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Abstract

A new technique for reducing the substrate permittivity in
a Substrate Integrated Waveguide (SIW) structure is pre-
sented, consisting of removing a centered rectangular box
of substrate dielectric material, which increases the equiv-
alent waveguide impedance. This technique can be applied
to the implementation of high-impedance SIW sections
(perforated regions) sandwitched between low-impedance
sections (non perforated sections), the first ones acting as
impedance inverters in a filter design. The dispersion prop-
erties of this perforated SIW structure have been analyzed
and compared to that of a homogeneous equivalent waveg-
uide with a defined effective permittivity. Finally, following
the described technique for reducing the substrate permi-
tivitty, a filter prototype has been designed and fabricated
to demonstrate the feasibility of the proposed method.

1 Introduction

A novel class of stepped impedance waveguide filters has
been recently demonstrated on Substrate Integrated Waveg-
uide (SIW) technology [1], [2], [3] where high-impedance
waveguide sections below cutoff acting as impedance in-
verters have been achieved by inserting cylindrical air holes
to lower the substrate permittivity. However, the minimum
achievable effective permittivity in the perforated regions is
related to the maximum volume of dielectric material that
can be removed, and the air hole positions in the waveg-
uide. In this work, a different practical implementation of a
high-impedance SIW section has been studied, which con-
sists of the insertion of centered rectangular air boxes. The
performance of this new implementation of impedance in-
verter in the filter design is investigated. Finally, a filter
prototype following the described technique of reducing the
substrate permittivity has been designed and fabricated to
demonstrate the feasibility of the proposed method.

2 Study of the Effective Permittivity of a per-
forated SIW with a centered rectangular
air box

Fig. 1(a) shows the scheme of a section of the perforated
SIW under study, consisting of a conventional SIW perfo-

Figure 1. (a) Section of a perforated SIW structure with
a rectangular air box. (b) Unit cell of the perforated SIW
structure.

rated with a centered rectangular air box along the center of
the waveguide. This waveguide is formed by two rows of
parallel metallic posts (or via holes) delimiting the area of
propagation of the fundamental mode of the SIW. The sep-
aration and diameter of the metallic posts must be appro-
priately chosen [4] in order to avoid radiation losses. Ad-
ditionally, after removing the rectangular box of dielectric
substrate, the SIW must be sealed for several reasons. First,
it avoids capacitive effects between the rim of the top and
bottom aperture. On the other hand, it preserves the com-
plete shielding of the structure and makes it insensitive to
the exterior. Morover, the metallic shielding guarantees the
mechanical strength of the perforated structure. The propa-
gation constant of this guide is determined by the width a of
the SIW (see Fig. 1), and also by the permittivity distribu-
tion in the waveguide after making the dielectric perforation
in the propagation area. A previous study [5] demonstrates
that a SIW can be analyzed as an equivalent rectangular
waveguide of effective width aeff given by:

aeff = a− d2
v

0,95sv
. (1)

Therefore, all the study performed in this section is carried
out using such equivalent waveguide of width aeff given by



eq. (1), and height b.

In order to characterize the electromagnetic field propaga-
tion of a perforated waveguide, the commercial software
tool Ansys HFSS has been employed. The eigenmode mod-
ule of such analysis tool yields the cutoff frequencies of the
modes of a periodic waveguide of unit cell L (see Fig. 1)
with a phase delay ϕ between its periodicity planes, which
can be directly related to its propagation constant β :

βL = ϕ . (2)

The particular phase shift ϕ = 0 yields the cutoff frequency
of the modes. Therefore, the dispersion curve of the waveg-
uide modes can be easily obtained by performing a phase
delay sweep. We have restricted our study to the monomode
regime of the waveguide. In this case, for designing pur-
poses, it is interesting to define an equivalent dielectric ho-
mogeneous waveguide whose effective permittivity is re-
lated to the cutoff frequency of its TE10 mode through the
following expression:

εreff =
c2

4a2
eff f 2

c
(3)

where c is the speed of light in free space and fc is the
cutoff frequency of the first waveguide mode provided by
the software simulation.

Figure 2. εreff of a SIW with a centered rectangular air box
as a function of the air box width l.

In Fig. 1(b) it is shown the unit cell of the equivalent
periodic waveguide under study, i.e., a section of lenght
L of a rectangular waveguide of dimensions aeff = 15.8
mm and b = 0.63 mm (corresponding to the height of
the substrate employed –Taconic CER-10–, with εr = 10
and tanδ = 0.0035), perforated with a centered rectangu-
lar air box along the waveguide. Following the procedure
described above, the cutoff frequency of the fundamental
mode of this perforated waveguide provides its effective

permittivity. In Fig. 2 it is represented the effective per-
mittivity of the waveguide as a function of the width (l)
of the rectangular air box. This graph can be employed in
order to synthesize a desired εreff for a filter design. Addi-
tionally, in this new implementation of a low-permittivity
SIW section, a value of nearly εreff = 1 can be obtained.
In particular, a value of l = 13.4 mm provides a minimum
value of εreff = 1.06. In Fig. 3 it is compared the disper-
sion curve of the perforated waveguide with l = 13.4 mm
(crosses) with that of its equivalent dielectric homogeneous
waveguide (solid line). In this figure, it can be checked that
the effective permittivity equivalence is very high all over
the waveguide monomode band, so it can be fully employed
in the filter design. In this figure, it is also represented
the dispersion curve of the perforated waveguide obtained
with a vectorial modal method developed by the authors [6]
(dashed line), which allows to check that the effective per-
mittivity equivalence is also satisfied below cutoff.

Figure 3. Comparison of the dispersion curve of a SIW
with a centered rectangular air box (l = 13.4 mm) with that
of its equivalent dielectric homogeneous waveguide.

3 Design of a Band-pass Filter Based on
Perforated SIW Structures With Centered
Rectangular Air Boxes

In the proposed filter, the filtering effect is obtained by per-
forating the dielectric substrate in the high-impedance sec-
tions with rectangular air boxes, so the waveguide sections
below cutoff are used as impedance inverters to obtain the
filtering function [7] (see Fig. 4).

Figure 4. Equivalent model of the step-impedance filter.



Figure 5. Scheme of the designed filter in SIW technology.

A five pole filter prototype has been designed centered at
4.5 GHz, where rectangular air boxes have been inserted
acting as impedance inverters. The filter has been designed
and optimized using the commercial software tool Ansys
HFSS. Once the different waveguide sections of high and
low impedance have been obtained, the next step in the
design process is to determine the equivalent rectangular
width a in SIW technology, and the design of the microstrip
to SIW transition. To this aim, the following parameters
for the via holes have been employed: dv = 0.7 mm and
sv = 0.95 mm. With the equivalence given by eq. (1), the
width of the different sections of SIWs is a = 16.34 mm.
On the other hand, for the microstrip to SIW transition, the
same transition presented in [4] has been implemented, con-
sisting of a microstrip taper (see Fig. 5). These transitions
provide a wide bandwidth and can be designed to cover the
entire operation band of the proposed filter. Finally, an op-
timization process of the designed filter response has been
performed with Ansys HFSS, providing the following fi-
nal filter parameters (see Fig. 5): L1 = L5 = 7.75 mm,
L2 = L4 = 6.41 mm, L3 = 6.42 mm; l1 = l6 = 2.68 mm,
l2 = l5 = 6.57 mm, l3 = l4 = 8.79 mm. The dimensions of
the taper transition are Wt = 2.97 mm and Lt = 6.35 mm
respectively, while the width of the microstrip line is of 0.6
mm (Z0 = 50 Ω). In Fig. 5 it is represented a scheme of the
designed SIW filter with its final dimensions.

4 Fabrication and Experimental Results

The designed filter has been fabricated following the next
steps: first of all, an LPKF prototyping machine is used to
drill the via holes, cut the rectangular air boxes, and mill the
planar circuits. Second, the metallic vias have been added
to form the waveguide sidewalls. Finally, the top and bot-
tom apertures of the rectangular air perforations have been
closed by applying copper foils (shown in Fig. 6(b)). Fig.
6(a) shows a photograph of the fabricated filter after the
prototyping machine process, while Fig. 6(b) shows the
final version of the manufactured filter after soldering the
metallic vias and closing the rectangular air holes by cooper
tapes, and including the SMA connectors. Fig. 7 reports the
comparison between simulated and measured scattering pa-
rameters of the implemented filter. The measured response
shows a good impedance matching in the passband (better
than 14.5 dB) and low insertion losses (1.5 dB in the center
of the passband) and also a very good out of band rejection
performance (better than 35 dB up to 7.5 GHz). The mea-
sured -10 dB bandwidth of the passband is 940 MHz (850
MHz in the simulation).

Figure 6. Photographs of the fabricated filter.

5 Conclusion

A new technique of reducing the substrate permittivity
in Substrate Integrated Waveguides (SIWs) has been de-
veloped, which consists of removing centered rectangular
boxes of the substrate material in the SIW structure. This
technique has been applied to the implementation of high-
impedance SIW sections acting as impedance inverters in
a filter design. Following the described technique for re-
ducing the substrate permittivity, a filter prototype has been
manufactured and measured, showing a good electrical per-
formance and an excellent agreement with the simulated
data.

Figure 7. Simulated and measured frequency response of
the fabricated filter.
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