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Abstract— Multipactor is a key high-power effect lim-
iting the system performance for onboard satellite hard-
ware. Although modern particle simulators admit arbitrary
geometries and signals as inputs, their practical use is
often limited to continuous-wave (CW) excitations. Unfortu-
nately, the multipactor analysis for input-modulated signals
normally leads to prohibitively large CPU times, as signal
lengths are very large compared to the electron popula-
tion’s evolution time. The Coarse Method is an elegant
way of overcoming this limitation, providing a good esti-
mate of the multipactor threshold in reduced CPU times.
However, if the input signal is not preprocessed before
being analyzed, the method is unable to account for the
frequency dependence as it operates with electron dynam-
ics information extracted at a single frequency, leading to
biased predictions for narrowband samples as filters. This
article proposes an extension to the original Coarse Method
implementation by considering the sample response and
the modulated signal spectral distribution to account for
the frequency dependence. The resulting method is suit-
able for estimating the multipactor threshold of narrowband
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samples excited by modulated signals, while keeping the
benefits in terms of simplicity, efficiency, and generality
of the Coarse Method. The proposed approach is bench-
marked against laboratory measurement results, as well as
particle simulators and legacy Coarse Method predictions,
revealing the advantages of the novel technique and its
range of applications.

Index Terms— Microwave
multipactor, particle physics
communications.

filters, modulation,
simulation, satellite

[. INTRODUCTION

HE multipactor effect occurs when free electrons inside
Tan radio frequency (RF) component operating under
vacuum conditions, collide successively against the component
walls driven by the RF fields [1]. If the electrons impact
against the component walls with kinetic energy in the appro-
priate range to release enough secondary electrons, the electron
population increases, eventually causing a discharge. The
number of released electrons, called total electron emission
yield (TEEY) [2] (when considering both elastic and inelas-
tic collisions), depends on the electron’s impact energy [3],
[4], [5]. As multipactor is an effect induced by the TEEY,
a minimum power level at the input of the component is
required to ignite a multipactor discharge [1], [6]. This power
level is referred to as the multipactor power threshold, a key
parameter limiting the power handling capability of satellite
hardware [7].

The increase in the transmitted power levels and the
miniaturization of the components (due to the use of higher
frequency bands), driven by the ever-increasing capacity
demands for satellite communication systems, foster the occur-
rence of unwanted high-power effects [8]. As multipactor
can lead to a wide range of harmful effects [7], estimating
the multipactor threshold is key in assessing the suitability
of RF devices for space operation. Thus, it is appealing to
develop tools that can analyze the power handling capabilities
in the design stage, preventing a failure in space qualification
tests [9] or during operation.
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Multipactor prediction tools have evolved from methods
relying on experimental data [10], [11], to complex simulators
in which arbitrary geometries and waveform excitations are
analyzed. The legacy methods can be improved by accounting
for fringing-field effects pushing electrons away from the criti-
cal gap [12], [13], [14], considering the nonuniform fields [15]
or the statistical nature of the released electrons [16], [17],
[18]. In addition, the nonstationary [19] and quasi-stationary
theories [20] were introduced to allow predictions for arbitrary
nonstationary signal excitations. This allows for reducing the
design margins that have traditionally led to over-demanding
specifications, thus enabling a cost reduction of the equipment.

SPARK3D [21] and CST Particle Studio (CST-PS) [22]
are multipactor analysis simulators [13], [23], [24], [25], [26]
which can cope with arbitrary waveform signals. However,
the analysis of RF samples under modulated signal exci-
tation leads to prohibitively long particle simulations [7],
as the duration of the signals is much larger than the time
required for igniting a multipactor discharge. To speed up the
simulations, the Coarse Method was introduced [27], [28],
[29]. This method, however, neglects the frequency depen-
dence of the samples, as it only uses information extracted
at a single frequency. This is problematic for RF filters,
which present a marked dependence on the frequency. The
same situation arises in commercial particle simulators using
steady-state electromagnetic (EM) fields, such as SPARK3D,
which only considers the EM fields at the carrier frequency
for modulated signal excitation. Those simulators that compute
time-domain EM fields, such as CST-PS, require however
very fine simulation time steps, since as the minimum mesh
size decreases (to correctly model the minimum geometric
details required for obtaining accurate results), the time step
must be reduced accordingly in order to comply with the
Courant—Friedrich-Lewy (CFL) criterion [30], thus leading to
outstandingly resource-demanding simulations even for short
signal sections [7]. Nowadays, there is no method available to
obtain reliable multipactor threshold predictions in RF filters
excited by modulated signals.

A potential approach would consist of obtaining the sig-
nal envelope at the critical gap (affected by the frequency
dependence of the sample) before the application of the Coarse
Method. A direct computation of the critical gap voltage, using
time-domain (due to the CFL criterion) or frequency-domain
(due to the large number of points required for the inverse
Fourier transform) simulators is unpractical for RF filters, as a
large computational effort is required. Equivalent circuits can
be used instead, but this poses limitations in terms of generality
and accuracy. First, the derivation of a suitable equivalent
circuit is strongly structure-dependent and involves important
simplifications. This explains the wide range of equivalent
circuits available in the technical literature to try to model
in a simple way the main characteristics of each particular
device. Second, once the voltage at the proper location inside
the equivalent circuit has been obtained, it must be translated
into the critical gap voltage in the EM structure, and must also
be related to the power at the input port of the real device.
As a result, a specific path must be laid out for each particular
structure, which also implies significant approximations.

As a practical alternative, this work proposes an engineering
tool based on the Coarse Method to account for the fact

that band-limited devices are frequency dependent [31] in an
agnostic fashion, as the presented algorithm does not have to
resort to particular circuital models or additional cumbersome
EM simulations to account for the frequency dependence. As a
result, the simplicity, efficiency, and generality of the original
Coarse Method can be preserved.

Il. THEORY

This section provides a complete overview of the legacy
version of the Coarse Method [27]. Next, the theory for
the extended Coarse Method implementation able to consider
the frequency dependence of RF filter samples is detailed in
Section II-B.

A. Coarse Method

As to describe the mathematical foundations of the Coarse
Method, it is convenient to define the equivalent baseband
form of the passband modulated signal at the input of the
component

xoo () = I(t) + j Q1) = A(t)e!*® (1

where /(¢) and Q(¢) are the signal in-phase and quadrature
(IQ) components. A(t) and ®(¢) are the envelope and phase
of the signal, respectively, given by

A() =V It + Q*(1); @) =ang(I() +jO®) (2)

so that the modulated input signal can, therefore, be expressed
as

tmoa() = Refxp(0e ) = A@)cos@afer + 01 (3)

where f, is the reference frequency used for the baseband
conversion.

The channel bandwidth in satellite applications is much
lower than the carrier frequency. In fact, the relative bandwidth
of narrowband devices, such as filters, are rarely larger than
6%—7%. This implies that the signal envelope has much slower
variations than the RF carrier, allowing to define an envelope
“instantaneous” power in the form

Po(t) = PyA(t) )

where P, is the scaling factor enabling to represent different
mean powers, as the baseband signal is normalized in this
work so that the maximum of its envelope A(¢) is set to one.

A second key concept is that for an RF structure under
continuous-wave (CW) excitation, the electron population
evolution with time is known to increase or decrease expo-
nentially [27], [29], namely,

N(t) = Noexp (at) 5

where N (¢) is the electron population at time instant ¢, Ny is
the initial electron population, and « (Hz) is the so-called
growth factor taking real positive or negative values (repre-
senting a population growth or decrease, respectively).

For each power level at the input port, a growth factor o can
be fit to the electron population evolution with time. This is
accomplished by applying the natural logarithm to the electron
population curve obtained from a particle simulation on the
structure, considering a CW excitation at the frequency f-.
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Fig. 2. Samples (with dots) of the signal envelope.
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Fig. 3.  Growth factor assignment for each signal sample in terms
of time, for a certain mean power level of the input signal. Note that
the positive growth factors correspond to the regions around the higher
peaks of the signal envelope.

This allows for a least mean square fitting of the simulated
data to a linearized version of (5), from where the growth
factor can be easily derived. The process is repeated for a set
of power levels covering the range of interest. Accordingly,
a curve like the one shown in Fig. 1 is produced. The CW
multipactor threshold corresponds to the lowest power level
where the growth factor becomes positive.

From the envelope A(f) and the power scaling factor Py,
an “instantaneous” power (integrating the oscillations of the
RF carrier) can be defined in terms of time (see (4)). Then,
a growth factor can be assigned to each time instant, in terms
of the corresponding “instantaneous” power level, representing
the exponential variation of the electron population for this
time instant. This process is illustrated graphically in Fig. 2,
plotting the samples of the signal envelope, and in Fig. 3,
showing the growth factor assigned for each sample. Note
how the maximum growth factor values around 2.5, 6.5, and
9.5 ns in Fig. 3 correspond to the maximum envelope values
in Fig. 2.

Having access to the array of growth factors represented in
Fig. 3, it is possible to search for the maximum sum subarray
within the array [29]. Let us suppose that this maximum sum
subarray spans from mT; to a time instant n7, being 7 the
sampling period. Then, the maximum increase ratio in the

electron population is

XP(Z o g) = eXP(Ts Zn:ou) (6)

so that for an electron population increase ratio above some
predefined threshold (for instance, a 1000-fold increase is used
throughout this work and in [7]), a multipactor discharge is
considered to occur.

The step-by-step algorithm implementing the legacy Coarse
Method employed in this work is described in the following
steps.

1) Obtain the growth factors for CW excitation at the
selected reference frequency, hence characterizing how
the growth factor changes with the input power
(see Fig. 1).

2) Find the CW multipactor threshold for the structure under
analysis Py cw (i.e., the input power level where the
growth factors turn positive).

3) The scaling factor Py in (4) is set to Py cw. In this case,
only the sample representing the maximum value of the
signal envelope provides a positive growth factor (the
remaining ones being negative). This power level is thus a
lower bound for the multipactor threshold Py, associated
with the excitation signal.

4) The complete signal sequence is scaled with a predefined
factor, and a search to determine if any subsequence
within the signal fulfills the multipactor condition at
such a power level is performed. If so, the search is
ended. Otherwise, the scaling factor is updated and the
search is performed again until the multipactor condition
is reached.

N(nT)
N(mT)

B. Extended Coarse Method

The growth factors in the traditional Coarse Method,
as detailed in Section II-A, are computed at the same frequency
(typically f.), as the method was initially applied to wideband
RF samples [27], for which the frequency response is nearly
invariant.

When analyzing RF narrowband samples with frequency-
dependent responses, it is appealing to combine information
from different frequencies. This is indeed the case of RF
filters, the object of this work, which store more energy
at the band-edges than at the center of the passband
[71, (311, [32].

Since the shape of any passband RF filter response has three
clearly identifiable zones, the central region (where the group
delay is almost flat) and the band-edges, as shown in Fig. 4,
the proposed procedure consists in computing the growth
factors at three representative frequencies and combining them
according to (7). The goal is to derive an effective growth fac-
tor that represents, for its corresponding input power level, the
overall behavior considering the frequency dependence of the
structure and the spectral distribution of the signal. Note also
that for computing each set of growth factors, the EM fields at
the critical gap for its corresponding frequency are considered,
and linked to the power at the device input, so that the effect
of the transfer function between the input and the critical gap
at such a frequency is indeed included in the proposed method.
Therefore, the frequency dependence effect of the filter is
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possible spectral slicing scheme composed of three slices.

being considered without having to resort to computing the
signal in the critical gap using time-domain EM modelers,
which struggle to provide convergent S-parameter results and,
therefore, fail in providing an accurate representation of such
a waveform within a reasonable computational effort. In this
context, note that the formula in (7) is based on a weighted
sum, to account for how the energy of the signal under analysis
is distributed

Otot = Olbe Wibe + OefWet + Cube Wube - (7)

Thus, it is necessary to define and obtain the following
parameters.

1) Frequencies for which the growth factors are obtained
fives fefs and  fupe (i.€., lower band edge, central fre-
quency, and upper band edge).

2) Growth factors ape, e, and aype.

3) Weighting coefficients wipe, Wer, and wype.

Once the frequencies are determined, otjpe, Ocf, and oype are
obtained for each frequency. An in-depth explanation of how
to obtain the parameters in (7) is provided in the following
subsections.

1) Procedure to Obtain the Simulation Frequencies: The fre-
quency choice for the growth factor computation shall reflect
the spectral distribution of the stored energy in the sample,
as larger energy implies higher EM fields, and therefore
a lower multipactor threshold. This involves the sample’s
S-parameters and the signal’s energy distribution. In this
regard, the group delay (i.e., the time the energy takes to pass
from the input to the output filter port) can be of help in
choosing the frequencies at which the growth factors are to
be computed, as it is equal to the ratio between how much
energy is stored and the available input power at the device
input for CW excitation [31].

As multipactor is a voltage-driven effect, the peak voltage
in the critical gap for a CW excitation of 1 W of mean
input power, Viw, can be combined with the peak voltage
level required for a discharge, Vy, to derive the multipactor
threshold power in the form

Va \°
Pa=1wW-(2") . (8)
Viw

The peak threshold voltage Vi, can be obtained from charts
using reported experimental data or from particle simulation
tools. Note that Vi, depends on the material of the surfaces

involved in the most multipactor-prone region where the
discharge is expected to occur.

Viw can be obtained by exploiting the time-averaged stored
energy (TASE) concept applied to a structure region including
the critical gap [7], [33]. The TASE denotes the summation of
the mean electric and magnetic stored energies during a CW
excitation cycle. The peak voltage Viw inside the critical gap
can be estimated from the peak gap voltage for a TASE of 1 J,
Vs, inside a region of the structure including the critical gap,
and the TASE for this analysis region with a CW excitation
signal of 1 W of mean power, TASEw, at the input port of
the complete structure

TASE
Viw=Viy-y le &)

so that, using (9) into (8), the power threshold can be expressed
as

V) 17
Ph=1W- (=) ———.
Vi;] TASEw

Note how Py, is inversely proportional to the TASE of
the filter. As the group delay, GD, is proportional to the
TASE [31], it follows:

(10)

(1)

P, th X GD .
From this reasoning, it is possible to select the frequencies at
which the growth factors are computed. The idea is to divide
the frequency response into three regions (central slice and
band edge slices) using the group delay information, as shown
in Fig. 4. A set of growth factors «; is then obtained at a
representative frequency for slice i ( fipe, fof, OF fube), modeling
how the electron population evolves in terms of the input
power for the corresponding part of the filter response. Finally,
the set of growth factors is weighted considering how the
signal energy is distributed along the three slices, obtaining an
effective growth factor aimed at capturing the overall behavior.
From this point on, the same steps of the traditional Coarse
Method approach are applied (see Section II-A), with the
significant difference that the weighted growth factors are used
instead of the ones computed at a single frequency. The step-
by-step procedure proposed to obtain the slices and relevant
frequencies is as follows.

1) The frequency fs is set to the center frequency of
the passband. Evaluate the group delay GD.s at such a
frequency.

2) Find the two frequencies within the passband for which
the difference between the group delay at the central
frequency and the group delay at these frequencies is
x dB. This x dB difference in the group delay should
translate into an x dB threshold difference following (11).

3) The center slice is then defined as the frequency band for
which the difference is under x dB.

4) The slices for the lower and upper band edges span from
the central slice boundaries to the edges of the passband.

5) To compute fe, an array containing the square magni-
tude of the signal fast Fourier transform (FFT) values for
the slice 1 frequency bins (see Fig. 4) is considered. This
array is normalized by the sum of the array elements,
hence obtaining the relative energy of each frequency
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Fig. 5.

lllustration of (a) E1 filter and its (b) experimental setup.

bin within slice 1. Next, the resulting array is multiplied
by the frequency array for slice 1, thus obtaining a
“weighted” frequency array that accounts for the energy
content of the signal along the slice. Finally, the sum
of this final array provides fie. The frequency fupe is
computed analogously for slice 3.

The key step in this procedure is the choice of the parame-
ter x, which can be fine-tuned to optimize the results. This
value would depend on several factors, such as the peak
group delay or the spectral distribution of the signal. A lower
limit should be around 0.2 dB (this is the accuracy of the
sensors to measure the power threshold in the test bed in [34],
as described in [7]). Note also that a large value of x (for
instance, 0.5 dB in the examples considered in Section III-B)
would result in an overly broad central frequency slice, imply-
ing a relevant variation of the EM fields within the slice with
respect to the center frequency (where the growth factors are
computed).

The use of more spectral slices is not recommended, due to
the increase in complexity and computational burden without
a relevant benefit in terms of accuracy, as three frequency
points properly chosen are enough to capture the main effects
of a bandpass filter. For low- or high-pass filters, however,
this number could be reduced to two (one in the band edge
and another for the rest of the passband) as its group delay
response presents only one peak instead of two.

2) Procedure to Obtain the Weighting Coefficients: The coef-
ficients wype, Wer, and wype are assigned in terms of the spectral
distribution of the input signal in the following way.

1) Calculate the signal power at each slice: P,
and Pype.

2) Compute the coefficients by normalizing the powers with
respect to the overall input power.

Pcfv

As the procedure can effectively obtain the electron pop-
ulation evolution with time along all the signals, it is able
to identify both long and short-term multipactor discharges
satisfying (6).

I1l. METHODOLOGY AND IMPLEMENTATION
The extended Coarse Method has been implemented to
estimate the multipactor threshold of a set of RF samples
excited with modulated signals. The resulting predictions are
then compared with the ones provided by the legacy Coarse
Method and by a commercial particle simulator, and also with
the measured thresholds.

TABLE |
CHARACTERISTICS OF THE INPUT SIGNALS (BAND, PAPR,
AND SPECTRAL DISTRIBUTION OF THE ENERGY)

Signal | Band | PAPR (dB) Energy distribution
1 E5 5.8 ~ 80% around fy
2 E5 4.0 ~ 60% close band-edges
3 E6 6.0 ~ 80% around fo
4 E6 3.7 ~ 60% close band-edges
5 El 6.2 ~ 50% around fy
6 El 4.2 ~ 60% close band-edges

A. Signals and RF Samples for Results Validation

Three comb-line filters made of bare aluminum are to be
used for the tests to prove the correct operation of the proposed
prediction approach. The filters employed are six-pole comb-
line filters with two symmetrical transmission zeros designed
to operate in the ES, E6, and E1 Galileo bands centered
at 1191.8, 1278.8, and 1575.5 MHz, respectively. The E6
and E1 band filters have a 50-MHz bandwidth, whereas the
ES5 band filter has a 92-MHz bandwidth (see Fig. 5(a) for a
schematic representation of the El filter). The filters have been
designed to have the multipactor discharge in the gap between
a resonator post and the base of its corresponding tuner.

Each of the three filters is to be excited with two different
signals, thus resulting in six case studies. The most relevant
characteristics of the signals are compiled in Table I. Note
that the six signals are 1 ms long, whereas the carrier period
is under 1 ns, so that the discharge at the multipactor threshold
is typically sustained within a signal segment significantly
shorter than the whole signal duration.

The typical spectrum of the odd-numbered signals, those
with the energy concentrated around the passband center
(where the group delay is almost flat), is included in Fig. 6(a).
Conversely, the appearance of the even signals, with a large
amount of energy close to the band edges, is more like the
one shown in Fig. 6(b).

B. Implementation

The Coarse Method presented in [29] has been extended
following the theory described in Section II-B. The growth
factors are computed at the three frequencies provided by the
proposed algorithm, and are combined according to the signal
energy distribution. To define the three spectral regions, the
parameter x has been set to 0.2 dB.
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Fig. 6. Typical spectrum of a signal with a higher energy concentration (a) around the center of the passband and (b) close to the band-edges.

TABLE I
ENHANCED COARSE METHOD GROWTH FACTORS COMPUTATION
FREQUENCIES AND CORRESPONDING WEIGHTING COEFFICIENTS

Filter Enhanced Coarse Method Parameters
Frequencies (MHz) Coefficients
ES5 (signal 1) | 1170.3 1191.8 1213.9 | 0.0816 0.8305 0.0878
ES (signal 2) | 11552 1191.8 1228.8 | 0.3089 0.3819 0.3092
E6 (signal 3) | 1260.6 1278.8 1294.4 | 0.0080 0.7879 0.2041
E6 (signal 4) | 1263.0 1278.8 1294.6 | 0.2896 0.4203 0.2900
El (signal 5) | 1564.3 1575.5 1590.2 [ 0.0756 0.5098 0.4146
El (signal 6) | 1555.2 15755 1595.8 | 0.3101 0.3801 0.3098

The growth factors were computed from the electron
population evolution with time provided by SPARK3D
CW simulations (according to the procedure described in
Section II-A). The analysis was bounded to just the critical gap
inside the actual sample under analysis, and used the standard
general configuration detailed in [7] (the seeding density was
above 10° electrons/m® to ensure convergence). CW particle
simulations for mean input powers spanning from 1 to 160 W
at the filter input port were run in SPARK3D. For each input
power, the electron evolution with time was hence obtained.
Finally, the fitting described in Section II-A is applied to obtain
a plot similar to the one in Fig. 1.

For this study, both Coarse Methods implementations
assume a multipactor discharge occurs when the electron
population increases by a factor of 1000. The TEEY of the
surfaces limiting the critical gap was measured (with the exper-
imental setup and facilities described in [35]) and used for the
simulations. These TEEY measurements were performed a few
days before the multipactor tests, to minimize the TEEY aging
effect for enhancing the simulation faithfulness.

In the extended Coarse Method implementation, the fre-
quencies at which the growth factors are computed and the
coefficients to use in (7) are shown in Table II. Although
the same slicing is applied to the two signals exciting the
same filter, the frequencies where the growth factors are
computed for slices 1 and 3 differ as the spectral distribution
of both signals is not the same. Note how for signals 2, 4,
and 6, the sum of the first and last coefficients is about 60%,
being similar to the amount of power close to the band-edges
(see Table I).

C. Experimental Setup

All multipactor tests were carried out using a state-of-the-
art multipactor test bed, capable of coping with both CW and

modulated signals. The test bed does not include the clas-
sic microwave nulling system, conceived for CW operation,
as it only performs properly in very narrowband applications.
Instead, an IQ detection method has been implemented [34].
The input signal is injected using a Keysight PXI-MP1
MO9383A Signal Generator. This signal is fed into the device
under test (DUT) and placed inside the vacuum chamber,
where three R&S NRQ-6 power sensors are employed to
monitor the power at three different points. One is used to
measure the input power to the DUT, the second is used to
monitor the reflected power, and the third is used to monitor
the DUT output power. The electrometer and the IQ detection
methods were the more sensitive ones, allowing to identify
the multipactor breakdown power threshold. Note also that
Strontium electron seeding radioactive sources were employed
to improve the statistical reproducibility of the experiment.
A picture of the experimental test bed with the DUT placed
inside the vacuum chamber is provided in Fig. 5(b). The
block diagram of the test bed is essentially the one shown
in [34, Fig. 8].

IV. RESULTS DISCUSSION

This section confronts the measured and predicted thresh-
olds, and analyzes the causes of the differences reported.
Table III compares the predictions from both Coarse Method
algorithms with the measured multipactor thresholds. The
standard Coarse Method results are obtained using growth
factors computed at the central frequency of each band.
The results from the extended Coarse Method are retrieved
following the implementation described in Section III-B.
In addition, Table IIT also includes the predicted thresholds
from SPARK3D multipactor modulated signal simulations,
where the signal modulates the steady-state EM fields at a
single frequency externally provided to SPARK3D. For each
filter, the steady-state fields at the center and lower passband
frequencies were computed with the frequency domain CST
solver. A particular EM field was imported in SPARK3D
to perform each modulated signal particle simulation. These
simulations were initiated at the starting time instant of the
critical part of the signal identified by the Coarse Method.

Since the time variation of the signal envelope affects
to the evolution of the electron population with time, the
time-response of the test-bed sensors plays a role in the
detection of multipactor and the measured thresholds. To repli-
cate the effect of the nonzero time response of the detection
methods in simulations, the software tool is updated so that the
1000-fold increase in the electron population must be sustained
for at least 200 ns to declare a discharge. This condition can
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TABLE IlI
COMPARISON OF THE MEASURED THRESHOLDS WITH THE PREDICTED ONES FOR LEGACY AND THE EXTENDED COARSE METHODS, SPARK3D
SIMULATIONS MODULATING THE STEADY-STATE EM FIELDS COMPUTED AT THE CENTER fy AND LOWER FREQUENCY fz1 OF
THE FILTER PASSBAND (DELTAS COMPARED TO THE EXPERIMENTAL THRESHOLDS IN BOLD)

Extended Coarse (W)

SPARK3D @ fy (W) | SPARK3D @ f,; (W)

17.51 (+0.15 dB)
13.90 (-0.40 dB)

15.75 (-0.31 dB)
17.75 (+0.70 dB)

5.25 (-5.08 dB)
5.75 (-4.19 dB)

14.19 (+0.06 dB)
15.47 (+0.11 dB)

14.75 (+0.23 dB)
16.25 (+0.32 dB)

6.25 (-3.56 dB)
7.25 (-3.29 dB)

Filter Measured (W) Coarse (W)
ES (Signal 1) 16.90 17.61 (+0.18 dB)
ES5 (Signal 2) 15.10 19.59 (+1.23 dB)
E6 (Signal 3) 14.00 14.99 (+0.30 dB)
E6 (Signal 4) 15.10 17.99 (+0.76 dB)
El (Signal 5) 21.40 25.42 (+0.75 dB)
El (Signal 6) 19.00 26.09 (+1.38 dB)

24.87 (+0.65 dB)
20.85 (+0.40 dB)

23.25 (+0.36 dB)
24.75 (+1.15 dB)

7.75 (-4.41 dB)
8.75 (-3.37 dB)

be applied in both Coarse Method implementations. However,
the SPARK3D automatic threshold determination tool does not
consider the time lapse for which the electron population is
over a predefined threshold. In SPARK3D, simulations in 0.5-
W power steps have been used instead, and a visual inspection
of the electron population with time trace is performed to
check if the criterion is fulfilled. Thus, the uncertainty of
SPARK3D predicted thresholds is £0.25 W.

As Table III reveals, the choice of the EM fields has a
very significant impact on the SPARK3D predictions. This
is due to the frequency dependence of the TASE [7], [31].
The EM fields at the lower band-edge have higher intensity
due to the larger TASE at such a frequency, leading to a
lower multipactor threshold in virtue of (10). Note that the
value of the growth factors is also affected by the TASE
(altering the power axis mainly). Since the modulated signals
extend along all the filter passband, the use of the EM fields
at the passband frequency with the largest TASE leads to
extremely conservative predictions (last column in Table III),
with predicted thresholds about 3 to 5 dB lower than the
measured ones.

Conversely, the SPARK3D multipactor modulated signal
simulations using the EM fields at the passband center fre-
quency fy (see the penultimate column in Table III), where the
lowest TASE value in the passband is obtained, should provide
optimistic predictions. However, they must be very close to
the real ones for the odd-numbered signals, whose energy is
mainly located in the center of the filter passband (see Table I).
This is observed in Table III for signals 3 and 5. Nonetheless,
the SPARK3D threshold is slightly below the measured one
for signal 1. This effect is attributed to the accuracy of the
experimental test-bed (within £0.6 dB). For the remaining
signals (i.e., the even ones), with more energy close to the
band edges, the SPARK3D predictions increase compared to
the corresponding odd-numbered signal instead of decreasing
as in the experimental data. This is because SPARK3D detects
the effect of the lower peak-to-average power ratio (PAPR)
of the even-numbered signals in Table I (which increases the
threshold), but is unable to capture the effect associated with
the distribution of the signal spectral content (which pushes
down the threshold) as it only considers the EM fields at fj.
The filter E6 case is different, as the band-edge energy is
closer to the passband central region, as revealed by the fact
that fipe and fype in Table II are closer to fj in signal 4 than in
signals 2 and 6, leading to growth factors more similar to the
ones obtained at the central frequency.

The same analysis for SPARK3D simulations applies to
the traditional Coarse Method results, as its growth factors
are computed only from information extracted at f (note
in Table III how the thresholds provided by this technique
replicate the SPARK3D ones with a mean increase of about
0.35 dB). This issue is effectively solved by the extended
implementation of the Coarse Method thanks to its more
elaborated way of obtaining the growth factors (by combining
information from f, and the band edges), which captures
both effects (PAPR and signal spectral distribution) and repro-
duces the qualitative trend in the measurements in all cases.
In fact, this technique is the one providing the predicted
thresholds closer to the measured ones in all the scenarios
(except for the odd-numbered signal 5, where SPARK3D is
slightly more accurate). It must be highlighted how the legacy
Coarse Method deviations show a relevant increase for the
even-numbered signals (and particularly, for signals 2 and 6)
as it neglects the effect of the energy located close to the
band-edges which causes a reduction in the threshold.

Regarding the CPU time assessment, the legacy Coarse
Method typically takes about 2 h (mainly for simulations
for growth factor computation). Since the extended Coarse
Method must compute the growth factors at three different
frequencies, the computational effort triples. However, the
procedure can be parallelized in a single computer, allowing in
practice to obtain the predictions in the same amount of time
as the traditional Coarse Method implementation by running
three SPARK3D instances at the same time. On the other hand,
a single SPARK3D modulated signal simulation can take about
24 h on average. More importantly, the seeding time instant
of the SPARK3D simulation must be determined beforehand
(so that the analysis is limited to only the critical part of
the signal), otherwise the computational effort is unaffordable.
In contrast, both Coarse Method implementations analyze the
whole sequence for all the seeding time instants simultane-
ously. All the CPU times reported in this work have been
obtained in an Intel 19-9900K computer equipped with 8 cores
of 3.6-GHz base frequency and with 128 GB of RAM.

V. CONCLUSION
In this article, a technique for extending the capabilities
of the Coarse Method for narrowband structures has been
presented, and its correct operation has been demonstrated
by comparing measured and predicted thresholds. The use
of the extended Coarse Method implementation effectively
reduces the prediction error, particularly for those signals with
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relevant spectral content in the band edges, due to the use
of information from three frequencies distributed along the
passband. The corresponding threefold increase in the CPU
time can be compensated by a parallelization of the algorithm.

Since the extended Coarse Method implementation enables,
for the first time, fast accurate multipactor threshold pre-
dictions for narrowband components excited with arbitrary
signals, it is a practical alternative to particle simulators for
modulated input signals. It is worth pointing out that the
proposed method can process long signal sequences, in a
fraction of the time required by a particle simulator to track
only a few tens of nanoseconds of the full signal from a
predefined seeding time instant. Moreover, it provides more
accurate predictions than those particle simulators which only
consider information extracted at a single frequency, especially
for signals with a significant part of its energy near the filter
band edges.
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