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ABSTRACT

This article presents the theoretical study and experimental validation of the multipactor (MP) effect in bandpass
filters implemented in groove gap waveguide (GGW) technology. Such filters are based on inductive coupling irises
and rectangular cavities, whose optimized dimensions (widths and lengths) are fixed between rows of metal pins. For
validation and comparative purposes, experimental results for both the GGW and its counterpart realized in standard
rectangular waveguide (RW) technology, are included. For the effective design of the considered GGW filter, an equivalent
counterpart in standard RW technology will be first studied, using very efficient tools for computing its electrical response
and MP discharge breakdown level. Both filter prototypes, designed to operate at 17.5 GHz (for Ka-band satellite downlink
applications), are made of aluminium, whose properties (in terms of secondary electron emission) have been measured
and duly considered in their theoretical analysis (of multipactor breakdown thresholds) using available software tools. An
outstanding matching between all predicted and experimental results is achieved.

I. INTRODUCTION

Multipactor (MP) is a potentially harmful discharge effect that occurs inside microwave components operating
under high-vacuum conditions. In these situations, electrons allocated inside the device can be accelerated by electromag-
netic (EM) fields of high amplitude (power level), pushing them (in a synchronized way) towards the surrounding surfaces,
where they may impact with enough energy to extract more (and more) secondary electrons [1], [2]. If all these conditions
are fulfilled, an electron chain discharge effect is produced inside the component, whose features (intensity and dynamics)
strongly depends on the surface material property known as the Secondary electron Emission Yield (SEY) [3]. The resonant
discharge inside the MP-affected component creates an electrical short-circuit that generates signal harmonics, decreases
the signal-to-noise ratio (SNR) and, eventually, causes physical damages [4]—[6]. Thus, MP discharges have a great impact
in many practical applications dealing with high-power microwave signals inside high-vacuum operating components, as
it occurs in the output stage of satellite communication payloads [7]-[9] and in particle accelerators [10].

As it is well known [1], [2], the MP breakdown power (or MP threshold level) is directly related to the product of
the operating frequency f (in GHz), and the gap distance d (in mm) between two surfaces of the microwave component. This
dependence is clearly observed in the corresponding MP susceptibility charts, that were firstly obtained for parallel-plate
waveguide geometries using analytical models [1] and empirical data [11]. Later on, several methods have been used for
the study of the MP effect in widely common high-frequency technologies [12]-[16]. More recently, in order to estimate
the MP threshold levels of advanced microwave hardware used in real applications, fast approximate techniques based on
equivalent circuits, as well as on more accurate (and time-consuming) simulators for particles driven by EM fields, are
also being employed [17].

A general trend in satellite applications is to increase the channel bandwidth (in order to support greater
transmission rates), thus leading to higher operational frequencies. Indeed, this is the case of the high throughput satellite
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Fig. 1: Geometry (top-view) in (a), and simulated and measured electrical response (S-parameters) in (b) of an inductive
filter in RW technology (a= 12.95 mm, w;= 7.73 mm, wy= 5.86 mm, /;= 8.05 mm, /= 9.18 mm and ¢= 3 mm, for a
bandpass response of center frequency 17.5 GHz and relative bandwidth 3.85%). The height of the structure is 6.477 mm
(for WR-51 ports) and 3 mm (for the optimal solution).

(HTS) systems [18], [19]. A recently emerged technology for the practical implementation of the involved high-frequency
components, relies upon the use of groove gap waveguides (GGWs) [20], as recently demonstrated in [21]-[25] with
several filters and diplexers. In this GGW solution, the tight metallic contact between the top lid and the body, which is
always required when using the standard rectangular waveguide (RW) technology, is widely relaxed. To this end, periodic
rows of pins are used in the GGW body to provide a high-impedance condition to the top lid, so the cited perfect metallic
contact is not anymore needed [26]-[28].

However, real components may suffer from high-power discharges (in particular MP breakdown) within the cited
tiny gaps between metallic surfaces (top cover and body), thus limiting their power-handling capabilities. Nevertheless, and
so far, there are only two very recent contributions addressing the problem of electronic discharges in GGW technology
[29], [30]. Therefore, there is a complete lack of theoretical and experimental studies of the MP effect in GGW filters,
which are aimed to be fully addressed in this article. A comparison of the GGW filter results with those for a counterpart
in standard RW technology is also performed, in order to confirm they can be alternative technological solutions.

In this paper, we will consider a GGW filter (with a bandpass response of 675 MHz centered around 17.5 GHz)
based on cavities coupled through inductive irises. For its complete design process (both in terms of electrical response
and MP effect), the filter counterpart in RW technology will be first studied, using efficient software tools based on modal
analysis and MP theoretical models specially suited for RW geometries. Proceeding in this way, the maximum value of the
filter height (compatible with the MP breakdown power levels that can be measured in the available experimental facility)
will be found, hence also considering a more realistic component in terms of GGW height. The next sections of this paper
cover all cited contents related to the electrical design, and MP effect analysis, of the proposed GGW filter and its RW
counterpart. Experimental results for both filter prototypes, obtained from a test campaign performed at the High Power
Laboratories of the European Space Agency (ESA) and the Val Space Consortium (VSC) [31], are compared and properly
discussed. Finally, the main conclusions of this work are briefly outlined.

II. MULTIPACTOR ANALYSIS OF INDUCTIVE FILTERS IN RECTANGULAR WAVEGUIDES

Inductively-coupled RW filters are based on the cascade connection of RWs (all with the same height, but
with different width values), whose geometry (top-view) can be seen in Fig. 1a. For this work, a third-order RW filter,
with a Chebyshev response centered at 17.5 GHz (Ka-band) with a relative bandwidth of 3.85% (around 675 MHz), has
been designed using the automatic synthesis tool of FEST3D (CST Studio Suite, Dassault Systemes [32]). The resulting
dimensions of such RW filter are included in the caption of Fig. 1, whereas its simulated electrical response (matching the
required specifications) is shown in Fig. 1b.

The filters are fed with a standard WR-51 (of size 12.954 mm x 6.477 mm). For such a nominal height value (i.e.
6.477 mm), the MP breakdown power levels will be of several tens of kW (well beyond the maximum value available in
the experimental facility [31], which is around 5 kW for the considered Ka-band frequency range). Thus, the height value
must be properly reduced. For this purpose, an effective iterative procedure (based on very efficient MP analysis models)
will be used to find the optimal height solution.

We can see in Fig. 2 that the maximum value of the electric field magnitude is located in the center of the second
(central) cavity. Due to the particular geometry of inductive filters (invariant with height), the pattern for the electric field
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Fig. 2: Electric field distribution in the RW inductive filter computed at 17.5 GHz (with levels scaled for an input power
level of 1 W and a height of 6.477 mm).

distribution is kept constant for any height value. Therefore, the same location for having a MP discharge can be considered
in the iterative design process of the filter height.

We will first compute the MP threshold power of a uniform section of the RW implementing the central cavity
(Prg), using a MP analysis tool based on the effective-electron model, originally developed and validated in [33], [34]
(Numerical-RW). Additionally, a simplified version of the previous tool (based on the analytical resolution of the effective
electron trajectory) has also been developed for this work (Analytical-RW). Even though both models can solve the MP
discharge effect in empty RWs very efficiently, the second version is extremely fast, and particularly suitable for the
proposed procedure. It is based on neglecting the influence of the magnetic field components of the RW fundamental
mode, valid when calculating electron trajectories under non-relativistic velocities, which is the usual case in microwave
hardware for satellite applications, so that the resolution of the effective electron trajectory is analytical.

We can easily relate the previously computed Prp value with the peak voltage level (Vrpy) required for such a
discharge, using the well-known relationship [17]:

Pru
Vra = Viw \/m=Vlw VPru (1)

where V) w is the peak voltage in the critical gap of the uniform RW (which is located at the waveguide center, where the

TE |y mode electric field is maximum), for a mean power level of 1 W at the waveguide input port (P1w= 1 W). However,
we finally need to know the MP threshold power at the input port of the whole inductive filter (Prrq), that will be lower
than the previous one (Prp) due to the voltage magnification effect originated in the resonant cavities of bandpass filters
[7]. In this case, we can easily compute the value of Prrp as follows:

VTH 2 VlW 2
=P 2
VFlW) TH (VFIW) )

where Vgw is the value of the peak voltage in the middle of the central resonant cavity of the filter for a 1 W mean power

level at the filter input port (Priw= 1 W). It must be noted that the values of Viw and Vrw are also efficiently computed
with the software tool FEST3D. Applying this procedure to our case, iteratively, an optimal value of 3 mm for the RW
filter height is found after completing few simple steps.

Next, we will check that the two efficient MP analysis tools used in this work (the Numerical-RW and the
Analytical-RW ones) do also provide accurate results. For this purpose, we have first considered a uniform RW section
of size 12.954 mm X 3 mm, made of aluminium material (whose standard SEY data, from [35] and compiled in Tab. I,
are used). For validation of the Pyy values obtained for the cited RW, we have also used the well-known software tool
SPARK3D (v. 2023, Dassault Systemes), based on a more elaborated algorithm for tracking electrons driven by the real
EM fields inside the component. In order to get the results, 10 000 initial electrons were homogeneously distributed within
the uniform RW section, thus involving 24 hours for the complete simulation of MP effect at each frequency point. This
extremely large computational effort is directly related to the very high order of the MP mode excited in the uniform RW
(that SPARK3D has predicted to be equal to 73), as it can be expected for a value of the frequency-gap product (f X d)
of 52.5 GHz x mm, considering the central frequency of 17.5 GHz.

Using the two efficient tools for the MP effect analysis, properly configured as detailed next, we have also
computed a very close value (of 71) for the order of the excited discharge mode. These results confirm that a large number
of half-cycles of the sinusoidal excitation signal must be considered to reach reliable MP results. Thus, longer temporal
simulation intervals will be involved, which discourages the use of very accurate (but less computationally efficient)
commercial tools in this case. Both the Numerical-RW and the Analytical-RW tools have computed the Prgy values of
Fig. 3a following the same statistical approach. For each power value, the trajectories of 36 effective electrons, with initial

Prra = Priw (
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Fig. 3: Pry for the WR-51 RW with a height of 3 mm, computed with SPARK3D (solid line) and with the two efficient
MP tools for RWs (Numerical-RW and Analytical-RW with dashed and dotted lines) in (a), and Prg of the filter in WR-51
RW with a height of 3 mm (Prrg, left-hand side scale), and filter group delay (GD, right-hand side scale), computed with
the Analytical-RW tool (Pry values) and FEST3D, respectively, in (b).

TABLE I: Standard and measured SEY data for aluminium (Al) material.

[ Material [ Emax V) [ Ei (V) [ 60 [ bmax |
Al (ECSS2020 [35]) 276.000 17.000 0.800 2.920
Al (measured) 246.500 16.154 0.903 2.485

phases of the driving electric field uniformly distributed between 0° and 360°, are computed. They are launched from the
center of the RW, and from random positions between y = -1.5 mm and y = 1.5 mm. After 300 periods (T = 1/ f) of the
high-frequency excitation signal, for all simulated trajectories, the average value of the final population of electrons (N)
is used to determine (if such a value is above 1) that a MP discharge has occurred. It is important to note that the results
obtained with the Analytical-RW tool were computed in just 2 minutes per frequency point, while those provided by the
Numerical-RW approach took 55 minutes per frequency point. Fig. 3a shows the three sets of previous results for 11 points
in the frequency range from 17 GHz to 18 GHz (where the whole pass-band of the RW inductive filter is included). As
can be seen, a very good agreement between all MP results is achieved.

Next, using the values of Py provided by the Analytical-RW tool (see Fig. 3a) in (2), together with figures for
Viw and V1w computed before, we have finally estimated the levels of Prry of the RW inductive filter, shown in Fig. 3b,
which confirm that all values of Prrpy for the selected optimal height (i.e. 3 mm) remain below the maximum breakdown
level occurring at 17.5 GHz (the filter center frequency) and, therefore, it is suitable for performing MP measurements
in the selected facility. As can be seen, the minimum values of Prry are coincident with the peaks (maximums) of the
filter GD (where the time-averaged stored energy (TASE) in the filter structure is also maximized) [17]. Finally, we have
computed the value of Prrpy for the RW filter (at 17.5 GHz) using the accurate commercial tool SPARK3D which predicts
a value of 3093 W for Prrpy (higher than the maximum value at 17.5 GHz in Fig. 3b, but still distant enough from the 5
kW limit of the experimental facility).

III. MULTIPACTOR ANALYSIS OF INDUCTIVE FILTERS IN GROOVE GAP WAVEGUIDES

Once the RW inductive bandpass filter has been deeply studied, we will proceed with its practical implementation
in GGW technology (see the 3-D view of the proposed topology in Fig. 4a), and the corresponding MP analysis. For these
purposes, more accurate (but less efficient) software tools (such as the high-frequency EM simulation solver of the
aforementioned CST Studio Suite [32], and the electrons tracking code SPARK3D) will be needed to cope with the
more intricated GGW geometry. To alleviate the corresponding computational burdens, we will rely on the available RW
inductive solution as it is described next.

First, each RW (with the optimal height of 3 mm found in section II) of the inductive filter is directly replaced
with its corresponding GGW counterpart (whose geometrical details are given in Fig. 4b). Regarding the periodic bed of
pins (of square cross-section with size /,, separated a distance equal to s, see Fig. 4b), it has been properly designed for
implementing the high-impedance surface of the GGW technology, thus obtaining /,,= 1.02 mm and s,= 0.96 mm for
a nominal height value of H,= 6.477 mm and a = 12.95 mm. Such a textured surface, together with the top metal lid,
prevent any potential leakage of EM energy through the GGW lateral sides [26], [27]. In this work, the zero-gap GGW
realization (with H4 in Fig. 4b ideally equal to O um) is used. The zero-gap solution is very convenient to avoid undesired
MP discharges that, as thoroughly studied with uniform GGW sections [30], can be easily triggered at very low power
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Fig. 4: 3-D view of the inductive bandpass filter in GGW technology in (a), and 2-D geometrical representation of each
GGW in (b)

400

UJmed modes Operative anlwhjﬂ’;/ L‘L\mnm mode

300 -

200

B(rad/m)

100 -

i I T S
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Frequency(GHz)

Fig. 5: Dispersion diagram of the GGW with size 12.954 mm X 3 mm, pins of /,= 1.02 mm, s,= 0.96 mm and H4= 20 um
(unwanted modes with solid lines and fundamental mode with triangles marks), and of the equivalent RW (fundamental
mode with circle marks).

TABLE II: Optimized values for dimensions (all in mm) of the RW and GGW inductive filters.

[Dimension [ @ [ wi [ i [ wy [ L | t ]
RW 1295 | 7.73 | 8.05 | 5.86 | 9.18 | 3.00
GGW 1295 | 7.71 | 7.89 | 5.80 | 9.07 | 3.00

levels in the cited larger air gaps of the classical GGW case. However, due to mechanical tolerances, very small air gaps
(Ha < 20 um) may be present in the produced pieces. Therefore, it has to be verified that such more realistic GGWs do
not deviate (in terms of electrical response and MP discharge) from the ideal zero-gap case.

For this purpose, the dispersion diagrams of both waveguide implementations (in particular those of size 12.954
mm X 3 mm, used in the ports and resonant cavities of the two filters, and with H4 = 20 um for the GGW real version)
are computed using the eigenmode solver of CST Studio Suite. As can be seen in Fig. 5, apart from some additional
unwanted modes that appear in the GGW case (e.g. the ones at low frequencies due to the small, but non-zero, value
of 20 um considered for H4), both fundamental modes do have overlapped dispersion responses in the same operational
bandwidth. Thus, the proposed replacement of each RW in the original filter by its corresponding GGW implementation
(with Hx < 20 um), is well justified in the single-mode frequency range of both waveguides.

In terms of the MP discharge, an empirical verification that such effect will not be produced (with very low power
levels) in the cited small air gaps (of height values H4 < 20 um), is performed using the well-known susceptibility charts of
parallel-plate geometries. For the considered range of realistic values for H 4, and at frequencies in the operational bandwidth
of the GGW filter (below 18 GHz), the frequency-gap product (f X d) will always meet that f X d < 0.36 GHz X mm.
Based on the standard susceptibility charts for aluminium material [11], and for such low values of the f X d term, it
can be noticed that no MP discharge (of any order) will ever occur. As a result, we can also replace RWs by real GGW
realizations (with H4 < 20 um) without affecting the MP response of the inductive filter.

It is an optimal choice to use, as initial values for all dimensions of the GGW filter to be designed, those found
for the RW case (whose data are compiled in the first row of Tab. II). Proceeding in this way, and supported by CST
Filter Designer 3D tool (also part of CST Studio Suite), the entire design process of the inductive bandpass filter in
zero-gap (Hx = O um) GGW technology is completed after few steps. All geometrical dimensions involved at the filter
design stage are shown in Fig. 6a, where it can be seen that most of the pins are those used before in the GGW body
(i.e. with [,; = [, = 1.02mm and s, = s, = 0.96 mm), whereas the lateral pins of the first and third filter cavities do
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Fig. 6: Geometry (top-view) in (a), and simulated and measured electrical response (S-parameters) in (b) of the inductive
filter in GGW technology and height Hg= 3 mm.
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Fig. 7: Electric field distribution in the GGW inductive filter, calculated at 17.5 GHz (with levels scaled for an input power
level of 1 W and height Hg= 3 mm).

TABLE III: Simulated (SPARK3D) and measured results (MP threshold levels) for RW and GGW filters at 17.4 GHz.

\ Model - Experiment | MP threshold (W) |
RW simulation (ECSS2020 SEY) 3023.35
RW simulation (measured SEY) 3445.23
RW MP test 3424.50
GGW simulation (ECSS2020 SEY) 3163.98
GGW simulation (measured SEY) 3679.61
GGW MP test 3468.30

have [, = 1.2mm and s, = 0.9 mm to best fit the requested optimal value for the length of such two resonators. A
satisfactory bandpass response, fully compliant with the filter specifications in terms of central frequency and bandwidth,
is also achieved (see Fig. 6b). These results also remain stable if some tiny air gaps were present (due to minor fabrication
errors) above the metallic pins. Finally, the predicted value for the MP threshold power of the GGW filter (computed using
SPARK3D) is 3188 W, which is very close (slightly higher) to the result for the equivalent RW filter (of 3093 W, as stated
in section II), but also below the 5 kW limit of the experimental facility.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The two RW and GGW filters designed before (section II and section III) have been manufactured in aluminium,
using an in-house computer numerical control (CNC) milling technique. Both filter implementations consist of a body and
a smooth top metal lid. In order to measure the two fabricated filters, since their input and output ports have a height of
3 mm, E-plane tapered transformers to standard WR-51 RWs (with a height value of 6.477 mm) have been designed and
built [36]. Comparisons between the simulated and measured results of the electrical response of the RW and GGW filter
prototypes are shown in Fig. 1b and Fig. 6b, respectively. There is a frequency shift of 170 MHz (below 1% in relative
terms) between simulated and measured GGW filter responses, which can be attributed to manufacturing tolerances (of
20 um). Nevertheless, since the measured return loss levels are below 15 dB in the slightly shifted in-band responses, it will
be possible to perform the MP study (analysis and, in particular, testing) of both filter units. In this case, such results will
be obtained at the frequency of 17.4 GHz, where the pass-bands of the two fabricated prototypes are actually centered. The
corresponding experimental SEY data have been obtained, from one metallic top lid of the filters, through measurements
performed at the European High Power Space Materials Laboratory [31] (see Tab. I in section II).

For validation purposes, a MP test campaign (of both RW and GGW filter prototypes) was completed at the



European High Power RF Space Laboratory [31]. As can be seen in Tab. III, the MP threshold simulated results (using
the experimental SEY data) are remarkably similar to the corresponding measured data. It must be also noted that the MP
experimental results are also very close for both technological realizations (RW and GGW) of the considered inductive
filters.

V. CONCLUSIONS

In this work, a comparative study (based on theoretical and experimental results) of the MP effect for inductively
coupled bandpass filters, realized in RW and GGW technologies, is fully detailed. For that purpose, two filter units
operating in the frequency range (17-18 GHz) planned for Ka-band satellite communications have been considered. For
the effective design of the RW and GGW filters, meeting realistic size and electrical specifications together with measurable
MP breakdown levels, very efficient modeling tools of such a discharge effect in RW's have been successfully applied. Then,
more accurate results validating the MP response of the two given filter geometries, have been computed with SPARK3D.

The measured results for MP threshold values in both RW and GGW filter samples, are very similar to those
predicted by precise simulators incorporating the experimental SEY data. Thus, an important conclusion is reached on the
relevance of using real SEY data for the employed material, which allows a very accurate modelling of the MP discharge
effect with available software products. Another major outcome of the study performed (fully validated with experimental
data of real hardware), is that bandpass filters properly realized in the zero-gap GGW technology have very large MP
threshold power levels. In fact, such results are shown to be very close to those of the equivalent -same height- RW
counterpart, thus confirming the practical use of GGW filters in real space applications operating at the most challenging
Ka-band frequency range.
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