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Compact Band-Stop Half-Mode Substrate
Integrated Waveguide Filter based on a
Broadside Coupled Open Split Ring Resonator

Juan Hinojosa, Marcello Rossi, Adrian Saura-Rodenas, Alejandro Alvarez-Melcon, Senior Member,
IEEE, and Félix L. Martinez-Viviente

Abstract—A shunt RLC resonant circuit obtained from a
broadside coupled open split ring resonator (BC-OSRR) is
proposed. This BC-OSRR cell allows a parallel connection
with planar waveguides. Hence, it has been applied to a half-
mode substrate integrated waveguide (HMSIW) section. The
analysis of the frequency response and electromagnetic field
distribution of the HMSIW structure loaded with an
appropriate BC-OSRR cell have shown two main behaviors.
The first characteristic is a high-pass frequency response
inherent to the HMSIW and the second is a transmission zero
in the pass-band of the HMSIW, which is due to the resonance
of the BC-OSRR cell. First- and second-order prototypes have
been designed and fabricated. The measured band-stop
HMSIW filters using BC-OSRR achieve a 3 dB stop-band
bandwidth around 10% with more than 21 dB insertion loss.
This BC-OSRR cell with low undesired radiation loss can be a
new alternative for the implementation of compact band-stop
filters in planar technology.

Index Terms—Band-stop filter, half-mode substrate
integrated waveguide (HMSIW), split ring resonator (SRR).

I. INTRODUCTION

BAND-STOP filters play an important role in
RF/microwave applications to reduce signals at
unwanted frequencies [1]. As with other low-pass and band-
pass filters, the requirements in terms of performance,
power handling capability, size, weight and cost are
increasingly stringent. A possible solution to meet these
requirements is to develop metamaterial-inspired structures
within a substrate integrated waveguide (SIW). SIWs and
half-mode substrate integrated waveguides (HMSIWs) are
guided waveguide planar transmission lines that have become
popular in recent years for microwave and millimeter-wave
applications [2]-[10]. The performance parameters of SIWs
(HMSIWs) such as insertion loss, quality factor and power
handling capability are better than for conventional microstrip
and coplanar (CPW) transmission lines. SIW (HMSIW)
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Fig. 1. HMSIW structure loaded with a BC-OSRR cell. (a) Top side. (b)
Bottom side. (c) 3D view of the connection between the HMSIW and the BC-
OSRR cell.

technology is low cost and can be easily integrated with planar
circuit technology. However, if a given component is not
available in SIW (HMSIW) technology, transitions or adapters
are needed to interface with other planar technologies. This
leads to a size increase and performance degradation of the
whole subsystem. To avoid this inconvenience, it is necessary
to develop a wide range of components in SIW (HMSIW)
technology similar to those in conventional planar technologies.
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Fig. 2. Simplified equivalent circuit model of the HMSIW structure loaded with a BC-OSRR cell.

During the last years there has been a great interest in the
design of microwave filters in SIW technology based on
metamaterial-inspired structures, due to their attractive features
to reduce the size of the circuits. The proposed SIW structures
implement band-pass and band-stop filters. They are mainly
implemented by means of defected ground structures (DGS)
[11], [12], electromagnetic bandgap (EBG) patterns [13]-[15]
or different versions of split ring resonators (SRR) [16]-[20].
EBGs are obtained by means of periodic patterns, while DGSs
are based on a single defect or several defects realized on the
ground plane of circuits. The SRR versions have two split rings
of different radii. The design of filters by means of DGSs and
SRRs are easier than EBGs, since they behave as LC resonators
and, therefore, it is simpler to extract their equivalent circuits.
EBG-based SIW filters require a larger size than DGS- and
SRR-based SIW filters, due to their periodic patterns. The SRR-
based SIW filters have two interesting features with respect to
the EBG and DGS structures. On the one hand, their electrical
characteristics are easily controllable through their geometric
parameters (radius, width of the ring, etc.) and on the other hand
their electric sizes are more compact. In the previous works that
use SRR-based SIW filters, only complementary split ring
resonator (CSRR) [21], [22] and open complementary split ring
resonator (OCSRR) cells [23], [24] have been applied, due to
the difficulty of inserting an open version of the split ring
resonator (OSRR) such as that of [25] in a SIW line. Unlike
SRRs and CSRRs which are coupled to a circuit, the open
configurations have input and output ports allowing a series or
parallel connection with a circuit and, therefore, a better
excitation of the resonator. Recently, a solution was proposed
for the design of band-stop filters by embedding an open ring
resonator (ORR) within a HMSIW structure [26], [27].
However, the equivalent circuit model of this ORR cell includes
a connection to ground by means of a radiation resistance at the
resonant frequency, which models undesired radiation effects
that deteriorate band-stop filter performance.

In this paper, we propose to minimize this drawback by
inserting a new version of the open interconnected split ring
resonator (OISRR) [28]-[30] within a HMSIW structure. This
new cell, named broadside coupled open split ring resonator
(BC-OSRR), consists of two overlapping rings separated by a
substrate instead of two rings in the same plane as for the
OISRR cell. This BC-OSRR cell is connected in parallel with a
section of HMSIW. This combination allows implementing a
compact design of band-stop HMSIW filters. In comparison

with the OISRR and ORR cells, the BC-OSRR cell has the
ability of minimizing radiation loss, increasing the compactness
and improving the stop-band rejection level. The description,
equivalent circuit and analysis of the HMSIW loaded with a
BC-OSRR cell are presented in Section II. Emphasis has been
placed on radiation effects and radiation resistances of HMSIW
structures loaded with the proposed cell and other resonators
(ORR, OISRR) [26], [28]. An experimental validation by
means of a band-stop HMSIW prototype loaded with a BC-
OSRR is provided in Section III. The results are compared with
other high-performance band-stop filters using different
technologies (microstrip, CPW, SIW) and resonators (open-
stub, SRR, CSRR, OSRR, ORR, OISRR) [19], [20], [24], [26]-
[29], [31]-[40]. Measured results of a second-order BC-OSRR-
based HMSIW band-stop filter are also discussed. Finally,
conclusions are presented in Section IV.

II. BAND-STOP HMSIW FILTER USING A BC-OSRR

A. Structure and Equivalent Circuit Model

The structure and equivalent circuit model of the proposed
band-stop HMSIW filter loaded with the BC-OSRR cell are
shown in Figs. 1 and 2, respectively. The BC-OSRR cell is a
modified version of the open interconnected split ring resonator
(OISRR) [28], [29]. Unlike the OISRR cell which has two rings
in the same plane, the new BC-OSRR cell is designed by means
of two broadside coupled rings separated by a substrate and
connected to a planar waveguide, thus minimizing the problem
of radiation loss and increasing the compactness and the stop-
band rejection level. In Fig. 1(a), corresponding to the top side
of the structure, the dimensions of the BC-OSRR cell are the
external radius r, width ¢ of the ring conductor strip and gap g.
At the bottom side, a window D; x D, without metal is opened

and a ring with the same dimensions as the one at the top side
is printed. The top ring and bottom ring are separated by a
substrate thickness h of relative permittivity ¢, . Both rings are

aligned with each other. The gaps g of the top and bottom rings
are etched in opposite directions. As it can be seen, both rings
(Fig. 1(c)) are connected to a common point of a HMSIW
section. A microstrip to HMSIW transition has been
implemented in both ports of the structure to carry out
measurements. This transition consists of a tapering microstrip
section of length L; with two different widths (W, W ). It

connects the microstrip line of length L; and impedance Z,
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with the HMSIW section of length L, and impedance Z, . This

transition allows to transform the quasi-TEM mode of the
microstrip line (W,,) into the TE;p mode of the HMSIW

(Wymsiw)- Thus, the BC-OSRR cell is connected to ports 1 and
2 by means of two microstrip lines, two microstrip to HMSIW
transitions and two HMSIW sections of lengths L;, L; and L,

, respectively. In this work, the size of the ground plane covers
the width of the HMSIW and surrounds the open window to
reduce processing time during the fabrication of the structures
by means of a milling machine. The ground plane can be
reduced to the width Wpgw of the HMSIW (except for the

frame of the window). It can also be reduced in the areas below
the microstrip lines and microstrip to HMSIW transitions. Note
that these modifications can lead to slight differences with
respect to the results presented in this manuscript. In particular,
the close proximity of the finite ground plane to the microstrip
line can slightly affect the characteristic impedance of the port,
resulting in a degradation of the return losses. However, this can
be compensated by adjusting the width of the microstrip line to
recover the right value of the port impedance.

A simplified equivalent circuit (Fig. 2) of the HMSIW
structure loaded with the BC-OSRR cell was determined from
electromagnetic (EM) analysis of its frequency response. It
consists of a series R Ly C( resonant circuit shunted between
two loaded HMSIW sections. Each loaded HMSIW section has
alength d = Dy /2. Unlike the OISRR and ORR cells [26]-[30]
that are connected to ground by means of a radiation and ohmic
resistance, the BC-OSRR cell is linked to ground only through
an ohmic resistance, minimizing radiation loss and improving
stop-band rejection level. From the equivalent circuit model of
the BC-OSRR, a resonant frequency f, leading to a
transmission zero can be identified. This frequency is obtained
from the shunt series circuit fy =1/(27,/LyCy ) , which has a

reactance slope sy =27z fyL,. The elements Ry, Ly and C,
of the equivalent circuit depend on the design parameters (I, C,
g, h, &) of the BC-OSRR cell. Their values can be derived by
means of the simulations or measurements of the transmission
parameter S;;. Considering the two-port network equivalent
circuit (Fig. 2) without the microstrip lines and without the
tapering microstrip sections of respective lengths L, y L;, the
two ports terminated with the characteristic impedance of the
HMSIW Z;, for the dominant propagating TE;o mode [41], and
the shunt branch Z = jwlLy +1/(jwCy), then the transmission

parameter Sy can be defined by

1
Sa1 = 1+21,/(22)

(M

The Ly, and C; elements can be determined by means of
equation (1) and the 3 dB stop-band bandwidth Af, . Assuming

that f = fy + Afy/2 and the narrow band approximations [1],

Afy << fo and (f/fo — fo/f) = 2Afy/fo, then the shunt
impedance can be approximated by Z = j2mf,Lo(2Af/fo)-
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Fig. 3. Resonant frequency f, and 3 dB stop-band bandwidth Af, for the
HMSIW loaded with a BC-OSRR cell as a function of design parameters
(dimensions in mm). (a) r (=9 =0.3,h=0.635 and & = 10.2 fixed). (b) & (r
=1.2,c=g=0.3 and h=0.635 fixed). (c¢)c (r=1.2,9g=10.3,h=0.635 and &
=10.2 fixed). (d) g (r = 1.2, ¢ = 0.3, h=10.635 and & = 10.2 fixed). (¢) h (r
1.2,c=g=0.3 and & = 10.2 fixed).
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Substituting it in (1) and taken into account the modulus of | S, |
= 0.707 at the cut-off frequency, then Af, can be derived as

fe
Ao =Zn5- @)
A

and thus the Ly and C, elements can be calculated

_ _“Zn
Lo = 4mAf, (€)
1 _
CO ZT(ZH fo) 2 (4)

0

Finally, the unloaded quality factor Qu and the return loss |Syj
measured at the resonant frequency f, allow to obtain the
resistance R

f
b=y 5)
Afo(l—\s“\foj
2 fo LO
Rp=——2-1% (6)
T

B. Analysis and Design of the HMSIW Structure Loaded with
a BC-OSRR Cell

Figs. 3 and 4 illustrates, respectively, the effects of the design
parameters (I, C, g, h, &) of the BC-OSRR cell for the HMSIW
on the resonant frequency f, and the 3 dB stop-band

bandwidth Af, and on the inductance L and capacitance C,

of the ring resonator. The results presented in Fig. 3 were
obtained by means of a commercial full-wave 3D
electromagnetic (EM) simulator (ANSYS HFSS), while those
in Fig. 4 were achieved using equations (1) to (6) to link
equivalent circuit lumped element values with the EM data. The
variation of the resistance R has not been included in Fig. 4.
Its value is between 0.28 Q and 0.66 Q2. We have been able to
observe that a decrease of the resonant frequency f

contributes to a reduction of the resistance R, while an increase
of the resonant frequency f, promotes a rise of the resistance

R,. In Fig. 3(a), it can be seen that the resonant frequency f
(solid line) and the 3 dB bandwidth of the stop-band Af
(dashed line) decrease as the radius r of the external ring
increases from 1 mm to 1.5 mm (¢ =g =0.3 mm, h=0.635 mm
and & = 10.2 are constant). Larger radius r contributes to an
increase of the inductance L, and capacitance C as it can be
seen in Fig. 4(a). A similar behavior is observed in Fig. 3(b)
when the relative permittivity & of the substrate increases from
9 to 12. In this case, the design parameters r =1.2 mm, C=Q =
0.3 mm and h = 0.635 mm are constant and, therefore, C (Fig.

4(b)) increases with increasing relative permittivity &. At the
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same time, L, (Fig. 4(b)) is constant with increasing relative

permittivity & of the substrate and, therefore, the resonant
frequency f, and the 3 dB stop-band bandwidth decrease. Fig.

3(c) shows an opposite trend of the 3 dB stop-band bandwidth
Af( as compared to the previous ones, when the width ¢ of the

ring conductor strip increases from 0.1 to 0.5 (r=1.2,9=0.3,
h=0.635 and & = 10.2 are constant). The capacitance C, (Fig.
4(c)) increases with increasing width ¢ of the ring conductor
strip, while the inductance L, (Fig. 4(c)) decreases, which
leads to an enlarged 3 dB stop-band bandwidth. The width ¢ of
the ring conductor strip has little influence on the resonant
frequency f, since this frequency is quasi-constant for values

of ¢ between 0.1 and 0.5. This is because the decrease of the
inductance L, is compensated by the increase of the

capacitance C . In Figs. 3(d) and 3(e), it can be seen that the

gapg (r=12,c¢=0.3,h=0.635 and & = 10.2 constant) and the
substrate thickness h (r =1.2, ¢ =g = 0.3, and & = 10.2 fixed)
have the same influence on the resonant frequency f and the

3 dB stop-band bandwidth Af(, . The resonant frequency f
and the 3 dB stop-band bandwidth Af, increase as the gap g

and the substrate thickness h rise, respectively, from 0.1 to 0.5
and 0.5 to 0.8. The inductance L, decreases slightly (Figs.

4(d)) or increases slightly (Fig. 4(e)), because the other design
parameters I = 1.2, ¢ = 0.3 and & = 10.2 are constant. Finally,
the capacitance C is quasi-constant as the gap g increases

(Fig. 4(d)) and decreases as the substrate thickness h (Fig. 4(¢))
increases, which lead to an increase in the resonant frequency
fo and the 3 dB stop-band bandwidth Af .

An efficient empirical model of the BC-OSRR cell based on
a linear regression approach [42] was generated by means of
data obtained from Figs. 3 and 4. Thus, it is possible to have the
geometric parameters of the BC-OSRR cell as a function of the
resonant frequency fo and the 3 dB bandwidth Af;, and also the
values of Ry, Lo and C,. Then, the dimensions of the HMSIW,
tapering microstrip section, microstrip line and BC-OSRR cell
were optimized by means of [9], [43], [44] and this empirical
model to ensure a resonant frequency at f, =3.5 GHz and a 3

dB stop-band bandwidth of Af;, = 0.4 GHz. Fig. 5 shows the

frequency responses of the HMSIW structure loaded with a BC-
OSRR cell by means of EM and circuit simulations. The
dimensions and the relative permittivity of the substrate are
included in the caption of Fig. 5. The element values used in the
equivalent circuit of the BC-OSRR cell are: Ry =04 Q, Ly =

2.28 nH and C(, = 0.93 pF. The frequency responses (Fig. 5)

were obtained with commercial simulators (Ansys HFSS and
Keysight ADS). The circuit ADS simulator allows simulating
the equivalent circuit represented in Fig. 2, including the half-
mode substrate integrated waveguides (HMSIWs) filled with a
substrate & by using the RWG (rectangular waveguide) model.
The width of the RWGs was 2 times Wnumsiw and the metallic
cylinder rows of the HMSIWs were considered as electric walls

|Sul and 1Sz (dB)
&

Circuit simdlations

én
o

0 1 2 3 4 5 6
Frequency (GHz)

Fig. 5. Comparison of EM and circuit frequency responses for the HMSIW
loaded with a BC-OSRR cell (dimension in mm): Wyysiw = 11.65,5=1.2,d =
0.6, Wm=0.594, W;=4.66, L, =28.95,L,=5,L,=12.45,r=1.21,c=03,9
=03,D;xD,=5.1x5.1,h=0.635, §=10.2.

of perfect conductor. A copper thickness of t = 0.017 mm was
taken into account in the EM and circuit simulations. In Fig. 5,
it can be seen two characteristics for the EM simulations
(dashed lines). The first one is inherent to the HMSIW, which
presents a frequency response of high-pass type with a cut-off
frequency defined at f. =2 GHz. The second characteristic is
relative to the transmission zero which appears in the pass-band

of the HMSIW. This is a consequence of the resonance of the
BC-OSRR cell at f, = 3.45 GHz, since an electric short to

ground occurs and the incident signal is reflected back to the
input port. Return and insertion loss at f, = 3.45 GHz are,

respectively, 1 dB and 26.1 dB, while 3 dB stop-band
bandwidth is Af, = 0.4 GHz (11.5%). The previous data and

(5) give an unloaded quality factor of Qu = 79. In Fig. 5, it can
be seen that the results (solid lines) obtained by means of the
equivalent circuit shown in Fig. 2 with the previous R, L, and

C, data also present a high-pass characteristic with a stop-band

rejection in its pass-band. The resonance of the BC-OSRR
appears at f, =3.5 GHz and the 3 dB stop-band bandwidth is

Afy =0.4 GHz. Both agree well with the values obtained from

EM simulations. The differences in the pass-bands are due to
the simplicity of the circuit model employed, that does not
consider the interactions and coupling between the different
discontinuities and transitions present in the physical structure.
However, in practical designs the circuit may be useful to obtain
an initial structure, for a subsequent optimization process.

To check that the BC-OSRR cell works as a band-stop filter
we have analyzed the behavior of the HMSIW loaded with a
BC-OSRR cell by studying the electric and magnetic field
distribution (Fig. 6) within its structure at three different
frequencies. One is below the cut-off frequency of the HMSIW
( f;= 0.5 GHz) and the other two are inside its pass-band ( f,

=3.45 GHz and f;=4.5 GHz). In Fig. 6(a), it can be seen that
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Fig. 6. Magnitude of the electric (left) and magnetic (right) field distribution
within the HMSIW structure loaded with a BC-OSRR cell for the TE10 mode
at four different frequencies. (a) f; = 0.5 GHz. (b) f, = 3.45 GHz. (¢) f; = 4.5
GHz. The maximum value (Max) of the colorbar is 5000 V/m for the electric
field and 500 A/m for the magnetic field. The incident power is 1 W.

the BC-OSRR cell does not resonate at f;= 0.5 GHz, and the

signal is not transmitted to the output port. This is because the
signal has a frequency lower than the cut-off frequency of the
HMSIW. At f, =3.45 GHz (Fig. 6(b)), we are in the pass-band

of the HMSIW. However, the electric and magnetic fields of the
BC-OSRR cell resonate strongly and this eliminates any
transmission between the input and output ports. Finally, Fig.
6(c) depicts the electric and magnetic fields at f3= 4.5 GHz,

corresponding to the pass-band of the HMSIW, far from the
notch frequency. The BC-OSRR cell does not resonate and the
signal is transmitted to the output port. The field distribution
essentially displays the TE;yp mode in the HMSIW structure
loaded with a BC-OSRR cell. Specially, this can be observed in
the plot of the magnetic field, which shows very small currents
induced on the ring structure.

C. Radiation Effects

The HMSIW structure loaded with the BC-OSRR can
experience radiation effects due to the open window D; x D,

at the bottom side. Thus, we have analyzed the forward loss
factor Fir (Fig. 7) of the structure by means of EM simulations
as a function of frequency and different sizes of the open
window

Fe =1-181)* - (S0 (7
To take into consideration only the radiation effects, we have
considered perfect conductors and a lossless substrate in the EM
simulations. The dimensions of the HMSIW structure loaded
with the BC-OSRR and the relative permittivity of the substrate
are included in the caption of Fig. 7. They are the same as those
used for the HMSIW structure loaded with the BC-OSRR in the
EM simulations shown in Fig. 5. As it can be seen in Fig. 7,
radiation losses present three peaks in the frequency range 0 —
6 GHz. The first peak appears at the cut-off frequency ( f, =2

GHz) of the HMSIW, the second is located at the resonant
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Fig. 8. Radiation resistance at the resonant frequency f, = 3.5 GHz as a
function of the size of the open square window for HMSIWs loaded with BC-
OSRR, ORR and OISRR cells. They were optimized to have a resonant
frequency at fy = 3.5 GHz. Dimension (mm): Wumsiw = 11.65,5=1.2,d = 0.6,
Wn =0.594, W, = 4.66, L;=28.95, L, =5, L,=12.45, h=0.635, §=102.r
=1.21,¢=0.3,9=0.3 for the BC-OSRR. r=1.9,¢=10.3, g = 0.3 for the ORR.
r=1.55¢=0.3,5=0.25,9=0.3 for the OISRR.

frequency of the BC-OSRR ( f(, = 3.5 GHz) and the last one is
around 6 GHz, which corresponds to a spurious resonance ( fg

). Unlike OISRR and ORR cells [26]-[30], the different sizes of
the open window have little effect on radiation losses of the BC-
OSRR cell for the first two peaks, which are lower than 8%.
This can be verified in Fig. 8, which represents the radiation
resistance at the resonant frequency fo = 3.5 GHz as a function
of the size of the open square window for HMSIWs loaded with
BC-OSRR, ORR and OISRR cells. The ORR and OISRR cells
with the dimensions included in the caption of Fig. 8 were
optimized to have a resonant frequency at fy =3.5 GHz in the
same way as for the BC-OSRR cell. In Fig. 8, the radiation
resistance of the band-stop HMSIW filter loaded with the BC-
OSRR cell is around 0.2 Q and almost constant as a function of
the size of the open window, while the filters using ORR and
OISRR cells have a minimum radiation resistance around 0.6
Q, which increases with the size of the open window. In Fig. 7,
the radiation loss at the spurious resonance can be reduced by
increasing the size of the open window to D; x D, (mm?)=7.5

x 7.5, at the expense of increasing the size of the structure. The
smallest open window option D; xD, (mm? = 3.9 x 3.9
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TABLE1
COMPARISON BETWEEN THE PROPOSED HMSIW BAND-STOP FILTER LOADED WITH A BC-OSRR AND OTHER BAND-STOP FILTERS USING DIFFERENT
TECHNOLOGIES AND RESONATORS

Technology Resonators references fo (GHz) 3 dB FBW (%) IL (dB) RL (dB) 2-D size (doxAo)
Microstrip Open-stub [31] Fig. 2 4.5 52.8 45 - 0.27%0.12
CPW Open-stub [32] Fig. 6 24.5 92 30 0.5 0.016x0.18
HMSIW Open-stub [33] Fig. 5 14.7 24 36 - 0.106x0.03
Microstrip CSRR [34] Fig. 3(b) 25 24 60 - 0.233x0.025
Microstrip CSRR [35] Fig. 6 2 30 28 - 0.066x0.042
CPW CSRR [36] Fig. 6 3.5 15.7 40 - 0.59x0.042
CPW CSRR [37] Fig. 4 7.7 5.2 25 2.5 0.307x0.107
CPW CSRR [38] Fig. 5 5.8 6 11.5 - 0.07x0.07
SIW CSRR [19] Fig. 3(c) 31 11.3 45 1 0.375x0.6
Microstrip SRR [36] Fig. 3 45 222 30 - 1.28x0.068
Microstrip SRR [39] Fig. 2 9.25 5.4 40 5 0.609x0.242
Microstrip SRR [39] Fig. 5 9.25 1.5 10 - 0.032x0.242
CPW SRR [36] Fig. 2 6.5 12.3 18 - 0.87x0.217
CPW SR [40] Fig. 3 3.5 11.4 20 2.1 0.169x0.182
SIW SRR [20] Fig. 21 4.39 20.5 30 - 0.625x0.014
CPW OSRR [24] Fig. 4 5.5 37 65 - 0.27x0.17
Microstrip ORR [30] Fig. 4 3.7 9.7 16.3 1.9 0.111x0.111
CPW ORR [27] Fig. 7 3.46 20.2 21 0.9 0.105x0.105
HMSIW ORR [26] Fig. 2 35 4.6 16 2.7 0.094x0.094
Microstrip OISRR [28] Fig. 6(a) 22 1.5 12.6 3.6 0.066x0.066
CPW OISRR [29] Fig. 5 22 4 11.7 2.9 0.066x0.066
HMSIW BC-OSRR This work Fig. 11 3.5 9.2 21.6 1.3 0.059x0.059

fo is the resonant frequency, 3 dB FBW is the fractional bandwidth at 3 dB, IL and RL are, respectively, insertion and return losses at fo, and A is the free-space

wavelength at f,.

(b)
Fig. 9. Photographs of the fabricated HMSIW structure loaded with a BC-
OSRR cell. (a) Top side. (b) Bottom side. Dimension (mm): Wymsiw = 11.65,
s=1.2,d=0.6, W;,=0.594, W;=4.66,L,=28.95,L,=5,L,=1245,r=1.21,
€=0.3,0=0.3,D;xD,=5.1x5.1,h=0.635, §=10.2.

causes the spurious resonance being shifted downwards by 0.2
GHz and the radiation loss increasing up to 45.2%.
Accordingly, as a compromise, the design of the proposed
band-stop HMSIW filter was made with the intermediate open
window D; x D, (mm?) =5.1x5.1.

III. RESULTS

An interesting application of the proposed BC-OSRR cell is
the design of band-stop filters. As illustrative examples, first-
and second-order band-stop HMSIW filters were designed and
fabricated (Figs. 9 and 10) by means of a milling machine on a
RT/Duroid 6010 substrate with the following characteristics

—e

(®)
Fig. 10. Photographs of the fabricated second-order band-stop HMSIW filter
loaded with two BC-OSRR cells. (a) Top side. (b) Bottom side. Dimension
(mm): Whmsiw = 11.65, s = 1.2, d = 0.6, Wy, = 0.594, W, = 4.66, L, = 28.95, L,
=51L,=425r=121,=03,9=03,D, xD,=5.1 x5.1,h=0.635, &=
10.2.

and dimensions: &= 10.2, tgo = 0.0023 at 10 GHz, copper

thickness t = 0.017 mm and substrate thickness h = 0.635 mm.
The measurements were carried out by means of a vector
network analyzer (VNA, R&S ZVA 67 GHz) between 0.01
GHz and 6 GHz. A previous calibration was performed by
means of an automatic calibration unit (R&S Zv-Z52) at the
outputs of the two coaxial cables connected to the VNA. The
two reference planes of the measurements are at the two outputs
of'the coaxial cables. Two coaxial (SMA) to microstrip adapters
were soldered (Figs. 9 and 10) to each band-stop HMSIW filter
to carry out measurements.
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Fig. 11. EM simulation and measured frequency responses of the prototyped
first-order band-stop HMSIW filter loaded with a BC-OSRR cell shown in
Fig. 9.

The dimensions of the first-order band-stop prototype are the
same as those used for the HMSIW structure loaded with a BC-
OSRR cell in the EM simulations shown in Fig. 5. They were
obtained for a resonant frequency of f; =3.5 GHz with a3 dB

stop-band bandwidth of Af, = 0.4 GHz. The second-order

band-stop filter is based on two cascaded BC-OSRR cells,
separated by a quarter wavelength HMSIW section acting as
impedance inverter (4, = 33.88 mm for f;, = 3.5 GHz and

Eref = 6.4). The slope parameters of the BC-OSRR cells were

scaled to keep the same characteristic impedance in all HMSIW
sections.

EM and measurement frequency responses of the first-order
band-stop prototype (Fig. 9) loaded with the BC-OSRR cell are
represented in Fig. 11. As it can be seen, EM simulations and
measurement results differ slightly. This is due to the SMA
adapters, which were not considered in the calibration
procedure, and also to the fabrication tolerances. However, both
responses present similar characteristics. The measurements
(Fig. 11) show a typical high-pass behavior of the HMSIW with
a cut-off frequency at f, = 1.98 GHz. Moreover, in the

passband of the HMSIW, there is a transmission zero at the
resonant frequency f, =3.5 GHz of the BC-OSRR cell. At this

frequency, an electric short to ground occurs and, therefore, the
incident power is reflected back to the input source as in Fig.
6(b). The HMSIW structure loaded with the BC-OSRR cell

works as a band-stop filter at the frequency f, = 3.5 GHz.
Return and insertion losses at f, = 3.5 GHz are 1.3 dB and

21.6 dB, respectively. The 3 dB stop-band bandwidth and
unloaded quality factor are, respectively, Afy= 0.32 GHz

(9.2%) and Q, = 79. The passbands of the band-stop filter are

shaped with a reflection zero close to the stopband introduced
by the BC-OSRR. Also, it can be observed additional reflection
zeros in the passbands. These additional reflection zeros are
produced by the matching level achieved by the microstrip to
HMSIW transitions, which in our design leads to return losses
better than 10 dB. In addition, in the lower passband we can
clearly observe the effect of the cut-off frequency of the TE o
mode in the HMSIW structure. The electrical length of the BC-
OSRR cell for D;= 5.1 mm is lower than A, /6 (15 = 33.88 mm

|Sul and |Sz| (dB)
&

o | sureménts

- === EM simulations

e T S T T

0 1 2 i . > °
Frecuency (GHz)

Fig. 12. EM simulation and measured frequency responses of the prototyped
BC-OSRR-loaded second-order band-stop HMSIW filter loaded with two BC-
OSRR cells shown in Fig. 10.

for f, =3.5 GHz and &, = 6.4). This confirms the reduced

size of the proposed BC-OSRR cell with respect to a
conventional A/2 resonator.

Table I provides a comparison between the proposed first-
order band-stop HMSIW filter and several previous works
using microstrip, CPW and SIW technologies loaded with
different resonators (open-stub, SRR, CSRR, OSRR, ORR,
OISRR) [19], [20], [24], [26]-[29], [31]-[40]. In some
manuscripts, return loss (RL) is not provided. The SRR and
CSRR resonators are coupled to a CPW, microstrip or SIW line,
while the different open ring resonators (OSRR, OISRR, ORR,
bi-ORR or BC-OSRR) and the open stubs have a parallel
connection with a CPW, microstrip or SIW line. This allows a
better excitation of the resonator and control of the resonant
frequency. As it can be seen in Table I, the 3 dB fractional
bandwidth (FBW) varies between 24% and 52.8% for the band-
stop filters loaded with stubs, 5.2% and 30% for CSRRs, 1.5%
and 22.5% for SRRs and 1.5% and 37% for open-SRRs.
Insertion loss (IL) also varies according to the cell used and it
depends on the number of cascaded cells. In terms of size, the
microstrip, CPW and SIW band-stop filters loaded with any of
the resonators have a larger size than the proposed band-stop
HMSIW filter loaded with a BC-OSRR cell. Compared with the
recent OISRR and ORR cells [26]-[30], the BC-OSRR cell has
a larger 3 dB FBW, better insertion (IL) and return (RL) losses,
except for the CPW structure loaded with a ORR cell [27],
which has lower RL. However, when the ORR cell is connected
to a HMSIW [26], RL deteriorates, increasing from 0.9 dB to
2.7 dB. Note that some of these characteristics achieved with
the new BC-OSRR are superior to those reported in these
previous publications. The 2-D size of the BC-OSRR cell is
0.05940 x 0.05940, while the OISRR cell has a 2-D size of
0.06640 x 0.06640. The 2-D size of the band-stop HMSIW
loaded with the ORR cell [26] is even larger: 0.09440 x
0.094 Ao.

Fig. 12 shows EM and measured S-parameters for the
second-order band-stop HMSIW filter. In the same way as for
the first-order filter, EM simulations and measurement results
differ slightly, due to the SMA adapters which were not taken
into account in the calibration procedure, and also to the
fabrication tolerances. However, both responses exhibit similar
characteristics. They have a high-pass characteristic with a cut-
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off frequency at f, = 1.95 GHz and a rejection band in the

pass-band of the HMSIW. In Fig. 12, the center frequency of
the band-stop is f, = 3.5 GHz, while the 3 dB stop-band

bandwidth is Afy, = 0.35 GHz (10%). The return and insertion
losses at f, =3.5 GHz are 1.9 dB and 25 dB, respectively.

IV. CONCLUSION

A compact band-stop half-mode substrate integrated
waveguide (HMSIW) filter using a broadside coupled open
split ring resonator (BC-OSRR) is proposed in this paper for the
first time. The BC-OSRR cell is conceived by two rings with
the same dimensions and aligned with each other on opposite
sides of the substrate. This BC-OSRR cell is connected in
parallel to a common point of a HMSIW section by etching an
open window in the metallized bottom side. The
electromagnetic analysis of the structure has allowed us to
derive a simple equivalent circuit model and to show two main
characteristics. The HMSIW structure loaded with an
appropriate BC-OSRR cell has a high-pass behavior with a
stop-band rejection in its pass-band. Low undesired radiation
loss has been observed in the working frequency range. Good
performance has been obtained from fabricated prototypes of
first- and second-order band-stop HMSIW filters. The BC-
OSRR cell integrated within a HMSIW can be useful for the
future development of new applications requiring band
rejection filters.
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