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Abstract—A magnetron with a metallic cathode shield on the
high-voltage (HV) input side is newly designed for the purpose
of reducing the spurious noise generated from an oven mag-
netron. In this paper, it was experimentally found that the newly
designed magnetron suppressed the sideband noise around the
carrier frequency up to 10 dB, compared to the conventional mag-
netron. Moreover, both the spurious noise in the high frequency
bands (4–14 GHz) and the line noise in the low frequency bands
(∼ 1 GHz) from the newly designed magnetron were reduced up
to 30 dB, compared to the conventional one. It was also found that
a cathode shield attached to only the HV input side was more
effective than the cathode shields attached to both the HV input
side and the RF output side, with respect to the noise reduction.
The thermionic emission from the cathode filament and the mo-
tions of the electrons in a magnetron are discussed in investigating
the noise-reduction mechanisms.

Index Terms—Cathodes, magnetrons, noise.

I. INTRODUCTION

AMAGNETRON is a well-known crossed-field device
commonly used for a microwave heating source of an

oven. It is also expected as one of the candidates for a mi-
crowave source of the “wireless power transmission (WPT)”
technology, because of its high dc–RF conversion efficiency,
low weight/power ratio and low production cost. A WPT sys-
tem is especially suitable for transmitting electricity to places
where electric wires are difficult or impossible to install. Future
applications of a WPT system might be for power transmission
to the isolated islands, between space satellites, or from satel-
lites to the Earth, the so-called “solar power satellite (SPS)”
concept [1].

A free-running magnetron has a wide bandwidth and spuri-
ous noise in the various frequency bands. For the microwave
ovens, additional circuits and elements are accordingly nec-
essary to filter out the line noise below 1 GHz, to avoid the
interference with radio, TV, and the other electric systems.
In the WPT case, the spurious noise from a magnetron will
interfere in the other communication systems when they are
radiated from the transmitters of a WPT system. Therefore, it
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is indispensable to employ measures against the spurious noise
generated from a magnetron.

For the WPT use, the spurious noise is effectively suppressed
when a magnetron is operated by a dc-stabilized power supply
and the filament current is turned off during the operation.
Some experimental researches have shown that this operat-
ing method works exceedingly well not only in reducing the
bandwidth up to 60 dB [2], [3] but also in suppressing the
high-frequency (4–10 GHz) spurious noise up to 50 dB and
low-frequency (∼ 1 GHz) line noise up to 40 dB [4]. These
achievements contributed to the development of some types of
phase-controlled magnetrons (PCM) [5]–[7] and a phase-and-
amplitude-controlled magnetron (PACM) [8].

For microwave oven use, it has been experimentally demon-
strated that a magnetron with an ion-drain electrode effectively
reduces the line noise below 1 GHz, caused by the trapped ions
in the vicinity of the cathode [9]. Alternatively, new techniques
called “magnetic priming” [10], [11] or “electric priming” [12]
may serve as effective measures against the reduction of the
startup noise by hastening the π-mode selection.

The objectives of this paper are to reduce the spurious noise
of an oven magnetron and to develop a low-noise magnetron
for oven use. The low-noise magnetron leads to the reduction
of the production cost by removing a feedthrough capacitor
and choke coils from a conventional oven magnetron. In this
paper, we have newly designed a magnetron with a cylindrical
metallic cathode shield on the high-voltage (HV) input side of
the filament. With regard to the cathode shield, Kohsaka et al.
[13] have suggested a magnetron with cathode shields on both
the RF output side and the HV input side, in order to prevent
the electron emission from the end portions of the cathode.

From the experimental results, we found that the newly
designed magnetron suppressed the sideband noise around the
carrier frequency up to 10 dB, compared to the conventional
magnetron. Moreover, both the spurious noise in the high
frequency bands (4–14 GHz) and the line noise in the low fre-
quency bands (∼ 1 GHz) from the newly designed magnetron
were reduced up to 30 dB, compared to the conventional one.
We also found out that a cathode shield attached to only the HV
input side was more effective than the cathode shields attached
to both the HV input side and the RF output side, as suggested
by Kohsaka et al. [13], with respect to the noise reduction.

II. CONFIGURATIONS OF MAGNETRONS

Fig. 1 shows the inside schematics of a conventional mag-
netron Panasonic 2M210M1F1 [Fig. 1(a)], a magnetron with
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Fig. 1. Inside schematics of (a) conventional magnetron, (b) magnetron with
cathode shields on both sides, and (c) magnetron with a cathode shield on the
HV input side. The effective emission area of each magnetron is shown by a
two-headed arrow.

the cathode shields on both sides [Fig. 1(b)], and a magnetron
with a cathode shield only on the HV input side [Fig. 1(c)].
The structure of the magnetron (b) is similar to the magnetron
depicted by Kohsaka et al. [13], and the metallic cathode shields
are directly connected with both end hats in order to prevent the
electron emission. The structure of the magnetron (c) is newly
designed, and the metallic cathode shield is directly connected
only with the end hat on the HV input side.

The effective emission area, where the thermal electrons are
expected to be emitted, of each magnetron is shown by a two-
headed arrow in Fig. 1. It is between the cathode shields of the
magnetron (b) and between the cathode shield and the brazing
point to the end hat of the magnetron (c). The effective emission
area of the magnetron (b) is designed to be the same as that of
the magnetron (c) and smaller than the conventional magnetron
(a). In terms of the other parameters such as the radii of both
the anode and the cathode, the anode shape, the rated anode
voltage, the external magnetic field, etc., there is no difference
among the three types of the magnetrons.

III. MEASUREMENTS OF THE SPURIOUS NOISE

GENERATED FROM THE MAGNETRONS

A. Configurations of the Measurements

The measurement system of the spurious noise generated
from a magnetron is shown in Fig. 2. A magnetron is operated
by a half-wave voltage doubler, which is commonly used as a
power supply of a microwave oven. The anode current and the
filament voltage are fixed at 400 mA and 3.3 V, respectively,
for all the magnetrons. The measurements are conducted in the
condition that the feedthrough capacitor and the choke coils
attached to the magnetron are removed, in order to detect all
the intrinsic spurious noise generated from the magnetron.

The measuring range of the spectrum is divided into three
bands: 2.35–2.55 GHz for the fundamental, 4–14 GHz for the
high-frequency spurious noise, and 100 kHz–1 GHz for the
low-frequency line noise. In the fundamental frequency bands

Fig. 2. Schematics of the measurement system. eb: Anode voltage. ib and Ib:
Anode currents. Vf : Filament voltage. If : Filament current.

TABLE I
SETTINGS OF THE SPECTRUM ANALYZER. RBW: RESOLUTION

BANDWIDTH. VBW: VIDEO BANDWIDTH

and the high frequency bands, the leakage electromagnetic
waves are measured with a spiral antenna and a horn antenna,
respectively. Although the absolute value of the spectral output
cannot be derived, the measurement system shown in Fig. 2
is adopted, because the main objective of the present research
is the relative comparisons of the magnetron noise with each
other. In the low frequency bands, the line noise on the cables
between the magnetron and the half-wave voltage doubler is
measured with a current probe.

The spectrum in each frequency band is measured with a
spectrum analyzer. In the present experiment, the maximum
value of the spectrum is held on the spectrum analyzer during
a period of 1 min when the magnetron and the waveguide
are thermally stable. Thus, the spectrum analyzer displays the
envelope of the maximum levels of the spectra generated from
the magnetron. The settings of the resolution bandwidth and the
video bandwidth of the spectrum analyzer are put in Table I.

B. Experimental Results

The experimental results of the fundamental spectrum, high-
frequency spurious noise, and low-frequency line noise are
shown in Fig. 3. The spectra of the conventional magnetron,
the magnetron with the cathode shields on both the filament
ends, and the magnetron with a cathode shield on the HV input
side are plotted in Fig. 3(a)–(c), respectively. The normal-rated
filament voltage of 3.3 V remains applied, and it is not cut back
or turned off during the measurements.

With regard to the fundamental spectrum, the sideband noise
below 2.43 GHz is less than the noise floor of the spectrum
analyzer when the cathode shields are attached to a magnetron.
Hence, the cathode shields work well for the sideband noise
in the fundamental frequency bands. Moreover, the sideband
noise from 2.43 to 2.45 GHz of the magnetron (c) is less than
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Fig. 3. Experimental results of the fundamental spectrum (top), high-frequency noise (middle), and line noise (bottom) at Ib = 400 mA and Vf = 3.3 V.
(a) Conventional magnetron. (b) Magnetron with the cathode shields on both filament ends. (c) Magnetron with a cathode shield on the HV input side.

the magnetron (a) and (b) by about 10 dB. Therefore, shielding
the cathode only on the HV input side is more effective in
suppressing the sideband noise around the carrier frequency
than shielding the cathode on both filament ends.

With regard to the high-frequency spurious noise and the
low-frequency line noise, it is obvious that both are drastically
reduced by the attachment of the cathode shields on both
filament ends and a cathode shield on the HV input side of a
magnetron, as shown in the middle row and the bottom row
of Fig. 3. Although the cathode shield has a possibility to act
simply as a choke in the low frequency bands, the reduction
level of the low-frequency line noise from the newly designed
magnetron (c) is up to 30 dB, compared to the conventional
magnetron (a).

Furthermore, the measurement results clearly specify that
both the high-frequency spurious noise and the low−frequency
line noise from the magnetron (c) are lower than the magnetron
(b). Therefore, a cathode shield on the HV input side is also
more effective in suppressing the spurious noise in the high and
low frequency bands as well as the fundamental bands than with
the cathode shields on both filament ends.

IV. DISCUSSION ON ELECTRON EMISSION

FROM THE CATHODE FILAMENT

The cathode shields play a role in preventing the electron
emission from the end portions of the cathode, as Kohsaka et al.
mentioned in [13]. Here, we discuss the effects of the cathode
shields from the viewpoint of the electron emission. The axial
distribution of the filament temperature in a magnetron is
measured for discussion.

The axial distribution of the filament temperature was mea-
sured with a magnetron whose anode block has an axial slit to
see through the cathode filament, as a photo of the magnetron
is shown in Fig. 4. The structure of the magnetron is almost the
same as a conventional magnetron, except that it has a slit in
the anode block. A crystal plate is tightly attached to the slit
in order to keep the magnetron tube in vacuum and so that the
cathode filament can be directly seen through the crystal plate.
The axial distribution of the filament temperature is measured
with a disappearing filament optical pyrometer, whose accuracy
is within 1% of the scale range. The spot size was about 0.5 mm,
i.e., the filament diameter. The pyrometer was calibrated with a
standard lamp. However, the measured temperature could be
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Fig. 4. Photo of the magnetron for the measurements of the filament temper-
ature. The light of the filament is seen through a crystal plate.

slightly lower than the true temperature, as the effect of the
crystal plate, which might act as a gray filter, was not calibrated.

First, we describe the axial distribution of the filament tem-
perature in a filament-off operation: The magnetron is operated
by a dc-stabilized power supply, and the filament is off. As
mentioned in Section I, turning off or cutting back the filament
current contributes to the noise reduction of a magnetron.
Hence, the axial distribution of the filament temperature in the
filament-off operation is valuable in investigating the relation-
ship between the filament temperature and the noise reduction.

Next, we describe the axial distribution of the filament tem-
perature in a half-wave operation: The magnetron is operated
by a half-wave voltage doubler, and the filament is on. Then,
the effects of the cathode shields are discussed by a comparison
between the two sets of the experimental data for the axial
distribution of the filament temperature.

A. Axial Distribution of the Filament Temperature in the
Filament-off Operation

Fig. 5 shows the measurement results of the axial distribution
of the filament temperature. The horizontal axis shows the axial
measurement points on the cathode filament: No. 1 represents
the end of the RF output side, No. 4 represents the center
of the cathode, and No. 7 represents the end of the HV input
side. The solid line with black markers and the dotted line in
Fig. 5 represent the curves of the filament temperature in the
filament-off operation (the anode current Ib = 400 mA and the
filament voltage Vf = 0 V) and in the preheating state (Ib =
0 A and Vf = 3.3 V), respectively. Since the oscillation did not
continue in the filament-off operation when the magnetron was

Fig. 5. Axial distributions of the filament temperature. Ib: Anode current.
Vf : Filament voltage. The solid line with black markers, the solid line with
white markers, and the dotted line represent the filament temperature in the
filament-off operation, in the half-wave operation, and in the preheating state,
respectively.

driven by a half-wave voltage doubler, a dc-stabilized power
supply was used for the filament-off operation instead.

The experimental results show that the filament in the
filament-off operation has a maximum temperature in the center
and the filament temperature gradually decreases toward the fil-
ament ends. In the filament-off operation, the oscillation contin-
ues due to the cathode’s self-heating by the back-bombardment
energy of the electrons and the secondary electron emission.
Hence, the results indicate that the cathode’s self-heating is
greatest in the center and least at the filament ends.

Furthermore, there is a key difference on the HV input side
between the filament-off operation and the preheating state. The
difference in the temperature is 200 K on the HV input side,
whereas it is only 30 K in the center and 80 K on the RF out-
put side.

With regard to the filament temperature in the filament-off
operation, Brown has mentioned that the temperature becomes
the lowest when the thermionically emitting cathode can supply
the needed anode current and that this mechanism, the so-called
“internal feedback mechanism,” contributes to a quiet mag-
netron operation [14]. Therefore, we assume that the filament
on the HV input side looks overheated in the preheating state
and that the unnecessary heating by the electric power on the
HV input side has some relationship with the noise generation
in the filament-“on” operation.

B. Axial Distribution of the Filament Temperature
in the Half-Wave Operation

The solid line with white markers in Fig. 5 shows the
measurement results of the axial distribution of the filament
temperature in the half-wave operation (Ib = 400 mA and
Vf = 3.3 V).

A key feature is that the axial distribution shows a uniform
rise in the temperature by about 150 K, compared to that in
the preheating state except at the HV end where the increase is
120 K. This indicates that the cathode’s self-heating takes place
on both filament ends as well as the center, but is reduced at the
HV end. Thus, the difference of the filament temperature on the
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Fig. 6. Brazing points between the cathode filament and the end hats.

HV input side is 300 K between the half-wave operation and
the filament-off operation.

C. Causes of Axial Asymmetry of the
Filament-Temperature Distribution

As shown in Fig. 5, the filament-temperature distribution
looks axially asymmetric. This axial asymmetry is partly at-
tributed to both the heat transmission from the filament ends
to the end hats and the brazing points between the cathode
filament and the end hats.

The cathode filament is brazed to both end hats, and the heat
transmission takes place from the filament to the end hats, via
the brazing points. Fig. 6 shows the brazing points of a conven-
tional magnetron. When we view the filament from the anode
vane as does the optical pyrometer, the axial distance from the
brazing point to the nearest measurement point is shorter on the
RF output side than on the HV input side. Hence, the filament
temperature on the RF output side is measured to be lower than
that on the HV input side, since the heat transmission takes
place near the measurement points. Finally, the axial distrib-
ution of the filament temperature is originally symmetric; how-
ever, the measurement results show that the axial distribution
looks asymmetric because the center of the cathode filament is
out of alignment axially from the center position of the mea-
surement points.

The estimation of the heat conduction from the filament to
the end caps is roughly derived from the Fourier’s law of heat
conduction

Q = −κA
∆T

∆x
(1)

where Q is the heat flow per unit time, A is the transversal
surface area, κ is the conductivity constant, dependent on the
nature of the material and its temperature, ∆T is the tempera-
ture difference, through which the heat is transferred, and ∆x is
the material length. ∆T is given by the temperature difference
in the preheating state, which is shown as the dotted line in
Fig. 5, between the measurement point No. 1 and No. 2: ∆T is

TABLE II
RATIOS OF THE CURRENT DENSITY NORMALIZED BY THE RF OUTPUT

SIDE IN THE FILAMENT-OFF OPERATION. (HVD STANDS

FOR HALF-WAVE VOLTAGE DOUBLER

−280 K. A is the surface area of the filament: 2.0 × 10−7 m2,
and ∆x is the filament length per turn: 1.3 × 10−2 m for the
measured magnetron. Substituting the conductivity of tungsten
at a temperature of 1000 K: 1.2 × 102 W/m/K for κ, Q is
calculated to be 0.52 W. The ohmic dissipation per turn is
given by the filament voltage (3.3 V) × the filament current
(10.5 A)/10 turns for the measured magnetrons: 3.5 W/turn.
Therefore, heat conduction to the end caps accounts for 15%
of the ohmic dissipation per turn.

Note that, the axial position of the anode vanes is also off
the center to the RF output side in a conventional magnetron.
Therefore, the larger number of the electrons will flow in the
anode on the HV input side, compared to the RF output side.

D. Comparison of the Thermionic Emission

Now, we discuss the thermionic emission from the cathode
filament by the Richardson–Dushman’s equation, which relates
to the thermionic current-density limit and the temperature of
the emitting material:

J = AT 2
K exp(−eφ/kTK) (2)

where J is the thermionic current-density limit, e is the electron
charge, k is the Boltzmann constant, A is the thermionic-
emission constant, TK is the temperature in Kelvin, and φ
is the work function of the emitting material (e.g., [15]). For
a microwave oven magnetron, the emitting material of the
filament is carburized thoriated tungsten (W2C + Th), and its
work function is 2.18 eV [16].

From the experimental data, the filament temperatures on
the RF output side (measurement point No. 1), in the center
(No. 4), and on the HV input side (No. 7) were 1510, 1860, and
1670 K in the filament-off operation, and 1760, 2030, and
1970 K in the half-wave operation, respectively. Table II shows
the ratios of the thermionic current-density limit, which are
derived from (2), normalized by the temperature on the RF
output side in the filament-off operation. From Table II, the
thermionic current-density limits on both of the filament ends
in the half-wave operation are 14–15 times larger than those
in the filament-off operation. Moreover, the thermionic current-
density limit on the HV input side is 5.7 times larger than that
on the RF input side in the half-wave operation.

E. Effects of the Cathode Shields for the
Spurious-Noise Reduction

As mentioned in Section IV-A, the unnecessary heating by
the electric power on the HV input side could have some
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relationship with the noise generation from a magnetron in
the filament-“on” operation. From the experimental results in
Fig. 3, a cathode shield on the HV input side greatly suppresses
the spurious noise. Thus, a cathode shield, which prevents
the electrons from going directly into the interaction space,
contributes to the spurious-noise reduction, as if it makes an
axial distribution of the filament temperature similar to that in
the filament-off operation virtually.

Finally, we conclude that the attachment of the cathode shield
on the HV input side is found to be highly effective for the
spurious-noise reduction, by preventing the electron emission
from there.

V. DISCUSSION ON NOISE-REDUCTION MECHANISMS

Now, we discuss the noise-reduction mechanisms that are
done by the attachment of the cathode shields.

A. Sideband Noise in the Fundamental Bands

First, we describe a noise-reduction mechanism in the funda-
mental bands.

The output frequency of a magnetron is determined by the
loaded anode structure, and the electron spokes are synchro-
nized with the RF field. Then, the N/2 electron spokes are
formed in the π-mode operation of an N -cavity magnetron.
Meanwhile, the azimuthal mean velocity of the electrons 〈v(θ)〉
is determined by the mean E × B drift velocity, i.e., 〈v(θ)〉 =
〈Er〉/Bz , where 〈Er〉 is the radial mean electric field and Bz is
the axial magnetic field. When the π-mode frequency is pulled
by the loaded anode, 〈v(θ)〉 is also tuned by changing 〈Er〉.
Therefore, the circulating frequency of the electron spokes f
can be roughly expressed as follows:

f =
N

2
|〈v(θ)〉|
2πra

=
N

2
1

2πra

|〈Er〉|
Bz

(3)

where ra is the anode radius.
From the time-domain measurements of the magnetron noise

in the fundamental frequency bands [17], the sideband noises
below 2.45 GHz are generated at the startup and in a low
anode-current region, when the electron spokes are about to
be formed and synchronized with the RF field. Hence, the
circulating frequency of the electrons in the interaction space
at these stages is also expressed by (3).

Now, we consider the azimuthal drift motions of the elec-
trons on both sides of the filament ends. A traditional two-
dimensional (2-D) analysis of a magnetron has treated the
magnetic-flux density as a constant in the axial direction. In a
practical magnetron, however, the nearer the magnetic pole, the
larger the magnetic-flux density. In the case of the conventional
magnetron, the axial magnetic-flux density B in the vicinity of
the anode vanes on the filament ends increases by a few percent,
compared to the center. Hence, the circulating frequency f
on the filament ends becomes lower than that at the center,
assuming |〈Er〉| is uniform in the axial direction.

Furthermore, the magnetron with a cathode shield on the HV
input side suppresses the spurious noise in the fundamental
bands up to 2.45 GHz, compared to the magnetron with the

cathode shields on both filament ends. This noise reduction
takes place because the cathode shield of the magnetron (c) ex-
tends toward the center of the filament more than the magnetron
(b), as shown in Fig. 1. In the magnetron (c), the cathode shield
affects the azimuthal E × B drift motion of the electrons near
the center, so that the spurious noise near the peak frequency
are reduced.

Finally, we conclude that a cause of the noise reduction,
owing to the cathode shields, is attributed to the disappearance
of the azimuthal E × B drift motion of the electrons on the
filament ends. Especially, from the axial distribution of the fil-
ament temperature shown in Fig. 5, a cathode shield on the HV
input side is much more effective in reducing the spurious noise,
because more electrons are shielded.

B. Spurious Noise in High and Low Frequency Bands

With regard to the spurious noise in the high and low
frequency bands, oscillations by the circulating electrons [9]
in a magnetron are considered as one of the noise-generation
mechanisms.

The oscillations by the circulating electrons are derived from
the Hartree’s condition [18] as follows:

fn =
enBz

4mπ

r2
a − r2

c

r2
a

{
1 −

√
1 − 8mV

eB2
z

r2
a

(r2
a − r2

c )
2

}
(4)

where fn is the oscillating frequency, n = 0, 1, 2, . . . , N/2, V
is the anode voltage, ra and rc are the radii of the anode and the
cathode, Bz is the magnetic field, m is the electron mass, and e
is the electron charge.

As fn is a function of Bz , the bandwidths of these oscillating
frequencies by the circulating electrons broaden due to the axial
variation of the magnetic-flux density. In the same manner,
the harmonics in the high frequency bands also broaden. Thus,
the cathode shields on both of the filament ends, especially
on the HV input side, are also effective in suppressing the
spurious noise in the high and low frequency bands.

Note that, the π − 1 mode at a frequency of about 4.4 GHz is
suppressed up to 20 dB by the cathode shield on the HV input
side. Although the cause has not been found yet, the cathode
shield also works for the suppression of the π − 1 mode or the
separation between the π mode and the π − 1 mode.

VI. CONCLUSION

A magnetron with a cathode shield on the HV input side was
newly designed, and its spurious noise was measured. From
the experimental results, we conclude that a cathode shield
on the HV input side works quite effectively in suppressing
the spurious noise when it is driven by a half-wave voltage
doubler.

A magnetron is commonly operated by a half-wave voltage
doubler or a full-wave rectified power supply in an oven, so that
it alternately oscillates and breaks during its operation. Then,
the filament-off technique has a difficulty in maintaining the
magnetron operation due to the excessive falloff of the filament
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temperature at the “break” stage. Therefore, our newly designed
magnetron has a great deal of potential for the development of
a low-noise magnetron without turning off or cutting back the
filament current.

It is of great interest that the “axially asymmetric” config-
uration of the cathode shield works more than the “axially
symmetric” configuration and that the relation between “axially
asymmetric” and “axially symmetric” has also been observed in
an experimental study on the “magnetic priming” [11], which
reported that the “axially asymmetric magnetic priming” has
been more effective for the noise and startup of the magnetrons
than the “axially symmetric magnetic priming.” Therefore, a
study on these “axially asymmetric” issues will be important to
figure out the generation mechanisms of the magnetron noise.

It will also be necessary to analyze a magnetron from a 3-D
perspective for the development of a low-noise magnetron. For
example, the axial electrostatic field Ez begins to emerge on
the filament ends due to the existence of the end hats and the
cathode shields. Or, the magnetic fields around the filament
ends are not perfectly parallel to the axial direction, and the
radial magnetic field component Br slightly exists there. Thus,
the motions of the electrons or the electromagnetic fields on the
filament ends are complex because of not only the dominant
(Er, Bz) components but also the slight (Ez , Br) components.
Since it is too complicated to solve these motions analytically,
the 3-D computer simulations will be a powerful tool for
solving these problems.
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