
1918 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 68, NO. 4, APRIL 2021

An Analytical Method to Evaluate the Spectrum
of Multicarrier Multipactor Discharge

Huiping Yang , Member, IEEE, Wei Huang, Biqing Zeng, and He Wen , Senior Member, IEEE

Abstract— Radio frequency (RF) noise can severely
degrade the performance of electronic circuits and wireless
systems. This article proposes an analytical method to
evaluate the spectrum of RF noise caused by multicarrier
multipactordischarge.First, a simplified model is developed
to analyze the electric current characteristics of the reso-
nant multicarrier multipactor discharge. Then, an analytical
formula for the spectrum of the resonant multicarrier multi-
pactor discharge is derived. Finally, the theoretical method
is evaluated for dual-carrier operation inside a silver plated
rectangular waveguide. Simulation results coincided well
with theoretical findings show that the proposed method is
encouraging.

Index Terms— Multicarrier, multipactor discharge,
parallel plate model, rectangular waveguide, RF noise.

I. INTRODUCTION

MULTIPACTOR is a nonlinear phenomenon which is
caused by the interaction between the charged particles

and the applied RF fields [1], [2]. Multipactors are generally
classified into two types on the basis of the carriers of
the applied RF fields, namely, single-carrier and multicarrier
multipactor discharge. The main effort of this work is focused
on the multicarrier mutipactor cases; the theoretical analysis
and the resulting equations developed in this article are valid
only for monoenergetic secondary emission.

As is well known, when there is an electric field between
two small parallel plates, the initial electrons of the parallel
plate region will be accelerated by the electric field and
then impact against the surface of the plate. One or more
electrons are released after impact. If some of the electrons
synchronize with the electric field, such process as aforemen-
tioned is repeated until a steady state is reached (the growth
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of multipactor electrons ceases to continue) [3]. Multipactor
discharge causes a number of negative influences such as the
RF noise, passive intermodulation, impedance mismatch, and
signal distortion, which can severely degrade the performance
of microwave circuits [4]–[6].

In the past decades, various models and analytical methods
were proposed to suppress or predict multicarrier multipactor
breakdown in microwave devices [7]–[11]. For example, in [7],
a new quasi-stationary (QS) prediction method for multipactor
breakdown determination in multicarrier signals has been
presented; the experimental results show that the QS predic-
tion method offers better predictions than that the popular
20-gap-crossing rule. In [8], the performance of the most
popular multipactor breakdown prediction method, i.e., the
20-gap-crossing rule, for multicarrier signals, has been
checked by experiments. In [9], the Monte Carlo method
has been proposed to find the thresholds and the global
“worst case” waveforms of both single-event and long-term
multipactors. However, in practical situations, it is almost
impossible to completely suppress multipactor discharge for
all cases. Therefore, it is necessary to understand the spectrum
characteristics of multipactor discharge, as it is useful for
designing the noise compression components and filters to
eliminate the RF noise generated by multipactor discharge.

The spectrum characteristics of the single-carrier mul-
tipactor discharge have been well investigated by some
works [12]–[15]. For example, Sorolla et al. [12] presented
a model to evaluate the power spectrum of a single-carrier
multipactor discharge. Semenov et al. [13] analyzed the ampli-
tude spectrum of the multipacting electrons in rectangular
waveguide with single carrier signal. Jimenez et al. [14]
measured the power spectrum of the multipactor event excited
in a single-carrier microwave circuit based on rectangular
waveguides. However, a specific theory, which is used to ana-
lyze the spectrum characteristics of multicarrier multipactor
discharge, attracts little attentions to the best of the authors’
knowledge [15].

In this article, a theoretical analysis method is presented
to analyze the spectrum characteristics of the multicarrier
multipactor discharge. It should be noted that the multipactor
electrons are considered to resonate with the fundamental
RF carrier. This article is organized as follows: Section II
analyzes the frequency characteristics of the multicarrier RF
field briefly; it will be used to find the period, harmonics,
and subharmonics of the resonant multicarrier multipactor
discharge in later Sections. In Section III, a simplified model of
the multipactor electrons is stated first, and then a numerical
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TABLE I
FREQUENCY OF THE MULTICARRIER SIGNAL

expression for evaluating the spectrum of multicarrier mul-
tipactor discharge is derived. In Section IV, simulations are
conducted to demonstrate the effectiveness of the proposed
theories. Section V draws a conclusion of this article.

II. FREQUENCY OF MULTICARRIER RF FIELD

In this section, the frequency characteristics of multicarrier
signals are proposed. A multicarrier signal u(t) (RF field) is
composed of k carriers with frequencies ωi , angular phases
ϕi , and amplitudes Ui , mathematically

u(t) =
k∑

i=1

Ui cos(ωi t + ϕi) (1)

where ωi = 2π fi , i are integers, and I = 1, 2…k. Further-
more, as detailed in [16], if fi are integers, the frequency f
of the multicarrier signal u(t) is the greatest common divisor
of the set carrier frequencies fi , mathematically

f = gcd( f1, f2 · · · fi · · · fk). (2)

In practical microwave circuits, the precision of fi is usually
limited to decimals; thus, the integer frequencies can be
obtained by normalizing fi . For example, when f1 is equal
to 2.33 GHz, the normalized integer frequency of f1 will be
written as 2330 MHz.

Three cases (A, B, and C), when ϕi = 0, Ui = 1, and
the carrier numbers are 2, 2, and 3, are shown in Table I to
explain the analytical results in (2). As illustrate in Table I,
the frequencies of cases A, B, and C are 0.5, 0.6, and
0.05 GHz, respectively. These demonstrated results will be
used to analyze the period, harmonics, and subharmonics of
the multicarrier multipactor discharge.

III. NUMERICAL ANALYSIS METHOD

In this section, the analytic model and mathematical expres-
sion are developed to analyze the spectrum characteristics of
the resonant multicarrier multipactor discharge.

A. Analytical Model
As shown in Fig. 1, a parallel plate model is adopted

to investigate the spectrum characteristics of the resonant
multicarrier multipactor discharge. The length, height, and
width for the parallel plate model are defined as d , h, and w,
respectively. As shown in Fig. 1(a), the electrons resonate with
the applied electric field and grow exponentially. The parallel
plate model will be filled with the resonant electrons after a
few nanoseconds, and the current of those resonant electrons
is directly related to the multipactor noise [12]. Therefore, the

Fig. 1. The analytical models for the multipactor discharge; here, u(t) is
the RF field; L represents the thin electronic sheet; d, h, and w are the
length, height, and width of the parallel plate region, respectively. In the
analytical model, the resonant electrons are parallel to the xy plane and
move along z-axis. In addition, (a) and (b) are the simulation models of
this article, they are 3-D models; (c) is the theoretical model of this article,
which is a 1-D model.

cruces of eliminating the multipactor noise are the analysis on
the spectrum characteristics of the resonant electron current.

B. Mathematical Expressions of the Spectrum
Characteristic

As shown in Fig. 1(b), we assume that all resonant electrons
are localized in a thin sheet L, and L is located at zL . Here,
the bottom and top plates of parallel plate model are located at
z = 0 and z = h, respectively. The distance between the thin
sheet L and the bottom plate is |zL |. Because the resonant
electrons are driven by the RF field u(t), the motion of the
thin sheet L is repeated with the period of the RF field u(t).
Furthermore, the direction of this thin sheet L orients only
in the z-axis, when d � L and w � L are assumed; the
theoretical model of this article is developed in Fig. 1(c).
Therefore, the current density of the thin sheet L can be
calculated as [13] −→

J = −ρv(t)
−→
Z (3)

where v(t) is the instantaneous velocity of the thin sheet L,
in the units of meter per second (m·s−1); �z is the motion
direction of the thin sheet L (does not carry units); ρ is
the volume charge density, measured in coulombs per cubic
meter (C·m−3), and ρ can be further measured with putting a
positive probe in the multipacting components [14]. Since the
thin sheet L is directly derived by the RF field u(t), according
to the Newton–Lorentz force law, the relationship between the
instantaneous velocity v(t) and the RF field u(t) can be written
as

dv(t)

dt
= u(t)e

hm
(4)
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where m and e are the electronic mass and the electronic
charge, respectively. As Ui = U0 and ϕi = 0 are first assumed
in (1), and then integrating (4), the instantaneous velocity v(t)
can be expressed as

v(t) = vosc(t) + vcon(t) (5)

where vosc(t) and vcon(t) are detailed as

vosc(t) = U0e

mhωi

k∑
i=1

sin(ωi t), t ∈ [t0, t0 + NT ]

vcon(t) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

v0 − U0e

mhωi

k∑
i=1

sin(ωi t0), t ∈
[

t0, t0 + NT

2

)

−v0 + U0e

mhωi

k∑
i=1

sin(ωi t0), t ∈
[

t0+ NT

2
, t0+NT

]
(6)

where t0 and v0 are the initial time and the initial velocity of
the thin sheet L, respectively, and v(t0) = v0. T is the period
of the RF field u(t). N is the multipactor discharge resonance
order, and N = 1, 3, 5, 7, … odd.

Equation (5) consists of two parts, which are the oscillation
velocity vosc(t) and the constant velocity vcon(t). As shown
in (6), vosc(t) changes continuously with time t and thus con-
tributes only to the basic carrier frequencies of the current den-
sity J [14]. vcon(t) represents an antisymmetric square-wave
function with period NT, which changes in a step-like way
after each impact against the surface of the parallel plate; the
instantaneous jump of vcon(t) will lead to distortion of the
carrier signals. Therefore, the harmonics and subharmonics of
the current density J are completely determined by vcon(t).

As also shown in (6), vcon(t) is an antisymmetric step func-
tion with the period of NT. Therefore, vcon(t) can be expanded
by Fourier series; the Fourier series is an expansion of a
periodic function in terms of an infinite sum of harmonically
related sinusoids [17]. Specially, the Fourier series of vcon(t)
can be rewritten as

vcon_FS(t) = a0

2
+

∞∑
n=1

an cos
[
2π

n

NT
(t − t0)

]

+
∞∑

n=1

bn sin
[
2π

n

NT
(t − t0)

]
. (7)

Furthermore, the Fourier coefficients a0, an , and bn of
vcon(t) can be calculated as

a0 = 0, an = 0

bn =

⎧⎪⎪⎨
⎪⎪⎩

4

[
v0 − U0e

hmωi

k∑
i=1

sin(ωi t0)

]
nπ

, n ∈ 1, 3, 5, 7 . . .

0, n ∈ 0, 2, 4, 8 . . ..

(8)

Substituting (8) into (7), vcon_FS(t) can be rewritten as

vcon_FS(t) =
∞∑

n=2s−1

4

[
v0 − U0e

hmωi

k∑
i=1

sin(ωi t0)

]
nπ

× sin
[
2π

n

NT
(t − t0)

]
(9)

where n is the orders of harmonics and subharmonics, and s
belongs to positive integers. Since vcon_FS(t) is an expansion
of vcon(t), vcon_FS(t) is equal to vcon(t), then v(t) = vosc(t) +
vcon_FS(t).

When taking both vcon(t) and vosc(t) into considerations and
ignoring the motion direction �z, the current density J can be
rewritten as

J = −ρ[vosc(t) + vcon_FS(t)]

= −ρ

[
U0e

hmωi

k∑
i=1

sin(ωi t)

+
∞∑

n=2s−1

4

[
v0 − U0e

hmωi

k∑
i=1

sin(ωi t0)

]
nπ

× sin
[
2π

n

NT
(t − t0)

]]
. (10)

Equation (10) shows an analytical expression to evaluate
the spectrum of the current density of multicarrier multipactor
discharge. The following conclusions can be drawn from
(10): 1) in the first-order multipacting resonance N = 1,
the odd harmonics ( f , 3 f , 5 f,…, and f = 1/T ) of the
RF field u(t) are generated. For example, the harmonics
are determined by the last term in (10) and expressed in∑∞

n=2s−1 sin[2πn/T (t − t0)], where s belongs to positive inte-
gers, and n = 2s − 1; therefore, the harmonic components
are 1/T , 3/T , 5/T, · · · , n/T (i.e., f , 3 f , 5 f , · · · , nf, f =
1/T ). 2) in the higher order multipacting resonance N ≥
3, the subharmonics are generated and can be described by
2πnf/N . It means that the frequencies of the subharmonics are
directly related to the order of multipacting resonance N and
the frequency f of the RF field u(t). 3) the magnitude of the
multicarrier multipactor noise, including harmonics and sub-
harmonics, decreases with the order n. For example, in (10),
the amplitudes of harmonics and subharmonics are expressed
in

∑∞
n=2s−1[v0 − (U0e)/(hmωi )

∑k
i=1 sin(ωi t0)]4/(nπ), and

thus for a particular case of multicarrier multipactor discharge
(i.e., the coefficients of v0, U0, k, h, and ωi are fixed), the
amplitudes are only affected by n and decrease with it.

Two cases, which are used to further illustrate the frequency
components calculated by (10), are shown in Fig. 2. The data
employed to analyze the frequency components in the above
two cases are set as follows: k = 2, t0 = 0, U0 = 30 V,
v0 = 6.68 eV. Form the example, we see that the third,
fifth, harmonics (3 f , 5 f ) and the seventh, eleventh, thirteenth
subharmonics (7 f /3, 11 f /3, and 13 f /3) are very close to
carrier frequencies and need to be addressed carefully.

IV. SIMULATIONS

In this section, a dual-carrier multipactor discharge, which
occurs in a rectangular waveguide, is designed to demonstrate
the proposed theories in Section III. The length and width of
the rectangular waveguide are 10 and 8 mm, respectively. The
height of the waveguide covers two different sizes, 0.6 and
2.4 mm, in order to provide the multipactor orders of 1
and 3. Silver-plated waveguide surfaces have been assumed;
thus, the standard silver parameters in ECSS [18] are used as
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Fig. 2. Frequency components of the first and third orders (N = 1, N = 3) multipactor discharge for dual-carrier operation. Case A: f1 = 1.5, f2 =
2.0 GHz; Case B: f1 = 1.8, f2 = 2.4 GHz. According to (2), the frequencies for those two cases are equal to 0.5 and 0.6 GHz, respectively. Two
conclusions are drawn from the calculated results: 1) both the harmonics (f, 3f, 5f, · · · ) and subharmonics (f/3, f, 5f/3, …) decrease with frequency;
2) the third, fifth orders harmonics and seventh, eleventh, thirteenth orders subharmonics are close to the carrier frequencies; therefore, those
frequencies should be treated carefully in engineering. (a) Case A, numerical results for the multipactor discharge at the carriers of 1.5 and 2.0 GHz.
(b) Case B, numerical results for the multipactor discharge at the carriers of 1.8 and 2.4 GHz.

Fig. 3. Changes of the number of total electrons in the simulation model.
It is quite obvious that there is a significant increase in the number of
electrons after 6 ns.

follows. δmax = 2.22, Emax = 165 eV, E1 = 30 eV, and taking
v0 = 6.68 eV, SEY at low energies of 0.5.

The multipactor noises are investigated in the time domain
and the frequency domain, respectively. A conformal time
domain finite integration theorem (TDFIT) and particle in
cell (PIC) hybrid method are used to simulate the dual-carrier
multipactor discharge in the time domain [19]–[22]. Further-
more, two separate simulations, electromagnetic (EM) simula-
tion and dual-carrier multipactor, are conducted in this work.
Except for the difference of seed electrons, other simulation

Fig. 4. The results for the EM and dual-carrier multipactor simulations.
Clearly, the magnitude of multipacting noise increases with the total
number of the multipacting electrons, which means the multipactor
electrons cause the multipactor noise.

conditions such as RF fields, SEY, and material parameters
are the same in both cases. In the dual-carrier multipactor
simulation, the number of seed electrons is set as 600, which
is employed to analyze the multipactor noise. In the EM
simulation, the number of seed electrons is set as 0, which
is employed as a controlled experiment to confirm that the RF
noise only relates to the multipactor discharge.

The simulation results are shown in Figs. 3 and 4, where
Fig. 3 illustrates the changes of the total electrons in the silver-
plated rectangular waveguide. It is easy to see that there is a
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Fig. 5. Spectrum characteristics for the dual-carrier operation multipactor discharge with two cases of (Case A, f1 = 1.5, f2 = 2.0 GHz; Case B, f1 =
1.8, f2 = 2.4 GHz), only first and third orders (N = 1, 3) multipacting resonance are considered in the simulations. Here, ft is the frequency-domain
variable of time t. According to (2), the frequency f of the multicarrier signal is the greatest common divisor of the basic carrier frequencies f1, f2.
Therefore, for the aforementioned two cases, frequencies f are equal to 0.5 and 0.6 GHz, respectively. In the simulation results, both the harmonics (f,
3f, 5f, · · · ) and subharmonics (f/3, f, 5f/3, …) emerge and decrease with the frequency. (a) Case A, simulation results for the multipactor discharge
at the carriers of 1.5 and 2.0 GHz. (b) Case B, simulation results for the multipactor discharge at the carriers of 1.8 and 2.4 GHz.

significant increase in the number of the resonant electrons
after 6 ns, which means the multipacting resonance occurs at
t > 6 ns

Fig. 4 shows the results of the EM simulation (no multi-
pactor) and dual-carrier multipactor discharge simulation in
a silver-plated rectangular waveguide. The red dashed line
represents the simulation result of the EM simulation, where
the multipactor discharge is not presented due to the absence
of seed electrons. The blue dashed dotted line represents the
simulation result of the dual-carrier multipactor discharge. It is
important to notice that a time-varying convection current is
generated in the dual-carrier multipactor discharge simulation.
This convection current is caused by the resonant electrons
and always treated as multipactor noise because they can affect
the integrity of the propagating signals [23], [24]. Comparing
the results between Figs. 3 and 4, it is easy to see that the
intensity of multipactor noise increases with the total number
of the multipactor electrons.

In order to study the spectrum characteristics of the dual-
carrier multipactor discharge, the simulation results in Fig. 4
are further analyzed in the frequency domain using a stan-
dard Fourier transform algorithm, and the corresponding
results are shown in Fig. 5. The blue dashed dotted line
and the red dashed line represent the power spectrum of

the dual-carrier multipactor simulation and EM simulation,
respectively. We can clearly see that the odd harmonics
( f , 3 f , 5 f , …) and subharmonics ( f/3, f , 5 f/3, …) emerge
and decrease with the frequency ft , and ft is the frequency-
domain variable of time t . As also shown in Fig. 5, a good
agreement between the simulation results and the theoretical
analysis results (i.e., the cyan open circles) is observed.

V. CONCLUSION

Although it is well known that the RF noise could be caused
by the multicarrier multipactor, the frequency components of
the multicarrier multipactor noise have not been sufficiently
investigated. In this article, an analytical method of evaluating
the spectrum characteristics of the muticarrier multipactor has
been proposed. According to our investigation, the frequencies
of the multipactor noise can be described by 2πnf/N , which
are directly related to the multipactor discharge resonance
order N and the frequency of the RF field. This conclusion
is useful for designing the noise compression components
or filters to eliminate the RF noise caused by multicarrier
multipactor discharge.

ACKNOWLEDGMENT

The authors would like to thank prof. V. E. Semenov,
Institute of Applied Physics, Nizhny Novgorod, Russia, for

Authorized licensed use limited to: South China Normal University. Downloaded on March 01,2022 at 08:53:11 UTC from IEEE Xplore.  Restrictions apply. 



YANG et al.: ANALYTICAL METHOD TO EVALUATE THE SPECTRUM OF MULTICARRIER MULTIPACTOR DISCHARGE 1923

his helpful discussions in the theoretical analysis. The authors
would also like to thank Dr. Yiming Zhang, Maritime Institute,
Nanyang Technological University, Singapore, for his helps in
the simulations and in the proofreading of this article.

REFERENCES

[1] J. R. M. Vaughan, “Multipactor,” IEEE Trans. Electron Devices, vol. 35,
no. 7, pp. 1172–1180, Jul. 1988.

[2] R. A. Kishek, Y. Y. Lau, L. K. Ang, A. Valfells, and R. M. Gilgenbach,
“Multipactor discharge on metals and dielectrics: Historical review and
recent theories,” Phys. Plasmas, vol. 5, no. 5, pp. 2120–2126, May 1998.

[3] M. Siddiqi and R. Kishek, “A model for multipactor discharge on a
dielectric based on chaos theory,” IEEE Trans. Electron Devices, vol. 66,
no. 10, pp. 4387–4391, Oct. 2019.

[4] D. Gonzalez-Iglesias, O. M. Belda, M. E. Diaz, B. Gimeno, V. E. Boria,
and D. Raboso, “Experimental analysis of the multipactor effect with
RF pulsed signals,” IEEE Electron Device Lett., vol. 36, no. 10,
pp. 1085–1087, Oct. 2015.

[5] J. W. You, H. G. Wang, J. F. Zhang, S. R. Tan, and T. J. Cui, “Accurate
numerical analysis of nonlinearities caused by multipactor in microwave
devices,” IEEE Microw. Wireless Compon. Lett., vol. 24, no. 11,
pp. 730–732, Nov. 2014.

[6] A. Berenguer, A. Coves, B. Gimeno, E. Bronchalo, and V. E. Boria,
“Experimental study of the multipactor effect in a partially dielectric-
loaded rectangular waveguide,” IEEE Microw. Wireless Compon. Lett.,
vol. 29, no. 9, pp. 595–597, Sep. 2019.

[7] S. Anza et al., “Prediction of multipactor breakdown for multicarrier
applications: The quasi-stationary method,” IEEE Trans. Microw. Theory
Techn., vol. 60, no. 7, pp. 2093–2105, Jul. 2012.

[8] S. Anza, C. Vicente, J. Gil, V. E. Boria, and D. Raboso, “Experimental
verification of multipactor prediction methods in multicarrier systems,”
in Proc. 46th Eur. Microw. Conf. (EuMC), London, U.K., Oct. 2016,
pp. 226–229.

[9] X. Wang et al., “Monte Carlo analysis of occurrence thresholds of
multicarrier multipactors,” IEEE Trans. Microw. Theory Techn., vol. 65,
no. 8, pp. 2734–2748, Feb. 2017.

[10] A. G. Sazontov, V. A. Sazontov, and N. K. Vdovicheva, “Multipactor
breakdown prediction in a rectangular waveguide: Statistical theory and
simulation results,” Contrib. Plasma Phys., vol. 48, no. 4, pp. 331–346,
May 2008.

[11] N. Fil, M. Belhaj, J. Hillairet, and J. Puech, “Multipactor threshold
sensitivity to total electron emission yield in parallel-plate waveguide
and TEEY models accuracy,” in IEEE MTT-S Int. Microw. Symp. Dig.,
San Francisco, CA, USA, May 2016, pp. 1–4.

[12] E. Sorolla, S. Anza, and V. E. Boria, “An analytical model to evaluate the
radiated power spectrum of a multipactor discharge in a parallel-plate
region,” IEEE Trans. Electron Devices, vol. 55, no. 8, pp. 2252–2257,
Aug. 2008.

[13] V. E. Semenov, E. I. Rakova, N. A. Zharova, and J. P.
Oka, “Simple model of the RF noise generated by multipact-
ing electrons,” J. Phys. D, Appl. Phys., vol. 47, no. 5, pp. 1–9,
Jan. 2014.

[14] M. Jimenez et al., “Multimodal characterization of the
multipactor effect in microwave waveguide components,” IEEE
Microw. Wireless Compon. Lett., vol. 22, no. 2, pp. 61–63,
Feb. 2012.

[15] A. Iqbal, P. Y. Wong, J. P. Verboncoeur, and P. Zhang, “Frequency-
domain analysis of single-surface multipactor discharge with single- and
dual-tone RF electric fields,” IEEE Trans. Plasma Sci., vol. 48, no. 6,
pp. 1950–1958, Jun. 2020.

[16] S. Anza et al., “Multipactor theory for multicarrier signals,” Phys.
Plasmas, vol. 18, no. 3, 2011, Art. no. 032105.

[17] E. W. Weisstein, Fourier Series. Wolfram Research, 2004. [Online].
Available: https://mathworld.wolfram.com/

[18] E. Secretariat, “Multipaction design and test,” ESA-ESTEC Require-
ments Standards Division, Noordwijk, The Netherlands, ESA-ESTEC,
Tech. Rep. ECSS-E-20-01A, May 2003.

[19] J. W. You, H. G. Wang, J. F. Zhang, W. Z. Cui, and T. J. Cui,
“The conformal TDFIT-PIC method using a new extraction of conformal
information (ECI) technique,” IEEE Trans. Plasma Sci., vol. 41, no. 11,
pp. 3099–3108, Nov. 2013.

[20] V. Semenov, E. Rakova, N. Zharova, D. Anderson, M. Lisak, and
J. Puech, “Simulations of the multipactor effect in hollow waveguides
with wedge-shaped cross section,” IEEE Trans. Plasma Sci., vol. 36,
no. 2, pp. 488–493, Apr. 2008.

[21] S. Anza, C. Vicente, D. Raboso, J. Gil, B. Gimeno, and V. E.
Boria, “Enhanced prediction of multipaction breakdown in passive
waveguide components including space charge effects,” in IEEE
MTT-S Int. Microw. Symp. Dig., Atlanta, GA, USA, Jun. 2008,
pp. 1095–1098.

[22] M. Siddiqi and R. A. Kishek, “A predictive model for long-term mul-
tipactor discharge under two-carrier operation based on chaos theory,”
Phys. Plasmas, vol. 26, no. 11, pp. 1–7, Nov. 2019.

[23] C. Birdsall and A. Langdon, Plasma Physics Via Computer
Simulation. London, U.K.: Taylor & Francis Group, 2005,
pp. 112–145.

[24] W. Cui, Y. Li, and R. Wang, “A novel multipactor suppression method
towards high-power microwave switch,” in Proc. IEEE Int. Symp.
Antennas Propag. USNC/URSI Nat. Radio Sci. Meeting, Vancouver, BC,
Canada, Jul. 2015, pp. 1048–1049.

Authorized licensed use limited to: South China Normal University. Downloaded on March 01,2022 at 08:53:11 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


