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Abstract—Ridge gap waveguides have emerged as promising
transmission lines for high-frequency applications and com-
ponents (i.e. filters), due to their low-loss characteristics and
compatibility with standard fabrication processes. This article in-
vestigates the limits on the power level (related to the multipactor
effect) within ridge gap waveguides, focusing on understanding
the distribution and propagation of electromagnetic energy along
this waveguide structure. Through simulations, the dependence of
power levels on various parameters, such as the ridge dimensions
and its proximity to the bed of pins, is explored. Experimental
results of the multipactor effect inside a manufactured prototype
of a ridge gap waveguide fully validate the simulated data
obtained with the available commercial software tools. The
insights provided in this research will help the future design and
implementation of efficient and reliable high-frequency commu-
nication and sensing systems, for space applications, utilizing the
ridge gap waveguide technology.

Index Terms—Microwave, multipactor, Ridge Gap Waveguide.

I. INTRODUCTION

ULTIPACTOR (MP) is a well-known and unde-
sired high-power effect frequently observed in mi-
crowave and millimeter-wave components operating under
high-vacuum conditions [1], which are used in a wide range of
different scenarios, such as satellite communication payloads,
traveling-wave tubes, as well as particle accelerators. In an
ultra-high vacuum environment, the free electrons inside the
microwave component are accelerated by the radio frequency
(RF) electromagnetic (EM) fields, impacting against its metal-
lic walls and releasing more secondary electrons, giving rise
to an avalanche of electrons. Thus, a resonant discharge is
produced inside the affected component with a large number
of adverse consequences [2]. Among them, it is worth men-
tioning the detuning of resonant cavities, power dissipation, a
significant increase of noise in communication systems, and
even physical damages in the involved component.
Over the years, MP susceptibility charts for parallel-plate
waveguides (PPW) have been developed using both analytical
models [3] and empirical data [4]. The charts are used for
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approximate prediction of the MP power threshold in different
microwave components, either metallic or including dielectric
materials [5], [6]. More recently, the MP effect has been
explored in a broader range of waveguides and transmission
lines, including rectangular [7], [8], ridged [9], [10], circular
[11], elliptical [12], and coaxial waveguides [13], [14], as well
as planar microstrip lines [15].

In recent years there has been a great development of
the gap waveguide technology, a promising alternative to
Rectangular Waveguide (RW) technology, due to its potential
advantages, mainly because perfect metallic contact between
its different parts (top cover and body) is not needed [16].
The emerging Groove Gap Waveguide (GGW) technology,
originally proposed in [17], is becoming a promising alter-
native to replace the standard hollow RW in high-frequency
components. Another promising gap waveguide variant is the
Ridge Gap Waveguide (RGW) [18], which has become a very
useful transmission solution for high-frequency applications,
due to its intrinsic low-loss properties and seamless integration
into standard fabrication processes. This type of waveguide has
been used for the development of efficient and reliable high-
frequency communication and sensing systems, especially due
to its compact size that makes it ideal for the design of feeding
networks and beamforming networks in antenna systems [19]—
[21].

There are very few —and recent— contributions addressing
the problem of electron discharges in gap waveguide technol-
ogy so far. In the first one, a study of the MP effect in GGW
technology was performed [22], but just considering a very
simple E-plane GGW transformer operating on the upper-end
side of the X-band (10-12 GHz). The second one is focused on
the corona (or gas breakdown) effect in GGWs and inductive
bandpass filters based on this technology that, contrary to MP,
requires a certain pressure level inside the device [23]. In
[24], a theoretical and experimental study of the MP effect
in a GGW bandpass filter (and its equivalent RW counterpart)
operating in the Ka-band has been fully addressed. However,
although MP susceptibility charts have been reported for
conventional ridged and multiridged waveguides and applied
to different filtering structures [9], [10], there is still a complete
lack of theoretical and experimental studies addressing the MP
effect in RGW technology. This gap is particularly relevant
given the growing use of RGWs in high-frequency and space
applications, and it is fully addressed in this article.

This article presents a theoretical and experimental study of
the MP threshold levels in RGW technology, whose geometry
and design are described in Section II. Next, in Section
III, a thorough investigation of the relevant factors that can
induce an electron discharge is performed in this waveguide,
as well as in other waveguides such as the GGW and the
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Fig. 1. Geometry of the RGW under study. (a) 3D view and (b) cross-section
of the RGW.

standard rectangular waveguide, revealing that RGW tech-
nology is much more susceptible to the MP effect, which
clearly highlights the relevance of the MP study for such
technology. In Section IV, through rigorous simulations, we
explore the intricate dependencies of its MP threshold levels
on various key parameters, including the ridge dimensions and
the distance between the ridge and the first row of pins of the
bed of pins. Next, in order to validate the previous theoretical
study, an E-plane WR-51 waveguide transformer is designed in
Section V, where the central section is implemented in RGW.
After that, in Section VI the measured electrical response and
the MP threshold levels of this transformer, which has been
fabricated in aluminum, are shown to agree well with the
simulated data. Finally, the main conclusions of this work are
briefly summarized.

II. GEOMETRY AND INITIAL DESIGN

The geometry of the RGW under study can be seen in
Figs. 1(a) (3D view) and (b) (cross section), respectively. It
is characterized by having a ridge in the central area where
the electromagnetic fields will propagate, and beds of pins
arranged following a spatial periodicity d. The periodic pins
are surrounding the RGW body to provide a high-impedance
boundary condition to the top lid (where a small gap of height
H 4 between pins and top lid is present). As a consequence,
a perfect metallic contact between the top lid and the body is
no longer required to avoid leakage [17], [22].

The RGW has been initially designed to operate between 17
GHz and 18 GHz (in K-band). This frequency range is chosen
according to the RF power availability in the facility where
MP validation tests will be performed, i.e., the High Power
RF Space Laboratory of the European Space Agency (ESA)
and the Val Space Consortium (VSC) [25]. Nevertheless, it is
important to note that the validated MP study can be directly
scaled up to higher frequency bands, where RGW is a very
promising technological solution.

TABLE I
STANDARD SEY DATA FOR ALUMINIUM (AL) MATERIAL

[ Material [ Emaz V) [ E1 (V) [ do | Omaz |
[AT(ECSS2020 27D | 2760 | 170 | 08 [ 292 |

The selected initial dimensions must ensure a good fre-
quency response, i.e., single-mode propagation from 17 GHz
to 18 GHz, and a MP power level below 7 kW (maximum
power level that can be measured in the cited laboratory).
The simulations have been performed with the commercial
software tool CST Studio Suite, (v. 2023, Dassault Systemes)
[26], which allows us to obtain the dispersion diagram and
electromagnetic fields of the waveguide under study, and with
SPARK3D (v. 2023, Dassault Systemes). The latter one is a
MP simulation tool that uses the computed electromagnetic
fields in the component for driving charged particles (elec-
trons). Taking into account the previous considerations, and
after some iterations, we obtained the following initial RGW
dimensions: Grigge = 3 mm, hyigge = 5.38 mm, Hy = Hy,p
= 1.1 mm. Regarding the periodic bed of pins (of square
cross-section with side ap;, and height h,;,, periodicity d
and a separation p from the ridge to the first row of pins, see
Fig. 1), it has been properly designed to implement the high-
impedance surface required for the RGW technology, using
the following dimensions p = 1.16 mm, d = 3.25 mm, Gy, =
1.5 mm, hp;,= 5.38 mm. Note that in this initial design, the
same height has been chosen for both the ridge and pins, since
in most existing designs using RGW, the height of the ridge
is chosen to be identical to that of the pins for manufacturing
simplicity.

The dispersion diagrams for this initial periodic bed of pins
and the corresponding RGW are presented in Fig. 2, where
Fig. 2(a) displays the dispersion diagram for the pin unit cell,
and Fig. 2(b) shows the dispersion diagram for the RGW unit
cell. In Fig. 2(b), the unwanted modes are depicted in blue,
while the fundamental mode of the RGW is shown in red.
The monomode operational bandwidth has been highlighted
in grey, which ranges from approximately 11 GHz to 21 GHz.

Finally, we have performed the MP analysis of a finite
section of this waveguide. The simulated results have been
obtained for standard aluminum SEY data from [27], which
are displayed in Table I. Fig. 3 shows the obtained MP power
threshold Prg of this RGW (hyiqge = 5.38 mm, Hyqp, = 1.1
mm) from 17 to 18 GHz. For the requested simulations, the
driving EM fields have been computed with CST Studio Suite.
Fig. 3 confirms that the initial RGW is suitable for performing
MP measurements in the selected facility since the Prp values
are consistently below 6.8 kW, i.e., they remain within the 7
kW limit of the available laboratory equipment.

III. RELEVANCE OF THE STUDY OF MP EFFECT IN THE
RGW

In this Section, we will first analyze the most relevant
factors that can induce an electron discharge in the RGW.
To this end, we will examine the region where EM fields are
more intense in this waveguide, and hence, more susceptible
for an electron discharge to occur.
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Fig. 2. Dispersion diagram of (a) the pin unit cell and (b) the RGW unit cell
with the following parameters: a,;qge = 3 mm, hr;qge = 5.38 mm, Hy =
Hgap = 1.1 mm, p = 1.16 mm, d = 3.25 mm, ap;n, = 1.5 mm, hp;p= 5.38
mm.
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Fig. 3. Prpy computed with SPARK3D for a section of the initial RGW in
the 17-18 GHz frequency range.

With this aim, the distribution of the electric field magnitude
along the RGW geometry designed in Section II has been
computed at 17.5 GHz, and it is shown in Fig. 4. For
simplicity, ohmic losses have not been considered. As can be
observed, the maximum field intensity is clearly located over
the ridge. Given that MP is a voltage-driven effect, the ridge
dimensions (its width a,;44. and height h,;q4¢), and especially
the critical gap H,, appearing in the RGW between the ridge
and the top lid, are expected to be the most relevant factors that

O
P

Fig. 4. Electric field distribution in the RGW of Fig. 2 at 17.5 GHz.

TABLE II
CHANGE OF THE CUTOFF FREQUENCY WITH THE RIDGE HEIGHT
[ Ridge height (mm) | 538 | 5 | 3 | 2 |
| J (GHz) [ 10.15 | 1065 | 1443 | 1727 |

can influence the occurrence of an electron discharge in this
waveguide. On the other hand, the fact that the field intensity
is rather low in the metallic pins region (and much lower than
in the ridge region in any case) also suggests that the pin
parameters (their side ap;y,, height hp;, and periodicity d) are
unlikely to play a significant role in terms of MP effect in the
RGW.

Furthermore, the effect of reducing the ridge height was
investigated to understand its influence on the electromagnetic
field distribution and the cutoff frequency. The results show
that even with a reduced ridge height, the electromagnetic
fields continue to be maximum over the ridge, unlike in the
GGW case (where the electric field is more intense on the first
row of pins [22]). Even when the cutoff frequency approaches
the operating frequency of 17.5 GHz, the field still reaches
its maximum over the ridge. This is shown in Fig. 5, where
the ridge height is reduced to 3 mm. In Table II, the changes
on the cutoff frequency from the reduction of the ridge height
can be seen.

Next, a further investigation is performed about the Prp
levels in different waveguide technologies (including not only
the RGW, which is the main subject of this work, but also other
related waveguides as the GGW and the standard rectangular
waveguide), in order to highlight the relevance of the MP study
in the RGW in this work. At the same time, it will help us
to evaluate the different techniques available to predict the
Pry in this waveguide, and to select the most suitable one
for the subsequent parametric study of MP in the RGW. For
comparison purposes, all results have been included in Table
II. In this study we use the RGW designed in Section II,
whose Prg from 17 to 18 GHz calculated with SPARK3D was
shown in Fig. 3, and listed at various frequency points in Table
III. Al SPARK3D simulations mentioned in this paper have
been done with an initial homogeneously distributed electron
volume of 10,000 electrons. In all cases, the whole volume of
the design is imported to the simulation code, and no separate
regions are created or studied.

In addition, we have estimated the Prg in the RGW using
the Critical Gap Voltage (CGV) prediction technique [30], in
order to evaluate its suitability for the subsequent study to
be performed in Section IV. This technique uses the peak
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Fig. 5. Electric field distribution at 17.5 GHz in the RGW with h;.;q4.=3
mm.

voltage in the critical gap of the RGW for a continuous
wave (CW) excitation at the waveguide input port of 1 W
of mean power, Vi, to predict the Pry in this waveguide.
The main benefit of this technique is the avoidance of the
particle tracking simulation to obtain the prediction of the MP
threshold. The drawback of this approach is the reduction
of the accuracy, mainly due to the fact that the complete
field spatial distribution inside the structure is not considered.
Exploiting the fact that MP is a voltage-driven effect, the peak
voltage Vi inside the critical gap of the RGW (between the
ridge and the top lid) can be computed using CST Studio
Suite. For a matched waveguide section such as the analyzed
RGW, this voltage is independent of the longitudinal position.
However, the transverse position at which it is calculated must
be carefully chosen, considering that the electromagnetic fields
are not uniform above the ridge. In particular, we have checked
that they are mainly concentrated above the ridge, having a
maximum at the ridge center and decaying away from it, and
although the electric field may have some singularity near the
ridge corners, such areas are not relevant from a MP point of
view due to the fringing-field effects [31] or random walk [32]
that push electrons away from the ridge. This causes that a MP
discharge cannot be sustained in the ridge corners, which is the
reason why such areas are not considered for the calculation
of the peak voltage Viyy. Thus, it must then be computed at
the ridge center, for an input power of 1 W. Viy can then
be combined with the peak threshold voltage required for a
discharge on such gap, Vg (which can be obtained from the
PPW susceptibility charts), to predict the Prg in our RGW
using the well-known relationship [30]:

Prg = Piw (“ZTH)Q W (VTH)2 (1
1w Viw

For comparative purposes, the resulting Prpy values ob-
tained with the CGV technique for the RGW have also been
included in Table III. In such table, it can be seen considerably
lower results than the calculated ones with SPARK3D, mainly
related to the use of the peak threshold voltage Vrpy from
the PPW susceptibility chart, as the parallel-plate case is
the geometry providing the lowest MP threshold (due to the
lack of fringing-field effects pushing electrons away from the

critical gap [31] or random walk [32]).
We have also compared the previously obtained Prp
level in our RGW with that of a section of an equivalent
Ridge Rectangular Waveguide (RRW) of the same length with

TABLE 111
COMPARISON OF P IN DIFFERENT WAVEGUIDE TECHNOLOGIES IN THE
17-18 GHZ FREQUENCY BAND

Waveguide GAP | Prg kW) | Prg (kW) | Prg kW)
technology (mm) at 17 GHz at 17.5 GHz at 18 GHz
RGW of Fig. 2 1.1 5.953 6.328 6.797
SPARK3
RGW of Fig. 2 1.1 4.837 5.156 5.496
CGV prediction
RRW 1.1 6.262 6.662 7.162
SPARK3D
WR-51 RW 6.477 110.0 121.0 132.0
SPARK3D
RW [24] 3.0 18.6 20.45 22.0
b =3 mm
GGW [24] 3.0 20.9 224 24.4
b =3 mm

SPARK3D, i.e. with perfect vertical electric walls instead of
the bed of pins, with the same ridge dimensions (aiqge =
3 mm, Apiqge = 5.38 mm, and with the equivalent waveguide
dimensions (arrw = 2P+ Gridgge = 5.32 mm, brrw = 6.477
mm), whose results are included in Table III, showing slightly
higher Prpy values in the RRW, due to the electric-field
distribution.

Next, for comparison purposes, we have also studied the
Pryy level in other related waveguide technologies susceptible
to electron discharge. In particular, we will compare the
previously Pry level obtained in the studied RGW, within the
17-18 frequency band, with the Pry obtained in two different
RWs.

Firstly, we have computed the Pry values in a stan-
dard WR-51 RW (with dimensions awr_51 = 12.954 mm,
bwr_51 = 6.477 mm), and also in the same WR-51 RW with
a reduced height of by gr_51 = 3 mm, which has been studied
in [24]. The Prp values (obtained with SPARK3D, and using
the same SEY [27] for the waveguide surfaces as in the RGW)
have been included in Table III. In both cases, significantly
higher values have been obtained than in the RGW case. This
can be easily understood, given that the critical gap in the
RGW is much smaller, so the Vg (and Prg) level for an
electron discharge to occur in the RGW will be much lower,
thus highlighting the relevance of the study of MP in the RGW.

Finally, we have also studied the Pry in GGW technology.
To this end, we show the Prpy in the corresponding GGW
counterpart of the previously analyzed WR-51 RW with re-
duced height of byyr_51 = 3 mm also studied in [24], and
whose bed of pins parameters are detailed in such reference.
In this GGW, the gap H 4 between the pins and the top lid
has been ideally set to 0 um, corresponding to the zero-gap
approximation, in order to avoid undesired MP discharges that,
as thoroughly studied in uniform GGW sections [22], can be
easily triggered at very low power levels in the air gaps of
the classical GGW case. The calculated Prgy values of this
GGW at different frequencies, obtained with SPARK3D, and
using the same SEY [27] for the waveguide surfaces as in the
RGW, are also included in Table III. It can be seen that values
for the GGW case are slightly higher than those obtained in
its RW counterpart in all frequencies considered, as already
found in [22], and above all, significantly higher than in the
RGW, highlighting once again the relevance of the MP study
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in the RGW.

IV. PARAMETRIC STUDY OF MP IN THE RGW

In this Section, starting from the initial RGW designed in
Section II, and in order to know the sensitivity of this RGW
in terms of MP breakdown to variations in its geometry, a
complete parametric study has been carried out. Given that
MP depends on the impact energy being between certain
values and a synchronism condition, in all the performed
MP analyses, the complete structure including the pins has
been always simulated with Spark3D, and in all the presented
results we have always checked that the electron discharge
occurs over the ridge and not over the pins. This can be easily
predicted for the case of a RGW with the same height for both
the ridge and pins (and thus with the same gap). However, we
checked by means of simulations that this is no longer true for
lower ridge height values, which limited our parametric study
in terms of the ridge height to a minimum value of 4 mm, as
will be shown next. In any case, it is important to emphasize
that, in practice, in most existing ridge gap waveguide designs
the ridge and the pins are manufactured with the same height,
and we can state that in such cases, regardless of the gap size,
the MP discharge always occurs on the ridge and not on the
pins.

In the analysis performed in Section III, it has been con-
cluded that the most relevant parameters to be studied in this
waveguide, in terms of MP breakdown, are the ridge width
aridge and height h,;q4., and also the distance between the
ridge and the bed of pins p. However, the parameters of the
periodic bed of pins are not relevant in the RGW in terms
of MP effect, given that even with a reduced ridge height,
the maximum electromagnetic field in the RGW remains over
the ridge and not in the pins region, unlike in the GGW case
[22]. Thus, we have performed an analysis of the obtained
MP power threshold Prj of such waveguide when varying
its fundamental design parameters (the ridge width a,;44. and
ridge height h,;q4¢, and also the distance between the ridge
and the bed of pins, see Fig. 1) at the frequency of 17.5 GHz.
Regarding their range of variation, they have been limited by
a proper monomode waveguide operation in the considered
frequency range (from 17 to 18 GHz).

Figure 6 shows the calculated MP power threshold Prg
levels in the RGW as a function of the ridge width a,;qge,
which has been varied from 3 to 5 mm. In the same figure,
we have also shown the Prp levels when varying the ridge
height h,;qg. from 4 to 5.38 mm (each curve corresponds to a
different ridge height). The distance from the ridge to the bed
of pins is kept constant at p = 1.16 mm, as in the initial design.
The parametric study of the dependence of the Pry with the
ridge parameters reveals that the ridge height of the RGW has
a significant impact on the threshold power required for a MP
electron discharge to occur, as can be seen in Fig. 6. This
result was already anticipated in the previous Section, given
that this parameter is directly related to the larger or smaller
gap that exists in the region where the electromagnetic field
is more intense. Specifically, the higher the ridge height, the
smaller the gap between the ridge and the top metal lid, so a

P, (kW)

5¢
0 L ) L
3.0 3.5 4.0 4.5 5.0
aridge (mm)
Fig. 6. Prp.as a function of a,;qq. for different values of hy;qge-
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Fig. 7. Prp depending on distance between the ridge and the bed of pins.

lower power is required for an electron discharge to occur in
the RGW. On the other hand, as the ridge width increases, it
is observed that the threshold power remains relatively stable
for most cases, with a slight increasing trend observed for the
shorter ridge value when h,;44.=4 mm. These observations
suggest that the ridge width will not be a critical parameter in
terms of threshold power, while the ridge height will play a
determining role.

Furthermore, we have studied the behavior of the RGW
in terms of Prpy when varying the distance between the
bed of pins and the central ridge p, which has been varied
from 1.16 to 3 mm, while keeping the remaining parameters
equal to those in the initial RGW configuration. The results
shown in Fig. 7 indicate that the distance between the central
ridge and the bed of pins is not a relevant parameter in
terms of the threshold power the RGW can support, as only
minor variations were observed between different values of
this distance. It is important to note that, for all analyzed cases,
the MP discharge occurred in the central area over the ridge.

The most important conclusions to highlight about the
performed parametric study can be summarized as follows:
the ridge width is not a relevant factor in terms of the MP
threshold power of the RGW. This allows for a good margin
and degree of freedom when designing a RGW. It is important
to remember that this is a key factor in components designs,
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as the variation of the width is usually employed to control
the characteristic impedance of the line. As with the width,
the distance between the central ridge and the bed of pins (p)
has minimal impact on the MP threshold power level it can
support, even for significant variations of this p parameter. This
insensitivity is advantageous for practical designs involving
bends or corners, where maintaining a constant distance be-
tween the pins and the ridge is not always feasible. In contrast,
the ridge height is the most critical parameter in terms of
power handling in the design of a RGW. It has a direct and
nearly inverse relationship with the MP threshold power: the
higher the ridge height, the lower the threshold power. This is
because increasing the ridge height reduces the gap between
the ridge and the top lid, making the structure more susceptible
to an electron discharge in this area.

V. TRANSFORMER DESIGN

All the conclusions extracted in the previous Section have
been obtained based on theoretical considerations, and simula-
tions performed in the selected RGW through electromagnetic
field computations, and MP modeling software using perfect
conductor material (thus minimizing insertion losses). Now,
in order to fully validate these results, a RGW prototype has
been designed and manufactured, and its electrical response
has been measured and the corresponding MP test has been
completed.

To perform MP tests in the available high power laboratory,
the designed RGW will need to be connected to standard
rectangular waveguide ports. Hence, it is essential to design a
matching stage, consisting of an impedance transformer from
the standard waveguide to the designed RGW.

In particular, as the MP tests of the RGW prototype will
be done in the frequency band of 17-18 GHz, the standard
WR — 51 will be used in the laboratory as a waveguide
port, whose monomode operation frequency range is located
between 15 and 22 GHz. On the other hand, given that at
the operating frequency band of 17-18 GHz the maximum
measurable power in the laboratory is about 6.5 - 7 kW, the
transformer has been designed for a RGW with the following
parameters: arigge = 3 MM, Aridge = hpin, = 5.75 mm, Hyq,p
= 0.727 mm (with the rest of pin parameters as indicated in
Fig. 2). These values correspond to the final ridge dimensions,
where the ridge height has been increased compared to the
previous analysis (from 5.38 mm to 5.75 mm). This adjustment
was made after verifying the Prp results and considering
the maximum power available in the laboratory, as a way
to ensure that the MP threshold could be experimentally
measured within the accessible power range. Increasing the
ridge height, the MP threshold decreases, and we guarantee
that the power level can be measured. It is also important
to note that after including the impedance transformer, the
Pry levels may be slightly modified if an optimal electrical
response is not finally achieved, which will be checked next.

The impedance transformer will consist of a series of con-
secutive ridge steps made in gap waveguide technology, whose
ridge width gradually decreases while the height increases,
since the standard W R — 51 waveguide is significantly wider

Fig. 8. Scheme of one half of the designed transformer (without the bed of
pins) with the ridge height and width dimensions.

TABLE IV
STEPS HEIGHT AND WIDTH IN THE DESIGNED TRANSFORMER

a1l as as aq as ag

4.02 | 437 | 553 | 6.62 | 7.57 | 9.51
b1 by b3 by b5 bG

521 | 425 | 3.04 | 245 | 1.54 | 0.85

than the designed RGW and lacks a ridge in its cross-section.
Therefore, as shown in the schematic of one half of the
designed transformer in Fig. 8 (where the bed of pins is not
shown for simplicity), we start with an initial ridge block that
is nearly as wide as the W R — 51 and has a small height. The
following blocks gradually decrease in width and increase in
height ending with a final block whose ridge dimensions are
very close to the height and width of the designed RGW ridge.

Our impedance transformer will be based on an initial model
of 7 steps progressively decreasing from the initial ridge of our
RGW (in blue in Fig. 8) to the standard W R — 51 waveguide
(with no ridge and thus not shown). The dimensions of the
6 intermediate ridges are given in Fig. 8. These final values
for matching a section of RGW of 6 periodic cells (i.e. with
6 metallic pins along the propagation direction) are given in
Table IV- They have been determined after an optimization
process performed in CST Studio Suite.

Fig. 9 shows the description of the complete RGW to
W R — 51 waveguide transformer with the central section of
the designed RGW. Its simulated S-parameters are presented
in Fig. 10 (here metal losses of aluminium have been con-
sidered). Although the RGW has been specifically designed
for operation in the 17-18 GHz frequency band, the RGW to
WR — 51 waveguide transformer has been optimized for a
wider frequency band, which extends from 15.5 to 20.5 GHz.
Within that band, the return losses are higher than 20 dB, and
the insertion losses in a back to back configuration are lower
than 2 dB, thus revealing a very good matching between both
waveguides (see simulated results in Fig. 10).

Once the final prototype of the impedance transformer has
been designed and electromagnetically characterized, its high-
power study was carried out using SPARK3D to evaluate
its MP behavior. In order to simulate the MP effect more
realistically, in addition to using the SEY standard data for the
material involved (aluminium) [27], as is usually done (see
Sections II and IV), measured results for such key material
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Fig. 9. 3-D view of the transformer with the RGW central section.
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Fig. 10. Simulated and measured S-parameters of the RGW transformer.

property will be employed in this Section. To this aim, the
corresponding experimental SEY data have been obtained
from the metallic top lid of the fabricated transformer through
measurements performed at the European High Power Space
Materials Laboratory [25]. These measured values for the real
aluminium sample are shown in Fig. 11, and will be used next.
Following the MP analysis in the designed transformer, all
the high-power simulations (using the obtained experimental
SEY data displayed in Fig. 11) have shown that the discharge
electron clouds are always located in the RGW (central area
of the transformer) and above the ridge (see, for example,
the electron cloud distribution shown in Fig. 12 for an RF
input power of 4.3 kW at 17 GHz). The calculated Prg
values in the designed RGW with and without the transformers
(back-to-back configuration) are represented in Fig. 13. The
Pryr levels are similar across the analyzed frequency range,
indicating that the field intensity in the RGW section is nearly
the same in both structures (with and without transformer
sections). This behavior is consistent with the good simulated
electrical performance of the designed transformer, as shown
in Fig. 10, which exhibits high return losses and low insertion
losses. These values are below the maximum power that can
be measured in the laboratory (about 6.5 - 7 kW) for the
considered frequency range, as expected from the previous MP
analysis performed on this RGW without the transformers.

VI. FABRICATION AND EXPERIMENTAL RESULTS

A prototype of the designed RGW, which includes trans-
formers with a back-to-back configuration, has been manufac-
tured in aluminium employing a computer numerical control

1000 1500

Energy (eV)

0 500 2000

Fig. 11. Experimental SEY measured at the European High Power Space
Materials Laboratory [25].

Fig. 12. Electron cloud distribution of a MP discharge (RF input power of
4.3 kW at 17 GHz) inside the transformer.

(CNC) milling technique (shown in Fig. 14). Before any
experimental measurement is carried out, all parts, including
the metal lid, bolts, washers and nuts, were washed in an
ultrasonic bath (2-propanol). After that, the transformer with
the RGW design was assembled.

The measured frequency response of the fabricated proto-
type is represented in Fig. 10 (solid line), along with the simu-
lation results (dashed line). Overall, there is a good correlation
between the two sets of data. Some minor discrepancies are
noticeable in the 18.5 to 20 GHz range, where the measured
return losses are slightly lower. This behavior is attributed
to small manufacturing variations, which are not unusual for
these high-frequency components. However, considering that
the experimental MP study is conducted in the 17-18 GHz
frequency range, it can be concluded that the performance of
the manufactured transformer meets the required specifications
(in terms of both IL and RL levels) to perform the high-power
tests in the selected experimental facility.

As indicated before, the MP experimental campaign has
been performed at the High Power RF Space Laboratory of
ESA and VSC [25], where all the necessary equipment (in
particular, power amplifiers up to Ka-band frequency range)
is available. The campaign was carried out in a class 10,000
(ISO7) certified clean room. The nominal temperature of the
clean room is 22°C (plus/minus 1°C). The hardware was
handled and stored following flight model (FM) precautions.

A standard experimental setup (according to [28]) was as-
sembled to perform the MP measurements of the manufactured
prototype, with the parameters provided in Table V. This setup
delivers up to 6 kW peak power.
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Fig. 13. Simulated and measured Prp in the designed RGW including

transformers (back-to-back configuration). The obtained Pr in the designed
RGW without the transformers is also included for comparison.

Fig. 14. View of the manufactured transformer (body -left- and top -right-).

TABLE V
MULTIPACTOR TEST PARAMETERS
Parameter Value
Multipactor tests Frequency | 17 GHz, 17.4 GHz and 18 GHz
Max. RF power 6 kWpk
Signal length 20 ps
Duty cycle 2%
Pressure < 1-10~° mbar
Test temperature +23 °C
Bake-out temperature +85 °C for 12 h
Electron seeding BSr99 source

Before starting vacuum-based tests, an ambient pressure
test (APT) is performed in the thermal vacuum chamber
(TVAC, see Fig. 15), after which the vacuum system begins
the evacuation cycle, followed by bake-out steps before each
test.

In order to simulate the space environment and initiate the
MP effect, a radioactive Sr°° source was used as an electron
seeding mechanism. During each test, critical parameters,
including the temperature at several points on the DUT, the
applied and reflected RF power, and the system losses, were
continuously monitored.

RF discharges were detected using both global and local
methods. Global techniques included phase-nulling and third-
harmonic detection systems [28], which are particularly ef-
fective for single-tone CW signals. In parallel, electrometers
(which detect the growth of the electron population in the
vicinity of critical areas of the samples) were placed near
sensitive regions of the structure to detect local electron
accumulation. The Sr9°3 source was directed at the central

Fig. 15. Internal view of the thermal vacuum chamber with the prototype.

part of the RGW region, where higher electromagnetic fields
were expected to appear.

Fig. 13 presents a comparison of the simulated MP threshold
power levels, obtained using SPARK3D and considering the
experimental SEY of aluminum, for configurations with and
without transformer sections, and the experimentally measured
data acquired under Sr%° exposure at three frequency values
(17, 17.4, and 18 GHz).

The simulation results predict very well the measured
breakdown power at 17 GHz, although the breakdown power
levels detected at 17.4 and 18 GHz are slightly higher than
the simulated ones. In real materials, even minor deviations
in SEY can noticeably shift MP levels, even beyond the
difference observed in Fig. 13. We verified through simulations
that a reduction of the SEY measured values shown in Fig. 11
in a value of 0.06 leads to simulated Pry values that match the
experimental results. Such small variations in SEY may occur
due to aging or surface contamination effects. Thus, the small
difference observed around 300 W between the simulated and
measured levels of Pry allows us to validate the MP study
in RGWs performed in this work.

VII. CONCLUSION

In this work, a theoretical and experimental study of the
MP effect in RGW technology has been performed. To this
aim, simulated results (using a commercial software tool) of
the dependence of MP power threshold on various parameters,
such as the ridge dimensions and its proximity to the bed of
pins is considered.

The study reveals that, in terms of power handling, the most
relevant parameter in the RGW under study is the ridge height.
The higher the ridge height, the lower the MP threshold power
that supports the RGW. On the other hand, the rest of RGW
parameters (the ridge width, the distance from the ridge to the
bed of pins and the pins parameters) are not relevant in terms
of the MP threshold power of the RGW, and therefore we can
afford a good margin and degree of freedom when designing
a RGW.

These conclusions are relevant for practical designs, as it
is common practice when designing devices with RGW to
adjust the ridge width to achieve different impedances, while
the distance to the bed of pins is not always kept constant due



JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021

to bends or corners present in most components. Therefore, the
insensitivity of the MP threshold to these two parameters is
important for microwave engineers. However, the dependence
on ridge height is a factor that must be taken into account.
In most existing designs, the ridge height is assumed to be
identical to the height of the surrounding pins to simplify the
manufacturing process. However, the gap between the pins
and the top lid is typically kept quite small to increase the
bandgap provided by the pins, which can compromise the
MP threshold. In principle, the ridge height can be chosen
to be lower than that of the pins without affecting waveguide
performance. Thus, the conclusions from this study are crucial
to be considered when addressing space-related applications,
using this novel guided technology.

For validation purposes, a RGW transformer has been
successfully designed and manufactured, and it has been
confirmed that potential RF discharges can only occur in the
central section of the RGW transformer under study. Experi-
mental results (of both electrical responses and high vacuum
RF discharges) fully confirm all previously simulated results,
as well as the good performance of the RGW technology in
terms of the MP effect.
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