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Abstract—In this paper, combline substrate integrated waveg-
uide (SIW) filters using electric and magnetic couplings are
thoroughly studied. Thus, a negative coupling scheme consisting
on an open-ended coplanar probe is proposed and analyzed in
detail. Several in-line 3−pole filters at C-band are designed,
manufactured and measured showing how the presented ap-
proach can be used for implementing direct couplings while
enabling an important size reduction and improved spurious-free
band compared to conventional magnetic irises. A fully-packaged
quasi-elliptic 4−pole filter is also designed at 5.75 GHz showing
how the negative coupling structure can be used for introducing
transmission zeros by means of cross-couplings between non-
adjacent resonators. Finally, average and peak power handling
capabilities of these filters have been also analyzed from a mul-
tiphysics point of view. Measured results validate the theoretical
predictions confirming that combline SIW filters can handle
significant levels of continuous and peak power, providing at the
same time easy integration, compact size and advanced filtering
responses.

Index Terms—Cross-coupled filters, electric and magnetic
mixed couplings, multiphysics analysis, power handling capabil-
ities, quasi-elliptic filter, substrate integrated waveguide.

I. INTRODUCTION

SUBSTRATE integrated waveguide (SIW) has already
demonstrated to be a successful approach for imple-

menting microwave and mm-wave filters with high Q-factor,
easy integration with planar circuits, and mass production
manufacturing processes in PCB and LTCC technology [1].
However, other potential features that, combined with the
former advantages, could be of huge interest in a wide range
of wireless and mobile applications are a lively subject of
research, like compactness, advanced filtering responses, and
recently power handling capabilities.
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The realization of compact SIW filters has been approached
from different perspectives. Several authors have proposed
more compact alternatives to conventional SIW cavities by
bisecting the resonator at quasi-perfect magnetic walls. Among
the most relevant techniques that can be identified in the
literature, there are folded [2], half-mode [3] and quarter-
mode [4] SIW bandpass filters. Other approaches have focused
on loading the SIW resonator with complementary split-ring
resonators [5], dielectric rods [6] and more recently combline
SIW filters, which were proposed as a translation of the well-
known 3D coaxial resonator concept to a substrate integrated
scheme [7]. Even with some trade-offs in terms of Q-factor
or manufacturing complexity, most of the former approaches
can obtain significant size reduction, but keeping fabrication
and integration easiness (i.e. preferably single-layer batch-
fabrication processes with solid bottom ground planes) that are
usually of major importance from a practical point of view.

At the same time, filtering functions including transmission
zeros (TZs) at finite or imaginary frequencies are of great
interest in many applications, enabling to achieve higher
selectivity with a reduced footprint. In this sense, the use
of cross-couplings between resonators is a well-known and
extended technique for the introduction of TZs, based on
the generation of multiple paths between the filter input and
output, and therefore allowing for signal cancellation [8], [9].
Even if positive and negative couplings are generally required,
magnetic coupling using irises between adjacent resonators
has been the preeminent scheme, and the use of all inductive
couplings has been already demonstrated for implementing
linear-phase [10] and trisection [11] band-pass SIW filters.
On the other hand, electric coupling mechanisms in SIW
structures have been investigated by several authors. In [12]
and [13], a negative coupling structure between SIW cavity
resonators is proposed using a balanced microstrip line with
a pair of plated via holes. However, in both structures, slots
need to be etched at the top and bottom layers of the substrate,
limiting the integration and packaging possibilities of the
devices. In [14], a controllable mixed coupling is created
using an embedded short-ended stripline combined with a
wall iris at the expense of a multi-layer fabrication process
that increases the complexity of the structure. On the other
hand, grounded coplanar lines [15], microstrip lines [16] and
oversized cavities [17] have been proposed as single-layer



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 2

solutions, although some of the former structures are limited in
terms of flexibility (i.e. coupling level or resonator positioning)
or they require a larger area. Following this approach, the
authors have recently proposed a solution for obtaining electric
coupling in combline SIW resonators using a single-layer
open-ended coplanar probe [18].

Lastly, even if higher power capacity is usually accepted as
an advantage of SIW structures, power handling capabilities
of SIW filters has not been broadly studied yet from a
multiphysics perspective considering electrical, thermal and
mechanical effects at the same time.

In this work, the electric coupling structure proposed in [18]
is studied in detail both for implementing direct and cross-
couplings in combline SIW filters. As it is shown in the paper,
this electric coupling scheme can be used to allow a further
reduction of the filter size and increased bandwidth compared
to conventional magnetic irises. Moreover, a fully packaged
quasi-elliptic filter is designed, manufactured and measured.
Finally, average and peak power handling capabilities of the
device are theoretically studied and experimentally validated.
The obtained results show that combline SIW filters can be a
self-packaged, compact solution capable of incorporating both
positive and negative couplings while keeping low-cost and
batch-fabrication processes. The paper is structured as follows.
In Section II, the negative coupling structure is presented and
investigated. Section III provides the design, manufacturing
and measurement of in-line three-pole combline SIW filters
using the proposed negative coupling scheme. A comparison
between magnetic and electric inter-resonator coupling is
carried out, showing how the latter can be used to obtain more
compact implementations while keeping the filter bandwidth.
In Section IV, a fully packaged quasi-elliptic filter using a
negative cross-coupling between non-adjacent resonators is
presented, while the power handling capabilities of the filter
are studied in Section V using a multiphysics approach to
obtain the average and peak power capacities of the device.
Finally, Section V presents the main conclusions.

II. NEGATIVE COUPLING STRUCTURE

A. Coaxial SIW resonator

The building block resonator to be considered for the design
of the in-line and quasi-elliptic bandpass filters is a combline
resonator implemented in SIW technology [7]. The inductive
section is obtained by a metallic post, implemented by a
metallized via-hole, connected to ground at one of its ends.
At the other side, a metallic disk having a radius rp much
higher than the post diameter dv is connected. Between this
disk (which can have a square or a circular shape) and the top
ground plane a small air gap sp is inserted, so generating a
high capacitance towards ground (termed loading capacitance
Cl), which represents the capacitive section of the coaxial
resonator. Fig. 1 shows the layout of a coaxial SIW resonator,
including its main design parameters.

Such resonator can be modelled as a TEM-mode combline
resonator embedded into the dielectric substrate. The TEM-
mode resonant frequency is given by the condition B(ω) = 0,

(a)

(b)

Fig. 1. (a) 3D view and (b) top view of the coaxial SIW resonator including
its main design parameters.

where the susceptance of the coaxial SIW resonator can be
expressed as

B(ω) = ωCl −
1

Z0
cotβh (1)

where β is the propagation constant of the TEM-mode and
h the thickness of the substrate. Then, the characteristic
impedance Z0 of the coaxial resonator, and the ratio between
the outer cavity side lsiw and the via diameter dv are obtained
from [7]

Z0 =

(
cot θ0 + csc2 θ0

2b

)
(2)

lsiw
dv

= 0.9268 · e
Z0

√
εr

60 (3)

where θ0 is the resonator electrical length at the design
frequency f0, that in our case is θ0 = βh. The synthesis
procedure starts by choosing the resonator slope parameter b at
the center angular frequency ω0 of the filter. The susceptance
slope parameter b for resonators having zero susceptance at
ω0 is defined by [19]

b =
ω0

2

dB(ω)

dω

∣∣∣∣
ω=ω0

=
1

2

[
ω0Cl +

θ0

Z0 sin2 θ0

]
(4)

The slope parameter has to be conveniently chosen as a
trade-off between quality factor Q, compactness and physical
feasibility of synthesized values of Cl and Z0. In order to
increase component compactness, it is very important to set
the inner via hole diameter to the minimum diameter allowed
for the fabrication technology, as well as to keep sp as small
as possible. This allows us to reduce radiation from apertures,
thus helping to preserve a reasonable value for the resonator
Q-factor.



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 3

Fig. 2. Topology of the proposed electric coupling for coaxial SIW resonators.
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Fig. 3. Coupling coefficient ki,i+1 variation versus iris width W for p =
1 mm, c = 0.25 mm and s = 0.15 mm. As the iris width increases, the
total coupling decreases until it changes from electric to magnetic coupling
and then increases again. In this figure, lsiw = wsiw = 10.6 mm.

B. Negative inter-resonator coupling

The proposed solution to realize an electrical coupling
between coaxial SIW resonators is based on a capacitive probe
implemented by a high impedance coplanar line (CPW). The
two ends of such a line penetrates into the head of the resonator
capacitive patches, i.e. in the region with the highest intensity
of electric field. A gap s between the capacitive circular patch
of the resonators and the probe is ensured. Part of the field
is then collected by the probe and transferred to the adjacent
resonator, so realizing an electric coupling.

In absence of the probe described above, the main source
of coupling would be due to the magnetic field inside the
SIW cavities. For the considered structure, the sign of the
magnetic coupling is opposite to the electrical one. Therefore
in order to boost the effect of the probe and get higher values
of coupling, the magnetic coupling must be minimized. Such
condition can be achieved with a wall of via holes placed
across the resonators, which strongly confine the magnetic
field coupling. The probe can still be realized if the width c of
the CPW line is sufficiently smaller than the gap W between
the central via-holes realizing the wall, as shown in Fig. 2.

Fig. 3 shows the total coupling ki,i+1 vs. W (obtained
from the contribution of both electric and magnetic couplings),
where i is a generic i-th resonator. Such trace was derived with
a constant value for the insertion p (i.e. p = 1 mm) of the
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Fig. 4. Coupling coefficient ki,i+1 variation versus CPW probe dimensions:
conductor width c, spacing s and insertion p on capacitive disks. Red line is
the simulation baseline (i.e. s = 0.15 mm, c = 0.25 mm and p = 0.75 mm).
The post-wall iris width is W = 0.75 mm.

probe inside the head of the resonator. For increasing values
of W , the wall becomes more similar to a coupling iris with
reference to classical waveguide structures. The curve shows
that as the iris opens up, the total coupling starts to decrease
until a certain point after which it starts to rise again.

This effect can be explained by considering that when W
is minimum, the iris is completely closed and we are in the
condition of minimum magnetic coupling between the two
resonators. Therefore, the major contribution to the coupling
ki,i+1 is given by the probe (i.e. electric coupling). When
W starts to increase, the magnetic coupling between the two
resonators is not negligible anymore and it starts to counteract
the effect of the electrical coupling, until they reach the same
magnitude and the total coupling collapses to zero (ki,i+1 =
0). From this point on, if W is increased the magnetic coupling
starts to prevail, and the effect of the electric probe is not
visible anymore. This analysis demonstrates that, in order to
obtain electrical coupling between the two resonators, it is not
sufficient to implement the probe described above, but it is
also necessary to minimize the magnetic coupling by means
of a post-wall iris. The insertion of the probe inside the head of
the resonators is the main parameter to control the magnitude
of the coupling ki,i+1. The behaviour of ki,i+1 vs. p for the
structure of Fig. 2 is shown in Fig. 4, which considers two
resonators implemented on a substrate with εr = 4.5± 0.045
and thickness h = 3.175 mm. As expected, ki,i+1 becomes
stronger as the insertion p within the head of the resonator is
increased.

Clearly, ki,i+1 also depends on c and s. The behaviour of
ki,i+1 vs. c and s is also reported in Fig. 4. Nevertheless,
the contribution of these parameters has a lower impact on
the coupling magnitude. Thus, we can settle these values, and
controlling the coupling by means of p.

A main advantage of the proposed electric coupling is
to allow increasing direct inter-resonator coupling, especially
for strongly loaded coaxial SIW resonators. As a way of
comparison, the coupling strength capabilities of the magnetic
and electric coupling schemes (Figs. 5 and 6) are compared.
First, in Fig. 5, the coupling provided by a post-wall iris is
depicted for two different values of slope parameter. As it is
shown, by increasing the slope parameter of such structures,
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Fig. 5. (a) Coupling coefficient ki,i+1 variation versus the relation between
the post-wall iris width W and the SIW cavity side lsiw . (b) Inter-resonator
coupling system based on post-wall iris, showing design parameters.

the magnetic coupling is strongly reduced between coaxial
SIW resonators. That variation of b, from 0.029 to 0.034,
corresponds to diminish the SIW cavity side from 15 mm
to 11.6 mm while Cl of the capacitive disks increases from
0.825 pF to 0.95 pF. Both coaxial SIW resonators resonate in
all cases at the same frequency, that is 5.5 GHz.

Now, by applying the proposed electric coupling for the
same pair of coaxial resonators, it is possible to see how higher
coupling values are easily implementable in more compact
structures. Fig. 6 depicts the inter-resonator coupling values
that can be obtained using the proposed electric CPW probe,
and below the scheme of that solution is shown with its main
design parameters.

It is worth mentioning that the insertion of the coupling
probes modifies the value of Cl of the capacitive patches, thus
their sizes have to be slightly modified to meet specifications
in terms of frequency. The proposed coupling scheme presents
different advantages: single layer implementation, accurate
control of the coupling level and it is well suited for tunable
cross coupling using tuning elements, which can be easily
mounted on the top metal layer.

III. THREE-POLE IN-LINE SIW FILTER WITH ELECTRIC
COUPLING

As it has been demonstrated in the previous Section II, the
proposed electric coupling is an efficient approach for ensuring
higher couplings between coaxial SIW resonators, and this
is especially true when the resonator compactness has to be
increased. The CPW probe used to obtain an electric coupling
between coaxial SIW resonators can generate high values of
coupling if the insertion of the probe inside the capacitive
disks is opportunely chosen, independently of the SIW cavity
size.
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Fig. 6. (a) Coupling coefficient ki,i+1 variation versus electric coupling
probe insertion p. Other parameters are: W = 2.2 mm and c = 1.45 mm.
(b) Inter-resonator coupling system created at the top metal layer of the SIW
resonators, showing design parameters.

Indeed, if the building block resonator is designed with
a higher slope parameter b, the SIW cavity dimensions can
be strongly reduced to compensate for the needed higher
capacitive contribution of Cl while maintaining the same
resonant frequency, as deduced from (1)-(4). This circuit area
reduction also leads to shift up the first spurious mode of
the SIW cavity, widening the stopband bandwidth, so that, an
improvement in terms of size and filter response can be really
achieved.

In order to validate the aforementioned statements three
third-order coaxial SIW filters having center frequency
5.5 GHz, passband bandwidth of 250 MHZ (that corresponds
to 4.6%) and return losses better than 15 dB have been
designed. The main difference between those filters shown in
Fig. 7 is the coupling configuration used to couple resonators:
filter in Fig. 7(a) presents magnetic couplings based on post-
wall iris, meanwhile filters in (b) and (c) are based on the
proposed electric coupling. In particular, the filter shown in
Fig. 7(c) is designed to present a higher resonator slope
parameter b (which leads to a small size cavity) in order
to demonstrate the improved design characteristics added by
using the electric coupling. It should be noted that this size
reduction is incompatible with the use of the magnetic cou-
pling scheme, since a smaller cavity leads to lower coupling
values limiting the maximum achievable passband bandwidth.
In this context, the electric coupling provides a higher design
flexibility in order to fulfil requirements in terms of bandwidth,
size and rejection band. Fig. 8 shows the coupling schemes of
such three-pole coaxial SIW filters with magnetic and electric
couplings.

The chosen dielectric substrate in these designs is now
the 1.524 mm-thick Rogers R4003 with permittivity εr =
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Fig. 7. Structure of the (a) magnetic-coupled, (b) electric-coupled and (c)
compact electric-coupled coaxial SIW filters and main design dimensions.

Fig. 8. Multipath coupling diagram for the three-pole in-line coaxial SIW
filter based on (a) magnetic (i.e. filter of Fig. 7(a)) and (b) electric coupling
system (i.e. filters of Figs. 7(b)-(c)).

3.55 ± 0.05. So, the resonator electrical length corresponds
to 18.9◦, i.e., 0.05λg , where λg is the guided wavelength at
5.5 GHz. In the first two filters, the coaxial SIW resonators
have been designed to present b = 0.029 S that gives a
loading capacitance of Cl = 825 fF while Z0 = 103.5 Ω. By
using both values and choosing a diameter of dv = 0.6 mm
for the inner via hole, the SIW resonator cavity size is
wsiw × lsiw = 15 × 15 mm2 (i.e. 0.52λg × 0.52λg and
0.27λ0× 0.27λ0) whilst the square patch side is 4.2 mm with
an air gap of 0.24 mm between the patch and the ground plane.
The final structure of those coaxial SIW filters in Fig. 7(a) and
(b) have a footprint of 15×45 mm2, i.e. 0.52λg×1.55λg and
0.27λ0 × 0.82λ0.

When the coaxial SIW resonator has b=0.034 S, Cl and Z0

become now 950 fF and 89.4 Ω, respectively. The resonator
cavity size consequently diminishes down to wsiw × lsiw =
11.6 × 11.6 mm2, i.e. 0.4λg × 0.4λg and 0.21λ0 × 0.21λ0,
having a square disk side of 4.8 mm and an air gap of
0.24 mm. Finally, the compact electric coupling based filter
shows a footprint of 11.6× 34.8 mm2, i.e. 0.4λg × 1.2λg and
0.21λ0× 0.63λ0. The value of inter-resonator coupling for all
filters are k12 = k23 = 0.0405 while the external coupling
coefficient is Qe = 24.33, as it is shown in Fig. 8.
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Fig. 9. Comparison of three simulated responses with same in-band charac-
teristics but different stop-band behaviour.

Fig. 9 shows the simulation results of the three aforemen-
tioned filters. As it can be seen, the filter frequency responses
above the passband show a higher order spurious band, which
is due to the excitation of the TE101 mode of the SIW cavity.
The best stopband performance is obtained by the filter of
Fig. 7(c), as expected, with a wide stopband of up to 8.5 GHz
with more than 25 dB of rejection. In particular, this filter
presents the same level of insertion losses (IL= 1.55 dB at
5.5 GHz for all filters) with a 40% of total size reduction
compared to the other two coaxial SIW filters of Figs. 7(a)-
(b) and a 70% of area reduction with respect to a standard
TE101-mode SIW filter centered at 5.5 GHz. It should be
noted that this passband bandwidth along with such a compact
circuit area could not be implemented by using the magnetic
coupling based on post-wall iris. The reason is that, as shown
in Fig. 5, the maximum coupling values between two coaxial
SIW resonators with slope parameters b = 0.034 S coupled
by a magnetic coupling scheme results less than 0.03, which
is below the values needed for the third-order filter considered
(see Fig. 8).

Table I gives the relation between unloaded quality factor
Qu and miniaturization degree of a coaxial SIW resonator
implemented in 1.524 mm-thick Rogers R4003, when its slope
parameter b is increased. Those values have been compared to
the area and Qu of a standard TE101 SIW cavity resonator
centered at 5.5 GHz. As table I shows, the coaxial SIW
topology allows high miniaturization of SIW structures with
moderate degradation of Qu.

TABLE I
Qu VERSUS MINIATURIZATION FOR SIW CAVITY RESONATORS

IMPLEMENTED IN ROGERS R4003 RESONATING AT 5.5 GHZ (UNIT: MM)

SIW Topology Area (mm2) ∆Area (%) Qu ∆Qu (%)
TE101 392 0 294 0

Coaxial b=0.0265 324 −17 308 +5

Coaxial b=0.029 213 −46 274 −7

Coaxial b=0.034 121 −69 238 −19

Coaxial b=0.035 90 −77 230 −22

A photograph of the filter prototypes of Fig. 7(b) and (c) is
shown in Fig. 10, while the simulated and measured responses
of these filters are shown in Figs. 11 and 12, respectively.
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Fig. 10. Photography of the proposed three-pole in-line coaxial SIW filters
based on electric coupling, where (a) b=0.029 S, and (b) b=0.034 S.
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Fig. 11. Simulated (dashed line) and measured (solid line) wideband
responses of the proposed three-pole in-line SIW filter with b = 0.029 S
(Fig. 7(b)).

Measurements for both designs have validated the proposed
concept, showing good insertion losses (i.e. 1.57 dB and
1.97 dB at f0, respectively), and return losses better than 11 dB
for both filters.

The measured response of filter prototype of Fig. 7(b)
undergoes a frequency shift of 1.2% towards lower frequency,
from 5.5 GHz to 5.43 GHz (see Fig. 11). For the compact
three-pole filter of Fig. 7(c), the measured response has been
shifted up to 5.9 GHz, as it can be observed in Fig. 12. These
frequency deviations have been caused by an increase of the
square patch air gap during fabrication process. The simulation
results have taken into account such a variation in the air gap.
Among others, the advantage of using such coupling scheme
is that tuning devices can be opportunely used to create a
reconfigurable filter response, which is not possible for an iris-
based magnetic coupling.

IV. FOUR-POLE CROSS-COUPLED SIW FILTER

A. Filter Design

In order to further demonstrate the proposed coupling solu-
tion, its application on a 4-pole narrow-band filter with a quasi-
elliptic frequency response is now considered. The coupling
scheme of the filter is given in Fig. 13. The coupling between
resonators 1 and 4, termed k14, has opposite sign compared to
all the inter-resonator couplings. This configuration is particu-
larly interesting because it improves the selectivity generating
TZs located both above and below the filter passband. The
filter center frequency is chosen to be 5.75 GHz with an equi-
ripple fractional bandwidth FBW of 2% (114 MHZ), which
results in a simulated 1-dB bandwidth of 94 MHZ (FBW=
1.64%). The TZs are set at 5.63 and 5.87 GHz, respectively,
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Fig. 12. Simulated (dashed line) and measured (solid line) wideband re-
sponses of the proposed three-pole in-line coaxial SIW filter with b = 0.034 S
(Fig. 7(c)).

Fig. 13. Multipath coupling diagram for the cross-coupled filter.

corresponding to the center frequencies of adjacent filters in
a multiplexer application with contiguous channels.

In this design, the slope parameter of the combline SIW
resonator is chosen to be b = 0.016 S, while the substrate
presents εr = 4.5 and thickness h = 3.175 mm. As it was
previously mentioned, the resonator electrical length corre-
sponding to substrate thickness h is 46.5◦, i.e., 0.13λg , where
λg is the guided wavelength at 5.75 GHz. This gives a loading
capacitance of Cl = 33.5 fF while the characteristic coaxial
impedance is Z0 = 78.35 Ω. By taking both previous values
and choosing a diameter of dv = 0.7 mm for the metallic
via hole implementing the coaxial topology, the resonator
structure can be optimized with EM full-wave simulations,
by adjusting the size of the loading capacitive disk and the
gap that separates it from the top metal layer. The resonators
size is wsiw × lsiw = 10.6× 10.6 mm2 (i.e. 0.43λg × 0.43λg)
whilst the capacitive disk radius is 0.915 mm with an air gap
of 0.15 mm between the disk and the ground plane. The final
structure of the filter presents a very compact footprint of
21.2 × 21.2 mm2 (0.86λg × 0.86λg), which corresponds to
63% of area reduction compared to a quasi-elliptic four-pole
filter based on TE101-mode SIW resonators and implemented
in the same dielectric substrate.

The input-output coupling is realized by means of coplanar
waveguide-to-SIW transition with 90◦ bend slots, which are
etched from the metal on top of the first (last) cavity, see
Fig. 14. The value of the Qe can be easily controlled by mod-
ifying the dimensions of the probe. The coupling coefficients
are k12 = k34 = 0.0193, k23 = 0.0158, k14 = −0.0036 and
Qe = 31.37.

Fig. 14 shows the geometric configuration of the 4-pole
cross-coupled filter, including the proposed electric cross-
coupling and some main filter dimensions. The coupling
between the SIW resonators 1 and 4 and the input/output ports
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Fig. 14. Layout of the cross-coupled SIW filter assembled on a carrier
substrate. Open-ended CPW line provides the electric coupling.

are realized by means of CPW current probes that are etched
on the top metal layer. The Qext decreases with increasing
size of ground plane openings that are created at the end of
the CPW line. The filter dimensions are given in Table II.
From simulations, the minimum insertion loss is 2.2 dB and
the two TZs are located at 5.63 and 5.87 GHz providing 35 dB
and 27 dB of minimum rejection, respectively.

TABLE II
LAYOUT DIMENSIONS OF THE DESIGNED FILTER (UNIT: MM)

dsiw 0.6 W 0.85 we1 2.6 rp1 0.915

lsiw 10.6 s 0.15 we2 0.3 rp2 0.943

wsiw 10.6 c 0.25 le1 0.3 rp3 0.943

dv 0.7 p 0.32 le2 1.08 rp4 0.915

cin 1.2 sin 0.15 sp 0.2 h 3.175

B. Vertical Transition

In Fig. 14, below the SIW filter substrate, it can be seen
a host board with two isolated coplanar lines which were
implemented on a 1.524 mm-thick Rogers R4003. In fact,
the considered four-pole filter has been designed for allowing
surface mounting device (SMD) assembly considering a PCB
fabrication process. In order to enable SMD packaging of
the filter, connection must be provided to the filter input and
output. This kind of self-packaged solution for coaxial SIW
filters, which provides access to the input/output ports through
castellated plated via holes, was originally proposed in [20]
showing promising results. This solution offers potential ad-
vantages in terms of design flexibility, low loss and enabling
the SMD integration of the device.

The proposed system is illustrated in Fig. 15, where a
scheme of the vertical transition structure is shown. The
bottom layer will interface between the carrier board and the
packaged filter through a vertical pseudo-CPW structure. Since
the CPW structure has both signal and ground on the same
plane, the connection of the device to the host board is simple.
In fact, the device can be easily placed and soldered onto the
carrier substrate. The diameter and spacing of the transition
half-a-hole vias are the most important design parameters for
controlling the EM performance [20].

Fig. 15. Side views of the vertical CPW-CPW transition that allows SMD
assembly of the packaged filter on a carrier substrate.

Fig. 16. Photography of the filter prototype assembled on its substrate carrier.

C. Experimental Results

The designed filter has been fabricated on a 3.175 mm-thick
Rogers TMM4 substrate (εr = 4.5± 0.045, tan δ = 2 · 10−3)
using a standard single-side PCB process. The diameter and
center-to-center pitch of the external via holes are 0.6 mm and
1.1 mm, respectively. A photograph of the filter prototype is
shown in Fig. 16 while Fig. 17 shows the frequency responses
of the cross-coupled SIW filter. It is worth mentioning that
simulated and measured S-parameters include the vertical
transition for connecting input/output ports. The measured 1-
dB bandwidth is 102.5 MHZ that corresponds to 1.8%, while
the bandwidth at −20 dB corresponds to 200 MHZ. The S-
parameters of the fabricated filter prototype were measured
with an Agilent E8364B PNA series network analyzer, and
a TRL calibration was performed using a home-made CPW
cal-kit.

The frequency shift of 70 MHZ (≈ 1.2%) between simu-
lations and results is due to the fabrication tolerances which,
however, can be corrected in the filter design process. The
minimum IL has increased up to 3.6 dB due to fabrication
issues of the vertical transitions, resulting in an estimated Q-
factor of 225, being 320 the simulated resonator Qu. The
measured return losses are better than 25 dB. The upper stop-
band is in very good agreement with simulations up to 12 GHz,
being the attenuation always better than 30 dB, as shown in
Fig. 17. Table III shows the comparison between this work and
other cross-coupled SIW filters shown in the references, where
it can be observed the high compactness degree obtained with
the proposed solution.
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TABLE III
COMPARISON OF CROSS-COUPLED FILTERS IN SIW TECH. (NOTE: B =

BELOW, A = ABOVE)

f0(GHz) FBW IL(dB) Size(λ2g) TZs
[12] 20.5 4% 0.9 1.42 × 1.36 1 B, 1 A
[14] 27 7.4% 2.1 1.45 × 1.14 1 B, 2 A
[21] 2.5 4% ≈ 4 1.6 × 1.6 1 B, 1 A
[16] 5.1 4.2% 2.05 1.55 × 0.98 1 B, 1 A
[17] 20 3% 1.7 1.88 × 1.42 2 B, 2 A

This work 5.75 1.8% 3.6 0.86 × 0.86 1 B, 1 A

V. MULTIPHYSICS STUDY FOR THE POWER HANDLING
CAPABILITY EVALUATION OF SIW COMBLINE FILTERS

In this section the power handling capability (PHC) of the
SIW combline resonator is studied in detail. Two different
kind of studies are addressed: a) Average Power Handling
Capability (APHC), where it is assumed that a CW signal
is applied to the circuit and the electro-thermo-mechanical
coupling is analyzed in order to determine the maximum
temperature and thermal stress of the circuit as a function
of the input signal power. And b) Peak Power Handling
Capability (PPHC), in such a case pulsed signals are applied
to the circuit and the corona discharges are examined as a
function of the input signal power and pressure. As an example
of analysis, the PHC study is focused on the quasi-elliptic filter
presented in Section IV.

A. Average Power Handling Capability

For moderated CW signal powers (1-5 W) high temperatures
can be achieved in planar circuits due to self-heating, which
limits the APHC [22]–[24]. Planar circuits present three loss
mechanisms: conductive, dielectric and radiation losses. They
are linearly proportional to the input power, but only the two
former loss mechanisms produce heat in the circuit, so that
they can be defined as the internal heat sources of the structure.
In particular, dielectric loss is treated as a volumetric heat
source whereas conductive loss as a surface heat source. In
pure planar technologies as microstrip, the gradient of tem-
perature due to self-heating is computed by determining the
conductor and dielectric losses, then, the heat flow distribution
in the microstrip cross section is derived to finally obtain

Fig. 18. 3D Electric Field distribution for a SIW Combline cavity.

the temperature rise that defines the maximum working input
power [22], [23], [25]. In SIW technology, due to its large
aspect ratio w/h, and the fact that conductive losses are equal
both in top and bottom planes, the whole heat source Qint

can be assumed to be homogeneous in a differential region
w · h · l, consequently providing a homogeneous temperature
in this volumetric region. This assumption is also favoured by
the use of via holes conforming the SIW, which propagate the
heat between the top and bottom layers. From the Newton’s
Law of cooling, the generated heat is equal to the total heat
delivered to the environment by means of convection and/or
thermal radiation. Thus, this energy balance can be written as

Qint +Qext =

m∑
i=1

hconv,iAi (Thot − Tamb)

+

n∑
j=1

hrad,j Aj (Thot − Tamb) (5)

where
Qint = ΓPin (6)

being Γ the loss factor of the structure and Pin the input
signal power. Qext is any external heat source (such as solar
radiation), Tamb is the temperature in the surroundings, Ai and
Aj are the surface layers exposed to convection and radiation
boundary conditions, respectively, and hconv and hrad are the
convection and radiation coefficients. The values hconv and
hrad depend on the external conditions of each layer, i.e., if
there is a heat sink attached, natural or forced convection,
emissivity, etc. From (5), the maximum temperature Thot can
be computed for a given Pin and if the environment conditions
(hconv and hrad) are known. An expected conclusion from this
equation is that, if Qint is kept, the bigger the surface A, the
lower the Thot is, and therefore, the higher the APHC.

For the SIW combline resonators, the electric-magnetic field
distribution which defines the heat source pattern is different
to that presented by standard SIW rectangular cavities, as seen
in Fig. 18. However, the large aspect ratio w/h as well as the
use of the outer via holes and the inner conductor, make the
temperature in the SIW combline cavity nearly homogeneous,
and therefore, (5) can be used as a first order approximation.

For the APHC analysis of the filter, firstly, the power loss
per resonator is computed from the equivalent lumped element
circuit whose behaviour is modeled by the coupling matrix
shown in Fig. 13. Qu = 320, f0 = 5.75 GHz and FBW = 2%
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Fig. 19. Power loss in each resonator per watt from the equivalent lumped
element circuit model. Qu = 320.

Fig. 20. Thermal profile of the filter presented in Section IV. Pin = 5 W
at 5.82 GHz with natural convection around the circuit with hconv =
10 W/m2·oC and Tamb = 22 oC.

are used for such a computation. As seen from Fig. 19, the
total highest power loss is found at the inband corners, at
5.68 and 5.82 GHz, with Γ = 0.62. In particular, resonator
#2 presents the highest level of losses, so that it is expected
that this resonator limits the APHC. (5) can be used in order
to calculate the average temperature in the whole circuit. For
Pin = 5 W at 5.82 GHz, assuming natural convection with
hconv = 10 W/m2·oC and Tamb = 22 oC, with a whole circuit
area of Atop = Abottom = 35.7 × 28.2 mm2 and neglecting
thermal radiation, the average temperature in the circuit is
found to be 176 oC. ANSYS Multiphysics is used in order
to accurately obtain the thermal profile for such an example.
Fig. 20 shows its thermal profile where the hottest spot is
found in resonator #2, as predicted, with a value of 205 oC.
The simulated average temperature in the circuit is very close
to the computed value according to (5).

The APHC is limited by that Pin which creates such a ther-
mal gradient leading to exceed the glass transition temperature
of the substrate Tg or, that Pin which generates a thermal stress
able to destroy (or deform) the circuit. The minimum of those
values limits the APHC. For the electro-thermo-mechanical
coupling needed to evaluate the thermal stress, ANSYS Mul-
tiphysics is used again. Table IV summarizes the thermo-
mechanical parameters required for the study. It should be
remarked that the thermal conductivity in the substrate both in
SIW and SIW coaxial cavities is not a critical parameter for the
reduction of the gradient of temperature as it is in microstrip
technology. The yield strength point gives the maximum stress

TABLE IV
THERMO-MECHANICAL PROPERTIES OF TMM 4

Copper Dielectric
Thermal conductivity (W/m·oC) 400 0.7

CTE (x,y,z) (ppm/oC) 17 16, 16, 21
Young’s Modulus (GPa) 117 11.9

Poisson’s Ratio 0.33 0.2
Yield Strength (MPa) 220 —

Glass Transition Temperature (oC) — 425
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Fig. 21. Maximum equivalent Von-Mises Stress as a function of Pin. At
5.82 GHz and assuming natural convection on the circuit with Tamb = 22 oC.

that a material can afford before permanent deformation. It
defines the transition between the linear mechanical behaviour
(elastic behaviour) of the material and the non-linear one.

Fig. 21 shows the maximum equivalent stress (Von-Mises)
as a function of Pin at the frequency where losses are the
highest (5.82 GHz) and for two different load cases (bottom
of the circuit is fixed or unfixed). Obviously, when the bottom
is fixed the stress produced is higher and the elastic limit is
reached for lower power levels. The maximum stress happens
in the metal, both in layers and the via holes, whereas the stress
provoked in the substrate is much lower. From these figures, it
can be concluded that Pin < 2 W in order to keep the circuit
in safety ranges of applied power. It should be noted that for
this circuit, due to the high value of Tg , APHC is limited
by thermal stress. With respect to the deformation produced
in the circuit while the CW signal is applied, in the case of
the bottom is fixed, deformation is insignificant (maximum
deformation < 8 µm for Pin = 5 W). In the case when the
bottom is unfixed, although the maximum deformation is still
low, it can produce a small frequency shift in the transfer
function for high Pin (maximum deformation < 82 µm for
Pin = 5 W).

B. Peak Power Handling Capability

The SIW combline resonator presents an important den-
sity of electric field through the air, between the loading
capacitive disk and the top layer ground. Thus, this resonator
can be susceptible to present corona discharges for high
power applied signals. The situation is different for standard
SIW technology, since the electric field is mainly distributed
through the dielectric and the critical areas for air ionization
are the slot edges of the coplanar line feeding the SIW cavities
[1].
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Fig. 22. Scheme of the SIW combline resonator where the current and voltage
distributions are shown at resonance frequency.

In order to evaluate any possible corona discharge, the
maximum voltage (and consequently, the expected maximum
electric field) of the SIW combline filter should be found as a
function of the input signal power. From the equivalent lumped
element circuit, the voltage and current in each resonator i of
the filter can be computed as

vi =
vg
qe

[A]
−1
i,1 (7)

ii =
vg
qeR

[A]
−1
i,1 (8)

where vg is the generator voltage, qe the normalized ex-
ternal quality factor, R is the reference impedance and [A]
is the normalized impedance/admittance matrix defining the
filter network [19]. Once the equivalent voltages/currents are
known, the stored energy can be found as

Wi =
4Pin

qeBW
[A]

−2
i,1 (9)

where Pin is the available power at the input port and BW
is the absolute bandwidth of the filter in rad/s. At resonance,
the stored energy by every resonator of the equivalent lumped
element network should be the same as that associated to the
distributed resonators [26], [27]. Fig. 22 shows the scheme of
a combline resonator where the voltage and current standing
waves are also plotted at resonance. From the standing waves
the stored energy by the distributed resonator Wdistr,i can be
calculated as [28], [29] by integrating the standing waves (in
form of sinusoidal functions) along the resonator. Thus, by
making Wi = Wdistr,i the peak voltage in the SIW combline
resonator can be found at the capacitive patch as

Vpeak,i = 4

√
PinZ0,i

qeFBWχ
[A]

−1
i,1 (10)

where

χ = θ0 +
sin 2θ0

2
(11)

It should be noted that for the case θ0 is small, the SIW
combline resonator behaves as a lumped element resonator,
and therefore, the values found with (10) are the same as those
obtained with (7).

The air ionization is a phenomenon linked to the electric
field strength rather than to the voltage [27], [30]. So, the
electric field strength must be estimated in the capacitive
patch of the resonators forming the filter. Although the electric
field distribution along the air gap is not evident, as a fast

approximation the maximum electric field in each resonator
can be computed as

|Epeak,i| =
Vpeak,i
si

(12)

where si is the annular gap of the resonator i. For high pressure
regime (pressures >100 mbar), the air ionization breakdown
threshold (peak value) can be determined by following the rule
[31]

|Ebreak| = 42.7
√
p2 + 2f2 (V/cm) (13)

where p is the pressure in torr and f is the operation frequency
in GHz. At this point, from (12) and (13) the PPHC can
be analytically computed in filters based on combline res-
onators for high pressure regime. For low pressure regime, the
continuity equation describing the electron density evolution
must be solved. This arduous task must be done numerically,
in this work the software tool AURORASAT

TM
SPARK3D R©

is employed. This tool uses the real electromagnetic field
distribution of the device under test in order to solve the con-
tinuity equation, and provides the power breakdown threshold
of the device from some input parameters such as pressure,
kind of gas (air or nitrogen) or temperature. As a validation
example, the PPHC is computed for the quasi-elliptic filter by
using the equations derived in the previous lines and by using
SPARK3D. The input parameters are f = 5.82 GHz (where
the voltage is maximum, which happens at the capacitive patch
of resonator #2; this frequency coincides with the frequency of
maximum losses) and p = 500 mbar. From the derived equa-
tions, PPHC is analytically calculated as 7.3 W whereas from
SPARK3D is 11.2 W. If the maximum electric field strength
of the structure is simply taken from an electromagnetic tool
(such as HFSS or CST; note that a normalization could be
needed depending on the software used), and by applying
the rule (13), the obtained PPHC is 0.9 W, which is a value
considerably lower than those previously obtained. From these
results, it can be concluded that taking the maximum electric
field from the EM simulation results, which is indeed a strategy
commonly used for waveguides or coaxial resonators, gives a
very conservative limit for PPHC in SIW combline resonators.
This is due to the fact that the maximum electric field values
are very concentrated around the capacitive patch edges, in a
region involving just some microns, which is not enough to
alter the electron density. Additionally, some field singularities
could appear in the resolution of the field around such corner
edges. Another conclusion is that the approximation made in
(12) gives a reasonable value of electric field strength in order
to determine the PPHC.

Fig. 23 shows the Paschen curves of the filter for each
resonator, obtained from SPARK3D at the frequency where
losses and voltage magnification are maximum. Resonator
#2 is limiting the PPHC, as expected. The critical pressure
is around 5-10 mbar, where PPHC is just 0.6 W. So, it is
presumed that in a low pressure regime corona limits PHC
rather than the thermo-mechanical effects. An interesting effect
has been also detected in this filtering structure: due to the
sharp shape of the first (and fourth) resonator corners (see
Fig. 24), it is found that there is a high concentration of electric
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Fig. 23. Simulated Paschen Curves for the resonators involved in the filter
under test. (a) Critical pressure region. (b) The whole pressure range. In this
simulation, f = 5.82 GHz and Tamb = 22 oC.

field density around those corners, providing higher values
of electric field strength than those of resonator #2. Thus,
resonator #1 may limit the PPHC of the filter even though
the voltage in this resonator is lower than that in resonator
#2 at the frequency of analysis. However, after fabrication,
those corners are rounded, as seen in Fig. 24(b), leading to a
reduction of the electric field density around them. Fig. 24(c)
shows the simulated Paschen Curves for the first resonator
when the corners are sharped and rounded. As deduced from
this figure, rounding the corners can considerably increase
PPHC in this filter topology. In Fig. 23 the Paschen Curve
of resonator #1 corresponds to the rounded corner case.
Obviously, for both cases the filter response remains constant.

C. APHC and PPHC Measurements

In order to validate the calculated and simulated results, high
power measurements have been performed at the European
High-Power RF Space Laboratory (Valencia, Spain). Fig. 25
shows a schematic diagram of the employed test-bed. Several
methods have been used for the corona discharge detection:
third harmonic detection, nulling of the forward/reverse power
at the operation frequency, electron probe and by visual
inspection by recording the circuit with a video camera. The
applied signal to the filter has been a pulsed signal with a
carrier frequency of 5.75 GHz (frequency where the voltage
magnification and losses are maximum in the measured filter),
a pulse width of 20 µs and a duty cycle of 1%. These
pulsed signal characteristics avoid any self-heating effect in
the device, whereas the pulse width is wide enough to assume
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Fig. 24. Zoom in of the resonator #1. (a) Layout. (b) Fabricated. (c) Simulated
Paschen Curves comparison between the sharp and rounded corner cases.

that the pulse breakdown threshold converges to the CW one.
The PPHC has been evaluated for different pressures in order
to obtain the Paschen Curves of the device.

In Fig. 23 the measured data can be also observed. For all
scenarios corona breakdown has firstly appeared in resonator
#2, as expected. There is a reasonable good agreement (es-
pecially at lower pressures) with the simulated results what
validates the theoretical prediction and the study done. The
maximum difference between the measured and simulated
breakdown field levels has been of 45%, which has been found
for a pressure of 600 mbar. Fig. 26 shows the capture from
the video camera at the moment of a corona discharge has
occurred. As seen, the spark is uniformly originated along the
annular slot.

With respect to the APHC measurement, a CW signal
at the same frequency has been applied to the circuit at
ambient pressure (p = 1000 mbar) and temperature. The
temperature has been measured by means of thermocouples
attached to the resonators in regions where their impact is
low. The circuit was suspended so that natural convection
can be assumed on all faces. The thermal steady-state was
reached after around 5 minutes the signal is switched on. The
measured temperatures for the different CW applied signal
power samples have been close to the analytically calculated
and simulated values, with differences lower than 20%. Up
to 5 W there were no evidences of any rupture point in
the circuit, however Pin > 5 W should be avoided since
temperatures higher than 150 oC were measured. Furthermore,
for Pin > 5 W a frequency shift started being noticed in the
measured response as well as a considerable increase of losses.
After switching on/off the applied signal, the circuit could
recover its original electromagnetic performance, although
probably with a slight permanent material deformation. The
CW applied power was increased up to obtain the complete
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Fig. 25. Scheme of the testbed configuration used for corona breakdown detection.

Fig. 26. Capture of a corona discharge at the second resonator of the filter
under test.

failure of the device. The circuit was finally destroyed by a
continuous corona discharge which occurred for Pin = 14 W.
This value is lower than the one measured at ambient pressure
for the pulsed signal case and shown in Fig. 23. This can
be due to the following reasons: the air temperature was
much higher because of self-heating, which reduces the corona
breakdown threshold for high pressure regime and, because
corona breakdown thresholds are normally lower for the CW
case than for the pulsed signal case, unless a very wide pulsed
signal width is used.

VI. CONCLUSIONS

In this paper the design of SIW combline resonator filters
with advanced performances has been investigated. For this
aim, different coupling configurations involving magnetic and
electric coupling mechanisms have been proposed and studied
in detail. It has been demonstrated that the proposed electric
coupling configuration provides a high flexibility in filter
design, which allows us to design very compact filters by
keeping a reasonable level of losses, as well as to increase
the maximum achievable passband bandwidth in SIW coaxial
technology. Additionally, it has been proposed such a filter
where the magnetic and electric coupling schemes has been
arranged in order to design a very compact quasi-elliptic nar-
rowband bandpass filter, presenting a very selective response
with a wide rejection band. The power handling capability
(both average and peak) has been also studied for such filtering
structures from a multiphysics point of view. As it has been

shown, these filters can afford moderate levels of power in
spite of their small circuit area and narrow band. All concepts
have been validated by the simulation and measurement of
some fabricated proof-of-concept filtering devices. High power
measurements have been also carried on, which have verified
the proposed multiphysics study.
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