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ABSTRACT This work focuses on the study of the corona discharge breakdown in groove gap waveguides
(GGWs) and inductive bandpass filters (BPFs) based on this technology. With the main aim of improving
the peak power handling capability (PPHC), the location of the maximum normalized electric field strength
(|EM ax|) as a function of the geometrical parameters is analyzed. First, the research deals with wave-guiding
structures, comparing the distribution of the transverse electric TE-like mode of a GGW to that of an
equivalent rectangular waveguide (RW). Next, a design strategy based on the adjustment of the geometrical
dimensions of the bed of nails is proposed, thus achieving a considerable reduction of |EMAX|. The second
part of this paper aims for vertically polarized GGW BPFs, where the inductive irises become the most
critical part of the component. By a simple modification of their dimensions, a second design criterion
is suggested for improving the PPHC. Finally, several Ku-band BPFs centered at 14 GHz and 16 GHz
have been manufactured and experimentally verified at the European High-Power Radiofrequency Space
Laboratory. This measurement campaign shows peak power thresholds up to 1.09 kW and 3.59 kW at
600 mbar for the non- and full-optimized GGW BPFs, respectively, thereby demonstrating a PPHC
enhancement up to 5.16 dB in the high-pressure range when both strategies, proposed in this work, are used.

INDEX TERMS Corona breakdown, gas discharge, groove gap waveguides, microwave bandpass filters,
peak power handling capability (PPHC), power applications, voltage magnification.

l. INTRODUCTION

ADIOFREQUENCY (RF) front-ends operating at mi-
Rcrowave and millimeter wave (mm-wave) frequencies
are formed, as it is commonly known, of different devices
that process the incoming signal at the output stage of
the transmitter from the intermediate-radiofrequency (IF-RF)
converter to the antenna. Among all the components that are
present at this stage of any ground and satellite communica-
tion system [1], [2] (e.g., RF amplifiers, mixers, oscillators,
or diplexers), filters are one of the most fundamental and
frequently investigated components in the literature [3], [4].
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In this way, a great effort is being made by the scientific
community in developing high-performance filters and, es-
pecially, as it will be shown in this work, in the advancement
of high-power filters to fulfill the ever-increasing RF power

requirements.
From the designer’s point of view, and related to the phys-

ical phenomena that may limit the power handling capability
(PHC) in REF filters [5] (or other microwave components), it
is necessary to keep in mind the thermal effects [6], passive
intermodulation (PIM) [7], multipactor breakdown [8]-[10]
and corona discharge [11]-[13]. The latter, also commonly
known as corona effect or gas breakdown, occurs if the

1

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

IEEE Access

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2022.3228111

A. Morales-Hernandez et al.: In-depth Study of the Corona Discharge Breakdown Thresholds in Groove Gap Waveguides

surrounding gas molecules are ionized when the strength of
the electric field is high enough. It can appear when high
peak-to-average power ratio (PAPR) signals are applied to
the devices, so it is important to study this physical effect and
propose solutions to improve the peak power handling ca-
pability (PPHC) in microwave components, especially those
working on the RF transmitting front-ends. In particular, it is
worth noting that narrowband filters are very susceptible to
the corona effect because a high voltage/electric field magni-
fication takes place in the resonators [6], which confirms the
relevance of its study.

Several technologies can be used for the practical imple-
mentation of filtering solutions depending on the require-
ments of the particular application, such as those based
on planar (e.g., stripline, microstrip, or substrate integrated
waveguide), coaxial or waveguide technologies [3], [4]. The
selection of one of them will depend on the different prop-
erties, advantages and drawbacks of each technological solu-
tion. When high-power is not a requirement, planar technol-
ogy can be appropriate due to its compact size, low weight
and ease of the manufacturing process. On the other hand,
waveguide technology can be the most suitable solution for
high-power applications, despite its greater weight and size
compared to the previous one.

In the development of microwave and mm-wave filters,
one of the most relevant and novel alternatives to rectangular
waveguides (RWs) is the gap waveguide (GW) technology,
first introduced in [14]. It is well known that the main benefit
of GWs is the possibility to avoid the problems that can
appear when the contact is not perfect between the different
metal layers (e.g., the possible appearance of electromagnetic
leakage, PIM, and/or the decrease of the PHC), which is
particularly important at high frequencies due to the minia-
turization of the components and their difficulty of assembly.
Moreover, other advantages are also introduced, such as the
reduction of mechanical complexity and fabrication costs.
GW is mainly characterized by two metallic parallel plates,
where one of them is a high impedance surface (HIS) made of
a periodic and metallic bed of short-circuited nails, whereas
the second one introduces a perfect electric conductor (PEC)
boundary condition. The combination of both metal plates
hinders the propagation of the electromagnetic (EM) fields
through the GW structure over a certain frequency range.
Moreover, this bandstop behavior can be centered and ad-
justed to the desired frequency and bandwidth by modify-
ing the main geometrical dimensions of the pins [15]. If
some of these nails are removed, it is possible to achieve a
wave-guiding structure where a transverse electric TE(-like
mode (similar to the TE;y mode of a conventional RW) is
propagated [16], thereby obtaining the so-called groove gap
waveguide (GGW) technology [17]. Furthermore, it is possi-
ble to achieve the propagation of a quasi-transverse electro-
magnetic (TEM) mode by using other different GW versions,
such as ridge (RGW) [18] or microstrip (MGW) [19].

At this point, it is important to note that, due to the high
flexibility and advantages previously introduced by the GW
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technology, several microwave components can be found
in the literature where this type of structure is used. One
of the broadest applications of GWs is the design of mm-
wave antenna systems [20]. Moreover, other components
have also been developed by multiple researchers around the
world, such as phase shifters [21], power dividers [22], cou-
plers [23], diplexers [24], or waveguide twists [25], among
others. The characteristic pin pattern can also be a good alter-
native for circuit packaging to avoid leakage problems [26].

As previously stated, filters are fundamental components
in any communication system. In particular, and based on
the GGW technology, several topologies of bandpass fil-
ters (BPFs) can be found in the literature. By way of illus-
tration, a filter with coaxial cavities operating in the Ka-band
is presented in [27]. Moreover, other examples of BPFs based
on capacitive irises [28] or carved realizations [29] have
been proposed, as well as narrowband filters with high-Q
resonators, manufacturing flexibility and no sidewalls are
studied in [30]. It is also important to note that the GGW
technology can also be an effective way for the design of
multilayer filters [31], or even for implementing horizontally
polarized cavity filters [32]. However, probably the most
common and easiest way for implementing vertically polar-
ized filters is based on the use of inductive irises as inter-
cavity and input/output couplings [33], [34].

Regarding the importance of studying the peak power
limits that microwave devices can withstand, some works
have focused their efforts on studying the gas breakdown in
RWs [35]-[37]. Some other contributions have analyzed this
same physical effect in planar devices [6], [38] and several
design solutions have been proposed to enhance the PPHC
[39]-[41]. With respect to previous research related to the
corona discharge breakdown thresholds in GW technology,
a preliminary study based on simulations for guided struc-
tures can be found in [42], where measured results are not
presented. Moreover, a strategy for enhancing the PPHC in
horizontally polarized BPFs has been proposed in [43], where
a measured improvement of 8.7 dB in the high-pressure
range has been demonstrated. Also, other recent trends can
be highlighted in the area of the corona discharge breakdown
in microwaves, such as those where some novel numerical
approaches have been studied [44], [45].

The manuscript contents of this work are organized as fol-
lows. In Section II, the corona discharge breakdown will
be studied for GGWs, and the distribution of the TE(-like
mode will be analyzed to identify the critical zones where
the electric field strength is maximum. Then, a strategy for
enhancing PPHC in these guided structures will be proposed.
In Section III, the study will be focused on vertically polar-
ized GGW BPFs, where practical guidelines about the design
of the inductive irises of the filters will also be provided
to achieve higher peak power thresholds. In Section IV, the
analysis results obtained in the previous sections will be val-
idated by testing several BPFs at the European High-Power
RF Space Laboratory. Finally, the main conclusions of this
work will be summarized in Section V.
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Finally, and based on the introduced above, the major
contributions of this work can be listed as follows:

o The variation of the electric field strength, which may
limit the corona discharge breakdown thresholds, has
been analyzed as a function of the frequency and size
of the bed of nails of a generic GGW structure.

e Due to de lack of any previous design strategy for
improving the peak power thresholds in wave-guiding
GGW structures, the adjustment of the three main ge-
ometrical dimensions of the pins is here proposed to
decrease the maximum electric field strength. Conse-
quently, the same PPHC as that of a conventional RW
(considered as the best-case outcome) is achieved.

o A similar parametric analysis is also carried out for the
design of high-PPHC vertically polarized GGW BPFs,
thus suggesting a second novel criterion based on the
modification of the dimensions of the irises.

« A measurement campaign validates all the preliminary
simulated results, thereby demonstrating the feasibility
of both proposed design strategies.

o In this sense, they could be considered an effective
way for the industry and the microwave community
to develop high-power GGW components that work in
ground and satellite communication systems.

Il. ANALYSIS OF CORONA DISCHARGE BREAKDOWN
IN GROOVE GAP WAVEGUIDES

As previously stated, it is quite evident the relevance of
studying the corona discharge breakdown thresholds in mi-
crowave components that work at the output stages of the RF
front-ends. As one may expect, this is the only way to ensure
the development of high-PPHC devices that can satisty the
increasingly strict RF power requirements.

In particular, the PPHC of GGWs has been hardly ad-
dressed in the literature, and just with simulated results [42].
Therefore, an in-depth analysis is carried out in this section
to study the variation of the maximum electric field strength
(which limits the peak power thresholds) in waveguides
where the groove gap technology is used. In this sense, the
TEqo-like mode of a GGW (named from this moment as
TESSY) is compared to the conventional TE;q mode of an
equivalent RW (called as TElf(\)V), whose electric field in the
vertical direction is expressed as

Ergry = Ey(2) = Emax - cos ( ak
RW

) L e IBz (1)

where Fyax is the maximum electric field strength, Wrw is
the width of the RW, § is the propagation constant of the
fundamental mode, and the origin of the X-axis is located in
the center of the waveguide cross-section.

Moreover, the maximum electric field strength of the
GGW is analyzed in terms of the frequency and the main
parameters of the bed of nails. Finally, a design strategy
is proposed based on an optimization of the geometrical
dimensions of the pins for enhancing the PPHC in GGWs.
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FIGURE 1. (a) Layouts of a pin unit cell and a generic GGW structure.
(b) Dispersion diagram when h,, = 3.80 mm, h, = 0.20 mm,

Wp = Lp = 1.88 mm and S, = 1.34 mm. The cutoff frequencies of the
TE o and TEy, modes of a standard WR-51 RW are also specified by
using horizontal dotted red lines.

A. STUDY OF THE TESSY.LIKE MODE AND THE
VARIATION OF THE MAXIMUM ELECTRIC FIELD
STRENGTH

As it is commonly known, the main geometrical dimensions
of the pins that compose the bed of nails of a generic
GGW structure are the height (h,,), width (W},), length (L,,),
periodicity (p, and p,) and the air gap (h,), as shown in
Fig. 1(a). Note that the periodicity can also be modeled by
the separation between pins (Sp) as p, = W, + S, and
p. = L, + S;,. Depending on the values of these parameters,
it is possible to adjust the stopband behavior of the structure,
thus forbidding the propagation of the EM fields through
the bed of nails in a desired range of frequencies. By way
of illustration, in Fig. 1(b), one can also see the dispersion
diagram for fixed values of h, = 3.80 mm, h, = 0.20 mm,
W, = L, = 1.88 mm and S, = 1.34 mm, where a bandgap
between 13.59 GHz and 34.26 GHz is achieved, completely
covering the Ku- and K-bands, and most of the Ka-band.
It has been simulated by using the eigenmode solver of the
commercial software tool ANSYS High-Frequency Structure
Simulator (HFSS).

Next, if some pins of the bed of nails are removed, a
TESS$W-like mode can be propagated through a guided struc-
ture of width W, as also shown in Fig. 1(a). Please, note at
this point that the rest of the results that will be shown in
this work will be particularized to a standard width WR-51
(where W = 12.954 mm). It is also important to men-
tion that the geometrical dimensions of the pins previously
specified have been intentionally selected in order to force
the beginning of the stopband region to a similar frequency
to that of the first propagation mode of a standard WR-51
(e, few,, = 11.57 GHz, as represented in Fig. 1(b) by
using a horizontal dotted red line).

In Fig. 2, according to the same study and results pre-
sented in [16], [42], the differences between the first prop-
agation mode of a GGW and the counterpart RW can be
observed, by means of the variation of the normalized elec-
tric field strength in the plane X-Y (|E,|), whose values
have also been obtained by using ANSYS HFSS. Note that
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FIGURE 2. |E, (x)| at different frequencies and two height planes. All
curves have been normalized with respect to a common value of
3.0e4 V/m (when an excitation signal of 1 W is applied in simulations).
Front view of the (a) RW and the (b) GGW. Normalized electric field
distribution at (c) 14 GHz, (d) 16 GHz, (e) 18 GHz, and (f) 22 GHz.

the established equivalences of the widths and heights of
both simulated structures are Wrwy = Wggw = W and
hgw = hgew = hp + hg, respectively. One can also see that
each graph in Figs. 2(c)—(f) represents a different frequency
in the range of operation specified above (i.e., 14 GHz,
16 GHz, 18 GHz, and 22 GHz). Furthermore, as also detailed
in Figs. 2(a) and (b), |E,(z)| is simulated at two different
heights. The first plane is located in the middle of the air
gap (i.e., y1 = hy + ho/2, plotted by a solid blue line) and
the second plane is placed in the middle of the pin’s height
(i.e., y2 = h,/2, where a dotted red line and a dashed green
line are used for the GGW and the RW designs, respectively).

On the one hand, it is easy to observe that the TEFSY-like
mode is mostly confined and has a similar shape to that of
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FIGURE 3. Comparison of |E‘MAX| for different frequencies and
dimensions h,, and h, of the pins. All cases have been normalized with
respect to a common value of 3.0e4 V/m. Solid lines represent |I§MAx\ in
GGWs, whereas dotted lines are used for the counterpart RWs. Vertical
dashed red lines indicate the cutoff frequencies fc;. and fc.. ofa

standard WR-51, whereas vertical dotted lines (M, an‘g M:) represent the
stopband region of each GGW. The unplotted lines M; and M> mean they
are out of band between 10 GHz and 26 GHz. The discrete circles,
squares and triangles symbolize the improved | Eyax| of a GGW with the
application of the design strategy described in Section II-B.

(a) hq = 0.20 mm. (b) h, = 0.40 mm. (c) h, = 0.60 mm.

the TERY at higher frequencies (closer to the upper stopband
limit), where the maximum |E,| is located in the center of
the waveguide propagation section, see by way of illustration
Fig 2(f). On the other hand, when the operating frequency is
close to the lower cut-off frequency of the stopband region,
a high electric field strength is concentrated in the air gap
above the first lateral row of pins, as shown in Fig. 2(c) by the
appearance of two secondary lobes at height y; . In addition,
the |Ey| at the center of the propagation section of the GGW
may also be slightly higher than that expected for the equiv-
alent RW. Therefore, in this second case, one can anticipate
that the corona discharge breakdown can occur in the air gap
above the first lateral row of pins, due to the appearance of
the secondary lobes of high \Ey |. Consequently, the PPHC in
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a GGW may be decreased at these frequencies close to the
lower stopband limit compared to the peak power thresholds
of a conventional RW.

In this way, an additional study has been -carried
out to extend the previous analysis to other frequen-
cies and dimensions of the pins. For this purpose, sev-
eral layouts of a generic GGW as shown in Fig.1(a)
have been designed and simulated for all the possi-
ble combinations of h, = {3.80,5.20,6.60} mm and
he = {0.20,0.40,0.60} mm. Note that the rest of the
dimensions are set to the same values as in the preceding
study (i.e., S, = 1.34 mm, W, = L, = 1.88 mm, and
W = 12.954 mm). Moreover, the counterpart RWs have
also been computed to make a comparison between both
technologies. In Fig. 3, the maximum normalized electric
field strength (| Eyax|) has been plotted for each case. Note
that each graph is used for a fixed value of h,, whereas each
color represents a different value of h, (as specified in the
legend), which affects the height of the propagation section
(i.e., hrw and hggw). It is worth mentioning that all values
have been measured at the middle of the air gap (i.e., at height
y1) to avoid singularities at the sharp edges of the pins’ top.

It is easy to observe that the same conclusions obtained
in the previous study are extended to other configurations of
hy and hg. On the one hand, |EMAX| in a GGW is similar
to that expected in a RW at frequencies close to the upper
stopband limit. On the other hand, if the operating frequency
is located in the lower part of the stopband, the appearance
of secondary lobes in the air gap above the first lateral row
of pins leads to a considerable increase in the electric field
strength with respect to the equivalent RW, as previously
seen. Moreover, it is also possible to check that the increase
in the propagation section’s height (hggw or hrw) results, as
expected, in a decrease of |EMAX| for both technologies and
a shift of the GGW’s stopband region to a lower frequency
range if h, is increased.

Based on the foregoing, one may think that a high con-
centration of the electric field strength above the pins may
significantly limit the PPHC of waveguides where the groove
gap technology is used. Moreover, this effect is considered
more relevant for lower values of h, and hg, as shown in
Fig. 3. In this sense, it becomes necessary to propose a design
criterion to achieve a TEFSY -like mode as similar as possible
to the TERY . By doing that, it will be possible to enhance the
PPHC in GGWs by the reduction of \EMAX\ at the lateral
pins and, consequently, its displacement to the center of the
waveguide propagation section.

B. STRATEGY FOR ENHANCING CORONA DISCHARGE
BREAKDOWN IN GROOVE GAP WAVEGUIDES

In view of the above results, a strategy for improving PPHC
in GGWs is described in this section. It is based on the
optimization of three geometrical dimensions of the pins
in order to decrease |EMAX| and achieve a more confined
TESSW-like mode. The three parameters to adjust are the
width (W),), length (L) and separation (S,,) between pins.
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FIGURE 4. Variation of | Eyax| at 14 GHz as a function of the width,
length and separation between pins for h, = 3.80 mm and

h, = 0.20 mm. All values have been normalized with respect to a
common value of 3.0e4 V/m. A dashed horizontal green line is used for
representing | Emax| of the equivalent RW. (a) Study of W, and L.
(b) Study of S,,.

In Fig. 4(a), the variation of the maximum nor-
malized electric field as a function of the width and
length of the pins is represented. In order to ob-
tain these results, different groove gap waveguides have
been simulated for all the possible combinations of
W, = {2.00,3.00,4.00,5.00, 5.36,6.00, 7.00, 8.00,9.00}
mm and L, = {0.90,1.80,2.70,3.60,4.50} mm, and
where the separation has been set to S, = 1.34 mm. At
this point, it is important to highlight that the analysis is
focused on the critical frequency fo = 14 GHz because,
as shown in Fig. 2(c), the electric field strength of the
secondary lobes, in this case, is higher than at the other
frequencies. Moreover, the height of the pins and the air gap
have also been fixed to h, = 3.8 mm and h, = 0.2 mm,
respectively, because this combination is one of the worst
cases shown in Fig. 3 (i.e., there is a greater difference in
the maximum electric field strength between the GGW and
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FIGURE 5. Variation of | £, ()| at 14 GHz. (a) Original design.
(b) Optimized design with the proposed strategy to decrease | Emax|.

the equivalent RW). It is easy to observe in Fig. 4(a) that
\EMAX\ in the GGW is similar to the counterpart RW when
W, =536 mm~ Ag/4and L, > 2.70 mm = \o/8.
Therefore, one can expect that assuming these optimized
dimensions as a first-order approximation, the achieved peak
power thresholds of both technologies will also be similar.

Next, the separation between pins has also been stud-
ied. For this analysis, the length of the pins has been
fixed to a value of L, = 270 mm = \/8 based
on the previous results, whereas several combinations of
S, = {0.67,1.00,1.34,1.70,2.00,2.50,3.00} mm and
W, = {2.00,3.00,4.00,5.36,7.00} mm have been simu-
lated, and their maximum normalized electric field strengths
have been plotted in Fig. 4(b). In this case, it is observed that
the influence of S, on the |EMAX| variation is the lowest
one compared to W, and L,. Moreover, it is important
to note that a very narrow separation between pins is not
possible since the beginning of the stopband behavior is
shifted to a frequency higher than fy, = 14 GHz and,
for this reason, these values of S, are not included in the
representation. On the other hand, the EM fields are less
confined, |EM ax| is higher and the return losses are decreased
for values of S, > 3 mm, as it has also been verified. In this
sense, a good compromise for achieving a similar value of
\EMAX\ between the GGW and the equivalent RW may be
Sp = 1.3dmm = \y/16, as shown in Fig. 4(b).

Finally, it is necessary to extend the proposed design
strategy for improving PPHC in GGWs to other frequencies
and configurations of the bed of nails, due to the fact that the
previous study has only been carried out for a particular case.
In this way, the enhanced maximum normalized electric field

6

strength when applying the suggested design criterion is also
represented in Fig. 3 by using discrete points (i.e., blue circles
for h, = 3.80 mm, red squares for h, = 5.20 mm and purple
triangles for h,, = 6.00 mm). It is easy to observe that |EMAX|
of the enhanced GGWs is significantly decreased, achieving
similar values to those simulated for the equivalent RWs.
Therefore, one can expect that after the proposed adjustment
of parameters W,,, L, and S, the PPHC of a groove gap
waveguide will be considerably improved. However, it is
important to note at this point that, as it has also been verified,
the bandwidth of the stopband region will be slightly reduced
by the application of the proposed pins’ geometrical dimen-
sions. In this sense, the use of the design strategy is specially
useful when the operating frequency is close to the lower
stopband limit, whereas, for higher frequencies, the margin
of enhancement will be limited. Thus, the expected PPHC
improvement will be achieved due to the modification of
the stopband behavior when the proposed design criterion is
applied, which contributes to the reduction of the secondary
lobes above the first lateral row of pins. One can see this
effect in Fig. 5, where a comparison between the TESS W -like
mode of the original and the optimized designs (plotted in
blue and brown color, respectively) is represented.

lll. ANALYSIS OF CORONA DISCHARGE BREAKDOWN
IN GGW INDUCTIVE BANDPASS FILTERS

In this section, the technique used for decreasing the maxi-
mum electric field strength in guided structures using groove
gap technology is applied to evaluate the same effect in
narrowband inductive GGW bandpass filters. A parametric
analysis is presented to obtain a design strategy for the
dimensions of the inductive irises (in the same way as it
has been done before for the geometrical dimensions of the
lateral pins), since, as it will be shown next, the maximum
electric field strength of a GGW BPF is mainly concentrated
in the air gap above the irises.

At this point, it is also worth noting that the GGW filters
that will be shown in what follows will also be useful to
demonstrate the conclusions obtained in the previous Sec-
tion II. In this sense, the approximate power breakdown
thresholds of the preceding GGW structures can be analyt-
ically computed as

‘ Ebreak,air | 2

Pbreak |EMAX|2 (2)
where | Ebpreak air| is the air dielectric breakdown at a particular
pressure (~ MV/m in the high-pressure range), and | Emax]| is
the maximum electric field strength (without normalization)
in the previous GGW structures when an excitation signal
of 1 W is applied, and whose values can be obtained from
Fig. 3. In this way, the expected power breakdown limit of
the GGW designs presented in Section II may be of several
tens of kilowatts, which are very high power levels to be
provided by an amplifier in a laboratory testbed. The design
of GGW BPFs allows us to reach lower peak values than
those in guided structures and, therefore, they will be more
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TABLE 1. Main dimensions of the manufactured BPFs.

Prototype Tech. fo Wp Ly Sp Wir Lir Wei =Weq | Wea =Wesg | L1 = L3 Lo
(GHz) | (mm) | (mm) | (mm) | (mm) | (mm) (mm) (mm) (mm) (mm)
Benchmark RW 14 — — — — 5.36 9.02 6.96 14.13 15.91
[B] GGW 14 1.88 1.88 2.27 1.88 1.88 9.04 7.31 16.72 18.27
[C] GGW 14 1.88 1.88 2.27 4.02 5.36 9.48 7.82 14.53 16.24
D] GGW 14 5.36 2.68 1.34 4.02 5.36 9.43 7.69 13.11 14.80
[E] GGW 16 1.88 1.88 2.27 3.52 4.69 8.16 6.65 9.88 10.97

feasible to measure. The main reason for this fact is that
a voltage/electric field magnification occurs in the resonant
cavities, so higher values of | Fyax| than in guided structures
are achieved. This leads to lower values of Ppear, as shown
in equation (2).

The study presented in this section is focused on
third-order vertically polarized GGW bandpass filters (VP-
GGW BPFs). Please, note that all the prototypes that will
be simulated in the following analysis are designed with
a center frequency fy = 14 GHz and a passband band-
width of 140 MHz (fractional bandwidth FBW = 1%).
Moreover, these filters have an ideal Chebyshev response
with 20 dB return loss and, as previously stated, the inter-
cavity and input/output couplings have been implemented by
using inductive irises. Please, note that the main reason for
centering the designs at the Ku-band (even though the GGW
technology makes more sense at higher frequencies) was
mainly conditioned by the limitations of the measurement
campaign’s testbed described in the following Section IV,
which was limited for frequencies between 10.5 GHz and
18.5 GHz. The height of the waveguide propagation section
is fixed in all cases at hrw = hggw = 4 mm, where the pin’s
height and the air gap in the GGW BPFs are h, = 3.80 mm
and h, = 0.20 mm, respectively. This decision has been
made to force the appearance of secondary lobes at 14 GHz
since, as mentioned above, the GGW BPFs presented in
this section will also be useful to assess the appearance of
secondary lobes at the lateral pins of the resonant cavities
when the operating frequency is close to the lower stopband
limit, as explained in more detail in the preceding Section II.

First, a conventional third-order RW bandpass filter (called
benchmark) has been designed, as shown in Fig. 6(a), to
compare its maximum electric field strength with the GGW
filters. Note that a transition from WR-62 to WR-51 has also
been included at the input and output ports because this mod-
ification will be necessary for the measurement campaign
described in the following Section IV. Next, a VP-GGW BPF
(called filter B) has also been designed, where the dimensions
of the inductive irises are the same as those of the lateral pins
(ie., Wi = Wy and L;, = L,, as shown in Fig. 6(b) and also
detailed in Table 1). Note that the pins located just behind the
irises have been removed to avoid a very narrow separation
between them. In Fig. 6, the electric field distribution at the
second resonant cavity (whose voltage magnification is the
highest at f, [6]) is also plotted on the plane located in the
middle of the air gap (i.e., at height y1 = h, +h,/2, as in the
previous analysis described in Section II). One can observe
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FIGURE 6. Filters’ top view and electric field distribution of the second
resonant cavity (the same scale is applied in all cases). (a) Benchmark.
(b) Filter B. (c) Filter C. (d) Filter D. (e) Filter E.(f) Summary table of the
strategy used for improving the PPHC of each manufactured BPF.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

IEEE Access

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2022.3228111

A. Morales-Hernandez et al.: In-depth Study of the Corona Discharge Breakdown Thresholds in Groove Gap Waveguides

that a high concentration of the electric field is located above
the irises of filter B whereas, in the benchmark prototype, it is
placed at the center of the resonant cavity with lower strength.
Furthermore, it is also important to emphasize that |EMAX|
above the irises of filter B is higher than above the lateral pins
of the cavities. Based on the foregoing, and from the point of
view of maximizing the PPHC, it can be expected that the
irises are the critical part of the VP-GGW BPF. Therefore, it
is necessary to find optimal dimensions for the design of the
coupling windows in order to shift the maximum electric field
strength to another part of the filter (preferably to the center
of the cavity, as in the benchmark prototype). In this sense,
and in a similar way as previously done for W, L, and .S,
the variation of \EMAX\ as a function of the parameters W,
and L;, will be analyzed in the following subsection.

A. STRATEGY FOR ENHANCING CORONA DISCHARGE
BREAKDOWN IN GGW INDUCTIVE BANDPASS FILTERS
For this study, different VP-GGW BPFs based on inductive
irises have been simulated for all the possible combinations
of Wy, = {2.00,3.00,4.00, 5.00, 6.00, 7.00,8.00} mm and
L, = {2.00,3.00,4.00,5.00,5.36,6.00,7.00,8.00} mm,
where the dimensions of all the inter-cavity and input/output
irises of the filter have been modified in the same way. Please,
note that in order to avoid the appearance of \EMAX\ in the
air gap above the lateral pins of the resonant cavities, the
optimized dimensions of W), L,, and S, previously presented
in Section II have been set in all the simulations. The obtained
results are shown in Fig. 7, where the maximum electric
field strength is represented as a function of L;,., and various
colors are used to represent different values of W;,.. On the
one hand, it is easy to see that all curves show the same trends
and reach convergence for values of L;, > 5.36 mm ~ X\ /4.
On the other hand, the parameter W, has more influence
than the length of the irises since, as it can be observed,
\EMAX\ in the VP-GGW BPF is similar to those of the
counterpart RW filter when 4.0 mm < W;. < 6.0 mm
Ge., 075 - L;;, < W, < 1.25- L;.). In this sense,
one can assume these values of W;,. and L;, as a first-order
approximation of the irises’ design criterion for maximizing
the PPHC in VP-GGW BPFs.

B. RESULTS

Finally, to evaluate the previous conclusions, three additional
third-order bandpass filters have been simulated. First, a
semi-optimized VP-GGW BPF (called filter C) has been
designed. For this case, only the dimensions of the irises have
been optimized, whereas the dimensions of the lateral pins
have not been modified with respect to filter B, as shown
in Fig. 6(c). Furthermore, a full-optimized VP-GGW BPF
(called filter D) has also been designed, where both previous
strategies for improving PPHC (i.e., lateral pins and irises)
have been applied, as represented in Fig. 6(d). Finally, an
additional prototype (called filter E) has been designed at
fo = 16 GHz with a fractional bandwidth of 1% and a
Chebyshev response with 20 dB return loss, whose layout
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—=W;, = 2.0 mm
e Wy, = 3.0 mm

Wi = 4.0 mm
eV, = 5.0 mm
—@—W;, = 6.0 mm

Wi = 7.0 mm
e V5. = 8.0 mm
e m RW

Length of the irises, L;, (mm)

FIGURE 7. Variation of |EMAX| at 14 GHz as a function of W;.,. and L ...
All values have been normalized with respect to a common value of
9.0e4 V/m. A dashed horizontal green line is used for representing the
equivalent RW.

is represented in Fig. 6(e). As one can observe, the latter
prototype is similar to filter C, where the only difference
lies in the modification of the main parameters to adjust
fo at 16 GHz (which also affects the optimized dimensions
Wi, and L;,., whereas W,, L, and S, are the same as in
filter C). Filter E will be useful in Section IV to demonstrate
the decrease of the secondary lobes above the first lateral
row of pins at higher frequencies, as one can also easily see
by the comparison of the electric field distributions between
Figs. 6(c) and (e) (and as previously explained in more detail
in Section II). Please, note that the main dimensions of all
the BPFs described above are also summarized in Table 1,
whereas the strategy used for improving PPHC in each case
is detailed in Fig. 6(f).

By way of illustration, and to better understand the vari-
ation of the maximum electric field strength by modifying
the width/length of the lateral pins and the inductive irises,
a comparison between filters B, C and D is shown in Fig. 8.
First, in Fig. 8(a) the filter B is represented, where one can
see that |EMAX| is located in the air gap above the irises,
whereas lower electric field strength is concentrated over the
lateral pins of the resonant cavity, as previously stated. Next,
if the design criterion for optimizing W;, and L;, is applied
(whereas W), L, and S, remain identical to those of filter B),
the filter C is obtained, as shown in Fig 8(b). In this case, it is
easy to observe that the electric field strength over the irises
is considerably decreased and, consequently, |EMAX| is now
shifted to the air gap above the lateral pins of the cavity. How-
ever, the electric field strength is still too high compared to
the desired |E‘MAX\ goal value of the equivalent RW BPF. For
that reason, the last step is represented in Fig. 8(c), where the
design strategy proposed in Section II-B is also applied to the
lateral pins of the resonant cavities. In this way, the filter D is
obtained, where the maximum electric field strength is now
shifted to the center of the resonant cavity, and reduced to
the same value as the counterpart RW BPF. Therefore, one
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FIGURE 8. Variation of | E, (x)| at fo = 14 GHz for three different VP-GGW BPFs. The electric field strength of the second resonant cavity is plotted in
the middle of the air gap (i.e., y1 = h, 4+ ha/2) and the same scale is applied in all cases. | E,, (x)| in plane z; (above the irises) and plane z> (above
the lateral pins) are also plotted in two different graphs by using brown and blue colors, respectively. Red circles are used for highlighting the zones
where the electric field strength is maximum in each case, whereas the pink circles mark the desired | Emax| goal. A dashed green line represents
| Ey ()| of the counterpart RW BPF. All graphs have been normalized with respect to a common value of 9.0e4 V/m. (a) Filter B. (b) Filter C. (c) Filter D.

FIGURE 9. Manufactured prototypes. (a) Benchmark. (b) Filter B.

(c) Filter C. (d) Filter D. (e) Filter E.

can easily see in Fig. 8 that, by a simple adjustment of the
main dimensions of the pins that compose the bed of nails
and, especially, the inductive irises of a VP-GGW BPF, the
maximum electric field strength can be equated to that of an
equivalent RW filter, thus confirming the results obtained in
both parametric studies described in the previous Sections
II-B and III-A. Consequently, a considerable improvement of
the PPHC with respect to the original/non-optimized design
(filter B) will be expected, as it will be shown in what follows.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

In view of the above results, it has been demonstrated that by
a simple modification of the main geometrical dimensions of
the bed of nails (W), L, and S),) and the inductive irises (W;,
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and L;,), one can easily enhance the PPHC of a VP-GGW
BPF. This improvement can be achieved by the reduction of
the maximum electric field strength, and its concentration
at the center of the waveguide propagation section. Thus,
in the following paragraphs, the previous conclusions will
be demonstrated by means of experimental measurements.
In order to obtain the peak power thresholds that each BPF
summarized in Table 1 can reach, all the proposed prototypes
shown in Fig. 6 have been manufactured in aluminum, as
shown in Fig. 9, by using a computer numerical control
(CNC) Datron M25 milling machine.

After the manufacturing process, the S-parameter
responses have been measured and represented in
Figs. 10 and 11. Furthermore, the group delay has also been
measured for all prototypes, as shown in Figs. 12 and 13.
As one can clearly see, all the measurements have a high
level of similarity with the counterpart full-wave simulations.
In addition, the measured center frequency (fj), fractional
bandwidth (FBW) and insertion/return losses (IL/RL) of each
manufactured prototype are summarized in Table 2.

On the one hand, only a slight shift of fj to a lower fre-
quency and a small variation of the FBW can be highlighted
in both technologies (i.e., RW and GGW). On the other hand,
it is important to note that the return losses are in all cases bet-
ter than 16.1 dB. Finally, as also shown in Fig. 10, the upper
rejection band can be considerably improved with respect to
the non-optimized prototype (filter B) when the dimensions
of the inductive irises (filter C) and also of the lateral pins
(filter D) are adjusted to the dimensions previously studied in
Sections II and III.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

IEEE Access

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2022.3228111

A. Morales-Hernandez et al.: In-depth Study of the Corona Discharge Breakdown Thresholds in Groove Gap Waveguides

0 = Benchmark
-10 —Prot. [B]
- Prot. [C]
20 \.| = Prot. [D]

S-parameter (dB)
w
S

h
S

-60

13 135 145 15

14
Frequency (GHz)
FIGURE 10. Simulated (dashed lines) and measured (solid lines)

S-parameters of all filters centered at 14 GHz

0
-10

S-parameter (dB)
&
)

15 155 16 16.5 17
Frequency (GHz)

FIGURE 11. Simulated (dashed line) and measured (solid line)
S-parameters of the filter centered at 16 GHz

6 -

N W KA~ W

Group delay
(ns)

13.5 14 14.5
Frequency (GHz)

FIGURE 12. Simulated (dashed lines) and measured (solid lines) group

delay of all filters centered at 14 GHz
= Prot. [E]

Group delay

16
Frequency (GHz)

FIGURE 13. Simulated (dashed line) and measured (solid line) group
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TABLE 2. Measured characteristics of the manufactured prototypes.

Prototype Tech. fo FBW 1L RL
(GHz) | (%) | dB) | (dB)

Benchmark RW 1399 | 0964 | 1.30 | l6.4

[B] GGW | 1396 | 1.021 | 0.83 | 17.7
] GGW | 1397 | 0.986 | 0.99 | 16.1
D] GGW | 1397 | 0957 | 1.07 | 225
E] GGW | 1597 | 0944 | 099 | 163

All the prototypes have been tested in a measurement cam-
paign performed at the European High Power RF Space Lab-
oratory (located in Valencia, Spain). In Fig. 14, the generic
scheme of the testbed configuration used for the corona
breakdown detection is shown. The measurements have been
carried out at two different frequencies which correspond to
the measured center frequency of each prototype: 13.98 GHz
(for filters A, B, C and D) and 15.97 GHz (for filter E).
Moreover, a pulsed signal with a low duty cycle (2 %) and
low width (20 us) has been used to avoid any self-heating
effect in the devices under test (DUTs). Please, note that the
maximum applied signal power of the testbed is 4 kW, and all
filters have been measured at 22 °C in a pressure-controlled
chamber from 2 to 1013 mbar to obtain their respective
Paschen curves. Five different methods have been used for
the corona discharge detection: nulling of the forward/reverse
power at the operation frequency, third-harmonic detection,
a broadband diode, an electron avalanche monitoring, and
an optical detection system. When two or more of these
methods were detected, the corona discharge breakdown was
considered to have occurred.

In Fig. 15, the measured peak power thresholds of the
manufactured prototypes working at fo = 14 GHz are rep-
resented. Note that the corresponding simulated values ob-
tained using the software tool SPARK3D [46], which solves
the diffusion type problem for the evolution of the electron
density, are also included. First, the PPHC of the RW BPF
(benchmark) is plotted in blue color, which represents the
maximum peak power limit that the equivalent GGW BPFs
can reach. Next, it can be observed that the appearance of
the gas breakdown in the non-optimized filter B (represented
in red color) leads to lower values of peak power thresholds,
especially in the high-pressure range (above 200 mbar). If
the geometrical dimensions of the pins of the inductive
irises (W;, and L) are optimized (obtaining the filter C,
which is plotted in yellow color), the maximum electric field
strength is shifted to the air gap above the lateral pins of the
resonant cavities, so the PPHC is still maintained similar to
that of the previous prototype. However, if the dimensions
of the bed of nails (W,, L, and S,) are also adjusted, the
full-optimized filter D (shown in purple color) is obtained,
which achieves almost the same peak power thresholds as the
RW benchmark. The main reason is that, as previously stated,
the maximum electric field strength is decreased and shifted
to the center of the resonant cavity. In this way, a PPHC
improvement up to 5.16 dB at 600 mbar for the filter D, with
respect to filter B, has been demonstrated (i.e., a PPHC up
to 3.59 kW and 1.09 kW, respectively, at this pressure), as
summarized, along with other pressures, in Table 3. Finally,
it is also important to emphasize that the reduction of the
secondary lobes at higher frequencies in the stopband region
has also been verified in the measurement campaign since, as
shown in Fig. 16, the filter E (centered at 16 GHz) achieves
higher peak power thresholds than the filter C (centered at
14 GHz).
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FIGURE 15. Simulated and measured corona discharge thresholds
(Paschen curves) of the prototypes working at fo = 14 GHz.

TABLE 3. Measured PPHC enhancement (with respect to filter B).

Pressur 115 275 400 600
essure (mbar) (mbar) (mbar) (mbar)
RW Benchmark | 1.21dB | 3.55dB | 422dB | 5.26dB
D] 0.76 dB | 3.37dB | 4.02dB | 5.16dB

V. CONCLUSION

In this paper, an in-depth analysis of the variation of the
electric field strength in GGW BPFs based on inductive
irises has been carried out, and a simple way for improving
their peak power thresholds has been presented. First, the
study has been focused on wave-guiding structures, where
the distribution of the TESSW-like mode has been compared
to the counterpart TEXY mode. As observed, secondary lobes
with high electric field strength appear in the air gap above
the first lateral row of pins when the operating frequency is
close to the stopband lower limit, so a parametric analysis
has been carried out to reduce them. When the width, length
and separation of the pins that compose the bed of nails are
W, = Xo/4, L, = Ao/8 and S, = \o/16, respectively,
a considerable reduction of |EMAX| has been demonstrated.
The second study has been performed in VP-GGW BPFs
working at 14 GHz, showing that the critical part is now
located above the pins which define the inductive irises. In
this sense, another parametric analysis has been presented to

VOLUME X, 2022

Pressure (mbar)

FIGURE 16. Simulated and measured corona discharge thresholds
(Paschen curves) of filter E (working at fo = 16 GHz) for comparison
with the counterpart values of filter C (working at fo = 14 GHz).

find their optimized dimensions of the length (L;. > Ao/4)
and width (0.75 - L, < Wy < 1.25- Ly,) to reduce | Eyax|
above them. Finally, the feasibility of both strategies has
been validated in a measurement campaign, thereby showing
how a simple adjustment of the pins can indeed lead to a
considerable PPHC improvement up to 5.16 dB with respect
to a non-optimized prototype. Future work will be directed to
the study of other physical phenomena and technologies used
for the design of microwave filtering solutions.
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