Shinohara’s group at Kyoto University has achieved breakthrough
progress in magnetron-based phased arrays by arranging multiple phase-controllable mag-
netrons in array configurations. The key advantage of this approach lies in the independent
amplitude and phase control of each magnetron, which enables not only highly efficient
power combining but also flexible electronic steering and spatial shaping of the microwave
beam [16,36].

Shinohara et al. have systematically investigated high-power PLL-based magnetron
control techniques to support SSPS requirements, successfully demonstrating precise am-
plitude and phase regulation of magnetrons operating at 2.45 GHz and 5.8 GHz [15,17,61].
This advancement has transformed the magnetron from a conventional autonomous high-
power oscillator into a fully controllable element suitable for large-scale phased-array
systems [9].

In an early demonstration, an active phased-array experiment using two injection-
locked 2M236 magnetrons (shown in Figure 2) was reported in [61]. By coherently com-
bining the outputs of two active antenna elements (illustrated in Figure 10) and apply-
ing phase-controlled magnetron (PCM) technology, beam steering of the main lobe was
achieved over a range of 80-90° through adjustment of the magnetron output phases,
thereby validating precise pointing control of the array.

To mitigate power losses caused by the injection-locked toroidal unit in the PCM
system and reduce the requirement for a dedicated phase shifter in every array element,
reference [9] proposed and experimentally demonstrated a beam direction control based
on a mutually injection-locked magnetron phased array. As shown in Figure 11, only
two PCM units are equipped with phase shifters, while the remaining elements operate
as self-oscillated and mutually injection-locked magnetrons. This configuration enables
beam direction control of the magnetron phased array with significantly reduced hardware
complexity [9].

A four-element phased-array system combining injection-locking and PLL techniques
was demonstrated in [12]. The array consisted of power-variable PCMs feeding a waveg-
uide slot-array antenna. At a total microwave output of 1304 W, 142 W of DC power was
received at a 5 m distance, confirming effective coherent power combining and energy
transmission performance [12].
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Figure 12 presents the block diagram of a 5.8 GHz magnetron phased-array system.
The simultaneous wireless information and power transfer (SWIPT) comprises four power-
and phase-controllable magnetrons arranged in a 2 x 2 configuration [84]. In this SWIPT
implementation, the main lobe delivers microwave power, while encoded information can
be successfully demodulated across a wide angular range from —90° to +90° in front of the
array. The maximum transmitted microwave power achieved by the system is 1637 W.

In Sections 2 and 3, research and applications of magnetron injection locking systems
primarily addressed the issue of unstable output signals from free-running magnetrons.
The investigations focused on the feasibility of achieving injection locking in the magnetron
itself and on evaluating the stability and performance of the output signal following locking.
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4. Next-Generation Magnetron Prospects
4.1. Innovative Operations of CW Magnetron

As system scale and complexity increase, the associated control challenges also escalate.
For practical deployment, microwave source systems that offer simplicity, compactness, and
higher-power-handling capacity provide significant advantages. Both industrial microwave
heating and WPT systems prioritize lightweight designs to improve overall efficiency and
feasibility. Recent novel applications of magnetrons have generated increased research
interest in enhancing the inherent stability of next-generation magnetron designs.

Conventional injection-locked magnetron systems require a waveguide circulator for
signal injection, which introduces significant size and weight penalties. To overcome this
limitation, S. Wang et al. [94] proposed and experimentally demonstrated a novel circulator-
free injection-locking technique whereby microwave power is directly injected through the
magnetron cathode (filament). In this approach, the magnetron is treated as a two-port
device, with the filament structure serving as the injection port. As illustrated in Figure 13,
the injection signal is coupled into the magnetron filter box via a designed monopole
probe or coupling ring. This method completely eliminates the need for bulky waveguide
circulators or directional couplers between the injection source and the magnetron, resulting
in a compact, low-cost injection-locked system. Experimental results showed a maximum
locking bandwidth of 0.7 MHz at an injection ratio of 0.2, with reductions of 28% in weight
and 16% in volume compared with conventional configurations [94]. This breakthrough is
expected to significantly simplify the architecture of injection-locked magnetron systems,
particularly in large-scale multi-magnetron arrays.

Antenna in filter boxes

Injection Power _p@_\p Magnetron |jmep{  Output Load

X

Load Power Supply
Filament supply

Figure 13. Photographs of modified magnetron filter boxes [94].

Industrial 1 kW CW S-band magnetrons are widely available at very low cost. Y.
Chernousov et al. [95] first proposed and demonstrated the operation of such a commercial
CW magnetron in high-power pulsed mode. The device successfully operated as a pulsed
magnetron in both free-running and injection-locked regimes, achieving peak output
powers up to 8 kW, pulse widths ranging from 0.3 us to continuous mode, and repetition
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frequencies at least 1 MHz [95]. This innovative operating mode substantially expands the
application area of low-cost CW magnetrons and, when combined with injection-locking
and modulation techniques, offers a highly cost-effective route to cost-effective pulsed
microwave sources.

4.2. Prospects of the Next-Generation Magnetron

Driven by emerging high-power applications—including microwave materials pro-
cessing, microwave sintering, space solar power stations (SSPS), particle accelera-
tors, and large-scale wireless power transfer—the research focus on continuous-wave
(CW) magnetrons has shifted toward achieving higher output power, improved ampli-
tude/frequency/phase stability, greater efficiency, extended operational lifespan, reduced
cost, and developing innovative applications [14,96].

To enhance the inherent stability and controllability of CW magnetrons, two comple-
mentary strategies are being pursued:

(1) Device-level improvements:

These include optimized resonant-cavity designs, advanced cathode materials [97,98],
novel anode-block geometries, and structural modifications (for instance, Amplitron-like
configurations) aimed at fundamentally reducing frequency pushing/pulling effects and
improving intrinsic spectral purity.

(2) External operating-parameter control:

Primarily realized through injection-locking techniques combined with real-time
feedback of anode voltage, magnetic field, or filament current.

The short filament lifetime remains a critical limitation for long-duration missions such
as SSPS. Replacement of conventional thermionic cathodes with cold-cathode technology
could extend magnetron lifetime beyond 40,000 h, making it highly attractive for space-
based WPT systems [99].

Future magnetron development is expected to emphasize higher operating frequencies,
longer lifespan, higher efficiency, and significantly improved amplitude—frequency-phase
stability [14,96].

Highly integrated injection-locking and power-combining architectures offer another
promising direction. Early investigations by the Physics International Group on phase-
locked relativistic magnetrons [100-102] demonstrated that maximum-connectivity array
topologies minimize lock-in time. For instance, a seven-magnetron array coupled via
waveguides achieved a coherent output of 3 GW, with lock-in dynamics comparable to
two-magnetron experiments [100]. The concept of integrating multiple injection-locked
magnetrons into a single resonant cavity, originally proposed in [100], is equally appli-
cable to CW systems. It could substantially reduce size, weight, and complexity while
enhancing the combining efficiency. With the development of next-generation magnetrons,
microwaves will find more and more applications across various fields.

5. Conclusions

Despite remarkable progress in semiconductor technology, vacuum electronic devices
continue to play an indispensable role in applications that demand extremely high power
and efficiency. This paper reviews the historical development and current research trends
in magnetrons, with particular emphasis on injection-locked (injection-synchronized) mag-
netrons. The maturation of frequency- and phase-stabilization techniques has dramatically
enhanced their performance, establishing injection-locked magnetrons as one of the most
cost-effective solutions for high-power, high-efficiency microwave generation.
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Using the injection-locking method, a magnetron system can operate primarily within
a narrow bandwidth. Subsequent phase-locking with an external reference signal enables
precise control of frequency, phase, and amplitude. If multiple phase-locked magnetrons
are synchronized to the same frequency and phase, power combining is possible, allowing
the total output power to exceed that of a single magnetron. However, as the scale and
complexity of the magnetron system increase, the associated control challenges escalate
accordingly. Research on long-term phase stability, fault tolerance, and overall system
reliability remains limited.

The application domain of magnetrons is rapidly expanding beyond traditional mi-
crowave heating and radar systems to include WPT, SSPS, particle accelerators, advanced
materials processing, and large-scale industrial microwave systems. Looking forward, con-
tinued innovation in vacuum-tube design—such as cold-cathode implementations, novel
cavity geometries, and highly integrated multi-magnetron arrays—combined with strategic
hybrid integration with solid-state devices, is expected to yield next-generation microwave
sources that simultaneously achieve exceptional efficiency, long operational lifetime, and
precise amplitude—frequency—phase stability. These advances will position injection-locked
magnetrons as an important technology for realizing a sustainable, high-power microwave
energy society.
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