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Abstract—This paper presents a theoretical and experimen-
tal comparative study of the different multipactor threshold
values obtained in rectangular waveguide (RW) and groove gap
waveguide (GGW). To this end, the multipactor effect has been
first analysed in a RW with a recently developed theoretical
model. Then, the multipactor breakdown power levels in the
equivalent GGW have been predicted with an accurate electron
tracking code, showing a significant increment compared with
the RW case. In order to validate these results, two E-plane
WR-90 rectangular waveguide transformers have been designed
with a full-wave electromagnetic simulation tool. The central
sections of these transformers have been implemented in RW
and GGW, respectively, and their multipactor breakdown power
levels have also been predicted. The two designed transformers
have been fabricated in aluminium, and then measured in terms
of electrical response (scattering parameters) and RF multipactor
effect (power threshold values). All the experimental results agree
well with the set of simulated data, thus fully validating the
performed study.

Index Terms—Groove gap waveguide, multipactor effect,
rectangular waveguide, RF breakdown, waveguide transformer.

I. INTRODUCTION

MULTIPACTOR is a well-known and undesired high-
power effect that may occur in microwave components

operating under high-vacuum conditions [1], [2]. These de-
vices are present in a wide range of different scenarios, such
as satellite communication payloads, travelling-wave tubes and
klystrons, as well as particle accelerators. Multipactor effect
is due to an avalanche of electrons, producing a resonant
discharge inside the affected component with a large number
of adverse consequences [3]. Among them, we can mention the
increment of signal noise and reflected power, the generation
of signal harmonics, the detuning of resonant cavities and
some other negative effects (e.g. heating of device walls,
outgassing and even physical damages in the component).
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Some years ago, the first multipactor susceptibility charts
were obtained for parallel-plate waveguides using analytical
models [4] and empirical data [5]. More recently, the multi-
pactor effect has been studied in a wider variety of waveguides
and transmission lines, such as rectangular [6]–[8], circular [9],
elliptical [10], ridge [11] and coaxial waveguides [12], [13],
as well as planar microstrip lines [14].

For high power applications, a large number of components
operating in high frequency ranges (i.e. the Ku-band and
even beyond 20 GHz) are still implemented in rectangular
waveguide (RW) technology. However, the emergent groove
gap waveguide (GGW) technology, originally proposed in
[15], is becoming a very promising alternative thanks to its
potential advantages [16], [17]. The textured surface consisting
in a ”Fakir’s” bed of pins provides a high impedance boundary
that allows to control the reflection coefficient seen by the
surface waves [18].

A relevant feature of the GGW technology is that perfect
metallic contact between its different parts (top cover and
body) is not needed [19], [20]. For this reason, it is a good
candidate to replace the standard hollow RW in high frequency
components (as it was demonstrated in [21] with measured
data of re-assembling robustness tests). For instance, the prac-
tical realization of a V-band diplexer in GGW technology can
be seen in [22]. More recently, and for Ka-band applications,
an asymmetric orthomode transducer has been implemented
in GGW [23], and a magic-T based on a combination of ridge
and E-plane GGWs has been designed and manufactured [24].
GGW technology has also been successfully used in the field
of low-profile antennas, where artificial ground planes and
surfaces have been implemented [25], [26].

Despite the growing use of GGWs in high-frequency appli-
cations, there is only a recent contribution on corona discharge
breakdown in this technology [27]. This paper is aimed at
filling this gap, by performing theoretical and experimental
studies of the multipactor breakdown effect in GGW tech-
nology, and comparing the results with those for the RW
counterpart.

Therefore, this paper is organized as follows. First, the
multipactor threshold power is theoretically analysed in RWs
with a recently developed model [28], which is successfully
compared with the results of an available commercial code
and a simple parallel-plate model. Then, the multipactor effect
in GGW technology is studied with the cited commercial
code, which is based on an electrons tracking model using
the real electromagnetic fields of the GGWs. Next, in order
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Fig. 1. Geometrical representation of the two waveguides considered
in this study. In (a) the RW (for the standard WR-90: WG = 22.86
mm, HG = 10.16 mm), and in (b) the GGW with dimensions of
WG = 22.86 mm, HG =Hp = 10.16 mm, Wp = Lp = 4 mm and
Sp = 8 mm.
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Fig. 2. Dispersion diagram of the GGW-90 (unwanted modes with
solid lines and fundamental mode with square marks), and of the
WR-90 RW (fundamental mode with triangle marks).

to validate the previous theoretical comparative study, two
E-plane WR-90 waveguide transformers, where the central
sections are respectively implemented in RW and in its GGW
counterpart, are designed and manufactured in aluminium.
Then, the multipactor threshold levels of both transformers
have been measured, showing a good agreement with the
simulated data, and confirming the higher threshold values
of the GGW technology. Finally, the main conclusion of this
work are briefly summarized.

TABLE I
SEY PARAMETERS EXTRACTED FROM ECSS STANDARD

Material Emax(eV) E1(eV) δ0 δmax

Aluminium 276.0 17.0 0.8 2.92

Fig. 3. Comparison of the normalized values of EY (computed at 11
GHz) in the RW (WR-90) and the GGW (GGW-90) along the Lines
1 and 2, both located at Y = HG/2.

II. MULTIPACTOR CHARACTERIZATION IN RW AND GGW

In this section, we first detail the geometries of the two
considered waveguides (RW and GGW), and then we show
their multipactor threshold values using different analysis
methods and software tools.

For this work, the standard WR-90 RW (with nominal
values of 22.86 mm and 10.16 mm for its width and height,
respectively) is selected, and we have focused our multipactor
study in the frequency range 10-12 GHz (upper-end side
of the X-band) within the WR-90 monomode bandwidth.
This frequency range is chosen according to the RF power
availability in the facility where multipactor validation tests
are performed, i.e. the High Power RF Space Laboratory of
European Space Agency (ESA) and Val Space Consortium
(VSC). Additionally, the considered frequency range is com-
monly employed for transmitting the downlink channels of
Ku-band satellite communications. It is important to note that
the validated multipactor study can be directly scaled up to
higher frequency bands, where GGW is a very promising
technological solution.

The two waveguide geometries considered in this work,
together with all their relevant dimensions, are shown in Fig.
1. The well-known RW is shown in Fig. 1(a), where WG and
HG are, respectively, the width and height of the waveguide
(their values for the standard WR-90 case are included in the
figure caption). Fig. 1(b) displays the geometry of the GGW
with all involved dimensions. It basically consists of two metal
plates, where the bottom one includes a bed of pins that are
periodically spaced. WG and HG have the same meaning for
the GGW and RW (so the called GGW-90 will have the same
values as its RW counterpart, in this case the WR-90). The
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Fig. 4. Electron population evolution for the automatic power sweep
computed by SPARK3D for WR-90 RW at 11 GHz.

pins have a square cross-section (Wp = Lp), and Sp is the
separation or distance between adjacent pins. In this work, we
are going to consider the zero-gap GGW (in which the height
of the pins Hp is equal to HG), as originally proposed in [29]
and used in [30] to alleviate manufacturing burdens.

First, we have computed the dispersion diagram of the con-
sidered GGW-90, and the results are displayed in Fig. 2 (where
solid curves correspond to unwanted modes of the GGW,
and the curves with square and triangle marks are related,
respectively, to the fundamental modes of the GGW and the
WR-90 RW). As can be seen, the propagation behaviour and
operational bandwidth of both fundamental modes are very
similar, thus confirming (as it has already been studied before
in [17], [31]) the equivalence of both waveguide technologies.

Additionally, the magnitudes of the vertical component of
the electric field (EY ) for the fundamental mode of the two
waveguides (RW and GGW) are shown in Fig. 3, where both
results are normalized to the maximum value of EY in the RW
(see dashed line). These previous results (dispersive behaviour
and electric field magnitude) have been computed, respec-
tively, with the eigenmode and frequency-domain solvers of
the full-wave electromagnetic (EM) analysis tool CST Studio
Suite (v.2020, Dassault Systèmes).

As can be seen in Fig. 3, the electric field in the GGW has
a spread effect, having non-zero values in the bed of pins area,
whereas the electric field in the RW is totally confined inside
as expected. In addition, the maximum value of EY is reduced
(around a 6%) in the GGW with regard to the RW case, for
the same transmitted power. Since RF discharge effects are
strongly dependent on the electric field distribution (and its
maximum value in critical areas between metal plates), the
results of Fig. 3 are a clear indication that the GGW will
outperform the RW in terms of multipactor threshold levels.
Let us then proceed with the corresponding comparative study.

A. Multipactor Effect in RW
Two different software tools have been used to study

the multipactor effect in the RW. The first one is based

on a model originally developed for dealing with partially
dielectric-loaded RWs [28], which has been particularized for
the standard empty RW (thus being called AIR-RW in the
present work).

The other employed software tool is SPARK3D (v2020,
Dassault Systèmes), which first imports the EM fields inside
the RW (previously computed with CST Studio Suite in this
case), and then tracks the resulting electron motion by solving
the 3-D Lorentz force equation. This procedure is typically
used when complex structures are involved (see [32]), as it is
the case of the GGW considered in the next section.

In order to perform all the accurate multipactor simulations
included in this paper with SPARK3D, the following additional
consideration and configuration parameters must be taken into
account:

• The EM fields imported from CST Studio Suite must
be obtained employing the available tetrahedral meshing
solver, thus obtaining enough accurate information for
driving the motion of electrons with a reasonable com-
putational effort. For this purpose, an error between con-
secutive results (S-parameters of the considered structure)
lower than 1% is fixed.

• An initial value for the power of the microwave excitation
signal in the input port of the structure under analysis
must be provided (a low enough value, in the order of
few tens or hundreds of W is enough).

• A homogeneous electron seeding must be defined inside
the component under study, considering a minimum num-
ber of 104 electrons. Additionally, as a practical criterion
for multipactor event detection, a value of 100 is chosen
for the growing factor of the electron population.

After SPARK3D is properly configured, the code performs
an automatic power sweep to find the multipactor threshold
power level for the considered structure, providing also ad-
ditional output results with more information (such as the
multipactor order related to the detected discharge [1], and
the evolution of the electron population over time for different
power levels of the input signal). As a practical example,
Fig. 4 shows the electron population over time for the multi-
pactor analysis of the considered WR-90 RW operating at 11
GHz. As can be seen, the number of electrons decays for
a power value of 91.9 kW, whereas it grows exponentially
for 96.2 kW, thus confirming the threshold value of 94 kW
(between the previous two results) automatically detected by
SPARK3D. The same procedure must be repeated for any
other frequency in the considered range of interest.

For both software tools used in this section (i.e. AIR-RW
and SPARK3D), the secondary electron yield (SEY) data used
for the aluminium material of the RW under study are collected
in Table I. This practical information has been extracted from
the corresponding European Cooperation for Standardization
(ECSS) document [33].

Fig. 5 shows the multipactor results provided by the two
employed software tools for the considered WR-90 RW (see
Fig. 1(a)). As can be seen, small differences (below 0.5 dB)
are found between both results in the whole frequency range
of interest. However, the very high values obtained (between
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Fig. 5. Multipactor power threshold values (in kW) for the standard
WR-90 RW. Results from SPARK3D (with solid line), and obtained
with the model in [28] (with dashed line).
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Fig. 6. Multipactor power threshold values (in W) for the WR-90
RW with a reduced waveguide height (HG = 0.8 mm). Results from
SPARK3D (with solid line), and results obtained with the model
in [28] (dashed line) and with the ECSS model for parallel-plate
waveguides (dashed and dotted line).

60 and 120 kW) are not reasonable in order to perform an
experimental validation.

Therefore, in order to reduce the power threshold values
to measurable ones, we have considered a second RW where
the height dimension of the standard WR-90 is substantially
lowered (i.e. HG = 0.8 mm in Fig. 1(a)). The new reduced-
height waveguide has been analysed again with the two
multipactor analysis tools described before (i.e. SPARK3D and
AIR-RW). Additionally, the parallel-plate approach model can
be also used in this case (since HG << WG), following the
procedure detailed in [34]. All these results are successfully
compared in Fig. 6, where maximum differences smaller than
225 W can be observed between the three traces. Furthermore,
the new power threshold values are now between 2 and 3 kW,
which can be measured with the equipment available in the

(a)

(b)

Fig. 7. 2-D and 3-D geometrical representations of the reduced-height
GGW in (a) and (b). For the considered case: WG = 22.86 mm,
HG = 0.8 mm, Hp + HA = 10.16 mm, WP = LP = 4 mm and
SP = 8 mm.

experimental facility.
Thus, in the next section we will consider a GGW counter-

part with a reduced height (see the corresponding geometry in
Fig. 7, where WG = 22.86 mm and HG = 0.8 mm).

B. Multipactor Effect in GGW

In this case, due to the more complex geometry of the
reduced-height GGW (see Fig. 7), the multipactor analysis will
be only performed with the commercial tools SPARK3D and
CST Studio Suite, following the same procedure (and software
set-ups) just described before. Again, the material considered
is aluminium (whose SEY parameters are given in Table I).

Even though we are considering the zero-gap GGW [29],
due to practical manufacturing issues, a very small air gap
(with values of HA in Fig. 7 of the order of several tens
of microns) must be considered. However, these very small
gaps are a potential source of additional multipactor discharge,
which must be carefully studied and avoided as it has been
done next.

For a better understanding of this potential problem, we
have first represented the EY magnitude of the reduced-height
GGW-90 (WG = 22.86 mm and HG = 0.8 mm, considering
HA = 100 µm) in Fig. 8. It can be observed that the maximum
value in the air gap between the first column of pins and the
top metal plate (see the results for line L1). This value is 1.5
times greater than the maximum value of EY along the line
L2 (located at the center of the reduced-height GGW-90, i.e.
at Y =HG/2).

For certain combinations of maximum values of EY , RF
frequencies and gap distances (according to the multipactor
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Fig. 8. Comparison of the normalized values of EY (computed at
11 GHz) in the reduced-height (HG = 0.8 mm) GGW-90 with a gap
HA = 100 µm, along the lines L1 (solid line) and L2 (dashed line)
located, respectively, at Y = (HG −HA/2) and Y =HG/2.

Fig. 9. Electron cloud distribution of a multipactor discharge
(RF input power of 730 W at 11 GHz) inside a reduced-height
(HG = 0.8 mm) GGW-90 with an air gap of HA = 100 µm.

susceptibility charts for parallel-plate waveguides [4]), the
previous EM field distribution (see Fig. 8) can produce low
power threshold values (much smaller than the values of
Fig. 6 for the RW counterpart). An illustrative example of
this undesired phenomenon can be seen in Fig. 9, where the
electron cloud is clearly located in the pins area of a reduced-
height GGW-90 with an air gap of HA = 100 µm (considering
an RF input power level of 730 W).

Therefore, we must perform a parametric study in order to
find the optimum value of the air gap (HA), which ensures that
no multipactor discharge will take place between the pins area
and the top metal plate in the whole frequency range (from
10 to 12 GHz). Table II shows the results of this multipactor
study performed with SPARK3D, where information about the
power threshold values (and within parenthesis the multipactor
order of the generated discharge) are shown for the reduced-
height GGW-90 (considering different values for HA between
20 µm and 200 µm).

Based on the susceptibility charts for two parallel-plates of

TABLE II
MULTIPACTOR RESULTS OF THE REDUCED-HEIGHT (HG = 0.8 MM)
GGW-90 FOR DIFFERENT FREQUENCIES (IN GHZ) AND VALUES OF
HA (IN MICRONS): POWER THRESHOLD VALUES (IN W) AND

MULTIPACTOR ORDER (WITHIN PARENTHESIS).

Freq. 10.0 10.5 11.0 11.5 12.0

HA = 20 2836 3351 3914 4265 4547
(11) (11) (13) (13) (15)

HA = 50 2601 2414 2133 3445 3211
(11) (1) (1) (1) (1)

HA = 100 267 460 730 1441 2039
(1) (1) (1) (1) (1)

HA = 200 592 1066 1628 2414 3164
(3) (3) (3) (13) (13)

aluminium material [5], and considering a gap of 0.8 mm and
the frequency range between 10 and 12 GHz (i.e. a set of
f × d values from 8 to 9.6 GHz×mm), the expected order
of the multipactor discharge must always be clearly above
5. Therefore, this condition (a multipactor order larger than
5) is also an indicator that the discharge in a reduced-height
GGW is being generated in its central part (with a gap of 0.8
mm), and not in the region of very small gaps. Observing
the results of Table II, we conclude that HA = 20 µm is
an optimal choice for the practical implementation of the
zero-gap GGW-90, since it is confirmed that ”in such case”
the generated discharge is associated to the central gap of
the reduced-height (HG = 0.8 mm) GGW. Additionally, for
HA ≥ 50 µm, it can be seen how the power threshold results
for each particular frequency are reduced, corresponding to
multipactor discharges occurring in very small air gaps.

As an additional confirmation of this optimal choice, i.e.
HA = 20 µm, we can see that this value ensures, for frequen-
cies below 12 GHz, that f × d ≤ 0.24 GHz×mm in the very
small gaps. Using again the susceptibility charts for aluminium
parallel-plates in [5], it can be observed that no multipactor
discharge (of any order) can ever happen for such low values of
the f×d product. Finally, with further SPARK3D simulations,
we have also checked that multipactor results when HA is
below 20 µm keep identical to those for HA = 20 µm in
Table II.

From the previous study, it is therefore concluded that we
will consider a reduced-height GGW-90 with HA = 20 µm.
This small value of 20 µm (or even slightly lower) can
be guaranteed with accurate manufacturing techniques, as it
has been recently achieved in [30]. Additionally, through a
sensitivity analysis of the reduced-height GGW-90, it has
been confirmed that accurate electrical results (with virtually
no deviations against design specifications) are obtained for
HA ≤ 20 µm.

Before proceeding with the multipactor analysis of the
reduced-height GGW (see Fig. 7), we have obtained (using
again the eigenmode solver of CST Studio Suite) the corres-
ponding dispersion results considering also a very small air
gap (HA = 20 µm). This new dispersion study is shown in
Fig. 10, where solid curves correspond to unwanted modes
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Fig. 10. Dispersion diagram of the reduced-height GGW-90 (un-
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Fig. 11. Multipactor power threshold values (in W) for the GGW-90
with HA = 20 µm (solid line) and for the WR-90 RW (dashed line),
both of reduced height (HG = 0.8 mm).

of the considered GGW, and the curves with square and
triangle marks are related, respectively, to the fundamental
modes of the GGW and RW (with WG = 22.86 mm and
HG = 0.8 mm). It can be noticed that some additional
unwanted modes appear at very low frequencies, since a
very small air gap of HA = 20 µm is now considered, but
without effects on the propagation behaviour and operational
bandwidth of the fundamental mode. Then, and similarly to the
zero-gap GGW-90 case (see Fig. 2), it can also be confirmed
the equivalence of the reduced-height GGW (with a very small
air gap) and the RW counterpart. Thus, we will perform the
multipactor analysis of the GGW technology but considering
the reduced-height version, in order to obtain (as it occurred
with the RW counterpart in Section II.A) measurable power
threshold values.

Then, the multipactor analysis of the reduced-height
(HG = 0.8 mm) GGW-90 (with HA = 20 µm) has been
performed from 10 to 12 GHz. As expected, it was confirmed
that all observed electron discharges occur in the central part of

TABLE III
OPTIMIZED VALUES (IN MM) FOR THE E-PLANE WAVEGUIDE

TRANSFORMER BETWEEN REDUCED-HEIGHT (bRW = 0.8 MM) AND
STANDARD WR-90 (bWR90 = 10.16 MM) RWS.

Step LRW bRW

1 7.82 7.97

2 7.01 3.53

3 7.78 1.27

Fig. 12. Geometry and dimensions of the E-plane waveguide trans-
formers (where the variable names are the ones used in Tables III
and IV) .

the waveguide (X = 0 mm in Fig. 7), and that the multipactor
discharges are completely avoided in the critical areas between
pins and the top metal plate. The threshold results for the
GGW-90 are compared with those for the WR-90 RW case in
Fig. 11, where it can be observed that the power threshold
values are substantially higher for the GGW (a minimum
difference of 860 W with regard to the RW case is observed
in all frequencies between 10 and 12 GHz).

III. DESIGN OF THE E-PLANE TRANSFORMERS WITH
CENTRAL SECTIONS IN RW AND GGW TECHNOLOGIES

Once the reduced-height RW and GGW samples have
been designed, and analysed in terms of multipactor effect,
rectangular waveguide transformers connecting them to stan-
dard WR-90 RW access ports must be added. This is needed in
order to perform the experimental validation of the simulated
RF discharge results, since the output of the corresponding
power amplifier available in the testing facility is implemented
in the cited standard RW. Both transformers will also enhance
the matching conditions between the reduced-height and WR-
90 waveguides. For analysis and design purposes, we have
employed the software tool CST Studio Suite.

Due to the reduced bandwidth to be covered by the wave-
guide transformers, i.e. between 10 and 12 GHz, a simple
E-plane structure consisting of three RW sections (with a
constant width WG = 22.86 mm and different heights) is
considered in both cases (see geometry and main dimensions
in Fig. 12). They are based on the classical solution consisting
on the cascade connection of quarter-wavelength uniform
transmission lines [35], [36]. As can be seen in Fig. 12, the
smallest gap (lower height) is always located in the central
section of both transformers. Therefore, it can be concluded
that multipactor discharges will always take place in the
reduced-height RW and GGW under study.

First, we will proceed with the design procedure of the pro-
posed transformer between the reduced-height WR-90 (bRW
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Fig. 13. Simulated response of the designed E-plane transformer
between reduced-height and standard WR-90 RWs (in a back-to-back
configuration) with a central section of length 70 mm.

= 0.8 mm) and the standard WR-90 access port (bWR90 =
10.16 mm). The initial values for all design variables (LRWi

and bRWi) are obtained as follows: the lengths are equal to
λg/4 at the central frequency of the considered bandwidth
(where λg is the wavelength in each waveguide section),
and the heights (directly related to the modal impedances
of each waveguide section [37]) are chosen to recover the
characteristic impedances of the equivalent transformer based
on uniform transmission lines [35], [36]. Then, following
an optimization process, the final optimum values for all
involved design variables are obtained (see Table III). The
simulated response of the designed transformer, in a back-
to-back configuration with a central section of reduced-height
WR-90 RW and length of 70 mm, is shown in Fig. 13. As can
be seen, in the frequency range of interest (10-12 GHz), the
return losses (RL) are above 30 dB, and the insertion losses
(IL) considering aluminium in the simulations are lower than
0.13 dB. In order to validate the good performance of the
designed transformer, it has been checked that good matching
conditions (i.e. similar results to the ones of Fig. 13) are
obtained for a wide set of values for the length of the central
waveguide section.

Next, we perform the design of the second transformer
between the reduced-height GGW-90 (bGGW = 0.8 mm) and
the standard WR-90 access port (bWR90= 10.16 mm). We have
chosen again the same topology (and number of sections) of
the previous solution (see Fig. 12), considering the same set
of design variables (the lengths and heights of the three RW
sections). The choice of RW technology for implementing the
E-plane transformer simplifies the manufacturing process of
the complete structure (see Fig. 14(a)).

In this case, as initial values of the design variables of the
new transformer (i.e. LRWi and bRWi in Fig. 12), we take the
optimal values of the previous solution for the reduced-height
WR-90 RW (that can be found in Table III). Even though
the GGW has a direct correspondence with its equivalent
RW, their propagation characteristics are not exactly identical
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Fig. 14. 3-D internal view of the E-plane waveguide transformer
(back-to-back configuration) with a central section of reduced-height
GGW-90 (the first and last parts of the GGW are rows of pins) in
(a), and its simulated frequency response in (b).

TABLE IV
OPTIMIZED VALUES (IN MM) FOR THE E-PLANE WAVEGUIDE

TRANSFORMER BETWEEN GGW SECTION WITH REDUCED-HEIGHT
(bGGW = 0.8 MM) AND STANDARD WR-90 (bWR90 = 10.16 MM) RW.

Step LRW bRW

1 9.06 8.36

2 7.53 4.03

3 7.18 1.27

(very specially in wide frequency ranges) [17]. Therefore,
an optimization procedure of all involved design variables of
the new transformer must be performed, in order to meet all
frequency response specifications.

It must be also taken into account that the central section
of GGW-90 starts and ends with rows of pins, which are in
contact with the metal walls of the adjacent RWs (see Fig.
14(a)). Proceeding in this way, the discontinuity between the
central GGW-90 and the adjacent (front and rear) RWs is
minimized, thus helping to reduce the mismatching introduced
by the corresponding waveguide steps.
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Fig. 15. Electron cloud distribution of a multipactor discharge (RF
input power of 3.9 kW at 11 GHz) inside the transformer with a
reduced-height (HG = 0.8 mm) GGW-90 (air gap of HA = 20 µm)
central section.

TABLE V
MULTIPACTOR THRESHOLD VOLTAGES (IN V) FOR THE REDUCED HEIGHT

WR-90 RW AND GGW-90

Frequency (GHz) 10.0 10.5 11.0 11.5 12.0

TRF-GGW-TRF 444 461 488 506 522

TRF-RW-TRF 375 394 414 426 436

Data extracted from the susceptibility charts of Fig.16(b)

For this second transformer, after the optimization process
is concluded, the final set of dimensions can be found in Table
IV. The frequency response of the complete structure (back-
to-back configuration in Fig. 11(a) with a length of 65 mm
for the GGW) is displayed in Fig. 14(b). In the bandwidth of
interest (10-12 GHz), the RL and IL values are above 25 dB
and below 0.16 dB, respectively. We have also confirmed that
good matching conditions are preserved for different length
values of the GGW-90 central section.

IV. MULTIPACTOR ANALYSIS IN THE E-PLANE
TRANSFORMERS WITH CENTRAL SECTIONS IN RW AND

GGW TECHNOLOGIES

Once the two E-plane transformers (TRFs) are completely
designed, we can perform the comparative multipactor study
of the two reduced-height waveguide samples considered in
section II, i.e. the WR-90 RW and GGW-90 (both with HG =
0.8 mm). And for the GGW-case, as it was detailed in section
II.B, an air gap of HA = 20 µm was chosen, which is small
enough to avoid the multipactor effect in the pins area of the
zero-gap GGW.

In this study, we have used the software tools SPARK3D and
CST Studio Suite to perform the multipactor analysis of both
RW transformers (i.e. the ones with RW and GGW central
sections). For both cases, all the high-power simulations
performed have shown that the discharge electron clouds are
always located in the corresponding reduced-height waveguide
samples. This can be clearly seen in Fig. 15, where the
multipactor effect is taking place around the central area of
the GGW-90 section.
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Fig. 16. Multipactor threshold values (in W) for the reduced-height
(HG = 0.8 mm) GGW-90 with HA = 20 µm (solid lines) and
the WR-90 RW (dashed lines) including transformers (back-to-back
configuration) in (a), and susceptibility charts of both waveguides in
(b).

The power threshold results for the two E-plane
transformers (in a back-to-back configuration), with the
reduced-height WR-90 and GGW-90 central sections, are
compared in Fig. 16(a). As expected, both results are very
similar to the ones of Fig. 11 (waveguide samples without
transformers), which confirms the good performance of both
designed RW transformers. Likewise, we can observe in Fig.
16(a) that the threshold values are considerably higher for the
GGW in all considered frequencies between 10 and 12 GHz
(with a minimum difference of 820 W at 10 GHz).

Next, we have obtained the multipactor susceptibility charts
of both considered waveguides (reduced-height WR-90 RW
and GGW-90), which are included in Fig. 16(b). The multi-
pactor breakdown voltages have been computed, as detailed
in [32], within the central sections of the two E-plane
transformers in a back-to-back configuration. The specific
values for certain frequencies of the considered bandwidth (10-
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Fig. 17. View of the two manufactured transformers (top and body in each
case) with a central section in RW (left) and GGW (right) technologies.

12 GHz) are collected in Table V. All these results confirm,
again, the better performance of the GGW over RW in terms
of RF multipactor breakdown effect.

V. EXPERIMENTAL RESULTS

The two E-plane transformers, whose central sections
include the designed RW and GGW samples, have been
manufactured in aluminium employing a milling technique (as
can be seen, with a back-to-back configuration, in Fig. 17).
Both simulated and measured frequency responses are shown
in Fig. 18 (for the RW central section) and in Fig. 19 (for the
GGW case). In general, a good agreement between simulated
and measured data is observed. Some few discrepancies (in
particular a frequency shift of the S11 parameter for the
GGW case) are attributed to small manufacturing tolerances.
It can also be observed a slight difference (around 0.25 dB at
frequencies above 10.5 GHz) between the measured IL values
for the two transformers (with GGW and RW central samples).
For the GGW case, additional ohmic losses can be present, due
to the surface currents induced in the metal pins by residual
EM fields located in the very small air gap regions. However,
taking into account that the experimental multipactor study
is performed in the frequency range 10.5-12 GHz, it can be
concluded that both transformer responses are compliant with
the requirements needed (in terms of both IL and RL levels)
for performing the high power tests.

As indicated before, the multipactor experimental campaign
has been performed at the High Power RF Space Laboratory of
ESA and VSC, where all necessary equipment (in particular,
power amplifiers for the selected Ku-band frequency range) is
available. A standard experimental setup (according to [34])
was assembled for performing the multipactor measurements
of both manufactured prototypes. For detection of the potential
RF discharges, the global detection methods used were the
phase nulling and the third harmonic systems, since they are
very effective with single carrier continuous wave signals.
Additionally, a local detection method (based on electrome-
ters detecting the electron population growth in the vicinity
of critical areas of the samples) was also employed. Two
different electron sources have been used for performing the
experimental measurements of the multipactor effect. The first
one employs a radioactive isotope of Strontium (Sr90). The
second source is based on the injection of Ultraviolet (UV)
light within the sample under test, thus illuminating the critical
area where the RF multipactor discharge is expected to occur.
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Fig. 18. Measured and simulated responses of the transformer (in
back-to-back configuration) with central section in RW technology.
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Fig. 19. Measured and simulated responses of the transformer (in
back-to-back configuration) with central section in GGW technology.

Table VI includes the experimental results for multipactor
power threshold values (in W) of both transformers (with RW
and GGW samples), obtained with the two electron sources
outlined before (i.e. Sr90 and UV light). The same results
are graphically compared in Fig. 20. As can be seen for
the results of the RW sample, both sets of measured data
(RW Sr90 and RW UV) follow a similar trend, but the
values obtained with the Sr90 source are higher. This small
difference may be attributed to the fact that electrons radiated
by the Sr90 source must penetrate the aluminium walls of the
manufactured prototype. Even though the thickness of such
metal walls is low (typically less than 1 mm), the number of
available primary electrons will be reduced somehow, which
is not the case with the UV light source (located inside the
waveguide device under test).

In the case of the GGW sample, measurements have been
performed for all considered frequency points (10.5, 11, 11.5
and 12 GHz) using the UV source, whereas experimental data
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TABLE VI
EXPERIMENTAL AND SIMULATED RESULTS FOR MULTIPACTOR POWER
THRESHOLD (IN W) FOR THE TRANSFORMERS WITH RW AND GGW

CENTRAL SECTIONS

Frequency (GHz) 10.5 11.0 11.5 12.0

RW Sr90 1870 2060 2643 2900

RW UV 1580 1900 2463 2640

RW SPARK3D 2246 2480 2754 3027

GGW Sr90 2530 2740a 2950b 3146c

GGW UV 2350 2560 2770 2966

GGW SPARK3D 3351 3914 4265 4547
a,b,c Values obtained by linear extrapolation
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Fig. 20. Multipactor power threshold values (in W) for the trans-
formers with RW and GGW central sections using electron sources
of Sr90 and UV light.

with Sr90 source has been obtained at 10.5 GHz (due to the
large set of measured data already available). Observing a
similar difference between the measured data (GGW Sr90 and
GGW UV) at 10.5 GHz as the one in the RW case, the rest
of the values have been adjusted following a linear trend (the
same one observed for the GGW results with UV light source).
This has also been indicated in the footnote of Table VI.

Comparing now the experimental results for the RW and
GGW samples, using for each comparison the same type of
electron source (i.e. UV light and Sr90, respectively), we can
confirm that GGW outperforms RW in terms of RF multipactor
breakdown in the whole frequency range. For instance, using
the UV light source, the positive differences between threshold
power levels of GGW and RW samples are of 770 W (at 10.5
GHz) and 326 W (at 12 GHz). This fully validates the same
conclusion reached with the simulated results of sections II
and III, that was also advanced with the observation of the
different values and distributions of the electric fields in both
technologies (remember Fig. 3).

Figs. 21 and 22 compare the breakdown power levels of
simulated results (obtained with SPARK3D) and experimental
data (using Sr90 and UV light electron sources) for the two
transformers with RW (Fig. 21) and GGW (Fig. 22) central
sections. In both cases, the simulated results are above the two
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Fig. 21. Comparison of simulated (SPARK3D) and measured results,
using Sr90 (RW Sr90) and UV light (RW UV) electron sources, of
the transformer with a RW central section.
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Fig. 22. Comparison of simulated (SPARK3D) and measured results,
using Sr90 (GGW Sr90) and UV light (GGW UV) electron sources,
of the transformer with a GGW central section.

sets of measured data, which can be attributed to the real SEY
values of the aluminium material employed in the fabrication
of the two prototypes. Nevertheless, the experimental results
for both transformers (with RW and GGW central elements)
can be directly compared, since both come from the same
batch (they were built using the same material, manufacturing
process and machinery).

VI. PRACTICAL CONSIDERATIONS

In this section, and after completing a detailed study on
the multipactor effect in the GGW technology, including
both theoretical results (obtained with available commercial
software tools) and experimental validation data, several con-
clusions and related practical aspects are outlined. We will
discuss the most relevant parameters affecting the multipactor
discharge in this technology, making special emphasis on
the practical considerations for designing future components
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in GGW technology with a good response in term of RF
discharge effects. Prospects for the potential use of this
technology in the millimeter-wave frequency range, and par-
ticularly for high power applications, are discussed next.

In the recent years, several wireless applications in the
millimeter-wave frequency range (with operational frequencies
above 30 GHz) are emerging, where high data rate com-
munication services can be provided due to the available
bandwidth [38]. Among them, we can mention the next 5G
wireless communication systems using the Ka-band, as well
as scanning applications and future indoor wireless systems
implemented at 60 GHz (Q- and V-bands) and even in the
E-band (60-90 GHz). Due to the high attenuation of the radio
signals in these frequency spectrum bands, low insertion loss
components and their integration in single physical platforms
(avoiding packaging and leakage issues) are demanded. In this
context, the GGW technology has been recently employed
for implementing integrated millimeter-wave transceivers [39],
including radiator elements, feeding networks, active circuits,
filters, diplexers and orthomode transducers [40]–[42] . The
practical use of this technology has also been demonstrated
with the design and realization of a complete E-band radio
front end [43], where a system packaging solution integrating
passive and active circuits is addressed [44]. In the previous
applications, and particularly in other potential areas of use
of the GGW technology, for instance with radar (both aerial
and terrestrial) systems and satellite communication links, the
transmission of high power signals will be needed. Thus,
the performance of this technology in terms of RF discharge
effects (such as multipactor and corona) must be researched
and duly considered.

Based on the theoretical and experimental results included
in this work, it can be confirmed that GGW technology
behaves, in terms of multipactor effect, very similarly (or
slightly better) than the well-known standard RW counterpart.
Nevertheless, it must be pointed out that results of this work
correspond to simple sections of empty waveguides in both
technologies. In order to perform a more complete comparative
study, further research work should be performed in this
area of multipactor, for instance considering the behaviour
of more complex passive components (such as low-pass and
band-pass filters, widely used in the output stage of satellite
communication payloads). The good results obtained in this
work (of practical interest, due to the considered frequency
range, for satellite down-link channels operating in the Ku-
band) should also be confirmed at higher frequency bands
(such as the Ka-, Q- and V-bands, of great interest in present
and future satellite communication systems). At these higher
frequencies, GGW can be a competitive technological solution,
having already shown very promising results in terms of
electrical response and mechanical robustness at V-band [21].

In general, RF multipactor discharges are strongly de-
pendent on the magnitude of the EM fields between two
parallel metal surfaces, the gap distance between them and the
frequency value of the RF continuous wave excitation signal
(the so-called f×d product), as well as on the SEY properties
of the involved materials [1]. Multipactor susceptibility charts
(giving threshold values in terms of f×d) have been provided,

based on theoretical models and empirical data (as shown in
[2] and [4]), for the parallel-plate case. More recently, and
making use of available commercial tools for computing the
EM fields and tracking the resulting electron motion, more
accurate results for estimating the power threshold values have
been obtained for rectangular waveguide structures [7]. Based
on this more accurate approach, we have performed a detailed
multipactor study of the GGW technology, having identified
relevant practical aspects to be discussed next.

First of all, and taking into account that the GGW
technology behaves as an equivalent RW counterpart, we
have computed the electric fields in these two waveguides
(see Fig. 3) to confirm the location of the most critical
region for the multipactor discharge (where the electric field
is higher). From this comparative study, we have already
concluded that the electric field distribution, and the maximum
value, are more convenient for obtaining higher multipactor
threshold values in the GGW technology. However, and as it
happened with the multipactor study in RW technology [7],
we must also consider a reduced-height GGW in order to
obtain measurable power threshold results. For this purpose,
we have proposed the reduced-height GGW, having proved it
is equivalent to a RW counterpart with the same dimensions.
Then, the multipactor study has been focused in these reduced-
height waveguides, with the aim of completing the theoretical
results with experimental data to be measured using available
high power equipment.

Next, a very relevant aspect affecting the multipactor results
for the considered GGW has been identified and studied in
detail. The classical implementation of the GGW technology
is realized allowing a certain gap (with values of several
tenths, or even units, of millimeters) between the top metal
plate and the one including the bed of periodic pins [20],
where maximum values of the electric field can be present
(as shown in Fig. 8 of this work). In such a case, authors have
checked that the power threshold values for the GGW are
strongly reduced, due to the emergence of multipactor effect
in the identified small gap critical regions. For avoiding this
potential limitation, authors have proposed to use the zero-
gap implementation of the GGW technology [29], where air
gaps of 20 microns (or less) can be practically guaranteed
[30]. A parametric study of the multipactor effect (described
in Section II.B) has confirmed that, for small air gaps (of 20
microns or less) the RF discharge will not appear in these
problematic areas, thus recovering power threshold values for
the GGW even higher than for the standard RW counterpart.

The previous conclusion is extremely relevant from a practi-
cal point of view, since it has raised a critical parameter for the
design of future components based on the GGW technology, in
order to avoid a drastic reduction of the power threshold values
for the multipactor effect. The proposed solution, i.e. the zero-
gap GGW considering also small air gaps due to practical
manufacturing issues, has been confirmed (both theoretically,
and also with the experimental results in Section V) to behave
as well as the classical RW counterpart.

Finally, it must be remarked that no other previous studies
about multipactor effect in the GGW technology are found in
the technical literature. However, and as it was indicated in
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the Introduction, simulated results for another RF discharge
effect (called corona or gas breakdown which, contrarily to
multipactor, requires some pressure inside the component) can
be found in [27]. In this complementary work, and in order to
avoid the previously cited problem of higher electric fields in
small gap regions (of several tenths of millimetres) around the
pins (thus also limiting the corona breakdown power level), an
optimization of the dimensions of the bed of periodic pins is
successfully proposed. Such interesting solution, which may
also involve a reduction of the operational bandwidth of the
GGW, will not be useful in our case, since the residual electric
fields in the cited small air gaps can still generate multipactor
with a reduced power threshold value.

From previous paragraphs, all relevant parameters affecting
the power threshold values of multipactor effect in the promis-
ing GGW technology, have been identified and thoroughly
studied. Besides, practical considerations to be followed with
the implementation of this technology, with the aim of pro-
viding a satisfactory response in terms of multipactor effect,
have also been discussed.

VII. CONCLUSION

In this work, a theoretical and experimental comparative
study of the multipactor effect in RW and GGW technologies
has been performed. For these purposes, simulated results
(using different models and commercial software tools) are
shown for standard and reduced-height RW and GGW sam-
ples. The zero-gap GGW implementation (considering that a
very small air gap will be always present) has been chosen,
thus avoiding the potential risk of suffering multipactor (with
low threshold values) in the pins area of the periodic hosting
structure. For validation purposes, two RW transformers with
reduced-height central sections (implemented in RW and
GGW technologies) have been successfully designed and
manufactured. In both cases, it has been confirmed that po-
tential RF discharges can only occur in the central sections
hosting the RW and GGW samples under study. Experimental
results (of both electrical responses and high vacuum RF
discharges) fully confirm all previously simulated results, as
well as the outperformance of the GGW technology in terms
of multipactor effect.
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cia. In 1995 and 1996, she held a Spanish Trainee

position with the European Space research and Technology Centre (ES-
TEC)–European Space Agency (ESA), Noordwijk, The Netherlands, where
she was involved in the study and implementation of software for synthetic
aperture radar (SAR) image processing. In 1996, she returned to the Univer-
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