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power re-injection locked magnetron∗
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A side band power re-injection locked (SBPRIL) magnetron is presented in this paper. A tuning stub is placed between
the external injection locked (EIL) magnetron and the circulator. Side band power of the EIL magnetron is reflected back to
the magnetron. The reflected side band power is reused and pulled back to the central frequency. A phase-locking model is
developed from circuit theory to explain the process of reuse of side band power in SBPRIL magnetron. Theoretical analysis
proves that the side band power is pulled back to the central frequency of the SBPRIL magnetron, then the amplitude of
the RF voltage increases and the phase noise performance is improved. Particle-in-cell (PIC) simulation of a 10-vane
continuous wave (CW) magnetron model is presented. Computer simulation predicts that the frequency spectrum’s peak of
the SBPRIL magnetron has an increase of 3.25 dB compared with the free running magnetron. The phase noise performance
at the side band offset reduces 12.05 dB for the SBPRIL magnetron. Besides, the SBPRIL magnetron experiment is
presented. Experimental results show that the spectrum peak rises by 14.29% for SBPRIL magnetron compared with
the free running magnetron. The phase noise reduces more than 25 dB at 45-kHz offset compared with the free running
magnetron.
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1. Introduction
Magnetrons are widely used in many applications, such

as radar, microwave heating and microwave chemistry. Mag-
netrons can supply a large range of power, from 1 kW to
100 kW at 915 MHz or 1 kW to 30 kW at 2.45 GHz.[1] Some
projects, like the space solar power system (SSPS), need a
very large number of high performance magnetrons, especially
high-efficiency, low-noise, injection locked magnetrons.[2–4]

However, as a crossed-field microwave device, the magnetron
has intrinsic characteristics of wide band frequency spectrum
and poor phase noise performance.[5–7] An effective method
to improve the performance of the magnetron is the injec-
tion locking technique and the external injection locking (EIL)
condition has been extensively studied.[8–11] Magnetron ex-
periments with EIL method have also been investigated and
show that its spectrum is improved compared with a free-
running magnetron.[12–15] A self-injection locked magnetron
can also reduce the phase noise compared with the free-
running magnetron.[16,17]

In this paper, we propose a method to improve the output
characteristics of the magnetron and we obtain better perfor-
mance of frequency spectrum and phase noise than the EIL
method. Theory and experiments about the side band power
re-injection locked magnetron are presented. The theory anal-
ysis follows Slater’s in Ref. [10], in which the magnetron-
specific growth-saturation characteristic was discussed and

Chen[11] who constructed the nonlinear frequency pushing ef-
fect in a relative magnetron. We adopt and expand their work
in SBPRIL magnetron.

The rest of this paper is organized as following. In Sec-
tion 2, theories about the RF voltage growth and phase noise
reduction in SBPRIL magnetron are analyzed. The side band
power’s reflection and reabsorption are discussed. In Sec-
tion 3, a 10-vane CW magnetron is simulated by Computer
Simulation Technology Particle Studio (CST PS). In Sections
4 and 5, the first experimental demonstrations of both RF volt-
age increase and the phase noise reduction in the magnetron
by using SBPRIL technique with Panasonic CW 2M244-M1
magnetron are presented. The 2M244-M1 magnetron is free
running at 2.45 GHz and its output power can be adjusted from
200 W to 1 kW. A tuning stub is placed between the EIL mag-
netron and the circulator. The tuning stub acts as a bandpass
filter. Side band power of the RF output of the EIL magnetron
is reflected back to the magnetron. In Section 6, the numerical
and experimental results are compared with each other.

2. Theoretical analysis
2.1. Amplitude and frequency behaviors of the free run-

ning and external injection locked magnetron

A magnetron is an oscillator essentially and the resonant
cavity can be simplified into an RLC circuit. The RF voltage
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(VRF0) and frequency (ω ′) of the free running magnetron can
be explained with Slater’s mode:

VRF0 =
Vdc

1+
Cω0R

QL

, (1)

ω
′ = ω0 +

b0

2C
− Bω0

2Qext
− ω0 tanα

2QL
, (2)

where Vdc is the dc-voltage between the cathode and the an-
ode; C and R are the capacitor and the resistor in the equiva-
lent circuit, respectively; ω0 is the resonance frequency of the
unloaded cavity; Qext and QL are the quality factors of the ex-
terior and the load, respectively; b0 is a constant; B represents
the external load in the equivalent circuit; α is the frequency-
pushing parameter which is typically of the order of unity;
b0/2C−ω0 tanα/2QL represents the frequency pushing ef-
fect, which means that the frequency change is caused by the
presence of the electron space charge; Bω0/2Qext is the fre-
quency pulling effect, which means that the frequency change
is caused by the external load.

The RF voltage (VRF) and frequency (ω) of the EIL mag-
netron can be explained with Chen’s mode:

VRF =VRF0
1

1+
ρω0 cosθ

γQext

, (3)

dθ

dt
=

µ

|cosθ |
sinθ +σ = 0, (4)

where µ = ρ/Qext, σ = (ω ′−ω1)/ω0,

γ =
ω0

2

(
1

QL
+

1
RCω0

)
,

ρ is the injection ratio, ω1 is the frequency of the external sig-
nal, θ = ωt −ω1t + θ0, t is the time, and θ0 is the relative
phase difference between the output of the free running mag-
netron and the external signal.

By solving Eq. (4), one obtains

tan
θ

2
=
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−µ

σ
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√
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1+ exp(t
√
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−µ

σ
−
√
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σ

1− exp(−t
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µ2−σ2)

1+ exp(−t
√

µ2−σ2)
, σ < 0,

e2µt , σ = 0.

(5)

In Eq. (5), the Adler condition of injection locked magne-
tron[8] shows that µ ≥ |σ |, and t becomes infinite. So equa-
tion (5) becomes

tan
θ

2
=−µ

σ
−
√

µ2−σ2

σ
. (6)

Then

cosθ =− 1
µ

√
µ2−σ2. (7)

So cosθ in Eqs. (3) and (4) each always approach a negative
value, then VRF ≥ VRF0 . This conclusion proves that the am-
plitude of the RF voltage can be increased in the EIL mag-
netron. To obtain the steady amplitude behavior of the EIL
magnetron, we substitute the locking condition (4) into Eq. (3)
by cancelling the dependence of θ , which leads to

(
VRF0

VRF
−1
)2

(
µ

γ

)2 +

(
σ

µ

)2

= 1. (8)

Equation (8) describes an ellipse curve and the VRF/VRF0−σ

curve is shown in Fig. 1 with γ = 0.1. The different curves
represent the different values of the injecting parameter µ .
The free running magnetron is represented with σ = 0 and
VRF/VRF0 = 1 as indicated by the dotted loop in Fig. 1. Con-
sidering that figure 1 is split into a stable part and an un-
stable part by a dashed-dotted line with the stable condition
(cosθ ≤ 0), figure 1 proves that the EIL magnetron frequency
can be locked and the RF voltage can be increased.
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Fig. 1. Plots of amplitude (VRF/VRF0) versus frequency difference (σ ) at
three different injection parameters: µ = 0.01, µ = 0.02, and µ = 0.03.

2.2. Side band power re-injection locked magnetron

The side band power re-injecting technique is based on
the EIL method. From previous theory analysis, we prove
that the frequency of the RF output can be coincident with
the external signal frequency in EIL magnetron. The phase of
the RF output can be controlled by the external injection sig-
nal. Specifically, the magnetron RF voltage always increases.
Hence the RF spectrum can be improved. So, we suppose that
if the sideband power is reflected back to the EIL magnetron,
the RF voltage can increase more. In the SBPRIL magnetron,
a tuning stub is placed between the EIL magnetron and the
circulator to reflect the sideband power. Tuning stub, low Q
value bandpass filter or high Q value bandpass filter can be
obtained. The transfer function of the tuning stub is similar to
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the bandpass filter[18]

H (ω) =

jω
(

ωr

Qr

)
(ω2

r −ω2)+ jω
(

ωr

Qr

) , (9)

where ωr is the central frequency of the bandpass filter and Qr

is the Q value of the bandpass filter. The real-word magnetron
output signal which has phase noise can be written as

v(t) = Asin(ω1t +φ (t)) , (10)

where φ (t) is the phase noise. We can simplify φ (t) into
A0 sin(ωmt). Then

v(t) = Asin(ω1t +A0 sin(ωmt))

= AJ0 (A0)sin(ω1t)

+AJ1 (A0) [sin(ω1 +ωm) t− sin(ω1−ωm) t]

+AJ2 (A0) [sin(ω1 +2ωm) t− sin(ω1−2ωm) t]

+ . . . , (11)

where Jn (Z) is the Bessel function of the first kind and its
higher order terms each have a great attenuation. So we take
the first two terms and define ωH = ω1 +ωm,ωL = ω1−ωm.
The unilateral Fourier transform of v(t) is written as

V (ω) =
Aπ

j
[J0 (A0)δ (ω−ω1)

+J1 (A0)δ (ω−ωH)− J1 (A0)δ (ω−ωL)]. (12)

So the output of the tuning stub (when ωr = ω1) is

Y (ω) = H (ω)V (ω) =
π

j
[J0(A0)δ (ω−ω1)

+H(ωH)J1(A0)δ (ω−ωH)

−H(ωL)J1(A0)δ (ω−ωL)]. (13)

This means that the central frequency of the magnetron out-
put (ω1) passes through the tuning stub. Meanwhile, most of
the side band power (ωL and ωH) is reflected back to the mag-
netron.

As shown in Fig. 2, firstly the magnetron is injecting-
locked by a small power external signal. The frequency spec-
trum of the magnetron is shown in Fig. 2(a). Then, the tuning
stub is placed between the magnetron and the circulator and
the reflected signal’s frequency spectrum is shown in Fig. 2(b).
Because ωL and ωH are still in the locking bandwidth of
the external signal ω1 , the reflected power is pulled back to
the central frequency ω1 , then joins the RF output and in-
creases the output power. We define the voltage ratio between
SBPRIL magnetron (VRF) and free running magnetron (VRF0)
as A. A1, AL, and AH are the voltage ratios for ω1,ωL, and ωH

in Fig. 2(c), where σ1 = (ω ′−ω1)/ω0, σL = (ωL−ω1)/ω0,

σH = (ωH−ω1)/ω0. So, in the SBPRIL magnetron, the RF
voltage is

VRF = A1VRF1 (ω1)+ALVRFL (ωL)+AHVRFH (ωH) . (14)

Therefore, the RF voltage of the SBPRIL magnetron is in-
creased by:

A =
VRF

VRF1
= A1 +AL

VRFL (ωL)

VRF1 (ω1)
+AH

VRFH (ωH)

VRF1 (ω1)
. (15)

From Eq. (15), the increase of amplitude is related to
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Fig. 2. Diagram of SBPRIL magnetron. (a) Spectrum of the EIL mag-
netron. (b) Spectrum of the reflected power. (c) The reflected power
and the external signal getting different RF voltage amplitude.

(i) AL and AH, which depend on the frequency of the re-
flected power. If the tuning stub has a very high Q value, the
frequency of the reflected signal is close to the central fre-
quency and AL, AH, AL, and AH approach the maximum (A1);

(ii) VRF (ωL) and VRF (ωH) , which represent the reflected
power. With a great reflected power, the more power is re-
claimed.
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Fig. 3. Plots of amplitude ratio A versus the reflected power frequency
difference with three different Q values of tuning stub.

The numerical analysis of A is shown in Fig. 3 with
γ = 0.1, µ = 0.01, and σ1 = 0. Meanwhile, we simplify the
transfer function of the tuning stub into a symmetrical curve.
So, σL = σH and AL = AH. Figure 3 shows that when the tun-
ing stub has a high Q value, the RF voltage ratio in the SBPRIL
magnetron is greater.
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3. Simulation verification
A 10-vane CW magnetron model is simulated in our

work by using the Computer Simulation Technology Parti-
cle Studio (CST PS). The free running magnetron oscillates at
2.4496 GHz with the following parameters: anode voltage =
−4200 V, anode current = 0.68 A, RF output voltage = 63.5 V,
output power = 2 kW, and efficiency = 70.59%.

Figure 4 shows the external injecting signal and the fre-
quency spectra of reflection side band power signal. The spec-
tra of side band power shows that the central frequency of the
RF output is filtered and the side band power is reflected back
to the magnetron.
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Fig. 4. Frequency spectra of the RF output of free running magnetron,
the external signal, and the reflected side band power.
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Fig. 5. Simulation frequency spectra of the three models of magnetron.

The three frequency spectra of the RF outputs of dif-
ferent models are shown in Fig. 5. The free running mag-
netron’s frequency is pulled to the frequency of the external
signal as shown in Fig. 5. The SBPRIL magnetron’s frequency
spectrum has a higher peak than the EIL magnetron’s. The
frequency spectrum’s peak of free running magnetron is at

2.4496 GHz with 13.37 dB, the peak of EIL magnetron is at
2.45 GHz with 16.42 dB and the peak of SBPRIL magnetron
is at 2.45 GHz with 16.62 dB. The frequency spectrum’s peak
of the SBPRIL magnetron has an increase of 3.25 dB com-
pared with the free running magnetron’s. Phase noise of the
RF output is calculated and shown in Fig. 6. Phase noises of
the EIL magnetron and the SBPRIL magnetron are reduced.
Phase noise of the free running magnetron is −74.25 dBc/Hz,
that of the EIL magnetron is −82.55 dBc/Hz, and that of the
SBPRIL magnetron is −86.30 dBc/Hz at 3-MHz offset. The
phase noise of SBPRIL magnetron is reduced by more than
12 dB at 3-MHz offset compared with the free running mag-
netron. Figures 5 and 6 illustrate that the side band power
re-injected to the magnetron is pulled back to the central fre-
quency of the SBPRIL magnetron and the RF output of the
magnetron is increased and phase noise is improved.

Offset frequency/Hz

104 105 106 107 108 109

P
h
a
se

 n
o
is

e
/
(d

B
c
/
H

z
)

-120

-110

-100

-90

-80

-70

-60

-50

free running
external injecting locked
re injecting locked

Fig. 6. Phase noises of the three models of magnetron.

4. Experimental setup
The experimental setup of the SBPRIL magnetron is

shown in Fig. 7. In Fig. 7, an external signal source is used
to supply an externally injected signal through the two circu-
lators. The signal source is Hittite HMC-T2220 10 MHz–
20 GHz signal generator. Reflected power is measured by
power meter 1 and directional coupler 1. Output power is mea-
sured by the double directional coupler and the power meter 2.
Frequency spectrum of the output is measured by the other
coupler port of the double directional coupler. The power of
external injecting signal is measured by directional coupler 2
and power meter 3. A practical setup of the SBPRIL mag-
netron experiment is shown in Fig. 8. The tested magnetron
is Panasonic CW 2M244-M1. Frequency spectrum is mea-
sured by ROHED & SCHWARZ FSP spectrum analyzer and
the power meter is AV2433.
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Fig. 8. (color online) Practical setup of the experiment.

5. Experimental results
5.1. Tuning stub in the free running magnetron

The tuning stub can optimize the power match of the mag-
netron to the circulator. So, the performance of free running
magnetron with the tuning stub is tested first. In this test, the
external signal source, directional coupler 2, circulator 2, and
power meter 3 are removed. Load 2 is set up in the circulator
1. In the experiment, we adjust the three pins of the tuning stub
at different positions. The depths of the three pins are adjusted
from 0 mm to 5 mm, 10 mm, and 15 mm with respect to the
waveguide wall. The spectrum peaks of the free running mag-
netron with the tuning stub at different positions are shown in
Fig. 9. It shows that the spectrum peaks of the free running

magnetron with tuning stub at different depths are lower than
those of the magnetron with pins at their highest points. This
means that the tuning stub can optimize the match between the
magnetron and the circulator, but it cannot raise the RF output
of the free running magnetron. Phase noises of the free run-
ning magnetron with tuning stub are measured and shown in
Fig. 10. It shows that the effect of optimization on phase noise
performance is weak. Phase noise can be a little lower, but it
is increased in most cases. A comparison between the results
in Fig. 9 and those in Fig. 10 shows that the tuning stub can
indeed optimize the power match of the magnetron to the cir-
culator to a small extent. But the tuning stub cannot improve
the RF output nor phase noise performance in free running
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used as a directional waveguide. Gray lines are the three pins at differ-
ent depths and the tuning stub is an optimizer.

5.2. Tuning stub in the SBPRIL magnetron

In Figs. 9 and 10, the optimizer effect of the tuning stub
cannot raise the RF voltage and cannot improve the phase
noise performance of the free running magnetron either. So,
in the experiment of the SBPRIL magnetron, the tuning stub
is adjusted to be used as a bandpass filter. Figure 11 shows
the scatter parameters of the tuning stub in experiment. The
tuning stub acts as a band pass filter. But its Q value is very
low.

In the experiment, the free running magnetron oscillates
at 2.4499 GHz with the following operating parameters: an-
ode voltage = −4048 V, anode current = 146.2 mA, heater
voltage = 3 V, heater current = 8 A, output power = 353 W,
and peak of spectrum= 14.21 dBm. The external signal fre-
quency is set to be 2.45 GHz and its power is 20 W. So the
EIL magnetron oscillates at 2.45 GHz with following opera-
tion parameters: cathode voltage = −4031 V, anode current
= 146.2 mA, heater voltage = 3 V, heater current = 8 A, out-
put power = 372W, peak of spectrum = 14.52 dBm. Then, the

tuning stub is adjusted to the operating conditions as shown
in Fig. 11. The tuning stub reflects the side band power and
the reflected power is 40 W. The SBPRIL magnetron oscillates
at 2.45 GHz with the following operating parameters: cathode
voltage =−4008 V, anode current = 146.2 mA, heater voltage
= 3 V, heater current = 8 A, output power = 375 W, and peak
of spectrum = 14.79 dBm.
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Fig. 12. Experimental frequency spectra of the magnetron under three
different operating conditions.
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Fig. 13. Experimental phase noises of the magnetron under three dif-
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Figures 12 and 13 show the experimental frequency spec-
tra and phase noise performances of the magnetron under three
operating conditions. The resolution bandwidth of the spec-
trum analyzer is set to be 30 kHz and the video bandwidth is
set to be 10 kHz. The frequency spectra in Fig. 12 show that
the reflected side band power is pulled to the external injec-
tion signal frequency afresh. The side band spectrum is lower
and the peak goes up from 14.21 dBm to 14.79 dBm with a
14.29% increase. Figure 13 shows that the phase noise perfor-
mance has also confirmed the previous conclusion. The EIL
magnetron and the SBPRIL magnetron both reduce the phase

noise and the phase noise performance for SBPRIL magnetron

is better than that for the EIL magnetron. In particular, the

phase noises for the free running magnetron are−65.1 dBc/Hz

at 45-kHz offset and −74.8 dBc/Hz for EIL magnetron, re-

spectively. Phase noise of SBPRIL magnetron further reduces

5.6 dB to −80.4 dBc/Hz at 45-kHz offset. The efficiencies

of the magnetrons in three states are tested and listed in Ta-

ble 1. The efficiencies of EIL magnetron and SBPRIL mag-

netron both increase and the efficiency of the SBPRIL mag-

netron increases more than that of the EIL magnetron.

Table 1. Detailed parameters of the magnetrons under three different operating conditions.

Operating Reflected External inject Output spectrum Phase noise at
Efficiency

condition power/W power/W peak/dBm 45-kHz offset/(dBc/Hz)

Free running magnetron – – 14.21 –65.1 59.6%
EIL magnetron – 20 14.52 –74.8 63.1%

SBPRIL magnetron 40 20 14.79 –80.4 64.0%

6. Conclusions
In this paper, SBPRIL magnetron is presented. The side

band power is reflected back to the magnetron. The circuit
model is presented to analyze the RF voltage growth and fre-
quency pulling effect in the SBPRIL magnetron. Theory anal-
ysis indicates that the side band power is reused and the RF
voltage of SBPRIL magnetron increases more than that of the
EIL magnetron (Figs. 2 and 3). The RF voltage increase is
affected by the injection ratio ρ , the frequency difference be-
tween the external signal and the free running magnetron σ ,
and the Q value of the tuning stub.

PIC simulation for a 2.45-GHz, 2-kW CW magnetron is
presented. Simulation results show that the frequency spec-
trum peak of SBPRIL magnetron increases 3.25 dB compared
with that of the free running magnetron (in Fig. 5). The phase
noise of the SBPRIL magnetron is reduced by more than 12 dB
at 3 MHz offset compared with that of the free running mag-
netron.

Experiments with 2.45-GHz microwave oven magnetron
are conducted. The optimizer effect of the tuning stub is ex-
cluded at first. The experimental results of the SBPRIL mag-
netron show that the RF frequency spectrum is raised up by
14.29% (in Fig. 12), the phase noise is reduced by 25.3 dB at
45 kHz offset (in Fig. 13). The frequency spectrum of SBPRIL
magnetron has higher peak and better phase noise performance
than that of free running magnetron. This conclusion confirms
the theoretical analysis in Section 2. The SBPRIL magnetron
has more concentrated spectrum and better phase noise perfor-
mance at low cost. So it is very suitable for industrial applica-

tions of high-power microwave.
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