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Abstract—The aim of this letter is to study the multipactor RF
breakdown voltage in several ridge and multi-ridge waveguide
configurations. Firstly, multipactor susceptibility charts for sev-
eral types of ridged waveguides have been computed using the
commercial software FEST3D. Next, these charts have been used
to predict multipactor threshold values for a band-pass filter and
a quasi low-pass filter both containing ridge waveguide sections.
Furthermore, multipactor simulations using FEST3D are carried
out to calculate the multipactor threshold of the aforementioned
structures. A good agreement between predictions and simula-
tions has been found for both filter examples.

Index Terms—Ridge waveguide, Multi-ridge waveguide, Mul-
tipactor effect, RF breakdown.

I. I NTRODUCTION

Multipactor is a vacuum discharge phenomenon that takes
place on devices operating under high-power radio frequency
(RF) electromagnetic fields [1]. It can appear in a wide
variety of scenarios, such as satellite communication devices,
klystrons and accelerator structures [2]-[3]. The multipactor ef-
fect occurs when an RF electric field accelerates free electrons
inside the device impacting on the metallic walls of the device.
When electron impact energy is such that the secondary
emission yield coefficient (SEY),δ of the material is higher
than unity, new secondary electrons are released [4]. Under
certain resonant conditions, new secondaries get synchronized
with the RF electric field producing an exponential growth
of the electron population. Once the number of electrons
becomes very high, an electrical current is established between
the walls of the component. This RF discharge can produce
several negative effects that degrade the device performance:
increase of signal noise and reflected power, heating up of
the device walls, outgassing, detuning of resonant cavities,
vacuum window failure and even the total destruction of the
component.

Multipactor has been deeply studied for many different
kinds of geometries such as parallel-plate [5]-[9], coaxial [10]-
[13], rectangular [14]-[15], microstrip [16], circular [17]-[18],
and elliptical [19] waveguides. Despite all these past efforts,
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Politécnica de Valencia, 46022-Valencia, Spain.

S. Anza, C. Vicente and J. Gil are with Aurora Software and Testing, S.L.,
Business Development Building, Universidad Politécnica de Valencia, 46022-
Valencia, Spain.

and to the authors’ knowledge, multipactor in ridge and multi-
ridge waveguides has not been studied yet.

Single- and multi-ridged waveguides have found many ap-
plications in microwave and millimeter-wave devices. Among
their main advantages we find that they include large single-
mode broad-band operation, large dominant cutoff wavelength,
and low impedance characteristics. They are widely used for
both high-power and low-power applications such as band-pass
and quasi low-pass filters [20]. These filters are very appropri-
ate candidates for some space and terrestrial communications
applications due to their compact size and good stop-band
performance. For instance, they can be used as preselector
filters before the input multiplexer, or as harmonic suppression
filters after RF transmitters or amplifiers, particulary as on
board satellite components.

In this work, we have computed multipactor susceptibility
charts for several ridge and multi-ridge waveguide configu-
rations. First, section II describes the procedure carried out
to perform the requested multipactor simulations in order
to generate the susceptibility charts. In section III, ridge,
double-ridge and multi-ridge waveguide multipactor charts are
presented for both symmetrical and asymmetrical configu-
rations. These results are used in section IV for predicting
the multipactor threshold values of an evanescent-mode filter,
and of a waffle-iron filter, both containing ridge-waveguide
sections. In addition, and with the aim of verifying the derived
susceptibility charts, a complete FEST3D multipactor analysis
has been performed for both filter structures. Finally, in section
V some relevant conclusions are outlined.

II. M ULTIPACTOR ANALYSIS METHODOLOGY

The commercial software FEST3D [21] has been used to
perform multipactor simulations within the analyzed ridged
waveguides. This code allows 3-D tracking of a set of elec-
trons immersed into a region under RF electric and magnetic
fields. An electromagnetic solver based on full-wave modal
techniques [22] and microwave network theory calculates these
fields with high accuracy and efficiency, even for complex
passive microwave components. The structures are excited
from the input port with its fundamental mode. Differential
equations of electrons motion are numerically solved using a
Leap-Frog method, as described in [23]. The interactions of the
electrons with the metal boundaries are modeled to consider
electron elastic reflection, absorption or creation of secondaries
after each primary electron impact. The SEY is modeled
using a modified version of the Vaughan’s formula [14]. All
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Fig. 1. Symmetrical structures on the left column and asymmetrical structures
on the right column. From top to bottom: ridge, double-ridge and multi-ridge
waveguides.

simulated structures are silver-plated. The SEY parameters for
silver, which are described in [6], are: the first cross-over,
W1 = 30 eV; the maximum SEY coefficient,δmax = 2.22;
and the impact kinetic energy forδmax, Wmax = 165 eV. The
secondary electron velocities have been computed using a4
eV mean and2 eV standard deviation Maxwellian distribution.

III. M ULTIPACTOR SUSCEPTIBILITY CHARTS

Ridge, double-ridge and multi-ridge waveguides (see Fig. 1)
with housing dimensions of a standard WR75 rectangular
(a = 19.05 mm,b = 9.525 mm) have been analyzed. Symmet-
rical and asymmetrical configurations have been considered.
In susceptibility charts, the RF multipactor voltage threshold
is depicted as a function of the frequency gapf × d.

Multipactor discharge is always expected to occur in the nar-
rowest waveguide zone, where electric field becomes higher.
According to this, the existing gap between metal ridges is
the critical zone for the appearance of a multipactor discharge.
Thus, an equivalent voltage is numerically computed using the
following expression:

Veq =

∣∣∣∣∣∣

d∫

0

~E · ~dl

∣∣∣∣∣∣
(1)

where ~E is the RF electric field of the fundamental mode in
the ridge gap, and~dl is the differential vector parallel to the
transversal component of the electric field. It can be checked
numerically that for double-ridge waveguides the equivalent
voltage is the same at both symmetrical ridges, whereas for
multi-ridge waveguides (with an odd number of ridges) the
voltage is higher at the central one. In Figs. 2 and Fig. 3 the
electric field lines are depicted for the different waveguide
geometries.

Fig. 2. Electric field lines for symmetrical configurations. From top to
bottom: ridge, double-ridge and multi-ridge waveguides.

Fig. 4 shows the voltage threshold as a function of the
waveguide length for both symmetrical and asymmetrical
single-ridge waveguides. Multipactor simulations show that
multipactor threshold strongly depends on the waveguide
length value, i.e.l/λg in Fig. 4. In fact, the voltage threshold
raises up for short waveguide lengths as a result of the
axial drift that allows electrons leaving the ridge gap. Thus,
in order to counteract the lost electrons a higher rate of
secondaries generation is needed, which is obtained by means
of an increase of RF power. Similar results were obtained for
the different multi-ridge topologies. In the next multipactor
susceptibility charts, a waveguide length in the flat zone of
the graphic has been always considered (i.e.l/λg > 0.1).

Two different kinds of charts are presented. First, RF voltage
threshold for several ridge widths is depicted in Figs. 5 and 6
for symmetrical and asymmetrical configurations, respectively.
As it can be shown, there are slight variations on voltage
threshold with the ridge width for each figure. However,
it can be observed that the narrower the ridge the higher
the voltage threshold. An explanation of this phenomenon
is that lower w/a values allow electrons to escape from
the gap region, so an extra voltage is needed in order to
compensate this phenomenon. Similar multipactor behavior
is found for waveguide irises [24]-[26], where the power
threshold increases when theh/l ratio is higher (h is the gap
height andl is the iris length). Two different mechanisms for
electron loss were proposed for an iris scenario. On the one
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Fig. 3. Electric field lines for asymmetrical configurations. From top to
bottom: ridge, double-ridge and multi-ridge waveguides.

Fig. 4. Multipactor voltage threshold as a function of the normalized
waveguide length for symmetrical and asymmetrical single-ridge waveguides.
Gap isd = 0.5 mm (d/b = 0.052), b/a = 2 andw/a = 0.4. RF frequency
is 5 GHz andλg is the wavelength in the guide.

hand, fringing electric field accelerates electrons out of the iris.
On the other hand, a random drift due to the axial component
of the initial velocity of the secondary emitted electrons may
push many electrons away from the gap region. In our ridge
waveguide case, both effects are supposed to act but in the
transverse plane to the wave propagation, specifically parallel
to the ridge width of valuew.

For a better understanding of the fringing phenomenon in

Fig. 5. Multipactor voltage threshold for several ridge widths in symmetrical
configurations. From top to bottom: ridge, double-ridge and multi-ridge
waveguides. Gap length isd = 0.5 mm, d/b = 0.052 andb/a = 2.

ridged waveguides, an study of the voltage threshold depen-
dance with the ratio of ridge width to gap,w/d, has been
performed. It covers a wider range ofw/d values than the
previousw/a analysis. Results are presented in Fig. 7 for a
symmetrical single ridge waveguide but similar behavior can
be found for asymmetrical and/or multi-ridge waveguides. It
is observed than fringing effect raises up voltage threshold
asw/d ratio reduces. This behavior becomes more important
when w/d is close to unity or lower. On the other hand, for
w/d values higher than unity, threshold variations become
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Fig. 6. Multipactor voltage threshold for several ridge widths in asymmetrical
configurations. From top to bottom: ridge, double-ridge and multi-ridge
waveguides. Gap length isd = 0.5 mm, d/b = 0.052 andb/a = 2.

slighter.
Next, the effect of ridge gap variation on voltage threshold

was also studied for both symmetrical and asymmetrical
topologies (see Figs. 8 and 9, respectively). Like in the pre-
vious performed studies, it is observed a very slight variation
of the voltage threshold in terms of the gap for higherw/d
values considered.

Finally, multipactor voltage threshold comparison among
single, double and multi-ridge waveguide is presented for the
symmetrical case in Fig. 10. As it was pointed out in Figs. 5

Fig. 7. Multipactor voltage threshold for several values of ridge width to
gap ratio for single ridge symmetrical waveguide. Gap length isd = 0.5 mm,
d/b = 0.052 andb/a = 2.

and 6, RF voltage threshold increases as the ridge width
becomes smaller. Multi-ridge waveguide has the narrowest
ridges and therefore the higher threshold values, as it can be
expected.

IV. M ULTIPACTOR PREDICTION USINGSUSCEPTIBILITY

CHARTS

In this section, a simple multipactor prediction method
for complex microwave devices containing ridge waveguide
sections is presented. This procedure does not require any
additional multipactor simulation. Only the electromagnetic
field distribution inside the structure at the operating frequency
is needed. Once the electromagnetic fields are computed, the
electric field must be integrated in order to calculate the
voltage across the ridge gap sections using (1). As the electric
field typically varies with the axial direction [27], such voltage
must be evaluated for several axial points along the ridge
length. As a result, the highest voltageV

′
eq at each ridge in

the structure for an RF power input excitation, i.e.Pin = 1 W,
is found. For each frequency value, the device input power is
proportional to the square of the ridge voltage. Accordingly,
the multipactor input power thresholdPth at the input port of
the device related to a particular ridge section will be

Pth =
∣∣∣∣
Veq−th

V ′
eq

∣∣∣∣
2

Pin (2)

where the voltage thresholdVeq−th depends on the frequency
gap f × d of each particular section, which can be ex-
tracted from the previously computed multipactor susceptibil-
ity charts. Multipactor power threshold in the full structure is
the lowest power value obtained among all studied ridges. We
detail this method through the two following examples.

A. Evanescent mode filter

The first analyzed structure is an evanescent mode filter
extracted from [28]. Fig. 11 shows the filter topology, and
their dimensions are summarized in Table I. Input and output
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Fig. 8. Multipactor voltage threshold for several gap lengths in symmetrical
topologies. From up to down: ridge (widthw/a = 0.4), double-ridge
(2w/a = 0.4) and multi-ridge (3w/a = 0.4) waveguides. In all cases,
b/a = 2.

ports are implemented with WR137 waveguide (ain = 34.85
mm, bin = 15.80 mm).

The operation frequency is chosen to be centered in the
passband of the filter, namelyf = 9.78 GHz. Since the
considered structure consists of five identical ridges, the fre-
quency gap product isf × d = 3.08 GHzmm for all of
them. First, electromagnetic analysis of the full structure is
performed, assumingPin = 1W excitation at the input port.
The equivalent voltage over the gap has been computed for

Fig. 9. Multipactor voltage threshold for several gap lengths in asymmetrical
topologies. From up to down: ridge (widthw/a = 0.4), double-ridge
(2w/a = 0.4) and multi-ridge (3w/a = 0.4) waveguides. In all cases,
b/a = 2.

several axial points along the ridge sections (see Fig. 12).
Ridges are numbered from the input port to the output port as
indicated in Table I. From these results, multipactor threshold
can be predicted as follows. Since the ridge sections have
the very same gap values, the voltage thresholdVeq−th will
be the same for all of them. Therefore, the greatest voltage
among all the ridge sections must be found. From such
a voltage value and the voltage threshold extracted from
symmetrical waveguide charts, multipactor power threshold
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Fig. 10. Multipactor voltage threshold for symmetrical ridged waveguides.
Singe-ridgew/a = 0.4, double-ridge2w/a = 0.4 and multi-ridge3w/a =
0.4. Gap is0.5 mm (d/b = 0.052) andb/a = 2.

Fig. 11. Symmetrical evanescent mode ridge waveguide filter under consid-
eration.

at the input port can be obtained. Ridge sections have the
following dimensions:w/a = 0.45 and d = 0.315 mm. The
most similar situation in previously computed susceptibility
charts is found in Fig. 8 forw/a = 0.4 and d/b = 0.026.
From there, voltage threshold for the working frequency is
Veq−th = 310 V. Moreover, multipactor input power threshold
is also computed using FEST3D [23]. Results obtained from
both methods are summarized in Table II. The first column
indicates the number of the ridge section providing the highest

TABLE I
DIMENSIONS OF THE EVANESCENT MODE FILTER SHOWN INFIG. 11

ah 6.790 mm
bh 5.275 mm
w 3.050 mm
h 2.480 mm
d 0.315 mm

l1 = l6 0.250 mm
t1 = t5 0.901 mm
l2 = l5 7.785 mm
t2 = t4 1.411 mm
l3 = l4 8.278 mm

t3 1.411 mm

TABLE II
SUMMARIZED MULTIPACTOR RESULTS FOR THE EVANESCENT MODE

FILTER

Ridge V
′
eq (V) Ppred (W) PFEST3D (W)

5 105.4 8.65 9.09

Fig. 12. Equivalent voltage over the gap forPin = 1 W on several axial
points of the filter. Ridges 1 and 5 in (a), and ridges 2, 3 and 4 in (b).

voltage (and consequently where breakdown is expected to
occur); the second column gives the highest voltage value for
Pin = 1 W, V

′
eq; the third column is the predicted input power

threshold,Ppred; and the fourth column provides the input
power threshold computed by FEST3D,PFEST3D.

It is observed that both simulation and prediction match
up with the ridge section where the multipactor appears. In
addition, power thresholds obtained by two different proce-
dures are very similar, thus demonstrating the feasibility of
the prediction method. Note that the predicted threshold value
is always expected to be less than the simulated one, due to
the fact that in the susceptibility charts the ridge waveguides
have uniform fields along the axial direction. In a realistic case
the waveguide is connected to the adjacent discontinuities, and
the voltage along the waveguide varies, as depicted in Fig. 12.
This effect raises the multipactor threshold above the uniform
axial case.

Finally, it must be pointed out the advantage of using the
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Fig. 13. Electric field lines for multi-ridge waveguide section of the analyzed
filter.

Fig. 14. Multipactor voltage threshold for the symmetrical multi-ridge
waveguide of the waffle-iron filter under consideration manufactured in
copper.

new computed charts instead of the parallel-plate model charts.
From ECSS Multipactor Tool version 1.1 [6], power threshold
for the considered gap at the working frequency is3.44 W
(192.5 V). Comparing this value with the predicted one using
the new generated charts, it is found that the free-multipactor
power handling capability of the filter can be increased in4
dB. In fact, it is well known that parallel-plate model is rather
conservative for more complex waveguide geometries.

B. High-Power S-Band Filter

The last analyzed structure is a high-power S-band filter
whose topology and dimensions are detailed in Fig. 2 of [29].
The filter consists of 7 equal multi-ridge sections, each multi-
ridge transversal cross-section has 5 symmetrical ridges with
d = 2.413 mm gap. In Fig. 13 the electric field lines of the
transversal cross-section of the filter, which was constructed
in copper, are shown.

First, multipactor susceptibility charts are computed for a
single 5-symmetrical multi-ridge waveguide with transversal
cross-section dimensions of the filter. Results for copper are
shown in Fig. 14. For the copper SEY simulations we have
used:W1 = 35 eV, δmax = 2.3, andWmax = 165 eV.

After that, an electromagnetic analysis of the whole de-
vice is performed. Input and output ports are implemented
with rectangular waveguides of the following dimensions:
a = 72.1360 mm, b = 6.4516 mm. The operation frequency

TABLE III
SUMMARIZED MULTIPACTOR RESULTS FOR THE WAFFLE-IRON FILTER

Ridge V
′
eq (V) Ppred (W) PFEST3D (W)

7 13.921 1449 1532

Fig. 15. Equivalent voltage over the gap of the filter ridges forPin = 1 W
on several axial points.

has been chosen to be2.78 GHz and the frequency gap product
is f × d = 6.71 GHzmm for all the ridge sections. Equivalent
voltage between ridges was calculated for the central ridge
(where the electric field is higher), according to Fig. 15.
From susceptibility chart in Fig. 14, voltage threshold for
the working frequency isVeq−th = 530 V. With these data
multipactor power threshold prediction can be done. Table
III summarizes the main results (V

′
eq, Ppred, PFEST3D already

defined in the previous subsection).
Good agreement has been found between our predicted

value and the one provided by FEST3D. Comparing the
predicted power threshold value with the one corresponding to
the parallel plate model (676 W), there is relevant difference
of 3.3 dB between them.

V. CONCLUSIONS

In this letter, we have studied the multipactor effect in
ridged waveguides. Multipactor susceptibility charts have been
computed by means of the commercial software FEST3D for
several ridge and multi-ridge configurations. For each config-
uration, variation of the voltage threshold as a function of the
different waveguide dimensions is presented and a qualitative
explanation of such behaviors in terms of the fringing effect
is outlined. Afterwards, developed multipactor susceptibility
charts have been used to predict the RF input power threshold
for an evanescent mode filter and for a high-power S-band
filter, both containing ridges. Predicted multipactor values
have been compared with FEST3D simulations of the entire
structures and a very good agreement has been found in both
cases.
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