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ABSTRACT: A novel compact half-mode substrate
integrated waveguide (HMSIW) filter with modified
complementary single split ring resonators (RRS$ is
presented in this letterlt is shown that the proposed
structure demonstrates lower resonant frequency and
enhanced miniaturization compared to the HMSIW with
conventional CSSRRs due to the additional capacitance
generated by an additional conductor connected to the inner
metal disk and overlaid across the ground plane of the
CSSRR. Even lower resonant frequency and greater
miniaturization can be achieved conveniently by increasing
the area of the overlap or using thin dielectric substrate and
the technique can readily be realized in a range of multilayer
technologies. The equivalent circuit model for the proposed
element is derived and a second order bandpass filter with
the proposed element, operating at 4.92 Gelzjesigned
and fabricated. Excellent agreeméenaichieved between the
simulation and the measurement. The proposed HMSIW
filter shows good selectivity, low loss and compact size, with
the total size without the feed lines being only 9.8 mm x 7mm
(0.17 2o % 0.115 o).
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1. INTRODUCTION

The rapid growth of modern wireless communication system
has increased the demand for compact microwave filters with
high performanceRecently, the complementary split ring
resonator (CSRR) [1] has attracted a great deal of interest in
the microwave filter design due to its favorable

characteristics such as the high Q factor and compact size.

The CSRRis the negative image of the split ring resonator

(SRR) [2]. It is capable of generating negative effective

permittivity and can be modeled as a resoh&htank driven

by external electric fields. Its applications in the design of
compact filters such as microstrip filters and coplanar
waveguide filters have been illustrated [B¥4]. Moreover,

the combination of the substrate integrated waveguide (SIW)
[5] and the CSRRwhich could lead to the passband below

the cutoff frequency of the SIW, has also been applied into
the design of the SIW filters with reduced dige7].

Meanwhile, the half-mode substrate integrated waveguide
(HMSIW) [8], which is nearly half the size of the
conventional SIW, while keeping the advantages of compact
size, low loss and high Q factor, is also quite populae
application of the CSRR to the design of compact HMSIW
filters with high performancéias been reported if9-10].

The complementary single split ring resonator (CSSRR) has
similar propertiego the CSRR.tlcan be modeled as th€
resonant tank excited by proper electric fields [11i$
applications to the design of microwave filter have been
illustrated in [11]. In this letter, by adding an overlap region
between the inner metal disk and the ground plane of the
CSSRR, it is shown that the modified CSSRR has enhanced
capacitance, lower resonant frequency and greater
miniaturization. The proposed structure is applied to the
design ofa compact HMSIW bandpass filter. Even lower
frequency can be obtained conveniently by increasing the
area of the overlap region or using thin dielectric substrate,
with the total size unchanged. The equivalent circuit model is
derived and used to design a bandpass filtke smulated

and measured results agree well. The proposed filter is
compact, low loss and shows good selectivityus, it hasa
great potential in the design of miniaturized microwave
systems.

2. CONFIGURATION OF THE MODIFIED CSSRR

Figure 1(a) shows the configuration of the conventional
CSSRR and its equivalent circuit model. It can be modeled
asanLC resonant tank driven by external electric fields [11]
As shown in Figure 1(a) represents the total inductance of
the CSSRR, and @ the total capacitance. The configuration
of the modified CSSRR is presented in Figure 1(b).
consists of two layers. The lower layer is the conventional
CSSRR. On the top surface conductor layer which
overlaps the ground plane of the CSSRR is connected to the
centre of the inner metal disk of the CSSRR through a
metalized via. Comparetb the conventional CSSRR, the
modified CSSRR is capable of achieving lower resonant
frequency as additional capacitanceis obtained The
simplified equivalent circuit model for the modified structure
is shown in Figure 1(b), wheré stands for the total
inductance of the modified CSSRR represents the slot
capacitance between the inner metal disk and the ground
plane of the CSSRR and,Cepresents the additional
capacitance between the extra conductor and the ground
plane of the CSSRR.

(b)

Figure 1 (a) Configuration of the conventional CSSRR ane th
equivalent circuit model. (b) Configuration of theodified CSSRR and
the equivalent circuit model. Grey shading represtre metallization



3. CONFIGURATION OF THE HMSIW WITH THE
MODIFIED CSSRR
Figure 2(a) shows the configuration of the HMSIW with the
conventional CSSRR. The CSSRR is etched on the top
broadwall of the HMSIW. The microstrip feed line is
employed to excite the HMSIW with the CSSR&nce the
CSSRR requires axial electric excitation and the electric field
of the main mode of the HMSIW is perpendicular to the top
and bottom broadwalls, it guarantees that the CSSRR is
properly excited. Based on this configuration, the element of
the HMSIW with the modified CSSRR is proposed. As
shown in Figure 2(h)an extra layer is added which is used to
enhance the total capacitance of the CSSRR by having a
conductor that izonnected to the centre of the inner metal
disk of the CSSRR through a metal via and overlaps the
ground plane

A prototype of the proposed element has been designed
with the HFS3" and fabricated on the Rogers RO 4350 with
the dielectric constant, being 3.48. Figure 3 shows the
photograph and layout of the proposed element. The
parameters are as followsl = 0.8 mmh2=0.3 mm, b =3
mm, g = 0.3mm, d =0.34 mm, t =04 mm, w=45mm, s
=1.68 mm, | = 0.4 mmgr = 1.1 mm,ds= 1.9 mmwt = 0.4
mm,ws = 0.8 mmwc = 1.4 mmwy = 1.8 mmwx = 2.3 mm.

The simulated results of the proposed element and the
HMSIW with the conventional CSSRR from the equivalent
circuit model are shown in Figure 6(a) and Figure 6(b),
respectively, compared with that from the HE$SExcellent
agreement has been obtainEdr the proposed structure, the
parameters of the circuit model ade:= 2.5 nH, L, = 0.91
nH, C, = 0.75 pF, Ly = 1.68 nH, C; = 1.3 pF; for the case of
the HMSIW with conventional CSRRs, the parameters are:
L,=24nH, L.=0.6 nH, C. =0.35 pF, Ly=1.755nH, C,, =
0.753 pF. By comparing the value of the lumped element of
the circuit model, it can be seen that the modified structure
has larger capacitance, denoted by @hich further verifies
that enhanced capacitarisebtained.

The loading capacitance can be tuned conveniently by
changing the layout of the conductor and the dielectric
substrate parameters. Figure 7 presents the simulated results
with different thickness of the upper lay&g. It can be seen
that the resonant frequency reduces significantly wh2n
becomes smaller, due to the increase of the capacitance
between the conductor and the ground plane of the CSSRR
This indicates that even more compact sizes can be achieved
conveniently by using thin dielectric substrate for the upper
layer. Moreover, a smaller size of the proposed element can
also be achieved by increasing the length and the width of

The simulated and measured frequency responses are showrthe conductor overlap appropriately.

in Figure 4. It can be seen that measured resonant frequency
is 4.87 GHz, with a transmission zero introduced at 6.09
GHz. Good agreement has been achieved between the
simulation and the measurement. For comparison, the
element of the HMSIW with the conventional CSSRR (see
Figure 2(a)) with the dimensions identical to the lower layer
of the HMSIW with the modified CSSRR was also studied.
The simulated responses are plotted in Figure 4, compared
with that of the modified element. It can be seen that the
resonant frequency of the HMSIW with the conventional
CSSRR is 7.23 GHz, which is much higher than that of the
modified structure.

To better understand the response of the proposed element,
the simplified equivalent circuit model has been derived. As
shown in Figure 5, the metallic vias forming the HMSIW is
modelled as |; the modified CSSRR is modelled as the
resonant tank with the inductancednd the capacitance;C
the magnetic coupling between the HMSIW and the modified
CCSRR is represented by. llt is mainly through the split of
the ring between the HMSIW and the CSSRR. The
capacitive coupling is denoted by, @nd it is mainly through
the slot coupling between the HMSIW and the CSSRR
Moreover, tlis equivalent circuit model can also be applied
to the element of the HMSIW with the conventional CSSRR
(see Figure 2(a. In this case, | represents the metal vias
forming the HMSIW; L and G stand for the total inductance
and capacitance of the conventional CSSRR, respectivgly; L
and G represent the inductive and capacitive coupling
between the HMSIW and the CSSRR, respectively. From the
circuit model, it can be seen that a transmission igro
generated:

(b)

Figure 2 (a) Configuration of the element of the HMSIW with the
conventional CSSRR. (b) Configuration of the praabslement of the
HMSIW with the modified CSSRR
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Figure 3 (a) Photograph of the fabricated element. (b) L&y the
lower layer of the proposed eleme(d) Layout of the upper layer of the

proposed element. Grey shading represents thelizetiah
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Figure 5 Equivalent circuit model of the proposed element
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Figure 6 (a) Circuit model simulation of the proposed element. (b) Circuit
model simulation of the HMSIW with the conventional CSSRR
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Figure 7 Simulated frequency responses with different théss of the
dielectric substrate of the upper lay2,

4. HMSIW BANDPASS FILTER WITH THE
PROPOSED STRUCTURE

Based on the proposed element of the HMSIW with the
modified CSSRR shown in Figure 2, a second order
bandpass filter has been designed and fabricated. Figure 8
shows the configuration, the photograph and the layout of the
proposed filter Two identical modified CSSRRs are
employed in the design. The distance between adjacent
resonators can be changed to tune the coupling. The
parameters are as followsl = 0.8 mmh2=0.3 mm, b =3



mm, g = 0.3mm, d = 0.34 mmh= 0.5 mm, w=4.5 mm, s
=1.68 mm, | = 0.4 mmdr = 1.1 mm,ds=2 mm,Id = 2.6
mm,wt = 0.4 mmws = 0.8 mm,wc = 2.2 mm,wy = 1.8 mm,

5. CONCLUSIONS
A novel compact half-mode substrate integrated waveguide
(HMSIW) filter with a capacitively-loaded complementary

wd = 5.6 mm, wx= 2.4 mm. The simulated results with  single split ring resonator (CSSRR) is presented in this letter.
HFSS™ and the measured transmission responses are shownThe clement of the HMSIW with modified CSSRRs is
in Figure 9. It can be seen that the measurement agrees wellinvestigated. The proposed element demonstrates lower
with the simulation. The measured centre frequency and 3 dB resonant frequency and greater miniaturization compared to
bandwidth are 4.92 and 0.6 GHz, respectively. The measured the HMSIW with the conventional CSSRR, due to the
insertion loss is 0.8 dB including the feed lines and SMA additional capacitance introduced by the extra conductor
connectors. The measured in-band return loss is better thanlayer overlapping the inner metal disk and the ground plane
20 dB. The total size of the filter without the feed line is only  of the CSSRR. Even larger capacitance and lower frequency
9.8 mm x 7mn(0.17 X9 x 0.115 Ag), which is very compact. can be achieved conveniently by increasing the overlap area
or decreasing the thickness of the dielectric substrate. The
equivalent circuit model of the proposed element has been
derived. A second order bandpass filter with the proposed
element, with the center frequency at 4.92 GHz, has also
been designed and fabricated. The measurement agrees well
with the simulation. The proposed filter has the advantages
of quite compact size, low losses and good selectivity. The
total size of the filter without the feed line is only 9.8 mm x
7mm (0.17 Ay % 0.115 Ag). Therefore, it has greatly potential
in the design of microwave system where a small size is
critical.
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