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Abstract—This work describes a new strategy for improv-
ing the peak power handling capability (PPHC) of microstrip
bandpass filters (BPFs) without any degradation in the electrical
performance. For this purpose, a new resonator topology with
rounded open-circuit terminations is proposed. Using this strat-
egy, sharp edges are avoided and a reduction of the maximum
peak voltage (Vjcqx) is obtained, leading to higher peak power
thresholds. An in-depth analysis of the variation of V... and
PPHC as a function of the circle radius is also carried out.
As a validation, two microstrip BPFs centered at 1.6 GHz
with different end-circle sizes are designed, manufactured and
measured, showing a PPHC enhancement of 2.10 dB and 1.15 dB,
respectively, as compared to a standard microstrip BPF.

Index Terms—Corona discharge, gas breakdown, microstrip
filter, peak power handling capability (PPHC), peak voltage.

I. INTRODUCTION

ICROSTRIP circuits are very commonly used in com-

munication systems boards. This is because of the
many advantageous features of this technology, e.g. low
weight, small size, simple manufacturing processes and ease
of integration with other devices (i.e., monolithic microwave
integrated circuits MMICs). Among the many microstrip cir-
cuits, microwave filters, in particular, are essential components
that are widely used in the RF front-ends, including the output
stages of transmitters where stringent power requirements may
be required [1], [2].

In this context, the RF power requirements in new commu-
nication systems may become a real challenge from the mi-
crowave filter designer’s point of view. This is because special
attention must be paid to the power handling capability (PHC)
of microstrip filters with respect to corona and multipactor
discharge [2]-[4]. When a corona discharge (also known as gas
breakdown or corona breakdown) occurs, different physical
mechanisms are taking place [5], [6]. In particular, in regions
where electric fields are higher, the ionization of gas molecules
is the main phenomenon that must be considered. If signals
with a high peak-to-average power ratio (PAPR) are applied
to microwave components, the corona phenomenon can occur,
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Fig. 1. Schematic and voltage and current standing waves at resonance for
(a) Conventional A/2 resonator. (b) Modified resonator with rounded ends.
thereby limiting the maximum peak power that microwave
filters can handle (the so called peak power handling capability
or PPHC).

Previous studies in waveguide filters demonstrate that the
maximum electric field appears in the center of the resonant
cavities [7], [8]. Furthermore, in [9] an algorithm to predict
the RF power threshold of gas breakdown in waveguides
with complex geometries is discussed. On the other hand, in
microstrip circuits, the study of corona discharge has been
mainly focused on the connectors feeding microstrip trans-
mission lines [10]-[12]. Recently, some investigations have
analyzed the maximum peak voltage and PPHC of microstrip
coupled-line filters [13]. In this context, therefore, the main
aim of this paper is to contribute to the state-of-the-art by
proposing a modified microstrip filter structure with improved
power handling capability. The modification consists of using
resonators with rounded terminations, so that the PPHC of
microstrip bandpass filters (BPFs) is increased without any
negative effect on the electrical performance.

II. ANALYSIS OF THE MODIFIED RESONATOR

Fig. 1 shows the layout of a conventional A/2 resonator and
that of the modified resonator that we propose in this paper.
The basic difference with respect to the conventional resonator
is that both open-circuit (o.c.) ends are rounded. The main
advantages introduced by this modification are as follows:

1) A reduction of the maximum peak voltage (Vpeqx) at the
open-circuit terminations.

2) A reduction of the electric field strength at the resonator
ends, where corona discharges normally takes place, since
sharp-edges are avoided (see [14], [15]).

As we will show, both strategies lead to a noticeable
enhancement of PPHC in microstrip coupled resonators BPFs
as compared to filters where conventional resonators are used.

The equivalent transmission line circuit of the solution that
we propose is shown in Fig. 1(b). The circular ends are
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Fig. 2. Layouts of three-pole microstrip bandpass filters. (a) Benchmark
prototype. (b) U-shape resonators with rounded-ends (o« = 0.75), called Filter
A. (c) V-shape resonators with rounded-ends (oo = 1.25), called Filter B.
modeled with two capacitors as a first-order approximation.
The introduced loading effect leads to a miniaturization of
the resonator, and to a reduction of the voltage magnification
of each resonator. To compute Vjcqr,; in a bandpass filter it
is necessary to obtain the energy stored by each distributed
resonator from the voltage and current standing waves [16],
[17], and then, the peak voltage of the resonator ¢ can be
evaluated using [13], thereby obtaining

P;

peak,i e - FBW - Xi

[A];ll - sin (;vmm .

m
) o
where P, is the power of the input signal, g. is the external
quality factor, FBW is the filter fractional bandwidth, the
matrix [A] models the filter circuit response, and x; is a design
parameter that depends on the geometry of the resonator <.
In (1) a new factor “sin(z,;, - 7/2)” appears with respect
to the original equation in [13]. This factor accounts for
the miniaturization effect in our resonator. In particular, the
miniaturization parameter x,,;, can have values between 0
and 1, where x,,;, = 1 refers to a standard (non-miniaturized)
resonator (Fig. 1(a)). Please note that very low values of
Tmin should be avoided because they produce an excessive
miniaturization resulting in a degradation of the unloaded
quality factor (Q,).

The parameter x; in (1) is computed analytically following
the procedure described in [13], resulting in the expression:

X; (6 +sin ) 2

 Zo
where Zj ; is the characteristic impedance and 0 = X4y, - T
is the miniaturized electrical length of the proposed resonator.

In Fig. 2, three 3"%-order hairpin microstrip bandpass filters
are shown. All the filters have a center frequency fy equal to
1.6 GHz, and a fractional bandwidth of 5%. All filters have
an ideal Chebyshev response with 20 dB return loss, and have
been manufactured using a low-loss standard substrate (Rogers
RO4003C® with h = 1.524 mm, ¢ = 0.017 mm, tand =
0.0027 and ¢, = 3.60, where the last parameter has been
extracted from the measurements).

Fig. 2(a) corresponds to the conventional (benchmark) filter
where standard hairpin A/2 resonators with rectangular ends
are used. Figs. 2(b) and (c) show the two filters based on
the modified resonator that we propose where different circle
sizes are used, called Filters A and B, respectively. Please,
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Fig. 3. Electric field strength at second resonator for different 37%-order
bandpass filters with various open-circuit terminations depending on c.
(a) Benchmark. (b) » = 1 mm. (¢c) r = 1.5 mm. (d) r = 2 mm.
(e) r =2.24 mm. (f) » = 2.5 mm.

note that the total resonator length has been slightly adjusted
to keep the resonance frequency at 1.6 GHz in the three
prototypes. According to (1) and (2), and considering that the
miniaturization parameter of the resonators used in Filters A
and B is 2., = 0.90 and x,,;, = 0.72, respectively, one
may expect a PPHC increase with respect to the benchmark
prototype of at least 3% and 18%, respectively.

Next, we have performed a rigorous study on the influence
of the radius of the circular ending in order to analyze
how both the miniaturization effect and the rounded corner
simultaneously affect the PPHC. For this purpose, a new
design parameter « is defined to model the radius 7 of circular
terminations as 7 = « - W, where W = 2 mm is the width
of the microstrip resonators corresponding to Zy = 67 €.
Fig. 3 shows the different possible radii used for the resonator
implementation, where the distance between terminations is
also specified. In all designs, the electric field strength of the
corresponding 3"%-order bandpass filters has been simulated by
using HFSS [18]. Please, note also that the case of Fig. 3(c)
corresponds to Filter A, whereas Fig. 3(a) is the benchmark
prototype where the sharp corners have been slightly rounded
in order to emulate the real implementation. Next, a diffusion
type problem for the evolution of the electron density has been
solved to obtain the power threshold of the corona discharge
by using the commercial software tool SPARK3D® [19].

In Fig. 4, the corona breakdown power levels of the filters
shown in Fig. 3 are plotted as function of « for high pressures
(over 200 mbar) by using solid lines. As we can see, in order to
obtain the highest PPHC, we must perform a trade-off between
larger values of « (to get higher miniaturization), and the
minimum distances between open-circuit ends, to avoid strong
electric fields between them, since those are in opposite phase
leading to a voltage difference of 2 X Vjcqr. Based on the
simulation, we can see that the maximum peak power values
are obtained when o = 0.75 (e.g., 895 W for 1000 mbar).

In order to further increase the maximum power, an ad-
ditional modification is proposed (as previously shown in
Fig. 2(c)) to achieve larger radius (o« > 0.75), and con-
sequently, higher PPHC. This new modification consists of
modifying the aperture angle between the V-shaped arms of
the hairpin resonators. The separation between the open-circuit
terminations is then enlarged to 3 mm (a larger distance than
those of the prototypes where U-shape resonators are used
when « = [0.85,1.00, 1.12, 1.25]). Next, peak power limits for
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Fig. 4. Peak power limit for different 37%-order filters (as function of «) at
fo = 1.6 GHz for different high pressures. Solid lines are used for filters with
U-shape resonators (Fig. 3), whereas dotted lines represents V-shape designs
where the distance between the open-circuit ends is 3 mm. Peak power values
for the benchmark prototype are represented by crosses. Please note that, just
for a better visual understanding, the latter are plotted for an arbitrary ov.
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Fig. 5. Simulated and measured frequency responses of all the filters of Fig. 2.
Manufactured prototypes with round-ended resonators are also shown.
these V-shape 3"¢-order filters are also represented in Fig. 4
with dotted lines. One can easily see that the most significant
improvement is now achieved when o = 1.25. With this
modification, the simulated PPHC is increased up to 1083 W
(for 1000 mbar), against the 442 W obtained when the same
« value is used with U-shape.

III. IMPLEMENTATION AND EXPERIMENTAL RESULTS

In order to validate the strategy that we propose, the three
bandpass filters shown in Fig. 2 have been manufactured. In
Fig. 5, we show the full-wave simulation and the measured
S-parameter responses and group delay of filters A and B,
respectively, compared to the benchmark prototype. As we
can clearly see, there are almost no differences between the
responses of the three filters. The only noticeable difference is,
in fact, a slightly increase of the insertion losses of +0.06 dB
in comparison with the benchmark filter. A measurement
campaign has also been carried out at the European High-
Power RF Space Laboratory (Valencia, Spain) to validate the
power breakdown enhancement. A pulsed signal with carrier
frequency at 1.58 GHz (which corresponds to the measured
center frequency of prototypes, where the group delay is rather
constant for all prototypes [20], facilitating the measurements),
low duty cycle (2 %) and low width (20 ps) has been used
in order to avoid any self-heating effect in the devices under
test (DUT). The maximum applied signal power of the test-
bed is 440 W. The three filters have been measured at ambient
temperature (22 °C) in a pressured controlled chamber from
1 to 1013 mbar in order to obtain their respective Paschen
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Fig. 6. Simulated, measured and estimated corona discharge breakdown
(Paschen curves) at fo = 1.6 GHz for the three filters shown in Fig. 2.

curves. Several methods have been used for detecting the
corona discharge: insertion and return loss monitoring, nulling
of the forward and reverse power at the frequency of operation,
third-harmonic detection, an electron probe and a broadband
diode. The corona discharge was considered to have occurred
when two or more of these methods detected an event. Fig. 6
shows the simulated and measured corona discharge thresh-
olds. At this point it is important to highlight that, based on
the approximately linear behavior of Paschen’s law at higher
pressures, an extrapolation has been carried out in order to
represent the estimated values where the power thresholds are
above the specified test-bed limit of 440 W. From Fig. 6, one
can see a PPHC enhancement for Filter B (o« = 1.25) with
respect to the benchmark prototype, of 2.10 and 3.17 dB in
measurements and simulations, respectively, for high pressures
(above 200 mbar), while for the Filter A (a = 0.75) the PPHC
improvement is 1.15 and 2.12 dB, respectively. These results
clearly confirm that the power level of corona discharge can
be enhanced in microstrip bandpass filters by rounding the
open-circuit terminations of the resonators. Fig. 6 also includes
a capture from the video camera used in the measurement
campaign for the Filter B, where one can see a spark at the
ends of the first and second resonators caused by the discharge.

IV. CONCLUSION

In this letter we have discussed a strategy to improve the
PPHC of microstrip bandpass filters based on using rounded-
end resonators. A theoretical analysis of the resonator that
we propose has been first carried out in order to evaluate the
reduction of V,cqk,; When classic (rectangular) open-circuit
terminations are replaced with circles. Next, a parametric study
has shown that larger radii achieve greater improvements, as
long as the distance between terminations is kept large enough.
The proposed design strategy has been verified through the
measurement of two filters. A maximum PPHC enhancement
of 2.10 dB has been achieved with respect to a standard
(benchmark) hairpin filter, thereby showing how the simple
modification that we propose can indeed produce significant
improvements in power-handling capability.
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