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Abstract

This paper studies the corona discharge power thresholds in microstrip bandpass filters
(BPFs) and, in particular, is focused on a solution based on λ/2 cover-ended resonators to
enhance their peak power handling capability (PPHC). First, a parametric analysis is carried
out to evaluate the variation of the maximum electric field and the unloaded quality factor
(Qu) as a function of the cover’s geometrical dimensions (i.e. height, length, and width).
Next, several microstrip BPFs centered at 1.6 GHz are designed, and their behaviors under
moderate-to-high applied RF power signals are simulated to corroborate the previous study.
A suitable number and size of covers are selected to enhance PPHC without barely degrading
the filters’ electrical performance and, consequently, without hardly increasing the insertion
losses. Finally, two third-order filters with covers and without covers (benchmark prototype)
are manufactured, by way of illustration, and they are tested in the European High-Power RF
Space Laboratory to validate the good performance of the proposed solution, where a PPHC
enhancement of 3.1 dB at high pressures is achieved as compared to the benchmark prototype.

Introduction

Filters are broadly used at microwave and millimeter-wave (mm-wave) frequencies as a funda-
mental component in RF front-ends of wireless communication systems. Their use is to allow
the transmission of signals of a certain desired pass-band with very little attenuation and
rejecting other undesired frequencies. On the other hand, the ever-increasing demand for
high bit rates, compact and low-cost devices, and easy integration with monolithic microwave
integrated circuits has given rise to planar technology (such as microstrip) as essential to
design microwave devices. Filters, dividers, or couplers, among other devices, designed in pla-
nar technology, ensure low weight, small size, and easy manufacturing processes. Corona RF
breakdown is an electrical discharge appearing around the surface of a charged conductor,
caused by ionization of the surrounding gas (in general, air) as the main phenomenon
when the strength of the electric field is high enough [1, 2]. In satellite and, especially, in
ground communication systems, it is an important matter to take into account, due to the
increase of RF power requirements [3, 4]. In consequence, special attention should be paid
to the study of the behavior of this high power critical issue [5], and proposals to prevent
and improve the peak power handling capability (PPHC) in microwave filters are needed.
Previous works have predicted voltage and peak internal fields in waveguide filters [6–8],
showing their maximum values at the center of the cavities. Moreover, a study of corona break-
down thresholds has been carried out for arbitrarily-shaped waveguide-based filters in [9]. On
the other hand, in planar technology, corona RF breakdown has been focused on the con-
nector of a microstrip transmission line [10–12] and, more recently, the PPHC and maximum
voltage peak at the open-circuit terminations in microstrip filters have been analyzed in
[13, 14].

The main aim of this work is to enhance the PPHC in microstrip λ/2 coupled-line band-
pass filters (BPFs). For this purpose, a solution for improving the peak power limit based on
cover-ended resonators will be suggested. Simulated and measured results will be presented,
and the feasibility of the proposed solution will be experimentally validated. Furthermore,
for the sake of completeness, a commercial alternative based on an anticorona lacquer will
be analyzed and compared to the previous proposed solution. This paper corresponds to an
extended version of [15], where the experimental validation of the proposed solution is
included. The manuscript contents are organized as follows. In section “Description and ana-
lysis of the cover-ended resonator”, a parametric study has been carried out to analyze how the
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maximum electric field in air and the resonator’s unloaded quality
factor (Qu) are affected by the variation of the cover’s dimensions.
Other parameters are also studied, including the microstrip width
(W), the thickness of the substrate (h), and the electric permittiv-
ity (ϵr). In section “Simulated results”, several microstrip BPFs
will be designed, and simulated results of RF corona discharge
thresholds will be computed to select the most suitable configur-
ation of the cover-ended resonators. In section “Experimental
results”, the proposed solution is validated by means of experi-
mental measurements, and a comparison with a commercial
anticorona lacquer is carried out. Finally, the main conclusions
of this paper will be summarized in section “Conclusions”.

Description and analysis of the cover-ended resonator

Gas breakdown, corona discharge, or corona effect are multiple ways
of knowing the physical phenomenon causing electrical discharges
in gases (commonly air). Gases contain free ions and electrons,
then they are not considered perfect insulator mediums when strong
electric fields are applied to them. In this context, corona discharge
breakdown limits the maximum peak power that microwave com-
ponents can withstand without damaging them or degrading their
performance. In this paper, an analysis is carried out to improve
the PPHC of microstrip BPFs. For this task, we firstly need to obtain
the electromagnetic fields inside the device by using the commercial
software tool ANSYS HFSS1. Afterwards, the software SPARK3D®2

is used to compute the diffusion-type problem for the evolution
of the electron density, where the previous electric field distribution
is needed. In Fig. 1, we can see the proposed folded λ/2 microstrip
resonator to carry out the parametric analysis presented in this
section. Its resonant frequency is centered at f0 = 1.6 GHz
(L-band), where W = 2mm and the low-loss standard substrate
material Rogers RO4003C® is used (h = 1.524mm, t = 0.017mm,
tanδ = 0.0027, and ϵr = 3.60, the latter value extracted from measure-
ments). Previous studies in the literature demonstrate that the max-
imum electric field occurs in the cavity center of waveguide filters
(see [6]), meanwhile in microstrip filters it occurs at the open-circuit
terminations [13]. For the latter reason, as a way to reduce the elec-
tric field intensity in air for improving the peak power thresholds,
two dielectric covers with the same substrate material are placed
at zones where the voltage magnification is maximum, as shown
in Fig. 1. The study presented in this section is divided into two
parts. An initial analysis evaluates the variation of the maximum
electric field in air as a function of its cover’s geometrical dimen-
sions, and other parameters such asW, h, and ϵr. Next, the variation
of the resonator’s unloaded quality factor Qu according to the same
cover’s parameters is addressed.

Study of the maximum electric field

As previously stated, a parametric study is now performed accord-
ing to the variation of the maximum electric field as a function of
the covers’ dimensions Hcover, d, and Lcover, all of them specified in
Fig. 1. Next, in order to obtain more generic conclusions on the
applicability of the proposed strategy, also the influence of the
microstrip width, the thickness of the substrate and the electric
permittivity are analyzed.

Variation of cover’s dimensions
First, the variation of the maximum normalized electric field
(|ÊMAX|) in air as a function of height (Hcover) is plotted in
Fig. 2(a). As it can be seen, this study has been performed for a
microstrip cross-section by 2-D quasi-static simulations (for
this task, ANSYS Maxwell3 software tool has been used), so
only two cover’s dimensions have been needed, Hcover and d.
The blue line represents |ÊMAX| for a resonator without covers,
while the red line shows the maximum normalized electric field
for different values of Hcover (where d = 0.6 mm has been fixed).
As we can observe, the parameter Hcover has small influence on
the variation of the electric field around the open-circuit termina-
tions of the microstrip line when Hcover > 0.1 mm. It is interesting
to note that this effect can be justified by the fact that the fringing
fields in a conventional microstrip line are stronger at the lateral
sides of the conductor rather than above it. Next parameter to be
studied is the influence of length d when the height of cover is
fixed (Hcover = 1.524 mm). As shown in Fig. 2(b), dimension d
determines the total width of the cover (Wcover =W + 2d). In
this case, one can see that the length d has a greater impact
than Hcover on the electric field variation. As observed, |ÊMAX|
quickly decreases for values below 0.6 mm, and this trend reaches
convergence for d > 0.6 mm. This second study has also been
obtained by 2-D quasi-static simulations. Finally, in Fig. 2(c),
the influence of parameter Lcover on the variation of the maximum
electric field has been represented, where Hcover = 1.524 mm and
d = 0.6 mm have been fixed based on the previous conclusions.
In this third analysis, the whole resonator structure, as shown
in Fig. 1, has been studied by using a 3-D full-wave simulator
(i.e. ANSYS HFSS). Please note that for the resonator without
covers, the sharp corners at both open-circuit terminations have
been slightly rounded (radius equal to 0.25 mm) in order to
avoid singularities (see [16]) in the simulated results and to better
represent a real implementation. In this figure, the blue line repre-
sents, once again, |ÊMAX| along the resonator (0 < L < λ/2) when

Fig. 1. Proposed resonator with dielectric covers at its ends. Cover dimensions are
defined by: Hcover, d, and Lcover. For the sake of clarity, the covers have been drawn
with a different color to that of the substrate, even the same material is used.

1HFSS, Copyright © 2020 ANSYS, Inc. All rights reserved, available on https://www.
ansys.com/products/electronics/ansys-hfss

2SPARK3D, Copyright © 2020 Dassault Systèmes, available on https://www.3ds.com/
products-services/simulia/products/spark3d/

3Maxwell, Copyright © 2020 ANSYS, Inc. All rights reserved, available on https://
www.ansys.com/products/electronics/ansys-maxwell

International Journal of Microwave and Wireless Technologies 709

https://doi.org/10.1017/S1759078721000532 Published online by Cambridge University Press

https://www.ansys.com/products/electronics/ansys-hfss
https://www.ansys.com/products/electronics/ansys-hfss
https://www.ansys.com/products/electronics/ansys-hfss
https://www.3ds.com/products-services/simulia/products/spark3d/
https://www.3ds.com/products-services/simulia/products/spark3d/
https://www.3ds.com/products-services/simulia/products/spark3d/
https://www.ansys.com/products/electronics/ansys-maxwell
https://www.ansys.com/products/electronics/ansys-maxwell
https://www.ansys.com/products/electronics/ansys-maxwell
https://doi.org/10.1017/S1759078721000532


covers are avoided, and the red line is the 70.7% threshold reduc-
tion objective for the maximum electric field value. From these
results, it is easy to observe that Lcover parameter is the one present-
ing the highest impact on the maximum electric field variation,
and we can also assert that a minimum value of Lcover = 2.6 mm
(2mm+d, where d = 0.6 mm, see Fig. 2(c)) is sufficient to reach
the defined field reduction goal. Please also note that in the afore-
mentioned parametric study, the total resonator length has been
slightly changed to keep the resonance frequency at 1.6 GHz in
all considered cases.

Variation of W, h, and ϵr
As previously indicated, the variation of the maximum electric
field as a function of Hcover and d is now analyzed depending
on the microstrip width (W), the thickness of the substrate (h),
and the electric permittivity (ϵr). The main aim of this study is
to obtain more generic conclusions about the proposed strategy
for improving PPHC when it is applied to other different config-
urations. It is important to highlight that this study has also been
performed using ANSYS Maxwell (where a voltage excitation of
1 V has been applied). The results obtained in this case have
not been normalized, in order to facilitate a better understanding
of the difference between the uncovered and the covered cases.
The first results are shown in Fig. 3, where each color represents
different values of the width of the microstrip conductor. As we
can see, all the curves show the same trend, and the dependency
of |EMAX| as a function of W is minimal with respect to the cover
dimensions. The next results are shown in Fig. 4, where the par-
ameter analyzed is the thickness of the substrate material (Rogers
RO4003C®), and where other possible commercial values have

been studied. In this case, for an uncovered resonator (dashed
lines), higher values of |EMAX| in air are obtained for thinner sub-
strates, as expected. Nevertheless, one can see that the three solid
curves (covered resonators) are very close to each other. This
means that the parameter h does not play an important role
when the covers are located at the open-circuit terminations of
a microstrip resonator. We can, therefore, expect that similar
peak power thresholds will be obtained for different thicknesses.
Finally, we show in Fig. 5, the variation of the maximum electric
field as a function of the electric permittivity of the substrate. In
these new graphs, we can see that this parameter has the highest
impact. A lower value of ϵr leads to a greater margin of improve-
ment because the fringing fields are more intense and, therefore,
the effect of the cover is greater. In any case, it is easy to conclude
that for all cases represented in Figs 3–5, similar values of |EMAX|
for a resonator with covered ends are obtained independently
from the values of the parameters W, h, and ϵr, respectively.

Fig. 2. Study of cover dimension variations (a) Hcover, (b) d, (c) Lcover. Normalized
values for EMAX.

Fig. 3. Study of the variation of |EMAX| as a function of Hcover and d depending on the
strip width (W), where h = 1.524 mm and ϵr = 3.60. Dashed lines represent |EMAX| of an
uncovered resonator.

Fig. 4. Study of the variation of |EMAX| as a function of Hcover and d depending on the
substrate thickness (h), where W = 2 mm and ϵr = 3.60. Dashed lines represent |EMAX|
of an uncovered resonator.
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Based on the results presented in this section, and as it will be
shown in next sections “Simulated results” and “Experimental
results”, the proposed cover-ended resonator with Hcover, d, and
Lcover dimensions (or longer) will lead to a significant enhance-
ment of the PPHC. However, it will be necessary to take into
account that bigger covers will worsen the resonator’s unloaded
quality factor, as it is analyzed next.

Study of unloaded quality factor Qu

The unloaded quality factor (Qu) is a parameter for measuring the
loss of a resonating element, and it defines, along with other para-
meters, such as the bandwidth and order, the insertion loss of the
filter. Therefore, to achieve low insertion losses in microstrip filters,
it is important to keep in mind not to reduce it excessively.
Different methods to obtain the unloaded quality factor can be
found in the literature, although we focused our study on the trans-
mission method presented in [17], applied to an under-coupled fed
resonator (as shown in Fig. 1), and where the Qu is defined as

Qu = f0/BW−3 dB

1− |S21(f0)| (1)

where f0 is the resonance frequency, BW−3 dB the bandwidth at − 3 dB,
and S21( f0) the insertion loss value (linear units) at f0. In this sec-
tion, a complementary study of the microstrip resonator proposed
in Fig. 1 is carried out for extracting Qu as a function of the pre-
vious analyzed covers’ geometrical parameters. The obtained
simulated results are shown in Fig. 6, where different values of
Qu are plotted for multiple combinations of Lcover and d. Please
note that, at this point, Hcover is fixed because, as it was demon-
strated before, its contribution on the variation of EMAX is low
when Hcover > 0.1 mm. Thus, the same thickness as the substrate
Rogers RO4003C® has been selected (Hcover = 1.524 mm), in
order to facilitate the covers’ manufacturing process. As it was
introduced in the previous section, one can see in Fig. 6 that
the Qu is decreased for large cover dimensions (i.e. Qu gets
worse if d or/and Lcover increase), so it would be necessary to
reach a trade-off between Qu and the improvement of the corona
discharge breakdown. The dark blue line represents the unloaded
quality factor of a standard microstrip resonator without covers,
whose value is around 230. If we assume a worsening margin
of , 5% of the Qu value of the reference uncovered resonator
(plotted by red dashed line), the selected cover’s dimensions of
d = 1.5 mm and Lcover = 3.5 mm guarantee not only a reduction
of just 3.5% of Qu, but with a noteworthy decrease of EMAX in
air, that will lead to an enhancement of PPHC. Finally, it is
important to highlight that the Qu value depends on the quality
of the microstrip substrate. Thus, for a lossy substrate, large covers
may strongly affect the value ofQu. On the other hand, if we use sub-
strates with very low loss tangent (i.e. alumina with tanδ = 10−4),
Qu factor will be less affected by the cover size. In the following section
“Simulated results”, the conclusions reached along the previous
parametric study will be applied to the design of microstrip BPFs,
and their peak power limits will be analyzed by simulations in order
to validate the feasibility of the proposed solution.

Simulated results

In this section, the aforementioned strategy to reduce the max-
imum electric field in air of folded λ/2 resonators is applied to

the design of microstrip BPFs based on hairpin resonators,
where a classical method based on coupled-resonator circuits
has been used [18]. For all cases, a BPF with center frequency
f0 = 1.6 GHz and passband bandwidth of 80MHz (fractional
bandwidth FBW = 5%) has been designed. These filters have an
ideal Chevyshev response with 20 dB return loss, and they have
been implemented on the substrate defined in section
“Description and analysis of the cover-ended resonator” (Rogers
RO4003C®). First, a conventional/benchmark third-order filter
(n = 3) has been designed. From the Chebyshev lowpass prototype
parameters (g0 = g4 = 1, g1 = g3 = 0.8516, and g2 = 1.1032), we can
obtain the following external quality factors and coupling
coefficients:

Qext1 = Qext3 = g0g1
FBW

= g3g4
FBW

= 17.03 (2)

M1,2 = M2,3 = FBW
�����

g1g2
√ = FBW

�����

g2g3
√ = 0.0516 (3)

Fig. 5. Study of the variation of |EMAX| as a function of Hcover and d depending on
the electric permittivity (ϵr), where h = 1.524 mm and W = 2 mm. Dashed lines
represent |EMAX| of an uncovered resonator.

Fig. 6. Study of the unloaded quality factor Qu for the proposed resonator in Fig. 1.
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We find from the curves shown in Figs 7 and 8 that the separa-
tions between resonators are S1,2 = S2,3 = 2.16 mm and the pos-
ition for input and output taps is t = 2.36 mm (the feeding lines
width is 3.37 mm, which corresponds to a 50 Ω microstrip line).

Figure 9(a) shows the layout of the benchmark third-order fil-
ter prototype without covers. Next, a third-order filter by using
the proposed solution has been designed (see Fig. 9(b)), where
a slight optimization from the previous design has been applied
to adjust the electrical response by modifying the separation
between resonators and the input and output taps position.
Please also note that, due to the dielectric covers, the length of
the filter resonators is reduced from 28.28 to 27.35 mm. The
final manufactured prototype with covers is shown in Fig. 10(a),
where the coaxial connectors are also attached. One can also
see the implementation of covers, which have been set at the
open-circuit terminations where the voltage magnification is max-
imum, as indicated previously, and they have been attached by
using a cyanoacrylate adhesive. In Fig. 10(b), the scattering para-
meters and the group delay, with and without covers, are represented
for simulations and measurements. From the measurements, we can
see an increase of insertion losses at f0 from 1.07 dB (benchmark) to
1.19 dB (with covers).

Next, two fifth-order (n = 5) hairpin microstrip bandpass fil-
ters (with and without covers) have also been designed following
the same steps described above. They will be useful in the follow-
ing analysis, especially for comparison with the third-order filter
regarding the number of covers needed. The layout of the five-
pole benchmark filter without covers is shown in Fig. 9(c), and
the filter where cover-ended resonators are used is shown in
Fig. 9(d).

After verifying the simulated frequency responses of the
designed filters, the analysis of corona discharge RF breakdown
with the commercial software tool SPARK3D® is tackled. As
demonstrated in [19], it exists a direct relationship between the fil-
ter group delay and the time average stored energy. In this paper,
the analysis of corona discharge breakdown is performed at center
frequency f0 = 1.6 GHz without a loss of generality regarding the
effectiveness of the proposed solution. At this frequency, the fil-
ters’ responses are rather constant in terms of insertion loss and
group delay, which facilitates the power measurements in case
there were any frequency drift. However, it should be noted that
at the frequencies where the group delay is maximum (which
are close to the filter cut-off frequencies), still lower PPHC values
could be found, since the stored energy (and consequently, the
voltage magnification) is the highest. Different case studies have
been performed depending on the parameters d and Lcover (see
Fig. 11) for the fifth-order filter with covers (see Fig. 9(d)), and
whose conclusions can be directly extrapolated to any filter with
cover-ended resonators as they follow the same trends previously
discussed in section “Description and analysis of the cover-ended
resonator”. In addition, the number of required covers is also
studied, since in this case, the filter order does play an important
role. Some comments can be arisen from the obtained results:

(1) Variation of d dimension. It can be checked in Fig. 11(a) that
if the dimension d of covers is increased for a fixed value of
Lcover = 2 mm+d, corona discharge breakdown thresholds
improve slightly, as previously stated in section “Variation
of cover’s dimensions”. Nevertheless, this improvement is
limited by the reduction of Qu. A good compromise for this
parameter is d = 1.5 mm, since a smaller width could also
make the covers’ manufacturing process more difficult.

(2) Variation of Lcover dimension. In Fig. 11(b), one can appreci-
ate that for larger Lcover dimension, corona breakdown thresh-
old is improved, and its contribution is higher than
dimension d. Similarly to the parameter d, Lcover also causes
a reduction of the resonators’ unloaded quality factor, so a
cover length of 2 mm+d guarantees a good improvement,
with a very small reduction of Qu, and consequently, an
almost insignificant increase of insertion losses (see Fig. 6).

(3) Study of elimination of covers in some resonators. Finally, as we
can see in Fig. 9(d), there are not covers in the fifth resonator.
For the five-pole filter, simulations with SPARK3D® have shown
that first, second, third, and fourth resonators have the possibil-
ities to generate corona breakdown at center and/or critical fre-
quencies, due to their higher voltage magnification (see [13]).
This does not occur in the fifth resonator, where the stored
energy is the lowest one (see [6]), thus, the use of covers can
be avoided in this resonator. However, as shown in Fig. 9(b),
covers at the last resonator for the third-order filter can not
be removed due to its stored energy is still high enough. As
proof of this evidence, Fig. 12 shows the electron density at f0
for both third and fifth uncovered filters. As shown, the electron
density on the open-circuit terminations of the third resonator
in Fig. 12(a) is higher than the electron density on the fifth res-
onator in Fig. 12(b), where the same electron density scale has
been applied for both representations. In this regard, it is noted

Fig. 7. Coupling coefficient Mi,j versus separation Si,j.

Fig. 8. External quality factor Qex versus feed position t.
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that the presented fifth-order filter with covers is obviously
reciprocal, but it is worth noting that it will be necessary to dis-
tinguish between input and output ports under large applied
power signals, due to its asymmetrical layout. In contrast, the
third-order filter will not need the identification of its ports
considering that it is completely symmetrical, for both electrical
and power behaviors.

Experimental results

Cover-ended resonators

In view of the above results, a possible solution to enhance the corona
discharge breakdown thresholds is to use covers with dimensions
Hcover = 1.524mm, d = 1.5mm, and Lcover = 2mm+ d = 3.5mm.
These covers should be placed on the open-circuit terminations,
where the electron density is maximum, as previously shown in
Fig. 12. In order to validate the power breakdown enhancement
when covers are installed, a measurement campaign has been car-
ried out at the European High-Power RF Space Laboratory
(Valencia, Spain) focused, by way of illustration, on the previously
designed third-order filters: the benchmark filter with conven-
tional resonators (Fig. 9(a)) and the proposed solution with cover-
ended resonators (Fig. 9(b)). In Fig. 13, we can see the scheme of
the test-bed configuration used for corona breakdown detection.
A pulsed signal with the common measured carrier frequency
at 1.58 GHz (which corresponds to the measured center frequency
of prototypes), low width (20 μs), and low duty cycle (2%) has
been used in order to avoid any self-heating effect in the devices
under test (DUT). The implemented filters have been measured

Fig. 9. Layouts of the designed microstrip bandpass filters. (a) Third-order benchmark. (b) Third-order with covers. (c) Fifth-order benchmark. (d) Fifth-order with
covers.

Fig. 10. Third-order filter. (a) Manufactured prototype. (b) Frequency response and
group delay.
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in a pressured controlled chamber from 1 to 1013 mbar at ambi-
ent temperature (22 °C) in order to get their respective Paschen
curves. The maximum applied signal power of the test-bed is
440 W. Five different methods have been used for the corona dis-
charge detection: third-harmonic detection, nulling of the for-
ward/reverse power at the operation frequency, insertion and
return loss monitoring, a broadband diode, and an electron
probe. When two or more of these methods were detected, the
corona discharge breakdown was considered to have occurred.
Moreover, a video camera for visual inspection of the recording
has been used, and some captures of corona discharges will be
shown next. Figure 14 shows the simulated and measured
Paschen curves for both third-order filters (with covers and with-
out covers). It is important to highlight that, due to the fact that
the maximum applied power is limited to 440W, an extrapolation
has been carried out for estimating corona discharge thresholds at
pressures where power levels are higher, taking into account the
approximately linear behavior of Paschen’s law at high pressures.
From the measured data of Fig. 14, one can see that, as expected,
the obtained power thresholds are higher than simulations in
SPARK3D® (see [13]), mainly for the increase of the insertion
losses with regard to the simulated frequency response. As we
can see in Fig. 15, the obtained measured PPHC enhancement
between the benchmark and the proposed solution prototype is
around 3.1 dB for high pressures (above 200 mbar). These results
confirm the decrease of the electric field at the open-circuit

terminations of the resonators, where the voltage magnification
is maximum, and the improvement of the corona discharge
thresholds by using the proposed solution. In order to check
the zones where corona discharge occurs for both third-order
measured filters, the obtained captures of the video camera
located inside the pressure chamber are included in Fig. 16. For
the benchmark prototype without covers (see Fig. 16(a)), one
can easily see that, as expected, corona breakdown is taking
place at the open-circuit terminations of the first and second reso-
nators, while for the filter where covers are used (see Fig. 16(b)),
the spark is situated at the same resonators, but, in this case, it
appears after the position of the covers around the surface of
the conductor layer in contact with air.

Anticorona lacquer

Finally, and for the sake of completeness, an additional solution for
improving corona discharge thresholds is presented, and a brief dis-
cussion will be carried out to analyze it in comparison with the cov-
ers’ solution. This second proposal lies in the application of a
commercial anticorona lacquer4, based upon an acrylic copolymer,
which is primarily designed to protect printed circuit boards and
other electronic equipment. After applying one layer of the anticor-
ona lacquer over the designed third-order benchmark prototype,
the scattering parameters are obtained. A thickness around 35μm
has been measured by using a micrometer. A displacement of
13MHz of the filter response and an increase of + 0.26 dB of the
insertion loss with respect to the benchmark prototype were
observed. On the other hand, as previously checked in section
“Simulated results” with regard to the three-pole filter with cover-
ended resonators, the frequency response is only shifted 4 MHz
and the insertion losses are only increased by + 0.12 dB. Greater

Fig. 11. Corona discharge breakdown for the fifth-order filter shown in Fig. 9(d).
(a) Variation of d dimension (fixed value of Lcover = 2 mm+d). (b) Variation of Lcover
dimension (fixed value of d = 0.6 mm)

Fig. 12. Electron density for filters without covers. f0 = 1.6 GHz, Pressure = 10 mbar,
and T = 293 K. (a) Third-order. (b) Fifth-order.

4Available on https://uk.rs-online.com/web/p/electronics-varnishes/1368542/
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thicknesses of the anticorona lacquer have been avoided in order to
reduce higher values of insertion losses and frequency shift. The
corona breakdown improvement of this additional prototype,
where anticorona lacquer is applied, has been also validated during
the measurement campaign using the same test-bed configuration.
The obtained power thresholds are represented in Fig. 14, where
similar values to those presented by the benchmark prototype with-
out covers can be seen. Please note that simulated results are not
included in this case due to the fact that the electrical properties
of the anticorona lacquer are not specified by the manufacturer,
and therefore, they are unknown. The achieved enhancement by
using anticorona lacquer with respect to the uncovered prototype
is plotted in green color in Fig. 15. For a medium-high pressure
of 400mbar, we can see that a measured power enhancement of
about 1.1 dB has been obtained. This is significantly less than the

Fig. 13. Scheme of the test-bed configuration used for corona breakdown detection.

Fig. 14. Corona discharge breakdown (Paschen curves). Simulated, measured, and
estimated values are plotted for the benchmark prototype third-order filter without
covers (red color), filter where cover-ended resonators are used (blue color), and filter
where anticorona lacquer is applied (green color).

Fig. 15. Enhancement of corona discharge breakdown threshold compared to the
benchmark prototype third-order filter without covers. Filter with covers is plotted
in blue color, while filter with anticorona lacquer is represented in green color.

Fig. 16. Capture of corona discharges. (a) Third-order filter without covers. (b)
Third-order filter with covers.
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3.1 dB presented using our cover-ended resonators. Furthermore, it
is important to note that, for higher pressures, a PPHC enhance-
ment could be expected that is slightly higher than the one we
have estimated. After observing the above results, some comments
can be made about the tested commercial anticorona lacquer.
Although the application of this solution is easier than the fabrica-
tion and installation of the covers, its numerous drawbacks such as
the low improvement achieved and the increase of the insertion
losses (probably due to its high loss tangent) result in a worse solu-
tion compared to the suggested ones with covers. Furthermore,
other disadvantages can be highlighted from the lacquer, such as
the high displacement of the electrical response, the difficulty of
controlling the thickness when it is applied, its unknown behavior
as time goes by, and its low resistance when the anticorona lacquer
is in contact with other liquids like alcohol, as we have verified.

Conclusions

In this paper, a solution for improving PPHC in microstrip coupled-
line BPFs has been presented. The suggested strategy has been based
on the use of resonators covered with the same dielectric material as
the substrate at their open-circuit terminations, where the voltage
magnification is maximum. The main goal of this proposal has
been to reduce the maximum electric field in air and, consequently,
to enhance PPHC without hardly degrading the filter response per-
formance. First of all, the investigation has been focused on the
study of the maximum electric field (EMAX) and the unloaded qual-
ity factor (Qu) as a function of the three cover physical dimensions.
The obtained results have shown that the higher impact is associated
with Lcover parameter, while dimensionsHcover and d have shown less
influence in the variation of EMAX and Qu. Due to the deterioration
of the unloaded quality factor at the same time than PPHC is
enhanced for larger dimensions, the importance to select a suitable
covers’ size to reach an effective compromise between them has been
highlighted. It has also been seen that, for high-order BPFs (n≥ 5),
it is possible to avoid covers at the last resonator (with regard to the
input port) due to its low stored energy, and consequently, its low
electron density at the open-circuit terminations. Subsequently,
the feasibility of the proposed solution has been validated in a mea-
sured campaign, where a PPHC enhancement of 3.1 dB with respect
to a benchmark prototype has been achieved for high pressures
(above 200mbar) when covers are used. Finally, an additional solu-
tion by using a commercial anticorona lacquer has been presented.
The increase of the insertion losses and a low PPHC improvement
of only 1.1 dB, among others disadvantages, have been shown for
the lacquer-based solution.
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