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Abstract—A new type of evanescent-mode substrate integrated
waveguide (SIW) bandpass filter is presented in this paper, with
complementary split ring resonators (CSRRs) introduced on the top
or bottom metal planes of the waveguide. Both positive and negative
couplings are obtained between the CSRRs by changing their locations
and orientations. In comparison with conventional SIW filters, the
proposed filters are compact since their passbands are below the
cutoff frequency of SIW. A third- and a fourth-order cross-coupled
filter prototypes were designed using standard PCB technology. They
operate at the same central frequency of 3.8 GHz, with their fractional
bandwidths of 15% and 20%. The proposed filters have a wide
upper stopband as the cutoff frequency of TEjp-mode in the SIW is
much higher than the central frequency. Their good performance is
demonstrated by both the simulated and measured S-parameters.
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1. INTRODUCTION

Recently, substrate integrated waveguides (SIWs) have drawn much
attention in the design of RF circuits, due to their advantages of
high @Q-factor, high power handling capability, low loss, and low
cost [1]. The conventional SIW is synthesized by introducing two rows
of metalized holes into the substrate, which can be fabricated using
standard printed circuit board (PCB) and low-temperature co-fired
ceramic (LTCC) technologies. Besides, SIWs are also easy to integrate
with other planar circuits. Thanks to all of these benefits, there are a
great number of applications in various circuit designs based on SIW
technology [2-11].

However, when compared to microstrip, coplanar waveguide
and slotline structures, the conventional SIWs are still large. In
order to miniaturize the SIW while keeping its advantages, many
methods have been proposed recently, such as ridging [12], folding [13],
half-mode [14] and dielectric-loading [15], etc.. The evanescent-
mode technique is also a good choice [16,17]. By loading some
specific elements, a SIW operating below its cutoff frequency can
be achieved. Further, the evanescent-mode SIW components have
attractive spurious suppression characteristics.

On the other hand, it is noted that the complementary split ring
resonator (CSRR) has been used in the design of some slow-wave
transmission lines, couplers and filters with high performance and
compact size [18-22]. In particular, by combining highpass SIW with
bandstop periodical CSSRs, SIW bandpass filters with wide passbands
can be obtained [23,24]. A CSRR is also utilized as a resonator in a
dual-mode SIW cavity in order to build up an extended doublet SIW
filter [25]. With the CSRRs introduced on the top metal plane, a novel
compact SIW bandpass filter is presented in [26], with its passband
located below the cutoff frequency of the dominant mode in SIW.
Further, it is expected that the filter size can be reduced significantly
by introducing some CSRRs both on its top and bottom metal planes,
with its frequency selectivity and stopband rejection also improved.

In this paper, we present one type of new evanescent-mode SIW
filter combined with specific CSRRs located both on the top and
bottom metal planes, which can operate below the cutoff frequency
of waveguide. In our design, both positive and negative couplings are
obtained by controlling the locations and orientations of CSRRs. To
validate our method, a third- and a fourth-order cross-coupled filter
prototypes are realized, and good agreement between their simulated
and measured results has been achieved. In comparison with the
previous counterparts, our proposed SIW filters with CSRRs are
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compact and have wide upper stopbands.

2. ANALYSIS AND DESIGN

2.1. Evanescent-mode SIW Loaded with CSRR

Figure 1 shows the configuration of SIW with etched CSRRs both
on its top and bottom metal planes. For the design facility and the
adjustment of coupling coefficient between adjacent resonators, the
single split ring instead of double ring is used in our design. The
CSRRs on the SIW surface are excited by the evanescent wave in the
cutoff waveguide, and they are regarded as half-wavelength slotline
resonators. Here, they resonate at about 3.8 GHz. The initial cutoff
frequency of the designed SIW with the width of 12mm should be at
8 GHz, and the passband of SIW loaded with CSRRs is below its cutoff
frequency. In other words, the structure works as an evanescent-mode
SIW loaded with embedded CSRR elements.

e

(a) (b)
Figure 1. Layout of the evanescent-mode SIW etched with CSRRs
both on its top and bottom metal planes: (a) its top view; and (b)
bottom view.

Figure 2 shows the dispersion diagram of the evanescent-mode
SIW loaded with CSRRs both on its top and bottom metal planes.
When the offset distance f; 4+ f2 between the top and bottom CSRRs
from their central lines is large enough, the coupling between them is
relatively weak. There is only one passband found below the cutoff
frequency of SIW in such a weak coupling case. However, in the
case of a strong coupling, i.e., the lateral distance fi; + fo between
the CSRRs is small, two passbands appear below the cutoff frequency
of SIW. Further, the first passband corresponding to strong coupling
exhibits a positive slope and demonstrates one forward-wave feature,
while backward-wave propagation is observed from the negative slope
of the second passband of the strong coupling, which can be utilized
to provide more freedoms for the design of some specific devices.
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Figure 2. Dispersion diagram of the evanescent-mode SIW etched
with CSRRs both on its top and bottom metal planes.
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Figure 3. Coupling structures and extracted coupling coefficients of
the CSRRs etched on the same metal plane for (a) the face-to-face;
and (b) back-to-back couplings.

2.2. Internal Couplings

To build up a filter based on the above configuration, the coupling
between two adjacent CSRRs on the same metal plane can be
implemented through the evanescent-mode SIW operating below
the cut-off frequency of its dominant TEjp-mode. The section of
evanescent-mode SIW can provide an inductive coupling [12], and the
positive coupling coeflicient between two face-to-face CSRRs is reduced
rapidly when the length of the evanescent-mode SIW increases. Thus,
a proper coupling coefficient can be obtained by adjusting its length
between two CSRRs, as shown in Figure 3(a), where the coefficient is
extracted by the commercial software, Ansoft HFSS.
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Since the electric field in a CSRR reaches its maximum at its
middle slot section, a capacitive coupling can be realized between
two CSRRs etched on the same metal plane in the back-to-back
configuration, as illustrated in Figure 3(b). To eliminate inductive
influence of the evanescent-mode SIW, two coupled CSRRs directly
share the same slot section. From Figure 3(b), it is seen that the
longer the shared slot is, the stronger the coupling provided will be.

Unlike the previous case, the coupling between CSRRs located
on different metal planes is always dominated by their electric fields.
Figures 4(a) and (b) show the electric field distributions at the
first eigen peak of the two coupled CSRRs, which are etched on
different metal planes with the inverse side-to-side and side-to-face
configurations, respectively. It can be seen that the electric fields of
the two CSRRs have opposite directions in both cases. This indicates
that the first eigenmode of them is a quasi-odd one, and the two CSRRs
are electrically coupled with a negative coupling coefficient obtained.

() (b)

Figure 4. Electric field distributions at the first eigen peak of two
coupled CSRRs etched on different metal planes for (a) the inverse
side-to-side; and (b) side-to-face couplings.

As shown in Figure 5, the parameters f; and fo are the offsets of
CSRRs etched on the top and bottom metal planes from the central
line of the evanescent-mode SIW, respectively. The dash lines represent
the central lines of SIW and CSRRs. It is concluded that the coupling
coefficient between two CSRRs located on the top and bottom metal
planes of an evanescent-mode SIW can be controlled by adjusting the
offset between them. The larger the offset is, the weaker the coupling
will be.

Obviously, the scheme with CSRRs etched on both metal planes
can provide more flexibility for the coupled resonators than the
previous counterparts proposed in [17—20], which is useful for the design
of evanescent-mode SIW filters with compact configurations.
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Figure 5. Coupling structures and their corresponding extracted
coefficients of the CSRRs etched on different metal planes in (a) the
inverse side-to-side; and (b) side-to-face couplings.
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Figure 6. External @)-factor of the proposed excitation structure as
a function of insertion length denoted by [..

2.3. External Coupling

In order to determine the external @-factor of CSRR, numerical
analysis is carried out using HF'SS, where the CSRR is excited by a 50-
Q) microstrip feed-line inserted into it so as to obtain a strong external
coupling. Figure 6 shows that the external Q-factor can be accurately
determined by the insertion length. Then, a properly selected
excitation structure is determined to satisfy our design specifications.
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2.4. Bandpass Filter Configurations

To demonstrate our design method, a third- and a fourth-order cross-
coupled bandpass filters are realized, based on the evanescent-mode
SIW embedded with CSRRs both on its top and bottom metal planes.
Their coupling topologies are plotted in Figure 7. The coupling
matrices of the third- and fourth-order prototypes are synthesized,
with the same central frequency of fo = 3.8 GHz and their individual
fractional bandwidths of FBW = 15% and 20%, respectively. The
designed in-band return loss of the filters is —20dB, the transmission
zeros are located at 3.2 GHz for the third-order filter, and 2.7 and
4.5 GHz for the fourth-order one.

O Source /Load
O Resonator

—— Direct Coupling

Cross Coupling

(a) (b)
Figure 7. Coupling topologies of (a) the third- and (b) the fourth-
order cross-coupled bandpass filters.

Figures 8 and 9 show the geometries of the third- and the fourth-
order filters, respectively, with their geometrical parameters also given.
For both cases, a pair of CSRRs, etched on the top metal plane
of the evanescent-mode SIW, are cross-coupled with each other, and
they are also excited by microstrip feedlines. In the third-order case,
two negative couplings between the CSRRs located on different metal
planes are included in the direct-coupling path. In the fourth-order
case, an additional magnetic coupling between two CSRRs etched on
the bottom metal plane of evanescent-mode SIW is utilized for direct
coupling. They are all realized according to the above structures given
in Figures 3-6. As shown in Figure 9(a), the stepped slots are also
used in the excitation structure of the fourth-order filter so as to obtain
better external coupling.

According to the design curves of the internal and external
coupling coefficients given in Sections 2.2 and 2.3, all initial dimensions
of both prototypes are determined by adjusting the lengths of the
coupling side, the distance and offset between the embedded CSRRs,
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Figure 8. Geometry of the third-order filter prototype: (a) its top
view; and (b) bottom view (unit: mm).

() (b)

Figure 9. Geometry of the fourth-order filter prototype: (a) its top
view; and (b) bottom view (unit: mm).

and the insertion length of feedlines. Further, certain optimization
should be performed for the whole structure by taking all coupling
effects into account.

3. RESULTS AND DISCUSSIONS

Figure 10 shows the photos of two filters. They were fabricated on
the F4B-2 substrate, with the relative permittivity of ., = 2.65, the
loss tangent of tand = 0.003, and the thickness of h = 1.0mm.
All metallic via-holes of the SIW structures have a diameter of
0.9mm, and the center-to-center spacing is set to 1.7 mm. The other
geometrical parameters presented in Figures 8 and 9 are summarized in
Table 1. The overall sizes of the third- and the fourth-order prototypes,
excluding their excitation structures, are 21.6 x 12mm? (0.45 x 0.24))

and 21.4 x 12mm? (0.44 x 0.24)\3), respectively, where ), is the guided
wavelength in the substrate at the central frequency. The third-order
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(b)
Figure 10. Photos of the proposed bandpass filters: (a) their top
view; and (b) bottom view.

Table 1. Critical dimensions of the two evanescent-mode SIW filters
implemented with CSRRs (Unit: mm).

Symbol | Third-Order | Fourth-Order | Symbol | Third-Order | Fourth-Order
by 9.9 10.1 fi 2 1.9
b2 4.8 4.6 f2 1.9 1.92
bs 9.35 9.15 w13 4.8 /
ba 4.4 5.4 le 7.2 6.6
l23 / 3.45 w14 / 3.6

SIW filter, loaded with CSRRs only on its top metal plane in [26],
occupies an area of 0.60 x 0.30)\3. Thus, by loading etched patterns
on both metal planes of the evanescent-mode SIW, a size reduction of
about 40% is achieved in our developed third-order prototype.

The measured S-parameters of the third- and fourth-order
components are plotted in Figures 11(a) and (b), respectively, which
agree well with the simulated ones. There is a small discrepancy
between the measured and simulated S-parameters, which is mainly
caused by the fabrication tolerance. It has certain effects on the
coupling coefficients between CSRRs on the top and bottom metal
planes of evanescent-mode SIW.

The measured central frequencies of two filters are about 3.78 and
3.82 GHz, with 3-dB bandwidths of 600 and 780 MHz, respectively. For
the third-order one, its in-band insertion loss is lower than 1.75dB. An
obvious spurious response arises around 11.0 GHz. From the electric
field shown in Figure 12(a), it can be seen that the parasitic response
is introduced by the TEjp-mode of the SIW. Then, the stopband
attenuation of the third-order prototype is better than 15dB from 4.6
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Figure 11. Simulated and measured S-parameters of the fabricated
bandpass filters of (a) the third- and (b) the fourth-order prototypes.
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Figure 12. Electric field distributions of the parasitic responses of the
proposed filters for: (a) the third-order filter at 11.0 GHz; and (b) the
fourth-order filter at 9.0 GHz.
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to 10.8 GHz. For the fourth-order one, the measured insertion loss is
about 1.0dB and the out-of-band rejection level exceeds 20 dB within
a frequency range lower than 9.0 GHz. This is due to that the TEjqo-
mode propagation in the SIW is suppressed by the slots of the etched
CSRRs, as shown in Figure 12(b). The group delays of S9; over the
most frequency range of the passband are plotted in Figure 13. As
shown, the measured group delays of the proposed filters agree well
with the simulated ones. Since they are not designed for flat group
delay, the variation in group delays is a little large.
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Figure 13. The simulated and measured group delay of (a) the third-
and (b) the fourth-order filters as functions of frequency.

4. CONCLUSION

A new type of evanescent-mode SIW filter embedded with CSRRs
both on the top and bottom metal planes of the waveguide is
presented in this paper, where the passband is located below the cutoff
frequency of the dominant mode in SIW. By choosing the locations and
orientations of CSRRs appropriately, both inductive and capacitive
internal couplings can be realized between the patterns etched on
the same or different metal planes. The proposed cross-coupled
bandpass filter is compact, when compared with the previous SIW
counterparts. The new SIW filters also have good spurious suppression
characteristics. Two cross-coupled filter prototypes were designed and
fabricated so as to validate our design method, with good agreement
obtained between their simulated and measured S-parameters.
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