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ABSTRACT Multipactor has become a keylimiting factor of the final performance of satellite commu-
nication systems, due to the increase in power levels and/or operating frequency bands. As a result, the
critical components of these systems must meet demanding multipactor specifications which should be
considered during the design process. This paper describes the different techniques available to predict the
multipactor threshold power for radio frequency (RF) and microwave passive hardware under continuous
wave (CW) excitation, from cumbersome particle simulations to fast approximate methods based on circuit
models. All these techniques have been described and compared together for the first time, including also a
detailed description of the configuration issues of commercial particle simulators required to obtain accurate
multipactor threshold predictions. The techniques are applied to both wideband and narrowband application
examples. The predictions have been compared with measured thresholds of manufactured samples obtained
with a novel multipactor test bed, thus allowing to highlight the advantages and limitations of each technique
and particle simulator. From this paper, it will be possible to choose the most suitable procedure (and an
appropriate simulator, if needed) to obtain multipactor threshold prediction of passive hardware.

INDEX TERMS High-power design, microwave filters, multipactor, particle tracking simulators, passive
circuits, transmission lines, vacuum breakdown.

I. INTRODUCTION

Multipactor discharge [1]-[5] occurs when free electrons, in-
side a device operating under vacuum conditions, get acceler-
ated and synchronized with the radio frequency (RF) fields; in
such a way that the primary electrons impact against the walls
of the component with a kinetic energy high enough to release,
on average, more than one secondary electron. When this
occurs, the electron population increases exponentially and,
eventually, a discharge occurs. The discharge can happen on

a single surface or between two surfaces [6], [7]. Multipactor
discharges can result in several harmful effects. Some of these
effects are: heating of the device walls, increase of reflected
power and noise floor, detuning of resonant cavities, out-
gassing, and physical damages in the device structure [6], [8].
It is believed that some highly damaging corona discharges
are ignited by outgassing originating from a multipactor dis-
charge [9]. Multipactor can occur in a wide variety of systems
and applications. This paper focuses on RF and microwave
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components designed to operate in space [10], [11], but
this problem can also appear on klystrons [12], magnetrons
[4], [13], particle accelerators and many other devices, that
can also be analyzed with the same techniques presented in
this work.

Nowadays, the transmitted power in satellite communica-
tions is increased as much as possible to improve the per-
formance, as the coding and modulation schemes achieve
maximum transmission speeds near the theoretical maximum
established by the Shannon theorem [9]. Furthermore, higher
transmission rates can be achieved by increasing the channel
bandwidth, which is normally accomplished by pushing up
the operating frequency of the system. This implies a reduc-
tion of the wavelength, thus leading to satellite component
miniaturization. It is indeed the case of High Throughput
Satellites (HTS), which has moved the operation band from
traditional Ku-band to Ka-band or even beyond [14], [15].
The combination of size miniaturization, together with the
increase of transmitted signal power, implies electromagnetic
(EM) fields of higher intensity inside the device. Power han-
dling issues are therefore, nowadays, a key limiting factor of
the system performance. In view of this increasing relevance,
having access to fast and accurate multipactor threshold pre-
diction tools, is of paramount importance for the RF and mi-
crowave components design process for satellite applications.

Traditionally, multipactor analysis have relied on charts
obtained from experimental results (Woode and Petit [16],
Woo [17]) for particular geometries. The Woode and Petit
charts [16], widely used in practice, were obtained for contin-
uous wave (CW) excitation and parallel-plate like structures,
and has also been employed to define a safe multipactor limit
in the European and American standards [18], [19]. However,
they have proved to provide conservative threshold predic-
tions for most applications, as the parallel-plate case is the ge-
ometry providing the lowest multipactor threshold (due to the
lack of fringing-field effects pushing electrons away from the
critical gap). As a result, applying the corresponding margins
implies over-demanding specifications which can increase the
cost of the equipment significantly or, alternatively, reduced
power levels and therefore a reduction of the potential system
throughput.

Particle simulators are able to provide more accurate pre-
dictions for a particular geometry, and also allow a wider
range of input signals than CW excitation. SPARK3D [20] and
CST Particle Studio (CST-PS) [21] have been widely used in
the last decade for multipactor analysis [22]-[27]. In recent
years, Ansys HFSS [28] has incorporated the capability to
perform particle simulations for multipactor threshold esti-
mation. However, the capabilities of HFSS are not analysed
in this work because it is not yet as well-established due to
its novelty. As it is demonstrated in this paper, the simula-
tion times of these codes are not negligible [29], the correct
simulation configuration is cumbersome, and the results inter-
pretation requires some expertise [22].

The main goal of this paper is to provide an in-
depth description of the available numerical procedures to
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obtain multipactor threshold predictions for RF and mi-
crowave passive components. For the first time, several tech-
niques are described and tested to highlight the benefits and
drawbacks of each procedure. The direct use of particle sim-
ulators, and the combined use of EM simulators and circuit
models are considered. Another novelty of this work lies on
the multipactor performance comparison between two of the
most commonly used particle simulators, in order to provide
a reasoned justification of which their application ranges are.
The analysis is focused on CW excitation, as this is the most
common situation considered in practice and in the technical
literature. In addition, dielectric and/or magnetic media is out
of the scope of this paper, due to its higher complexity [26],
[30]. This paper will therefore contribute to provide guide-
lines for selecting the most suitable procedure (and the corre-
sponding simulator, if needed) in order to obtain multipactor
threshold estimates.

This paper is organized as follows. First, the different tech-
niques that can be applied to obtain a multipactor threshold
estimation are presented in Section II. Section III provides
an insight on how to perform accurate multipactor threshold
predictions using particle tracking simulators. This implies
an appropriate configuration and interpretation of the results,
which are so often quite involved tasks. Both CST-PS and
SPARK3D software packages are considered. The previous
theory is applied first to a wideband case in Section I'V (coax-
ial transmission line), and then adapted to perform the anal-
ysis of a narrowband device (three-pole combline-like filter)
as discussed in Section V. Measured results are reported in
Section VI and compared with the predicted thresholds, an-
alyzing the causes of the deviations for each technique and
simulator tool. Finally, some concluding remarks are provided
in Section VII.

Il. MULTIPACTOR THRESHOLD PREDICTION

A. DIRECT PREDICTION

The most straightforward procedure for the computation of
the multipactor threshold estimation of an RF/microwave de-
vice consists on using a commercial particle simulator on the
EM model of the whole component.

Although this is the simplest technique, it has several draw-
backs and limitations. As described in more detail in Sec-
tion III, a particle tracking algorithm needs the knowledge
of the EM fields in the structure. The computation of such
EM fields can be a cumbersome task, particularly for devices
requiring a high meshing density. Structures composed of res-
onant elements or regions with high-intensity EM fields, that
are long in wavelength terms, with narrowband responses or
intricate geometrical details are examples of devices implying
a high effort in the computation of the EM fields.

On the other hand, a complete structure must be available
in order to perform the direct computation of its multipactor
threshold. For devices which must fulfill some kind of mul-
tipactor specification, this implies the completion of, at least,
a preliminary design process before obtaining its multipactor
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FIGURE 1. Flow diagram of the multipactor threshold prediction based on
the critical gap voltage.

performance prediction, and in case it is not the expected
one, another complete design cycle must be carried out before
performing a new check. This scheme may lead to an increase
of the overall design time for complex RF and microwave
structures. For these structures, the availability of a procedure
to obtain a multipactor threshold estimate at an earlier design
stage is of paramount importance. The next subsections de-
scribe alternative procedures.

The direct computation of the multipactor threshold is
therefore recommended for simple structures in terms of
meshing and design time. This explains why most of the direct
multipactor threshold predictions available in the technical
literature are focused on simple transmission lines, such as
a coaxial line (see [25], [29]). In addition, it can also be used
to perform the last multipactor check in the final structure, as
this technique is the most precise provided that a good enough
meshing can be afforded from a computational point of view
(in terms of both CPU time and memory). Section III provides
key practical guidelines on how to use particle simulators.

B. PREDICTION BASED ON THE CRITICAL GAP VOLTAGE
The prediction technique presented in this subsection, whose
flowchart is illustrated in Fig. 1, is based on the previous
knowledge of the peak voltage Viw at the multipactor critical
gap of the structure.

Exploiting the fact that multipactor is a voltage-driven ef-
fect, the peak voltage in the critical gap for a CW excitation
at the device input port of 1 W of mean power, V|w, can be
combined with the peak voltage level required for a discharge,
Vin, to predict the multipactor threshold power (in this work
all of the predicted thresholds are expressed as the input mean
power):

2
Pth:1W'<&> . ey

Viw

The first step in the procedure is to compute the peak volt-
age inside the critical gap. This voltage can be obtained by
employing different methods. For simple structures, such as
transmission lines, the voltage can be obtained analytically as
shown in Section IV. For more complex devices, it involves
an electromagnetic simulation of an EM model of the real
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structure. The voltage must be computed for a given CW
excitation, and then scaled to 1 W of input mean power.

The peak threshold voltage Vi, can be obtained from charts
or by using reported experimental data. The most widely
used chart is based on a multipactor measurement campaign
performed on a parallel-plate like geometry [16]. However,
there are charts for other usual geometries, such as a coax-
ial gap [17], a dielectric-loaded parallel-plate gap [31] or a
ridge/multiridge gap [32]. It is important to stress that the
threshold voltage, Vi, also depends on the material of the
surfaces involved in the multipactor discharge.

The main benefit of this technique is the avoidance of the
particle tracking simulation to obtain the multipactor thresh-
old prediction. The critical gap voltage Viw must be obtained
with an electromagnetic simulator for most of the structures,
thus involving a computational effort which may be high for
complex devices. However, the requirements of the meshing
are only related to the EM field convergence in the critical
gap. In this case, further meshing refinements for improving
the electron tracking simulation are not required. In addition,
it is possible to use a frequency domain solver for a single
frequency CW excitation.

The drawback of this approach is the reduction of the ac-
curacy, mainly related to the precision of the peak thresh-
old voltage Vi, used. This value is normally obtained from
available charts or experimental data obtained for some kind
of multipactor critical gap, which probably will show some
differences with the critical region under consideration. In
any case, a conservative estimate can always be obtained by
using the lower multipactor limit of the ECSS (European stan-
dard) [18], [33] or the Aerospace (USA standard) charts [19]
based on a parallel-plate like topology.

C. PREDICTION BASED ON TIME-AVERAGED
STORED ENERGY
The procedure based on obtaining the critical gap voltage Viw
in Section II-B also implies the availability of an EM model
of the entire structure. It is therefore still unsuitable for those
components whose complete design is a demanding task, be-
ing microwave filters the most representative example. In such
cases, a different approach can be envisaged to estimate Vi
without requiring the complete design of the structure, which
is based on the more complex workflow illustrated in Fig. 2.
The key idea behind this procedure is based on exploiting
the time-averaged stored energy (TASE) in a region of the
structure including the critical gap. The TASE denotes the
summation of the mean electric and magnetic stored ener-
gies during a cycle of the CW excitation. For the resonance
frequency, the electric and magnetic reactive effects cancel
out, resulting in the same electric and magnetic stored ener-
gies [34]. Proceeding in this way, the peak voltage Viw at the
critical gap can be estimated from the knowledge of the peak
gap voltage, Vi, for a time-averaged stored energy (TASE) of
1 J inside a region of the structure including the critical gap,
and the time-averaged stored energy TASEw at such a region
for a CW excitation of 1 W of mean power at the input port of
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FIGURE 2. Flow diagram of the multipactor threshold prediction based on
time-averaged stored energy.

the complete structure:

[TASErw
Viw=Viy - 7 ()

so that, after substituting (2) into (1):

Vo> 1]
Pp=1W.[0m) . 3)
Viy TASE 1w

The multipactor discharge in filters is normally originated
in a resonator gap, due to the presence of high-intensity EM
fields. In such a case, the analysis region can be limited to
the isolated resonator including the critical gap. The proposed
procedure alleviates the computational burden as it only re-
quires the simulation of a single resonator, instead of consid-
ering the whole structure. In addition, the design of an isolated
resonator is much simpler and faster than the design of the
complete filter, thus reducing the effort to obtain a multipactor
threshold prediction. The resonator dimensions can, therefore,
be adjusted at an early stage to match the desired multipactor
performance.

In order to compute the gap voltage V1j, an eigenmode anal-
ysis of the critical resonator is normally used. An eigenmode
solver is usually quite fast and accurate, and provides the
resonator central frequency and EM fields. The critical gap of
the isolated resonator must be maintained in the design of the
complete filter. In the case of using the CST eigenmode solver,
the EM fields are computed for a total averaged stored energy
inside the resonator of 1 J. No scaling factor is therefore
required, and V) is directly obtained from a line integral along

the gap:
vuz‘/ﬁ-ﬁ 4)
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where d] is the differential line element along the line crossing
the critical gap.

The gap voltage Vij of the isolated resonator provides the
local information of the critical gap. The information of the
whole structure in (3) is included in the parameter TASEw,
which represents the time-averaged stored energy of the res-
onator including the critical gap for a mean power excitation
of 1 W at the input port. The TASE takes into consideration
how the stored energy distributes along the resonators accord-
ing to the response and topology chosen for the filter, and can
be computed from an equivalent circuit model of the filter. The
TASE value in the circuit nodes does not depend on the slope
parameter of each resonator, so the conventional normalized
version of the coupling matrix M can be used with all the
capacitors C; set to 1 (see Fig. 3).

First, for a filter of order N, the admittance matrix of the
circuit prototype (Ycp) is obtained from the N+2 coupling
matrix and the normalized angular frequency o’ [35], [36]:

Ycp = G +jo'C+jM &)

where G is an N+2 square matrix whose elements are zero,
except for Goo and Gy41,n+1 Which represent the source
admittance Gs and the load admittance Gy, respectively. C
is a diagonal N + 2 x N 4+ 2 matrix formed by the array
[011...10]7 representing the capacitors of the low-pass
circuit prototype, M is the coupling matrix, and @’ denotes
the usual frequency transformation:

, 1 o w
w=——-— (6)
A \ wy w
being A = (w2 — w1)/wp and wy = ,/wjw; the relative band-
width and the center angular frequency of the filter pass-band,
which extends from w; to w;.
The next step is to compute the voltage at each circuit node

(i.e., resonator and input/output ports). They can be easily
obtained from the excitation current at each node:

Ver = Ygp - Icp ™)

where Vep and Icp are column vectors of N+2 elements in-
cluding the peak voltage and excitation current at each node of
the circuit prototype, respectively. For a CW excitation of 1 W
of mean power at the input port, the only non-zero element of
the vector Icp is the first one, whose peak value is given by:

Icpo = v/ 8Gs. (8

Finally, the TASE of the i-th resonator node can be com-
puted as the stored energy in the corresponding capacitor
(Wcp ;) multiplied by a scale factor depending on the fre-
quency transformation (6) for the filter under study [34]:

do'

TASE\w,i = Wep,i——

do
|ch,,-’2 Cido
4 do
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For filters composed of resonators with a similar gap, the
TASE distribution of the circuit prototype nodes identifies the
resonator with a higher stored energy and, therefore, more
prone to suffer a multipactor discharge. The identification of
the critical resonator depends on both the particular geometry
of each resonator, and the distribution of the TASE in the
circuit nodes.

Once the parameters Viy and the TASEw at the critical
resonator are obtained, the multipactor threshold for the whole
structure can be obtained from (3).

This method is slightly less accurate than the one described
in Section II-B, since the critical gap peak voltage Viw is
estimated using the information extracted from the circuit pro-
totype and an isolated resonator, instead of using the complete
structure. For instance, it does not account for the effect of
the resonator coupling elements in Vi3. However, it usually
provides a good multipactor threshold estimate without re-
quiring the EM model of the complete structure, thus allowing
the control of the multipactor performance of the structure at
the first design stages (i.e., during the design of the isolated
resonators). This is an outstanding advantage in high-power
filter design, as it can result in a dramatic time reduction
when compared with a trial and error procedure requiring
a complete design of the structure before performing each
multipactor threshold prediction.

III. PARTICLE SIMULATOR CONFIGURATION

The direct method of obtaining a multipactor threshold es-
timation described in Section IL.II-A is based on the use of
a particle simulator on an EM model of the structure. This
prediction method is normally performed at least once, in
order to carry out a final check of the multipactor perfor-
mance of the designed component. An in-depth description
of the simulation set-up, and a discussion on how and why the
most important configuration parameters affect the predicted
thresholds, are provided in this section.

The generic simulation flow of multipactor direct prediction
is shown in Fig. 4. A particle tracking simulation requires
having access to the EM fields of the structure, the excitation
signals, the electron seeding characteristics, and the secondary
emission yield (SEY) values of the surfaces involved in the
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FIGURE 4. Flow diagram for a generic multipactor direct prediction.

multipactor discharge. The simulations consist in injecting a
number of electrons (seeding electrons) inside the structure,
which are accelerated by the EM fields. Particle simulators
compute the electron trajectories, detecting if and when the
electrons collide with the walls, and evaluating from the wall
surface SEY how many secondary electrons are released in
these collisions. As a result, the electron population evolution
with time is obtained, which can be used to infer the multi-
pactor threshold prediction.

Although the EM fields are computed externally to the
particle tracking code, they are of paramount importance in
the accuracy and computational efficiency of the multipactor
analysis. The use of a tetrahedral or hexahedral meshing for
obtaining the EM fields can play in fact a significant role.
The tetrahedral meshing is very adaptive and, therefore, well-
suited for structures with small details (i.e, arbitrary shapes,
rounded corners and coaxial feedings) and regions with very
high EM fields (i.e, sharp corners with high fringing fields).
Moreover, the meshing should be dense enough in the par-
ticular regions where multipactor is expected to happen, in
order to obtain an excellent local representation of the EM
fields. This allows an accurate computation of the electron
trajectories and, therefore, a more precise estimation of the
multipactor threshold. In many cases, the meshing needed
to get convergent multipactor results is more dense than the
one required for S-parameter convergence. However, produc-
ing such a dense mesh in the overall structure is normally
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inefficient, as for multipactor simulation purposes it is only
necessary around the critical gap.

The electron seeding carried out inside the structure is also
of high relevance. The main parameters of the seeding are
the number of seeding electrons, how they are distributed
in the seeding region, and the initial velocity distribution (in
magnitude and direction) of the electrons. The energy of the
seeding electrons should be low (of a very few eV), as they
must be accelerated by the EM fields. The effect of the other
seeding parameters is discussed in this section, being the
most important one the electron seeding density in the critical
region. As electron tracking simulators perform an statistical
analysis, a minimum density is required to obtain convergent
results (that barely change for different simulations performed
with the same configuration parameters).

The SEY of the walls around the vacuum region are also
of outermost relevance. The SEY of a surface represents the
mean number of electrons emitted after the impact of a pri-
mary electron on a surface, which depends on the impact en-
ergy and incidence angle of the primary electrons, and also on
the characteristics of the surface (material, finish, roughness,
etc.). Note that an average SEY greater than one is required to
sustain a multipactor discharge. The SEY characteristic curve
(depending on the primary electrons impact energy) has a very
strong effect on the multipactor threshold. There are models
which define the SEY in terms of the primary electrons ener-
gies using a limited number of parameters, being the Vaughan
model the most widely known [37]. In spite of the availability
of tables of usual values for the Vaughan parameters of typical
materials [33], a more accurate representation is obtained by
means of SEY measurement campaigns. Measurement of the
SEY curve, however, is a cumbersome and difficult task, and
the SEY values may be uncertain at times. This complexity is
highly increased for dielectric and magnetic media surfaces.
Moreover, SEY values are also affected by aging. In fact,
the uncertainties in the SEY characteristics may explain, in
many cases, most of the discrepancies between measured and
predicted thresholds.

The next subsections provide a detailed description for each
of the two particle tracking simulators under consideration in
this paper, SPARK3D and CST-PS. Table 1 summarizes the
main differences between both software tools. HFSS has some
similarities with SPARK3D, as it also uncouples the field
computation (steady-state EM fields) from the particle track-
ing simulation. It is worth mentioning that some companies,
such as major suppliers of microwave equipment for satellites,
have developed in-house tools which can also be used to
evaluate the multipactor threshold of microwave devices (in
some cases, by linking a commercial particle simulation tool
to its own proprietary software).

A. SPARK3D SIMULATION CONFIGURATION

1) FIELD COMPUTATION

SPARK3D needs to be fed with EM fields computed using an
external software package (FEST3D, CST Microwave Studio
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(CST-MWS) or Ansys HFSS), as SPARK3D is exclusively a
particle simulator. In particular, it requires steady-state EM
fields obtained from a frequency domain solver. The number
of mesh cells used barely affects the execution speed of the
SPARK3D simulation (once the EM fields have been im-
ported), as the software performs an internal interpolation to
compute the fields at each location of the multipactor analysis
region defined by the user. However, it has a significant im-
pact on the execution speed of the external frequency domain
solver required to obtain the EM fields of the structure. A
very important concept linked to the accuracy of the field
computation is the meshing concept. The meshing refers to the
decomposition of the structure geometry in polyhedrons. The
electromagnetic solver computes the EM fields at the vertices
of such polyhedrons, which can be used to interpolate the
fields at any point of the structure. The quality and density
of the mesh, and therefore of the input EM fields, impacts on
the accuracy of the computation of the electron trajectories.

2) SIGNAL DEFINITION
Different signal types can be defined in SPARK3D:

1) Continuous wave (CW) signal.

2) Pulsed signal.

3) Multicarrier with different amplitude/phase carriers.

4) Modulated signal on a single carrier.

5) Multicarrier with a different modulated signal for each

carrier.

In this work only the CW excitation is explored. Here, it is
worth mentioning that SPARK3D performs the normalization
for a mean Root Mean Square (RMS) power of 1 W. There-
fore, the input power specified by SPARK3D when showing
simulation results makes reference to mean power.

3) ELECTRON SEEDING AND REGION LIMITATION

Particle simulations rely on the Montecarlo statistical princi-
ple. Therefore, the number and characteristics of the seeding
electrons are key parameters in the simulation configuration.
SPARK3D allows the user to define a parallelepiped region
where the multipactor analysis will be performed, so that any
electron that goes through the boundaries of such a region
is discarded by the simulator. Restricting the analysis region
is highly recommended (when possible) for two reasons: the
simulation is more efficient as only the electrons in the crit-
ical region are tracked, and a high electron seeding density
is achieved in the analysis region with the same number of
seeding electrons (improving the statistical performance of the
simulation).

The seeding electrons can be placed uniformly within the
seeding volume, or can be distributed non-uniformly by plac-
ing more electrons in the locations with higher EM field
densities. Generally speaking, the non-uniform (used by de-
fault) seeding is advantageous, as placing electrons in the
most multipactor-prone regions (in case the user is unable
to identify them) implies the electrons are present in high
field regions straightaway, hence reducing the execution time.
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TABLE 1. Comparison of SPARK3D and CST-PS Main Features

Feature SPARK3D CST-PS Differences
Th ) h For band limited devices, frequency
Imported from external ~he natural approac domain approaches are preferred over
£ T Mi is time domain based, . - Hexahedral hi
EM fields ;0 tdv&./areA (CS a Flgrsowave using an FDTD tlénlg Slr?gqmlones,fﬁ exa elcllra meshing
. tudio, Ansys or . . 0 is less efficient than
computation FEST3D). ;?f;llﬁltggzo?gf;atmg tetrahedral one to represent geometric
Only frequency domain. to the PIC solver details and regions with higher-intensity
’ EM fields.
SPARK3D allows a Modified Vaughan
model whereas CST-PS implements a
Secondary Modified Vaughan and Vaughan, Furman-Pivi | Furman-Pivi model.
emission raw imported data. and Import-Vaughan. CST-PS does not distinguish

elastically backscattered electrons when
raw data (measurements) is imported.

Electron seeding

Maxwellian in a user
defined volume.
No re-seeding possible.

Maxwellian in a user
defined volume.
Re-seeding possible.

The distributions of the initial
velocities of seeding electrons

in CST-PS and SPARK3D are not
directly comparable.

Simulation region

It can be bounded by
the user (being the same
where the seeding is
carried out).

It is always the
whole structure.

SPARK3D allows the user to limit the
simulation to the critical region,
increasing the computational
efficiency.

Macroparticles

Automatic electron
grouping (and ungrouping)
into macroparticles.

User can specify
number of electrons
per macroparticle,
which is fixed for
all the simulation.

Different operation principles.

CST-PS is significantly slower for high
populations (being unable to handle
populations in excess of 107
macroparticles). The use of a higher
number of electrons per macroparticle
is possible, but the macroparticle
density must be kept above
recommended limits to not degrade
the statistical performance.

Space charge
effects

Not included.

Space charge can
be enabled or

CST-PS provides a higher flexibility.
For instance, it allows to compute
the variation in the reflected signal

disabled. due to the multipactor effect (which
is also observed in multipactor testing).
D . Three different types. Only one type, valid Moreover, SPARI.QD has an automated
etection Suitable for all signal only for CW and power loop algorithm providing
criterion & y the multipactor threshold prediction

scenarios.

multicarrier signals.

within a user defined accuracy.

However, this way of proceeding can be problematic if the
analysis region is affected by intense fringing fields. The
fringing fields tend to take the electrons out of the critical
region, so most of the seeding electrons placed in zones with
fringing fields will be unproductive, leading to a higher risk of
an artificial increase of the predicted threshold.

4) SEY DEFINITION
SPARK3D provides three different options for the SEY defi-
nition:

1) SEY curve obtained from a modified Vaughan model
with parameters E1, Emax, SE Ymax and SEY oy [38].

2) Introduce measured SEY data using an ASCII file.

3) Use of the predefined SEY curves provided by
SPARK3D, based on a modified Vaughn model for a
range of typical materials.

In addition, SPARK3D allows the user to define indepen-

dent SEY values for both elastically reflected electrons (for
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low-energy impacts) and true secondary electrons, in order
to distinguish electrons having different emission characteris-
tics [38], [39]. SPARK3D (from version 2021 onwards) allows
the user to define a different curve to describe the SEY of
each of the materials included in the simulation model, so that
the SEY behaviour of each of the considered materials can be
characterized independently.

5) THRESHOLD DEFINITION

The multipactor criterion is used to decide whether discharge
happens or not for a given input mean power. For SPARK3D,
three different options are available.

1) Charge trend: SPARK3D fits the electron evolution to
an exponential curve (for a specific signal interval), and
checks whether there is positive or negative growth. It
is the faster method, although may suffer from higher
variability.
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2) Charge (fixed factor): the number of electrons must
increase over the initial number of electrons by a factor,
set by the user, to consider a discharge happens. There
is a risk of long simulations taking place, since the
population must drop to zero to discard a discharge.

3) Charge (automated factor): similar to the charge
(fixed factor), but the factor (both for considering or
discarding a discharge) is set automatically by the soft-
ware depending on the simulation time (it is higher at
the beginning of the simulation to reduce the risks of
false detection). Only available for CW excitation.

The default criterion for CW signals is the charge (au-
tomated factor), for multicarrier signals is the charge trend
(using the multicarrier signal period), whereas for modulated
signal the charge (fixed factor) is used.

B. CST-PS SIMULATION CONFIGURATION

1) FIELD COMPUTATION

CST-PS performs the particle tracking simulation in the time
domain using an hexahedral meshing. However, the EM fields
used for the simulation can be obtained in two different ways.
The first one uses the CW fields computed by the frequency
domain solver of CST-MWS (similarly to SPARK3D), which
are loaded as external steady-state fields and finally inter-
polated into the CST-PS hexahedral meshing. The second
method consists in a full time domain simulation, where
CST-PS computes the time evolution of the fields following
a finite-difference time-domain (FDTD) approach [40] simul-
taneously with the electron dynamics simulation. As a result,
any arbitrary time domain waveform can be used as excitation,
although an appropriate time delay to vanish the transient
is required for a steady-state CW simulation. This second
method is the default and more natural option for CST-PS. It
is worth pointing out that, in contrast to SPARK3D, CST-PS is
able to evaluate the effect of the particles in the EM fields, re-
ferred to as space charge effect [41]. However, this effect does
not seem relevant in the ignition of a discharge and, therefore,
in the multipactor threshold prediction, being normally deac-
tivated to increase the computational efficiency [42].

For the full time domain simulation scheme used by CST-
PS, the mesh density has a severe impact on the computation
time, as it implies the calculation of the EM fields at a larger
number of positions at each time step for each power level.
In addition, for narrowband hardware as filters, the time steps
must be very small (so that the representation of the EM field
evolution in the structure is accurate), significantly increasing
the computational cost. For such cases, frequency domain
techniques are normally best-suited [43]. Note also that, in
contrast to frequency domain approaches, simulation errors
accumulate with time. Moreover, the time domain hexahedral
meshing used by CST-PS does not seem to be as effective as
a tetrahedral one, due to the limitations in meshing flexibility
inherent to FDTD approaches, so a much higher number of
mesh cells is required to reach the same level of accuracy.
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This is particularly true for complex structures with arbitrary
geometries, or regions with very intense EM fields.

2) SIGNAL DEFINITION
CST-PS has different ways for defining input signals:

1) Using a predefined signal type (such a sine step).

2) Importing an ASCII table with the time domain signal.

3) Defining a custom signal through an external Visual

Basic interface.

A scaling factor is used in CST-PS to specify the power of
the excitation signal to be applied at the input port. An ampli-
tude of 1 implies a peak power of 1 W for the whole signal,
which represents a mean power of 0.5 W for the particular
case of a CW signal excitation.

3) ELECTRON SEEDING AND REGION LIMITATION

CST-PS does not allow to limit the simulation to a particu-
lar part of the structure, so an electron which moves away
from the critical region is tracked along the whole structure
(therefore increasing the simulation time). However, CST-PS
allows the user to constrain the seeding to a particular re-
gion of the structure (with circular, cylindrical or rectangu-
lar shape), so that the seeding electrons can be launched in
the critical region in order to improve the seeding density
and the statistical performance. To the best of the authors’
knowledge, CST-PS places the seeding electrons uniformly
along the seeding region. CST-PS does also provide different
seeding mechanisms, allowing continuous seeding from given
surfaces or points (this operating mode can be useful in some
particular cases). CST-PS also allows the user to specify the
seeding instant (or instants), which can be used to compensate
time delay effects in the structure response.

Both CST-PS and SPARK3D make use of macroparticles.
A macroparticle is a particle with the mass and electrical
charge of several electrons, which is tracked as a single par-
ticle by the particle simulator. In fact, the basic simulation
unit for CST-PS is a macroparticle composed of as many
electrons as the user specifies in the seeding menu, being this
a fixed amount for all the multipactor simulation. Defining
several electrons per macroparticle allows analysing a higher
number of electrons with the same computational resources.
However, as each macroparticle is tracked as a single par-
ticle, the statistical performance is related to the number of
macroparticles instead of the number of electrons. As a result,
the multipactor threshold may be increased if the density
of seeding macroparticles in the critical region is not high
enough. SPARK3D follows a different approach, as it dynam-
ically groups and ungroups electrons into macroparticles, in
order to keep a suitable balance between particle density (i.e.,
statistical performance) and computational resources (CPU
time and memory usage) throughout the simulation.

4) SEY DEFINITION
CST-PS provides three different ways for defining the SEY of
a material:
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TABLE 2. Dimensions of the Coaxial Transmission Line Under
Consideration

D in
D out

2.476 mm
5.7 mm

Inner conductor diameter
Outer conductor diameter

1) The user can introduce E|, Enmax and SEYnax to generate
the corresponding Vaughan model [37].

2) The user can introduce the SEY data using an ASCII file
(for instance, measured SEY data).

3) The user can introduce the parameters for the Furman
and Pivi model [44].

For the option in which the user introduces the SEY data
from a text file (for instance, from measurements), all the SEY
values are attributed to true secondary electrons. Therefore,
the main SEY contribution at low impact energies, the one
related to elastically reflected electrons, cannot be specified.

It is not possible to completely replicate a CST-PS multi-
pactor configuration in SPARK3D and vice-versa, since the
characteristics of the released secondary electrons (initial en-
ergy, phase and direction) do not follow the same distribu-
tions. However, and in contrast to SPARK3D, CST-PS allows
the user to modify the statistical mode of the energy dis-
tribution used for the secondary electrons emitted when the
primary electrons collide against the material surfaces.

5) THRESHOLD DEFINITION

For CST-PS only one criterion for multipactor detection is
available. This criterion is very similar to the charge trend
method of SPARK3D. In this case, the user also sets the
minimum growth factor, the interval length, and the number
of consecutive intervals which must satisfy the growth factor
condition to consider multipactor. This criterion is valid for
CW and multicarrier excitation, provided that the interval
length is chosen to be equal to an integer multiple of the signal
period.

IV. WIDEBAND APPLICATION

The first case of study is a simple uniform section of a coax-
ial transmission line in vacuum. The multipactor analysis of
coaxial lines has been studied exhaustively by means of ana-
Iytical [45], [46], numerical [41], [47], [48] and experimental
methods [17], [46]. Since the gap voltage in this type of
transmission line can be easily computed, the fast approach
in Section II-B is followed first. Next, the direct prediction
approach from Section II-A (considering all configuration
details in Section III) is used to highlight the particularities
of the simulation configuration flows in both CST-PS and
SPARK3D.

The dimensions of the transmission line are included in
Table 2, resulting in a characteristic impedance Zy of 50 €.
The length is not specified as it does not affect the prediction
of the multipactor threshold. The material of the metal walls is
assumed to be Aluminum. A 3D view of the coaxial geometry
is shown in Fig. 5.
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FIGURE 5. Coaxial transmission line in vacuum.

TABLE 3. Multipactor Peak Threshold Voltage V;;, (in V) for the Coaxial Line
at Different Frequencies From Available Charts

Frequency (GHz) 0.75 0.83 1 1.35  1.575 35
fxd(GHzmm) 121 134 161 218 254 564
ECSS limit (Al) 39 48 65 88 103 228
ECSS theory (Al) 44 53 76 140 188 320
Woo (Cu) 57 63 84 127 155 -

A. CIRCUIT MODEL APPROACH

The peak voltage V between the two conductors of a TEM
transmission line can be easily computed from its characteris-
tic impedance Zy, by using the well-known formula:

V2

=37 (10)

For an input mean power P of 1 W, the formula in (10) can
be rearranged to provide Viw as follows:

Viw = /2% (11)

which yields a value of 10 V for Viw by taking Zy = 50 <2 for
the wideband coaxial line.

An alternative procedure to obtain the value of Vi is to
perform a line integral of the electric field in an appropriate
EM model of this structure. It is advisable to perform this
simple check before carrying out a particle tracking simula-
tion, in order to ensure that the results obtained with different
prediction techniques are consistent.

On the other hand, the multipactor peak threshold voltage
Vin of the coaxial line under consideration can be obtained
from available charts. Table 3 includes this information for
the lower conservative limit and the theoretical curves of
the ECSS calculator for Aluminum [49], and from the data
reported by Woo for a coaxial line of 50 €2 made of cop-
per [17]. In Table 3, d is the well-known gap distance, in
this case the one between the inner and outer conductors (of
diameters Dj, and Dgy, respectively) of the coaxial line (i.e.,
d = (Doy — Djn)/2). Taking into account that the work of
Woo did not provide data for Aluminum surfaces, the theoret-
ical curve provided in the ECSS calculator fitted to measured
data (ECSS theory) has been used to derive, by using (1),
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TABLE 4. Predicted Multipactor Threshold Mean Power Py, for the Coaxial
Line at Different Frequencies

Frequency (GHz) 0.75 0.83 1 1.35 1.575 35

Py (W) 194 28.1 57.8 196 3534 1024

TABLE 5. SPARK3D Predicted Thresholds at 1.5785 GHz for Different
Electron Seeding Density, and for Default and Homogeneous Seeding
Cases

Seeding Density Default (W) Homogeneous (W)
clectrons  (e/m®) 1.5785 GHz 1.5785 GHz
10000  1.2-10™ 249.7 249.7
1000 1.2-10° 249.7 249.7
100 1.2-10% 267.2 254.1
10 1.2-107 >1le6 371.1

the predicted mean power level for the multipactor threshold
shown in Table 4.

B. PARTICLE SIMULATION APPROACH

1) SPARK3D SIMULATION

First, the SPARK3D simulation results are provided. The de-
fault discharge criterion of SPARK3D for CW signals is used
to consider when a multipactor event occurs. The SEY curve
for both metal conductors is a modified version of the default
ECSS Aluminium SEY file provided by SPARK3D, where
all the SEY values (including the ones for the low impact
energy region) are assigned to true secondary electrons. This
makes possible a more fair comparison with CST-PS. Note
that CST-PS considers that all imported SEY data are due only
to true secondary electrons.

For the above configuration, the predicted thresholds at
1.5785 GHz for a different number of seeding electrons are
compiled in Table 5. Both the default inhomogeneous (non-
uniform) seeding and the homogeneous (uniform) seeding
have been considered.

From the results included in Table 5, it can be inferred
that the number of seeding electrons can have a significant
impact on the predicted threshold. Fully convergent results are
obtained for an electron seeding density above 10° e/m? in the
analysis region. A lower electron density impairs the statis-
tics causing an artificial increase in the multipactor threshold
power, particularly for values below 103 e/m>. The seeding
type does not make a great difference in this case, due to
the lack of fringing fields. However, as the seeding density
decreases, the homogeneous seeding seems to be more stable
(in terms of multipactor threshold prediction) than the default
one.

The automatic threshold determination process for these
simulations in SPARK3D takes about one and a half hours,
after requiring nine simulations with different power levels.
The EM fields computed by the frequency domain solver of
CST-MWS are obtained in just a few minutes. A 10-core Intel
19-10900X with a clock frequency of 3.70 GHz and 256 GB
of RAM has been used, although it must be taken into account
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FIGURE 6. Comparison of normal incidence SEY curves without (top plot)
and with (bottom plot) elastically reflected electrons at the low range of
primary electron impact energy (blue line).

that the SPARK3D simulation only uses one core and requires
a limited amount of RAM memory. Even though the predic-
tion based on a circuit approach is immediate, the time effort
with SPARK3D is not very demanding due to the simplicity
of the wideband structure. It is important to point out that for
all of the SPARK3D simulations the threshold determination
precision is set to 0.1 dB to get accurate results. However,
for many practical applications a precision of 0.5 dB can be
enough. In the latter case, the execution time may reduce to a
few minutes.

In order to check the sensitivity of the CW multipactor
threshold to the type of modelling for the low energy impacts,
the default ECSS Aluminum SEY characteristic of SPARK3D
is considered as well (where the SEY in the low energy range,
of value 0.5, is assigned to the elastically reflected electrons).
A plot comparing the two SEY curves used, for an impact
energy range between 0 and 400 eV, is provided in Fig. 6. The
red traces correspond to the true secondary electrons, whereas
the blue traces correspond to the elastically reflected electrons.
The case with no elastically reflected electrons has a blue trace
whose values are all zero, whereas the red curve integrates the
SEY value of the ECSS Aluminum of SPARK3D originally
assigned to elastically reflected electrons.

The results in Table 6 for a convergent seeding (this is en-
sured by using 10000 seeding electrons with an homogeneous
distribution, in line with the information in Table 5) shows a
slight reduction of 0.13 dB in the multipactor threshold level,
which can be explained by the fact that for elastic impacts the
electrons do not lose energy (for true secondary electrons, the
material absorbs part of the primary electron impact energy).
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TABLE 6. SPARK3D Predicted Thresholds at 1.5785 GHz for Case With
SPARK3D ECSS Aluminum and SPARK3D ECSS Aluminum With No
Elastically Reflected Electrons

SPARK3D ECSS Aluminium (W) 2422
No elastically reflected (W) 249.7
Difference (dB) 0.13

TABLE 7. SPARK3D Predicted Thresholds for Different Frequencies, and
Difference (Delta in dB) of the Circuit-Based Approach Thresholds (In
Table 4) to the Ones Obtained by SPARK3D

Frequency (GHz) 0.75 1.35 1.575 35

f x d (GHz-mm) 1.21 2.18 2.54 5.64
Predicted threshold (W) 25.6  173.4 251.8 1071.8

Delta circuit (dB) -1.20  0.53 1.47 -0.20

TABLE 8. CST-PS Predicted Thresholds for Different Statistical Modes of
the Gamma Energy Distribution of the Released Secondary Electrons at
1.5785 GHz

Energy mode (eV) 1 2 3 4 5 7.5
Threshold (W) 324 240 200 170 150 118

The low energy region is more relevant for multicarrier or
modulated signal excitations, where some parts of a signal
causing a discharge can be below the CW multipactor thresh-
old.

Finally, the predicted threshold of SPARK3D for different
frequency-gap product values are provided in Table 7. For
these simulations, 10000 seeding electrons and the homoge-
neous seeding are used again.

From Table 7, it is possible to infer that the thresholds
obtained with the circuit-based approach (see Table 4) agree
reasonably well with the ones predicted by SPARK3D for all
the frequency-gap product cases considered. As a result, they
can be used as a preliminary fast estimate of the multipactor
threshold for the wideband structure.

2) CST-PS SIMULATION

A further validation is conducted via CST-PS simulation. The
same SEY curve used in SPARK3D is imported in CST-PS.
An experienced user decides, based on the electron population
evolution, if a multipactor discharge is ignited (following a
similar criterion to the default one used by SPARK3D).

A relevant difference between SPARK3D and CST-PS tools
is that the latter one can define the statistical mode of the
gamma distribution used for the energy of the secondary elec-
trons. This parameter has a significant impact on the multi-
pactor threshold, as shown in Table 8 (using 10000 seeding
electrons). The default value used by CST-PS is 7.5 eV. This
value can be appropriate for some applications (i.e., particle
accelerators, klystrons) but is too large for multipactor effect.
A value of about 2 eV seems to provide a better agreement
to SPARK3D predictions. The authors have checked that this
value also provides a good agreement with measured data
available in the literature for other geometries. SPARK3D
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TABLE 9. CST-PS Predicted Thresholds at 1.5785 GHz for Different Number
of Seeding Electrons

Seeding Density Homogeneous (W)
electrons  (e/m®) 1.5785 GHz
10000  1.2-10™ 239.5
1000 1.2-10° 240.0
100 1.2-108 241.0
10 1.2-107 245.0

TABLE 10. CST-PS Predicted Thresholds for Different Frequencies
(in GHz - mm), and Differences (Delta in dB) of Circuit-Based and SPARK3D
Predicted Thresholds to the Ones Obtained by CST-PS

Frequency (GHz) 0.75 1.35  1.575 35

f x d (GHz-mm) 1.21 2.18 2.54 5.64
Predicted threshold (W)  25.8  142.6 238.0 960.5

Delta circuit (dB) -1.22  1.38 1.71 0.28
Delta SPARK3D (dB) -0.03  0.85 0.24 0.48

does not allow the user to modify this parameter, but it also
employs a low energy range for the released true secondary
electrons even though a different statistical distribution is
used. For the remaining CST-PS simulations reported in this
paper, the parameter governing the energy distribution of the
true secondary electrons has been fixed to 2 eV.

A convergence analysis on the electron seeding density has
also been carried out at the frequency of 1.5785 GHz. As it
can be seen in Table 9, CST-PS is able to provide convergent
results with a seeding density one order of magnitude lower to
the one required by SPARK3D, thus allowing a reduction in
the number of seeding electrons.

For the configuration with 1000 seeding electrons (with a
similar number of mesh cells to the one used in SPARK3D), a
simulation using a power level close to the critical value lasts
around 45 minutes in the same 10-core Intel 19-10900X plat-
form, but now using its whole computing capabilities. If nine
simulations with different power levels are to be performed,
the simulation time needed to obtain a threshold would take a
few hours. This is becoming a significant amount of CPU time
resources for a relatively simple wideband structure, although
still within reasonable limits.

With the object of providing an exhaustive analysis on how
different factors affect the multipactor threshold predictions,
the change in the predicted thresholds for different frequency-
gap products is provided in Table 10. As it can be seen,
there is a good agreement between CST-PS and SPARK3D
predictions, although it seems that CST-PS is slightly more
conservative for the mode of 2 eV chosen for the energy of
the true secondary electrons.

V. NARROWBAND APPLICATION

The third-order filter in Fig. 7 is the case of study selected for
this section. It consists in a combline-like filter with posts of
square section in the filter body and lid, which are coupled by
proximity, and with small inter-resonator posts of also square
cross-section. The input and output ports are TNC connectors,
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FIGURE 7. Layout of the combline-like filter for the narrowband case.
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FIGURE 8. Measured S-parameter response of the manufactured combline
prototype filter.

whose central pins are in electrical contact with the first and
last resonator posts.

The original filter specifications are a pass-band of 50 MHz
centered at 1.5754 GHz with a return loss of 23 dB (to guar-
antee a return loss goal of at least 20 dB after manufactur-
ing). The filter was manufactured, and only the first and last
resonator were tuned by inserting a screw at the center of
the corresponding lid posts. The central resonator, as well as
the input/output and inter-resonator couplings were not tuned,
resulting in a pass-band center frequency of 1.5743 GHz and
a bandwidth of 45.7 MHz. In the filter pass-band, the return
loss and insertion loss were, respectively, better than 25 dB
and lower than 0.18 dB. The measured S-parameters of the
manufactured filter are shown in Fig. 8.

A. CIRCUIT MODEL APPROACH

For this particular example, the procedure described in Sec-
tion ILII-C is followed to obtain the multipactor threshold
prediction. The main advantage of this method is that it can be
applied before the actual filter is fully designed, thus allowing
to obtain a fast estimate of the multipactor threshold. This
value can be used to refine the structure in an early design
stage, in order to fulfill the power-handling specifications for
the final device. As a result, it avoids the use of the direct pre-
diction technique (see Section IL.II-A) until the final version
of the filter is designed, and the last multipactor check is to be
performed.
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TABLE 11. TASE for Each Resonator Node at 1.548 and 1.575 GHz

Frequency  Resonator 1 ~ Resonator 2 Resonator 3
1.548 GHz  2.6179 nJ 4.0867 nJ 2.1019 nJ
1.575 GHz ~ 2.1761 n] 3.1648 nJ 2.0957 nJ

For comparison purposes, the procedure is applied for a
filter which recovers the measured S-parameter response of
the manufactured structure. In an actual design process of
a filter, the S-parameters of the goal response must be used
instead, from which the coupling matrix can be built theoreti-
cally [50]-[52].

The only gaps in which multipactor can happen inside this
structure are the ones between the lower and upper posts
of each resonator. The TASE of the equivalent circuit nodes
provides information on the distribution of energy in the filter
resonators. Using CST Filter Designer, it is easy to extract
the actual coupling matrix of the filter structure from the
measured response:

0 1.31 0 0 0
1.31 -0.01 1.32 0 0
M=]| 0 1.32  —-0.01 1.35 0 (12)
0 0 .35 -0.03 1.29
0 0 0 1.29 0

Once the coupling matrix is determined, the next step is to
build the admittance matrix for the circuit prototype. In the
case of a bandpass filter, it is necessary to incorporate the
frequency mapping (6) into (5) obtaining:

i (S Jfo :
Ycp G+A<f0 f)C+_]M (13)
where the matrices G, C and M are the same ones defined
previously in Section IL.II-C. The elements of such matrices
are included in the equivalent circuit of Fig. 3 (where all
capacitors C; are set to 1).

At this point, the computation of voltage in each node of
the circuit prototype is straightforward through (7). Then the
TASE of each resonator retrieved from (9) can be rewritten in
terms of frequency as:

2
TASEr, — LVeril <i N &)
’ 8zA \fo f?

being fy = «/f1f> the center frequency of the filter pass-band,
which extends from fi to f>.

It is important to note that the TASE is highly frequency-
dependent, as can be seen in Fig. 9. The TASE at 1.548 GHz
(close to the lower band edge frequency of the pass-band) and
at 1.575 GHz (close to the pass-band center frequency) are
collected in Table 11.

According to Table 11, the resonator node with higher
stored energy is the central one. In case that all the resonators
have nearly the same geometry for the critical gap (a usual sit-
uation in practice), it should be the one with higher EM fields.

(14)
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FIGURE 9. TASE in each resonator of the third-order combline filter in
terms of the frequency.

L

Z

FIGURE 10. Model of the isolated second resonator. The critical gap is
enclosed by the dashed blue box.

For the filter under consideration, moreover, it has been de-
signed to have a narrower gap in the central resonator (3.6 mm
vs 4.6 mm in the first and last resonator). Considering that the
highest TASE value and the smallest gap correspond to the
second resonator, one can conclude that the second resonator
should be the critical one (i.e., the most multipactor-prone
resonator).

From the previous discussion, it turns out to be evident that
the resonator where we have to compute the gap voltage Vi
for 1 J of stored energy is the central one. An EM model of
the isolated central resonator has been developed (see Fig. 10),
and analyzed by using the CST Eigenmode Solver. This sim-
ulation takes less than 2 minutes in the Intel 19-10900X plat-
form and provides accurate results. It is important to remark
that the critical dimension of the gap (i.e. the height) must
be the real one, whereas other dimensions of the resonator
must be slightly modified to match the central frequency of
the resonator in the filter (compensating the absence of the
loading effect related to the inter-resonator coupling).
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FIGURE 11. Electric field in the second resonator computed with CST
Eigenmode Solver for 1 J of total time-average stored energy.

TABLE 12. Comparison of V;y Values Obtained With the Approximate
Method Using the Isolated Resonator Model and the Circuit TASE (IR +
TASE), and the Numerical Method Simulating the Whole Structure With the
Frequency Domain Solver of CST-MWS

Frequency IR + TASE CST-MWS Error
1.548 GHz 8230 V 91.84 V 0.95 dB
1.575 GHz 7242V 74.94 V 0.30 dB

After the computation of the electric field as shown in
Fig. 11, the line integral along the critical dimension of the
gap (see Fig. 10) is performed, giving the Vi as:

V]J = ‘/Eydy’
h

where Ey is the y component of the electric field, and dy is the
differential line element also in the y direction. Computing the
line integral from (15) with CST-MWS, the value of the volt-
age along the y direction of the gap is Viy = 1.2874 - 10° V.

Now, following the steps from the flowchart in Fig. 2, the
value of Vjw can be obtained by combining Vi and the TASE
for the second resonator through (2), yielding 82.30 V and
72.42 V for 1.548 GHz and 1.575 GHz, respectively. The
value of Viy computed at the filter center frequency has been
used for both frequencies, as the field distribution inside the
resonator for a 1 J stored energy would be quite similar at the
relatively narrow filter pass-band.

Since an EM model of the manufactured filter matching the
measured S-parameter response is available, it is possible to
check the accuracy of the method followed to obtain Viw.
Table 12 compares the value of Viw computed combining
the TASE and Vij, and the one obtained by performing the
numerical integral from a frequency domain simulation of the
whole structure carried out in CST-MWS. As it can be seen,
the agreement is excellent at both frequencies under consider-
ation, and particularly for 1.575 GHz. Since the frequency of
1.548 GHz is slightly outside the filter pass-band, the EM field

5)
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FIGURE 12. Evaluation of the multipactor threshold of the filter at
1.575 GHz with the ECSS calculator.

distribution in the resonator can be slightly different to the one
at the central frequency, thus explaining the slight increase in
the discrepancies.

The next step is to obtain the threshold voltage in the critical
gap. Since the critical gap is quite similar to a parallel-plate
one (the side of the resonator post is more than 4 times
longer than the gap height), the Woode and Petit charts [16]
can be used to find the corresponding threshold voltage. The
use of the ECSS calculator for 1.575 GHz is illustrated in
Fig. 12. The conservative ECSS limit for such a frequency
18 Vin Ecss limit = 228.8 V, whereas for the red curve (fitted to
measured data) the peak threshold voltage Vin Ecss theory in-
creases to about 330 V. Using the last value, and after combin-
ing (14) and (3), the multipactor threshold power is computed
yielding a value of Py, = 20.4 W. For 1.548 GHz the predicted
threshold drops to Py = 14.5 W since Vi ECss theory 1S about
313 V for such a frequency.

B. PARTICLE SIMULATION APPROACH

Direct particle simulations have been performed in the EM
model of the manufactured structure. This model is obtained
from the measured physical dimension of the filter body
and lid, with some minor adjustments to fit the measured
S-parameter response, namely, in the first and last resonator
(due to the fine tuning performed by tuning screws) and the
input/output couplings. The SEY curve characteristics have
been obtained from SEY measurements carried out in the
body and lid of the filter at the position of the critical gap in
the central resonator. In SPARK3D, all the SEY values have
been assigned to the true secondary electrons curve to provide
a fair comparison with CST-PS.
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TABLE 13. SPARK3D Predicted Thresholds for Different Number of Seeding
Electrons and for Default (Inhomogeneous) and Homogeneous Seeding
Cases in the Combline Filter at Frequencies of 1.548 GHz and 1.575 GHz

Seeding Density Default (W) Homogeneous (W)
electrons  (e/m*) 1.548 1575 1.548 1.575
10000 7.0-10° 121 214 121 19.9
1000 7.0-10% 119 209 121 20.1
100 7.0-107 161 373 121 21.1
10 7.0-10° 88.6 2.6e6 15.1 31.3

1) SPARK3D SIMULATION

The EM model has been analyzed using the frequency domain
solver of CST-MWS. The resulting EM fields at 1.548 GHz
and 1.575 GHz are exported to SPARK3D. A mesh of 500 k
tetrahedrons, with an increased mesh cell density in the criti-
cal gap, has been considered. Using the default discharge cri-
terion of SPARK3D and an analysis region around the critical
gap, the predicted thresholds for a different number of seeding
configurations are reported in Table 13.

From Table 13, it stands out that for this particular structure
the seeding type has a more significant effect. In this case, it
is advisable to avoid the use of the default (inhomogeneous)
seeding, since it will waste a lot of seeding electrons thrown
away from the critical gap, due to the intense fringing fields
close to the borders of the resonator posts. For the homoge-
neous seeding, an electron seeding density above 10° e/m?
seems enough to get fully convergent results, similarly to the
wideband case.

The CPU time was about two hours for 8 simulations with
different power levels (for a SPARK3D accuracy of 0.1 dB),
with 10000 seeding electrons leading to the multipactor
threshold prediction. The computation of the S-parameters
and EM fields with the 500 k mesh cells in CST-MWS takes
around 7 hours. These results have been obtained in a 3.7 GHz
10-core Intel 19-10900X processor with 256 GB of RAM.
These CPU times are still within reasonable limits, and can
be handled comfortably using the available computational
resources. The main burden is related to obtaining the EM
fields, but it must be taken into account that this simulation
must be performed only once (and results for additional fre-
quencies can be obtained without a severe CPU time penalty).
Moreover, the authors have not tried to reduce the size of the
employed meshing as much as possible, which would have
lead to a reduction of the overall CPU time of the process.

2) CST-PS SIMULATION

A CST-PS simulation is always carried out as a time domain
simulation, where the solver computes simultaneously the
evolution of the EM fields (independently of the technique
used for their computation) and the particle trajectories. How-
ever, for narrowband structures, the time domain field compu-
tation requires a much denser meshing than the frequency do-
main computation. In addition, it uses a hexahedral meshing,
which is not as well-suited as the tetrahedral one for a resonant
structure including regions with high-amplitude EM fields
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FIGURE 13. Comparison of S-parameters of the combline filter. Solid lines
are measured results, whereas dashed and dotted lines are simulated data
used by SPARK3D and CST-PS, respectively.

(such as around the sharp edges of the resonator posts). In fact,
the time domain meshing was unable to achieve convergence
after 10000 k mesh cells (the computational limit for a 10-core
Intel i9-10900X with 3.70 GHz clock speed and 256 GB of
RAM), although the response was slowly approaching to the
one obtained using the CST-MWS frequency domain solver.

Fig. 13 plots the measured S-parameters of the manufac-
tured device, and compares with the simulated response ob-
tained from CST-MWS in frequency domain with a 500 k
tetrahedral mesh (used for SPARK3D simulations) and with a
2000 k hexahedral mesh (used for CST-PS simulations). The
response of the structure corresponding to the CST-PS simu-
lation has a pass-band with a return loss better than 20.8 dB
centered at 1.5672 GHz with a bandwidth of 46.3 MHz. Be-
sides the reduction in the return loss level, there is a down-
wards frequency shift of 7.1 MHz, which will cause a relevant
effect in the multipactor threshold estimation in terms of the
CW excitation frequency. Moreover, a 300 ns simulation in
CST-PS with this dense mesh takes about 24 hours in the 10-
core Intel 19-10900X platform for a single power level, being
the computation of the EM fields the more demanding task.
This effort must be repeated for each power simulation, in
contrast to SPARK3D. All these results reveal the limitations
of CST-PS for the simulation of narrowband structures like
filters, even for a third-order in-line topology.

Following a similar procedure to the one carried out for the
wideband example, where a experienced user decides whether
a discharge occurs or not based on the evolution of the elec-
tron population, the multipactor threshold was obtained for
a different number of seeding electrons. The results for a
1.575 GHz continuous wave (CW) excitation are shown in
Table 14. As it can be seen, convergent results are obtained
from an electron seeding density in the critical region of about
108 e/m>.
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TABLE 14. CST-PS Predicted Thresholds at 1.575 GHz for Different Number

of Seeding Electrons

Seeding Density  Homogeneous (W)
electrons  (e/m*) 1.575 GHz
10000 7.0- 107 14.1
1000  7.0-108 14.1
100 7.0- 107 14.3
10 7.0-10° 14.4

VI. COMPARISON WITH EXPERIMENTAL RESULTS

In this section, the multipactor threshold predictions for the
two examples discussed in Sections IV and V are compared
with measured data of manufactured samples. The multipactor
test bed and the testing procedures used are described first.

A. EXPERIMENTAL TEST BED AND PROCEDURE

The standard multipactor test bed, as defined in [18], typically
uses a pulsed CW signal with an RF ON time of 20 us
and a pulse repetition period of 1 ms. Under these signal
characteristics, literature has widely proved that the measured
multipactor threshold is identical to the one obtained using a
CW signal excitation [16].

The multipactor test bed used in this work (see Fig. 14) was
not the standard one, as it was developed to cope not only with
CW signals, but also with modulated ones, and to overcome
some inherent limitations of traditional multipactor test beds.
Anyway, in this particular application, it was used for CW
excitation.

Keeping in mind that multipactor is an effect which de-
pends on the material SEY properties, it is of outermost im-
portance to ensure that these properties do not change over
time. There is an effect, known as conditioning, which is
produced after a long exposure of the device under test (DUT)
to continuous multipactor discharges. The main consequence
of conditioning is that the multipactor threshold increases due
to microscopic changes in the critical gap area, which results
in a local variation of the SEY characteristics.

Although the change in the multipactor threshold due to
conditioning can be restored by breaking the vacuum, and
allowing the DUT to stay at ambient pressure conditions for
a few hours, this blocks the test activity for a minimum of
12 hours. To overcome this issue related to conditioning,
the advanced multipactor testing technique uses a pulse by
pulse testing approach. For this way of testing, a pulse of the
signal is transmitted once, and the next repetition is not be
transmitted until the absence of multipactor in the detection
systems has been confirmed. This pulse-by-pulse transmission
technique allows to carry out up to 15 different tests per day.

In the schematic of the multipactor test bed shown in
Fig. 14, several differences arise with respect to a traditional
one. In this case, most of the detection systems (i.e. reverse 1Q,
harmonic and electron monitoring) operate synchronously. As
detailed in [53], a novel in-phase and quadrature method is
used to replace the more classical microwave nulling system.
All the collected data is gathered in one single control PC,
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FIGURE 14. Multipactor test bed used to obtain the experimental results. The novel in-phase and quadrature detection method is used in replacement of

the input harmonic detection and microwave nulling systems.

and the next signal repetition will not be generated until the
previous one has been fully analyzed. From the specifications
point of view, the signal generation and acquisition capabili-
ties cover up to 1.25 Gsps, and the power amplifier used for
the L-band measurements is a 1 kW CW solid state power
amplifier.

The multipactor detection relies on the responses from
sensors in the test-bed presented in Fig. 14. When a dis-
charge happens, the multipactor test operator observes a no-
ticeable change in the sensor responses. For this particular
test, a change in the response was observed at 12.0 W, at
1548.0 MHz, on the reverse-IQ and electron probe detectors
and at 17.8 W, at 1575.0 MHz again on the reverse-IQ and
electron probes. No significant responses were observed on
the harmonic-IQ detection system, although it should be noted
that this could be a less sensitive system due to the inherent
harmonic rejection of the filter. The photo multipliers were
not available at the time the tests were conducted. These
thresholds were confirmed by slightly reducing the applied
power to extinguish the discharge and then increasing the
applied power again until multipactor occurred. The ECSS
criterion for nominating the multipactor threshold level es-
tablishes that, at least, two detection techniques must provide
clear responses [18], [33]. This criterion has been met for this
particular test.

B. RESULTS AND DISCUSSION

The manufactured samples of the two application examples
considered in Sections IV and V were measured in the mul-
tipactor set-up described in the previous subsection. Table 15
includes the measured multipactor threshold values, and com-
pares them with the predictions using the circuit approach and
a direct approach with both SPARK3D and CST-PS.
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TABLE 15. Comparison Between Predicted and Measured Multipactor
Thresholds for the Coaxial Transmission Line and the 3-Pole Combline
Filter Samples

Coaxial line Combline filter

Frequency (GHz) 1.575 1.548 1.575
Measured 220 W 120 W 179 W
Circuit Predicted 3534 W 145 W 204 W
Approach Delta 2.06 dB 0.82dB  0.57 dB
Predicted 251.8 W 121 W 199 W
SPARK3D " jta 059dB  0.04dB 046 dB
Predicted 238 W 9.5 W 141 W
CSTPS " pelta 034dB  -1.01 dB -1.04 dB

For the combline filter, measured SEY data of the criti-
cal gap surfaces have been used to obtain the multipactor
threshold predictions. The coaxial line is a sample made of
copper several years ago, which has been stored in ambient
conditions. As the copper may have been oxidized, the typical
SEY performance of Aluminum has been used instead.

There is a quite good agreement between the measured
results and the ones predicted by the two particle simula-
tion tools under consideration. For the case of SPARK3D,
it must be taken into account that all the SEY values
have been attributed to true secondary electrons, so that
the comparison with CST-PS is more fair. The case in
which the low impact energy region is assigned to elasti-
cally reflected electrons would have obtained a reduction
of about 0.1 dB (for the coaxial line) and 0.3 dB (for the
combline filter) in the SPARK3D predictions, thus reduc-
ing the overall differences with the measured multipactor
thresholds.

The CST-PS prediction for the coaxial line threshold is also
excellent using 2 eV for the mode of the energy distribution
of the true secondary electrons (instead of the default value of
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7.5 eV). However, the discrepancies for the combline filter are
more significant. There are two potential reasons explaining
this effect. The main one is the effect of the meshing, which
is unable to provide a fully convergent scattering parameter
response for the CST-PS simulation with the available com-
putational resources (see Fig. 13). Due to the downwards
frequency shift, the test frequencies are not placed slightly
below the lower band-edge and close to the pass-band center
frequency of the simulated S-parameter response for CST-
PS, thus modifying the group delay and therefore affecting
the multipactor threshold estimates. Therefore, the predicted
threshold of 14.1 W at 1.575 GHz should be slightly lower
than the one that would have been obtained at the center fre-
quency of the response (placed around 1.567 GHz), whereas
the multipactor threshold of 9.5 W at 1.548 GHz will be even
lower if it is computed slightly below the lower band-edge
of the simulated pass-band. Therefore, CST-PS tends to un-
derestimate the multipactor threshold in about 1 to 1.5 dB.
This difference can be explained by the poorer performance
of the hexahedral meshing in the sharp corners of the res-
onators, which reduces the effect of the fringing fields that
take electrons outside of the critical gap, thus leading to an ar-
tificial reduction of the predicted threshold. Probably the less
exhaustive meshing in these regions also explains the lower
convergence rate in the S-parameter response. In addition,
for this case a better agreement would have been obtained
by setting the parameter of the secondary energy distribution
slightly below 2 eV (see Table 8).

The computation of the multipactor threshold by a direct
use of a particle simulation tool, however, is time consuming.
This is particularly true for a narrowband application (i.e., a
filter), where in addition a complete filter topology is required.
The circuital approach described in Sections II-B and II-C
provides an alternative method which gives a fast estimate
without requiring the use of a particle tracking simulation. In
addition to the advantage in terms of time, this technique can
be applied during an early design stage, which is particularly
important for filters. If the critical gap voltage can be easily
estimated, as in a transmission line, the approach in Section II-
B should be followed. On the other hand, for more complex
structures as filters, the procedure based on the TASE detailed
in Section II-C should be used instead. According to Table 15,
the prediction obtained by the circuit approach for the filter
case is quite accurate, whereas for the coaxial line a deviation
of about 2 dB is observed.

The main limitation of the circuital approach is related
to the availability of a representative estimate for the peak
threshold voltage V. This value can be derived from graphs
or tables obtained for particular structures and materials. The
potential disagreement between the particular case under con-
sideration and the one used to obtain the value of Vi, will have
a clear impact in the prediction accuracy. For the coaxial line
under consideration it is possible to use the other two values
of Vi, in Table 3. By using the ECSS limit at 1.575 GHz,
Vih = 103V and Py, = 106 W, whereas with the data from
Woo measurements Vi, = 155V and Py, = 240 W. The first
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TABLE 16. Comparison Between Measured and Circuit-Based Multipactor
Thresholds Using the ECSS Limit for Aluminum

Coaxial line Combline filter

Frequency (GHz) 1.575 1.548 1.575
Measured 220 W 120 W 179 W
Circuit ECSS limit 106 W 75 W 10.0 W
Approach Delta -3.17 dB -2.04 dB  -2.53 dB

estimate provides a worst-case prediction based on a parallel-
plate topology. The second one is very close to experimental
data, but it was obtained from a copper coaxial line of an un-
known SEY (while the SEY characteristic of the real sample
must be similar to the one of Aluminum because of oxidation).
In particular, and according to the ECSS calculator [49], the
f x d region between 2.5 and 3.5 corresponds to a transition
band between first- and third-order multipactor, thereby pro-
viding a wide margin between the ECSS limit and the value
of the theoretical curves fitted to measurements.

In any case, the usual goal from a design point of view is the
avoidance of a multipactor discharge for the operation power
level of the component. For this particular application, the use
of the Vi, for the worst-case ECSS limit will provide a fast
and conservative estimate of Py, that can be used to guide the
design of the component. Driven by the experience and the
characteristics of the critical gap, the designer may also take
controlled risks in terms of the power-handling capabilities
of the component if needed. Table 16 shows the multipactor
threshold predicted by the circuit approach using the peak
threshold voltage provided by the ECSS limit, Vi ECSS limit-
As it can be seen, it provides a conservative estimate with is
about 2 to 3 dB below experimental results.

From the previous discussion, the designer can extract the
guidelines to identify the most suitable approach to obtain a
multipactor estimation for a particular application. In case that
the multipactor threshold is to be obtained by using directly a
particle tracking simulation with an EM model of the struc-
ture, the designer should also identify the most appropriate
software tool.

Concerning accuracy, both particle tracking simulators
show a similar performance, provided that the meshing of
the EM model is dense enough to get a fair representation
of the EM fields in the structure. The comparison between
both simulators, performed in Table 10 for the coaxial line,
is quite good for a wide range of frequency-gap products,
once the energy of the secondary electrons in CST Particle
Studio is properly adjusted. For the narrowband application
the differences are somewhat higher (see Table 15), but can
be explained by the limitations in the CST-PS meshing, which
leads to a device response shifted downwards in frequency.
Moreover, SPARK3D may provide thresholds more similar to
the measured ones, if the SEY value for the low impact energy
region is assigned to elastically reflected electrons instead
of true secondary electrons (CST-PS does not provide this
option, since all imported SEY values are attributed to true
secondary electrons).
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In terms of seeding, CST-PS has advantages over
SPARK3D, as it obtains fully convergent results with an elec-
tron seeding density of 10% e/m?, whereas SPARK3D requires
an order of magnitude higher. SPARK3D, however, is able to
group and ungroup electrons in macroparticles dinamically,
thus alleviating the computational cost increase. In any case,
the number of electrons that must be tracked to determine the
ignition of a multipactor discharge is not high for CW exci-
tation, as only a sustained increase in the electron population
is required. Finally, in SPARK3D the user should select the
most suitable type of seeding for the particular application
(default or homogeneous), whereas the seeding on CST-PS
seems to work properly in the narrowband and the wideband
applications analyzed thanks to its lower sensitivity to the
electron seeding density.

The execution time of CST-PS is normally higher than the
one required by SPARK3D, as the EM fields are computed
simultaneously to the particle tracking simulation using a
FDTD approach (and must be recomputed again for each
power level simulation). On the other hand, SPARK3D un-
couples the computation of the fields of the particle tracking
simulation, resulting in a computational advantage. The dif-
ferences in CPU time increase substantially for complex nar-
rowband structures of high order, or with geometrical details
requiring a finer meshing. In such cases, a tetrahedral mesh-
ing (compatible with SPARK3D) outperforms the hexahedral
meshing of CST-PS and its limitations. The computational
time required by CST-PS for the very dense meshing required
can be prohibitive, whereas the meshing size barely affects the
simulation time in SPARK3D. Moreover, SPARK3D allows to
confine the simulation in a limited region of the structure due
to the use of frequency domain steady-state EM fields, thus
requiring only the fields of such a critical zone.

According to the results obtained for the third-order
combline-like filter, which is a simplified low-order model of
areal filter for L-band satellite applications, it seems that CST
PS will not be able to perform an accurate multipactor analysis
of practical filters (at least, considering the whole structure).
Due to computational limitations linked to the meshing of real
filters (of moderate and high complexity), it is not possible
to obtain convergent results for the EM fields and multipactor
effect within reasonable CPU times. In contrast, the CPU time
of SPARK3D depends only slightly on the meshing (and a
limited analysis region can always be defined), so the main
limitation will be the external computation of the EM fields by
a frequency domain solver (which is more suitable for mod-
erate and complex filters than a time domain electromagnetic
solver).

Last, but not the least, CST Particle Studio is a very general
and configurable particle tracking software, able to perform
almost any type of simulations (for instance, including effects
that change with time, such as the space charge effect related
to particle interactions). However, it is less user-friendly and
more difficult to configure than SPARK3D. For instance, a
CST-PS user must configure several power sweeps before
obtaining the multipactor threshold, whereas SPARK3D has a
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fully automated procedure for the determination of the thresh-
old, which reduces the time spent by the user to get the final
result.

VII. CONCLUSION

This paper has described in detail the different techniques
available to predict the multipactor threshold for RF and mi-
crowave passive hardware under CW excitation. The direct
use of particle tracking simulators with an EM model of the
structure has been explored, including a detailed description
of the configuration issues to overcome in order to obtain
accurate predictions. SPARK3D and CST Particle Studio, the
simulation tools traditionally used for multipactor threshold
estimation, have been thoroughly compared for wideband and
narrowband applications. It has been shown how SPARK3D
is suitable for both type of applications, whereas CST Parti-
cle Studio has computational limitations for narrowband de-
vices (particularly, for high order filters and/or filters with
involved geometries). CST Particle Studio has proved to be
more configurable, but at the same time less user friendly
than SPARK3D. This is due to the fact that SPARK3D is a
tool particularly suited for multipactor analysis, whereas CST
Particle Studio is a particle tracking software with a broader
application range.

Alternatively, a technique based on a circuit model ap-
proach has been proposed. It has been shown that such a tech-
nique is able to provide very fast estimates of the multipactor
threshold, which can be used at an early stage of the design
process. This is particularly important for filters, thus allowing
to refine the filter dimensions to fulfill the multipactor speci-
fications before the complete filter with the required response
is designed. A particular approach for narrowband structures
based on the time average stored energy of a prototype circuit
model is described. It allows a reduction in the overall design
time required for complex devices involving multipactor re-
quirements.

The predictions have been compared with measured thresh-
olds of two manufactured prototypes by using a novel mul-
tipactor test bed. As a result, it has been possible to clearly
highlight the advantages and limitations of each prediction
technique and simulator in terms of both accuracy and com-
putational efficiency. This paper, therefore, provides the main
guidelines on how to effectively choose and use/configure the
most suitable technique/simulator to predict the multipactor
threshold of passive RF and microwave components.

Furthermore, the use of the simulation techniques discussed
in this work may reduce the high safety margins normally
added in the power handling specifications, thus leading to
a significant cost reduction in the development of microwave
equipment [11].
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