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Abstract

In this work, the study of two different topologies of S-band band-pass filters based on periodic
structures in substrate integrated waveguide (SIW) technology is theoretical and experimentally
addressed. The first topology consists of periodic rectangular perforations of the SIW substrate.
In this filter topology, the lower cutoff frequency is determined by the cutoff frequency of the
first Floquet mode of the periodic structure, while the upper cutoff frequency and the rejection
band are conditioned by its first band-gap. The second topology consists of a periodic array of
square complementary split-ring resonators (CSRRs) etched on the waveguide surface. In this case,
the use of subwavelength resonators with evanescent-wave transmission leads to a much smaller
filter, given that the pass-band is below the cutoff frequency of the waveguide. The effect of the
different dimensions of the unit cell in the filters characteristics (lower cutoff frequency, pass-band,
and rejection-band associated to the first band-gap of the periodic structure) is analyzed through
the dispersion diagram of the periodic cell. Finally, two band-pass filters based on each topology
have been designed and built, showing in both cases good matching and low insertion loss in the

pass-band, and a deep rejection band.

I. INTRODUCTION

Periodic structures in waveguiding systems (also called Electromagnetic Band Gap (EBG)

structures) show very attractive filtering properties in the frequency domain associated with



the appearance of permitted and forbidden frequency bands in their dispersion diagram,
yielding size reduction and rejection band improvement. There are many examples of periodic
structures with filtering applications [1]- [6].

In the last two decades, many works have been published on the Substrate Integrated
Waveguide (SIW) technology [7], [8]. In the field of filter design, SIW structures have been
adopted in a great variety of filter topologies [9]- [11]. Several SIW-EBG filters using various
techniques have been presented in last years [12]— [14]. Recently, a new filter typology based
on perforations of the dielectric substrate has been developed [15]- [17], adding flexibility
to the designs and extending this concept to half-mode and folded structures.

In this work, EBG structures in SIW technology are applied to the analysis and design
of two band-pass filters in S-band with different types of periodic cell, in order to highlight
their advantages and disadvantages. The first filter is based on the realization of periodic
rectangular perforations of the dielectric substrate of the SIW, a technique first proposed for
C-band [18]. In the second SIW filter, square complementary split-ring resonators (CSRRs)
[19]- [22] are periodically etched on the waveguide surface.

In Sec. II we present the analysis of the dispersion diagram of the unit cell for both periodic
structures, showing the dependence of the first pass-band and stop-band on the different unit
cell parameters. In Sec. III two periodic filters are presented based on each unit cell topology,
highlighting their differences in terms of size and electrical response. Finally, the conclusions

of the work are summarized in Sec. IV.

II. DISPERSION CHARACTERISTICS OF THE PERIODIC SIWS UNDER STUDY

In order to characterize a periodic structure in the frequency domain, the dispersion diagram
associated to its unit cell must be calculated [1], [23]. This has been done for the two periodic
structures presented in this work by using the commercial software tool Ansys HFSS (see,
for instance, [15], [24]). The two SIW structures have in common the substrate and the vias
dimensions. The substrate is Taconic RF-10 (relative permittivity €, = 10, tand = 0.0035)
with a height b = 0.63 mm. The vias defining the lateral walls of the SIW have diameter

ds = 0.8 mm and separation s, = 1.2 mm, which guarantees negligible radiation losses.

A. SIW with periodic rectangular perforations of the substrate

The first configuration of periodic SIW studied, whose unit cell is shown in Fig. 1, has
been built by periodically perforating the substrate with rectangular profile perforations. The

waveguide of period D has width ag;,,, being the perforated rectangle of dimensions D /2 x w.
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Fig. 1. Unit cell of a SIW with asiw = D = 23 mm with periodic rectangular perforations of the substrate of dimensions

D/2 x w.

We have chosen a waveguide width ag;,, = 23 mm, and the same value for the period D = 23
mm for simplicity. For this width, the cutoff frequency is 2 GHz for the initial SIW (without
perforations), and it increases with the volume ratio air/substrate of the unit cell, as it will be
seen next. For this case, we have studied the influence of the rectangular air holes width w on
the dispersion diagram, thus providing different effective permittivity values in the perforated
sections. As it is well-known, the modification of the effective permittivity contrast within
the periodic cell has a direct effect on the dispersion behaviour of the periodic waveguide
[25], both in terms of the cutoff frequency and the band-gap width and position. Fig. 2
shows the dispersion diagram of a periodically perforated SIW with ay;,, = D = 23 mm for
different rectangle widths. As it can be appreciated, the cutoff frequency of the waveguide
increases with w. This is due to the fact that the average permittivity in the periodic cell
diminishes with w. On the other hand, it can also be observed in Fig. 2 that the first band-
gap of this waveguide widens significantly with the parameter w. This behavior has already
been explained in [23], where it is shown that the band-gap width of the periodic structure
is higher for higher permittivity contrast within the periodic cell. The same behavior also
applies to the center frequency position of the band-gap in the dispersion diagram, which

shifts to higher frequencies for higher w.
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Fig. 2. Dispersion diagram of the periodically perforated SIW whose unit cell is shown in Fig. 1, for different values of

the rectangle width w.

B. SIW with periodically etched CSRRs

The second configuration of periodic SIW has been obtained by periodically etching CSRRs
on the waveguide surface. Fig. 3 shows the unit cell of period D of this second configuration
of periodic SIW. Given that the CSRRs are resonant below the waveguide cutoff frequency

[19], [20], in order to obtain an equivalent center frequency of the pass-band to that in a

periodically perforated SIW, a narrower waveguide with ag;,, = 12.4 mm and lower period
D = 7.55 mm has been chosen for the design, yielding a cutoff frequency of the initial SIW at
about 4 GHz. After reviewing the possible configurations of CSRRs, a pair of identical CSRRs
are adopted and etched on the metal cover of the waveguide, in which the direction of the
split of the outer rings are aligned face-to-face. The initial value of the geometrical parameters
of the CSRRs in the unit cell, following [19], have been chosen as [ = 3.92 mm, ¢ = 0.32
mm, s = 0.54 mm, ¢ = 0.26 mm and g = 0.18 mm. As in previous subsection, a systematic
study of the dispersion diagram as a function of the CSRRs geometrical parameters has been
performed, when scaling the CSRRs to different factors f. Fig. 4 shows the dispersion diagram
of the unit cell of Fig. 3 for three values of the scale factor f. As it can be appreciated, a small
change in the CSRRs’ size has a big effect in the dispersion diagram of the unit cell. First of

all, the lower frequency pass-band of the waveguide shifts significantly to lower frequencies



Fig. 3. Unit cell of a SIW with @iy = 12.4 mm and D = 7.55 mm with periodically etched CSRRs. Geometrical
parameters of the CSRRs: [ = 3.92 mm, ¢ = 0.32 mm, s = 0.54 mm, ¢t = 0.26 mm, and g = 0.18 mm.
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Fig. 4. Dispersion diagram of the SIW with periodically etched CSRRs whose unit cell is shown in Fig.3 for different
sizes of the CSRRs scaled by a factor f with respect to the values given in Fig. 3.

with the scale factor f. The same behavior is observed regarding the first band-gap position
of the periodic structure, which shifts to lower frequencies as well, although its bandwidth

remains nearly constant with f.



III. FILTER DESIGNS AND EXPERIMENTAL VERIFICATION

Although periodic structures have the property to generate pass-bands and stop-bands,
they are not very suitable for filter applications owing to lack of control on the bandwidth,
return loss, etc. However, this section briefly discuss successful filter design procedures
using the two proposed periodic SIWs, and following them, two band-pass filters based
on the proposed periodic SIWs have been designed and fabricated and will be shown next.

At this point, it is worth mentioning that although a pair comparison of the obtained filters

can not be properly conducted due to the fact that both filters have different bandwidths, and

also different number of unit cells, this study will allow to extract the advantages and dis-

advantages of each filter configuration. In both filters, taper transitions from microstrip so
SIW have been designed [7] and optimized. All simulations have been performed with Ansys
HFSS.

The first filter consists of a periodically perforated SIW with 5 unit cells, whose scheme is
shown in Fig. 5. The design of the filter parameters for obtaining a desired frequency response
(center frequency, bandwidth and rejection band) has been directly carried out from the
information provided in Fig. 2, and only a final optimization process of the parameters of the
taper transitions has been done. The final parameters are: ag;,, = D = 23 mm, w = 10 mm,
wy = 1.58 mm, [, = 10.8 mm, w,, = 0.6 mm, [, = 11.5 cm, I = 14.7 cm. The rectangular
perforations have been covered with copper tape on both sides to avoid radiation losses. The
simulated electrical response of the filter is represented in Fig. 7 in solid lines, along with
the dispersion diagram of the first floquet mode of the structure in the pass-band (red line). A
pass-band can be observed from 2.34 to 2.88 GHz, and a deep rejection band which extends
up to 3.88 GHz (despite only 5 periods have been used). The return losses are higher than 12.5
dB in the pass-band, and insertion losses are lower than 2 dB from 2.45 GHz to 2.84 GHz (in
the simulations, both dielectric (tan § = 0.0035) and conductor (o¢, = 5.8-10°S-m™!) losses
have been considered). In Fig. 6 it is shown a photograph of the fabricated filter (in the right
stde-of-each top image) before and-atter covering the perforations with copper foil, adding
the SMA connectors and soldering the copper vias. The prototype has been experimentally
characterized: measurements have been performed in the frequency band from 1 to 5 GHz by
using an Anritsu MS46122A vector network analyzer. No deembedding has been applied to
the measured results, to remove the connectors and transitions effect. The comparison between
simulations and measurements is shown in Fig. 7, and a good agreement is observed. The

measured insertion loss is 1.66 dB at the central frequency f, = 2.60 GHz, compared to



Fig. 6. Photograph of the fabricated periodic SIW filters.

1.52 dB in the simulation. Regarding the selective performance, the selectivity of the filter

(expressed in dB/MHz, calculated from -10 dB in the measured response) is 0.284 dB/MHz

in the lower transition band, and 0.131 dB/MHz in the upper transition band.

The simulation allows to investigate the different contribution of losses. Each transition
contributes with a loss of 0.22 dB, whereas the SIW filter loss is 1.08 dB, attributed to the
dielectric loss (0.7 dB) and to the conductor loss (0.38 dB). There is practically no radiation
loss in the filter (0 dB). The size of the circuit is I, X agrw = 2645 mm?.

A second periodic band-pass filter with the alternative configuration with CSRRs has been
designed around the same frequency band, in this case with only 3 unit cells, i.e., 3 pairs

of CSRRs etched on the SIW , given the significantly deeper rejection band that has been

achieved, associated to the evanescent behavior of the waveguide. The scheme of this filter is
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Fig. 7. Electrical response of the periodically perforated SIW filter (left axis) and dispersion diagram of the first floquet

mode of the structure in the pass-band (red line, right axis).

shown in Fig. 8, and a photograph is provided in Fig. 6 (bottom image). Again, at the sight

of the dispersion diagram of the unit cell (see Fig. 4), the center frequency, bandwidth
and rejection band of the filter can be easily selected. A final optimization process of the
parameters of the filter has been done, in which the size of the outer unit cells (CSRR1 in
Fig. 8) has been slightly reduced with respect to the central one (indicated as CSRR2),

as done in [18]- [20]. In order to obtain a similar pass-bandfer—comparative—purpeses

center frequency than in the previous filter, the final parameters are: ag;,, = 12.4 mm, w; =

1.9 mm, [, = 8 mm, wy,, = 0.6 mm, [, = 2.1 cm, Iy = 5.3 cm, [,y = 0.6 mm, [ = 7.94
mm; CSRR 1 parameters: same as in Fig. 3 caption; CSRR 2 has been scaled with respect to
CSRRI by a factor of 1.05. The simulated electrical response of the filter is represented in Fig.
9 with solid lines, along with the dispersion diagram of the first floquet mode of the structure
in the pass-band (represented in red line). A narrower pass-band can be observed in this case
from 2.47 to 2.7 GHz, and a deep rejection band which extends up to 5.06 GHz (with only 3

periods in this case). The return losses are higher than 19 dB in the pass-band, and insertion
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Fig. 8. Scheme of the SIW filter with CSRRs.

losses are lower than 2.0 dB from 2.53 GHz to 2.63 GHz. In order to check that there are no
radiation losses in the resonators, the filter response has also been obtained without material
losses (see the dotted lines in the figure inset in Fig. 9), showing that the insertion losses
are very low in the pass-band (lower than 0.2 dB), or, equivalently, that the resonators are
not radiating energy. This filter has also been fabricated. Fig. 6 shows a photograph of the
filter before and-after adding the SMA connectors and soldering the copper vias (in the left
stde-ofeach bottom image). In Fig. 9 the measured response of the filter (represented with
dashed lines) is compared with the simulated one (in solid line), and a good agreement is
observed. The insertion loss at the central frequency f, = 2.58 GHz is 1.89 dB in the sim-
ulation and 1.68 dB in the measurement. Regarding the selective perfonmance in this case,

the selectivity of the filter is 0.113 dB/MHz in the lower transition band, and 0.141 dB/MHz

in the upper transition band. Also in this case, the different contribution of losses has been

investigated through simulations. Each transition contributes with a loss of 0.18 dB, whereas
the SIW filter loss is 1.53 dB, which is attributed to dielectric loss (0.9 dB), conductor loss
(0.43 dB), and radiation loss (0.10 dB). The size of the circuit is significantly reduced to the
case of the filter in Fig. 7, being the footprint area [, X agny = 260 mm?.

When-comparing-both-periodie-SITW-filters; Table sumarizes the performance characteristics

of the two fabricated periodic SIW filter configurations (where Filter 1 stands for the periodically

perforated filter, while Filter 2 is that with CSRR). Two main advantages can be observed in

the CSRRs-based filter with respect to the perforated-based one. On the one hand, the total

size is much smaller (with the total length being almost one third, and half the waveguide
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Fig. 9. Electrical response of the SIW filter with CSRRs (left axis) and dispersion diagram of the first floquet mode of the

structure in the pass-band (red line, right axis).

TABLE 1

PERFORMANCE CHARACTERISTICS OF THE TWO FABRICATED PERIODIC SIW FILTERS.

Center frequency | Bandwidth | Insertion Return Lower TBS* | Higher TBS* | Size

(GHz) (%) Loss (dB) | Loss (dB) (dB/MHz) (dB/MHz) (cm?)

Filter 1 2.60 20 1.66 10.5 0.284 0.131 26.45
Filter 2 2.58 10 1.68 23 0.113 0.141 2.6

*TBS: Transition Band Selectivity

width), for a similar working frequency. On the other hand, its electrical response is much

more selective, with a narrower pass-band, but also with a much wider and deeper rejection

band, thus making this second topology more suitable for the design of selective filters in

S band. However, further investigations must be performed at higher frequency bands, in

which a bigger electrical size may not be inconvenient from a resolution point of view in

the manufacture of the circuits, and resonant structures may have higher losses.
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IV. CONCLUSION

Periodic SIWs have been applied to the analysis, design and comparison of two band-pass
filters in S-band with different types of periodic cell, in order to highlight their advantages
and disadvantages. A first filter consisting of periodic rectangular perforations of the dielectric
substrate of the SIW has been compared with a second periodic SIW filter with square CSRRs
etched on the waveguide surface. The dispersion diagram of the unit cell of each periodic
structure has been obtained, showing the dependence of the width and location of the first
pass-band and stop-band on the different parameters of the periodic cell, which has allowed
the design of a periodic filter based on each proposed topology, highlighting their differences
in terms of size and frequency response. Finally, it has been concluded that in the CSRRs-
based filter, a much smaller filter with a more selective electrical response is obtained, thus

making this second topology more suitable for the design of selective filters in S-band.
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