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Abstract—A bandpass filter design based on a modified
type of coupled evanescent mode resonators is presented. The
resonators are implemented as a substrate integrated waveguide
(SIW) structure using a multilayer stack of organic microwave
laminates. To realize a high input and output coupling coefficient
required for many wideband filter specifications, the use of a U-
shaped defective groundplane structure is proposed. Without this
structure, the maximum achievable coupling coefficient is limited
by manufacturing constraints. The use of the proposed defective
groundplane structure allows to increase the coupling coefficient
beyond these limitations. The effect on the external couplings is
analyzed by simulations and experiments using a single resonator.

Based on the obtained results, a layout for the full bandpass
filter with a center frequency of 6 GHz and a bandwidth of
500 MHz is derived. This filter design is verified by simulation
and measurement.

Keywords—Resonator Filters, Microwave Filters, Coupling cir-
cuits, Printed circuits

I. MOTIVATION

Filtering structures are ubiquitous in microwave technol-
ogy. Many of these structures share the same requirements.
On the one hand a high unloaded quality factor is desired
which enables the design of low loss filters. On the other hand,
miniaturization is a key factor in many microwave systems.
These requirements, along with low costs, are potentially
conflicting. The choice of a specific filter technology allows
for a trade-off between these three factors.

In TX/RX modules, technologies capable of multiple layers
like LTCC, LCP or a multilayer stack of several organic
microwave laminates are often used to achieve high integra-
tion density. These technologies enable the use of substrate
integrated resonator structures for designing microwave filters,
examples are given in [1]–[3]. One of these structures is
the evanescent mode resonator [1] that offers several benefits
compared to typical microstrip resonators. These include a
lower conductor loss [4], leading to higher quality factor,
as well as the possibility of miniaturization. Additionally,
evanescent mode resonators feature a large frequency span free
of spurious passbands that ranges up to the cutoff frequency
of the waveguide used. As the waveguide structure is typically
well shielded, radiation losses are reduced and additional
shielding of the filter might become unnecessary.

To realize a filter according to a given specification, the
coupling coefficients of the inter-resonator couplings as well
as the external couplings have to be met. Especially for filters

Figure 1. Cross-sectional view of the proposed modified evanescent mode
resonator including inductive coupling vias and defective ground structures to
increase external coupling.

with a high bandwidth, a strong external coupling is required.
Depending on the chosen resonator structure and coupling
mechanism, the maximum coupling coefficient is limited by
manufacturing constraints. This publication proposes a defec-
tive ground structure to overcome the limitation for inductively
coupled evanescent mode resonator filters and enables the use
of these filter structures with their benefits in filters with large
bandwidth.

II. FILTER CONCEPT AND DESIGN

A. Resonator

The structure of the proposed resonator structure is shown
in Fig. 1. It is embedded in a multilayer stack of microwave
laminates. Cores of RO4003 microwave laminate are bonded
using layers of RO4350 bondply. Using through vias and met-
allizations of the inner layers, a piece of substrate integrated
waveguide is defined between the layers L3 and L4. The width
of the waveguide is chosen small enough to keep the operating
frequency of the resonator below the cutoff frequency of the
waveguide. In this frequency range, signals can not propagate
through the waveguide. Only evanescent fields may extend into
the waveguide, decaying exponentially. Within certain limits, a
piece of this waveguide may be modeled as a purely inductive
load at a frequency below cutoff [5].

Adding a shunt capacitor to this inductance creates a quasi-
lumped LC resonator. In Fig. 1, the capacitance can be found
on the top layer. The small metallic patch, connected to the
bottom of the waveguide by a via, builds a parallel plate capac-
itor with reference to the top metallization on layer L2. This
structure resembles the classical evanescent mode resonator as
shown in [1] but differs in the placement of the capacitive
patch. Placing the patch on the top layer of the substrate
enables post-production tuning by slightly trimming the patch
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Figure 2. Normalized coupling coefficient depending of the size of the
defective ground structure, extracted from electromagnetic simulation results
and measurement. Normalization has been carried out using f0 = 6GHz and
FBW = 4.17%.

size, decreasing the capacitance and thereby increasing the
frequency of resonance.

To couple energy into these resonant structures, inductive
coupling can be used. This is realized in Fig. 1 by placing
coupling vias near the resonating structure into the waveguide.
Because the evanescent fields originating from the coupling via
decay quickly within the waveguide, increasing the distance
between the resonator and the coupling via decreases the
coupling strength and vice versa. The same is true for inter-
resonator coupling between multiple resonators placed in the
same waveguide.

To prevent PCB warpage during manufacturing, a second
ground plane has been added on layer L5 to increase axial
symmetry of the stack.

Small coupling values can be easily obtained by placing the
coupling via within the corresponding distance. Fig. 2 shows
the coupling coefficient that is reached with a conventional
coupling via for dcpl = 3 mm displayed as a dashed line.
However, the achievable coupling coefficient is limited due
to the required separation of the patch on the top layer L1
and the coupling via. Design rules concerning the spacing of
vias place additional constraints on the achievable minimum
distance d.

These limitations on the external coupling coefficients
prevent the use of the resonators for the design of bandpass
filters with a low number of poles but high bandwidth. This
class of filters requires a low external quality factor, equivalent
to a high external coupling coefficient.

To overcome this limitation, the use of a defective ground
structure is proposed. The U-shaped structure is placed around
the connection of the coupling via to the bottom ground planes
as shown in Fig. 1. By directing the impressed current towards
the resonating structure, the inductance shared between the
coupling via and the resonator is increased. This directly leads
to an increased coupling strength.

To quantify this effect, electromagnetic simulations using
CST Microwave Studio as well as measurements have been
carried out for a single resonator coupled to an input and
output line as shown in Fig. 1. Different sizes of the defective
ground structure have been simulated. In general, the resonator

including its external couplings can be modeled using the
coupling matrix model with the normalized coupling matrix

m =

[
0 c 0
c fo c
0 c 0

]
. (1)

This assumes equal coupling strength c of both coupling
vias. The term fo accounts for a frequency offset of the
resonator that is induced by the coupling structure in the
vicinity of the resonator. The S-parameters are connected to
this coupling matrix model by [4]:

s21 = −2j ·A−1|3,1 (2)
A = m + Ωu− jr (3)

with u =

[
0 0 0
0 1 0
0 0 0

]
and r =

[
1 0 0
0 r1 0
0 0 1

]
. (4)

The variable Ω denotes the frequency variable, transformed
from the center frequency f0 to the lowpass domain by using
the bandpass to lowpass transformation

Ω =
1

FBW

(
f

f0
− f0

f

)
(5)

and A−1 denotes the matrix inverse of A. By minimizing the
difference between the simulated or measured transmission co-
efficient magnitudes |s̃21| and |s21| calculated from eq. (2), the
normalized coupling coefficient c, the normalized frequency
offset fo and r1 can be extracted.

For the case of a single resonator considered in this part
of the work, the matrix inverse does not have to be calculated
for each minimization step. By formulating the matrix inverse
in terms of the adjunct and determinant as A−1 = adj(A)

det(A) and
writing out the equations, the following relation can be derived:

s21 =
2jc2

(Ω + fo − jr1)− 2jc2
. (6)

A Levenberg-Marquardt type algorithm is used in this case for
solving the minimization problem stated above.

Several electromagnetic simulations of the lossless single
resonator structure shown in Fig. 1 have been carried out
for different sizes of the defective ground structure. The
coupling coefficient c has been extracted from the simulated
S-parameters and is shown in Fig. 2. The figure demonstrates
clearly, that the coupling coefficient can be significantly in-
creased by the use of the proposed structure. Compared to the
simulation result of the structure without the defective ground
structure, the coupling coefficient can be increased by a factor
of two, depending on the ground structure size.

For verification of the simulation results, ten identical test
structures consisting of four single resonators with different
defective groundplane structure size have been measured. A
photo of one of these test structures as well as the corre-
sponding layout is shown in Fig. 3. Using the same technique
as for the simulation results but additionally considering a
loss term in the coupling matrix formulation, the coupling
coefficient has been determined from the measurement results.
For each group of ten identical resonators, the mean value
and standard deviation has been determined. The results are
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Figure 4. Layout drawing of the three-pole filter realized using evanescent mode resonators and enhanced coupling. All dimensions specified in mm.

Figure 3. Layout drawing (left) and photo (right) of the test structures for
measurement of the coupling coefficient with different defective groundplane
structures.

plotted in Fig. 2. The measured coupling coefficients match the
coefficients extracted from the simulation results very well.

The resonator shown in Fig. 1 has been designed with a
focus on miniaturization by choosing a single via with high
inductance as well as a capacitive patch on the top layer with
high capacitance. Not including the coupling structures, the
resonator has a size of 5 mm × 5 mm which equals 0.1× 0.1
wavelengths at the center frequency of 6 GHz. The reduced
size comes at the cost of increased sensitivity to production
tolerances. As it can be seen from the error bars in Fig. 2,
the deviations of the coupling coefficients are less than three
percent. Hence, this does not pose a problem for the strongly
coupled, wide-bandwidth filters considered.

The etching process of the defective ground structure is
usually more accurate than the placement of the coupling vias.
Therefore, increasing the coupling by the use of the proposed
defective ground structure leads to a lower sensitivity to toler-
ances compared to reducing the distance between the resonator
and the coupling vias. If higher precision of the coupling
coefficient is required, the use of a larger via diameter or
multiple vias reduces the effects of small production tolerances
relative to the diameter, but also increases the overall size of
the resonator.

B. Filter specification and design

A coupling matrix description can be synthesized from
filter specifications using well known algorithms[6]. In this

work, the design of a three-pole filter with a center frequency
f0 = 6500 MHz and a bandwidth of 500 MHz realizing the
following normalized coupling matrix with kext = 0.82 and
kres = 0.68 is desired:

m =


0 kext 0 0 0
kext 0 kres 0 0
0 kres 0 kres 0
0 0 kres 0 kext
0 0 0 kext 0

 . (7)

Fig. 4 shows a three-pole filter structure using the evanes-
cent mode resonators described above. The external coupling
coefficient kext corresponds to the length of the defective
groundplane structure ldgs. For the coupling coefficients given
in the desired coupling matrix, this distance can be determined
by the simulation results in Fig. 2. In the same way as
described for the length of the defective ground structure, an
empirical model can be obtained for the relationship of the
inter-resonator coupling coefficients kres and the distance dreso
between the single resonators.

After determining initial geometrical parameters, an elec-
tromagnetic simulation of the full filter has been performed.
The coupling matrix of the filter has been extracted from the
S-parameters resulting from the simulation using a genetic
algorithm as described in [7]. Small differences between the
resulting coupling matrix and the desired coupling matrix
have been corrected by slightly adjusting the corresponding
geometrical parameters of the filter structure. After a few
iterations, the resulting coupling matrix matched the desired
matrix within narrow limits.

III. RESULTS

The optimized structure has been manufactured and mea-
sured. Measurement results of the passband are shown in Fig. 5
in comparison to the simulation results. A midband insertion
loss of 1.96 dB has been determined from the measured s-
parameter data. Additionally, the transmission coefficient de-
rived directly from the coupling matrix (7) by using eq. (2)
is plotted. From the simulation results of a weakly coupled
resonator, the unloaded quality factor has been determined as
Qu = 154 using the method outlined in section II-A before.

This quality factor has been included in the calculation
of the transmission coefficient from the normalized coupling
matrix by setting r2,2 = r3,3 = r4,4 = 1

Qu·FBW in eq. (3). The
passband characteristic calculated from the coupling matrix
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Figure 5. Passband transmission characteristics as obtained from the
coupling matrix, electromagnetic simulation and measurement (upper figure)
and measured group delay characteristics (lower figure) of the tuned filter.

shows good agreement with the results of the electromagnetic
simulation.

As can be seen from this graph, the center frequency of
the manufactured filter is shifted towards lower frequencies
by 100 MHz. This equals a shift of 1.6 %, which is within
the production tolerances of the material used, i.e. there is
an uncertainity of 1.5 % of the permittivity as given by the
manufacturer’s data sheet [8].

An advantage of the proposed resonator structure is the
possibility of post-production tuning of the center frequency.
The passband can be shifted to higher frequencies easily
by trimming the copper patches on the top layer. This can
either be done by hand or, if higher precision is required,
by laser trimming. For the filter presented, the patches have
been slightly trimmed by hand. The resulting transmission
characteristic is also shown in Fig. 5. These results show very
good agreement with the simulation results.

Figure 5 additionally shows the measured group delay
characteristics of the filter. In the passband region, the group
delay is within 10 ns ± 2 ns. If necessary, additional group
delay equalization can be achieved using an additional cross
coupling between the outer resonators as described in [4].

IV. CONCLUSION

The use of a modified evanescent mode resonator for
implementation of filters in multilayer printed circuit board
technologies has been shown in this publication. The proposed
resonator type features miniaturization while offering a high
unloaded quality factor. Additionally, the possibility of easy
post-production tuning has been demonstrated.
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Figure 6. Wideband view of the measured filter transmission and reflection
parameters.

The use of a defective ground structure for increasing
the external coupling of a filter has been proposed. The
structure allows to use the evanescent mode resonator in
filter designs that require an external coupling coefficient that
could otherwise not be realized because of limitations of the
manufacturing process.

The applicability of the modified evanescent mode res-
onators in combination with the defective ground structure is
shown at the example of a bandpass filter with a bandwidth
of 500 MHz at a center frequency of 6.5 GHz. The calculated
passband characteristics of the filter are shown to be in good
agreement with electromagnetic simulation results as well as
measurement results.
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