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Abstract—This letter presents a rigorous extension of the con-
cept for the bandstop filter (BSF) with inter-resonator couplings to
a higher order filter. We show that a BSF topology with inter-res-
onator couplings can exhibit the frequency response that a con-
ventional BSF topology without inter-resonator couplings gener-
ates. Equivalence between the coupling matrices of the two topolo-
gies are shown. As an example, this letter shows that fourth-order
BSFs with and without inter-resonator couplings can exhibit iden-
tical frequency responses.

Index Terms—Bandstop filter (BSF), filter synthesis, substrate
integrated resonator filter.

I. INTRODUCTION

I Nmodern communication systems, a capacity covering one
or more functions leads to the improvement of a front-end’s

component. It is inevitable to achieve tunable or switchable
characteristics for filters. Therefore, many types of tunable fil-
ters have been proposed [1]–[3]. In [1], coupled lines are uti-
lized for tunable characteristics, and a Barium-Strontium-Ti-
tanate (BST) varactors or thermal actuators placed in the ground
plane are used to achieve the variable center frequencies [2], [3].
In these tunable filters, each resonator is coupled to a microstrip
line, not coupled each other. Unlike these conventional Band-
stop filter (BSF) structures, BSF topologies containing inter-
resonator couplings have been proposed to achieve switchable
characteristics [4]–[7]. Existence of the inter-resonator coupling
structure allows for achieving the switchable characteristics be-
tween bandstop and bandpass or all-pass. Most filter topologies
are limited to the second-order structure. This letter presents
a way to extend the BSF topology with inter-resonator cou-
pling(s) to a higher-order filter design by showing a fourth-order
BSF topology. In addition, we show that the presented BSF
topology can be synthesized in such a way that it exhibits the
same frequency response the conventional BSF generates. The
novelty of this letter is that, for the first time, shows the rela-
tionship between the BSF topologies with and without inter-

Manuscript received March 18, 2013; revised May 20, 2013; accepted May
21, 2013. Date of publication July 15, 2013; date of current version August 05,
2013. This work was supported by the Agency for Defense Development under
UD120046FD.
T.-H. Lee, Y.-S. Kim, and J. Lee are with the Department of Radio Commu-

nications Engineering, Korea University, Seoul, Korea (e-mail: ifsnow@ieee.
org).
C.-S. Ahn is with the Third. R&D Institute-2, Agency for Defence Develop-

ment, Daejeon, Korea.
Color versions of one or more of the figures in this letter are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/LMWC.2013.2269217

resonator couplings. Using the relationship, this letter shows
how to extract the coupling matrix of the topology with inter-
resonator couplings. Since no complicated math is used, this
method for extracting the coupling matrix can find its practical
applications.

II. THEORY

Fig. 1 shows a low-pass circuit topology for the fourth-order
conventional BSF and its coupling matrix while the proposed
circuit topology and coupling matrix are shown in Fig. 2. In
Figs. 1(a) and 2(a), the numbers represent the resonators which
are modeled as a unit capacitor in parallel with constant
( , 2, 3, and 4) to account for the frequency shift of the res-
onant frequency, and NRN means non-resonating-node which
is connected to the ground by a constant reactance, (
and 2) [8]. All nodes (source, load, resonators, and NRNs)

are connected by admittance inverters whose values are repre-
sented by ( , , 2, 3, 4, N1 and N2), and the con-
nections between the nodes are represented using solid lines.
Fig. 1(a) shows a conventional BSF topology which does not
possess couplings between resonators whereas the couplings be-
tween resonators are included in the BSF topology as shown in
Fig. 2(a). Two coupling matrices for two topologies are shown
in Figs. 1(b) and 2(b). The unprimed and primed coupling co-
efficients of each matrix correspond to the topologies shown in
Figs. 1(a) and 2(a), respectively. The reflected and transmitted
power ratios can be found from the coupling matrices, and we
can derive the equivalence between the two topologies by com-
paring the expressions for the reflected and transmitted power
ratios of the one topology with those of the other topology. It has
been found that the conventional and new topologies exhibit the
same frequency response given that

(1)

With the help of the relationship between two coupling
matrices, all coupling coefficients of the topology which has
inter-resonator couplings can be found from the values of the
coupling coefficients of the conventional one by using (1).
Hence, the BSF with the inter-resonator couplings can be
conveniently synthesized by synthesizing the conventional
BSF. For example, the coupling coefficients of two topologies

1531-1309/$31.00 © 2013 IEEE



404 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 23, NO. 8, AUGUST 2013

Fig. 1. Conventional fourth-order BSF without inter-resonator coupling (a)
coupling routing diagram, (b) coupling matrix.

Fig. 2. Fourth-order BSF with inter-resonator coupling (a) coupling routing
diagram, (b) coupling matrix.

Fig. 3. Frequency responses from the BSF with and without inter-resonator
couplings.

for the Butterworth response are given in Table I. The coupling
coefficients, and , can be either A dif-
ferent frequency response such as 30 dB equi-ripple response
can also be obtained with non-zero value of ( , 2,
3 and 4). The softer slope of of the equi-ripple response
in the passband is due to the complex reflection zeros. The
coupling coefficients for the equi-ripple response are listed in
Table II for the two BSF topologies. Solid and dotted lines in
Fig. 3 show the frequency responses of the BSF topologies
with and without inter-resonator couplings, respectively. The
indistinguishable frequency responses verify (1).

TABLE I
COUPLING COEFFICIENTS FOR BUTTERWORTH BSF

TABLE II
COUPLING COEFFICIENTS FOR A 30 DB EQUI-RIPPLE BSF

Fig. 4. Layer-by-layer expanded view of the fourth-order BSF with inter-res-
onator couplings.

III. EXPERIMENTAL RESULTS

To verify the relationship between the two topologies,
two BSFs with each topology are designed and fabricated.
Both BSFs consist of two layers. The upper layer contains
a microstrip line used to couple to the resonators, and four
substrate-integrated cavity type resonators exist in the bottom
layer. For the upper layer, a RO5880 substrate which has 0.508
mm thickness and 2.2 dielectric constant is used, and a TMM3
substrate having 3.175 mm thickness and 3.27 dielectric con-
stant is used for the bottom layer. Fig. 4 shows layer-by-layer
drawing of the BSF with the inter-resonator couplings. How-
ever, the detailed physical structure for the BSF with the
conventional topology is not shown here due to the limited
space, but the fabricated structure will be shown later. As can
be seen in Fig. 4, magnetic couplings between the microstrip
line and cavity are made through four coupling slots placed on
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Fig. 5. Photograph of the fabricated fourth-order BSF with inter-resonator cou-
plings. , , , , , , ,

, , . All dimensions are in millimeters.

Fig. 6. (a) Simulation and measurement results of conventional BSF, (b) sim-
ulation and measurement results of proposed BSF.

the top side of the cavity. Four rectangular-shaped capacitive
patches are placed just above the coupling slots for achieving a
good return loss performance [9]. The lengths between coupling
slots, and , are 270 and 90 at the center frequency. Each
of the inter-resonator couplings between resonators 1 and 2, and
resonators 3 and 4 is established using an inductive iris. It can
be modeled as a shunt inductor which generates
phase shift. The coupling coefficients which represent the
inter-resonator couplings are positive numbers as shown in
Tables I and II. Since and are also positive
numbers, the 3/4 wavelength transmission lines are used for
generating phase shift. Since can be either
positive or negative, the transmission line between resonators 2
and 3 can be either 1/4 or 3/4 wavelength long. For minimizing
the loss, a 1/4 wavelength transmission line is used between

resonators 2 and 3. Two fourth-order BSFs are designed with
target frequency of 4.9 GHz and 100 MHz bandwidth and the
detailed dimensions are shown in Fig. 5 for the case of the
BSF with inter-resonator coupling structure. All dimensions
are determined to meet the relationship between the coupling
coefficients, , and the normalized coupling coefficients, ,
following a well-known design procedure [10]. In Fig. 6, the
simulation and measurement results of two fabricated BSF are
shown and good agreement between the two responses can
be found, obtaining a Butterworth-type response. Both BSFs
achieve about 50 dB rejection level in the stopband. The inser-
tion losses and reflection coefficients in the passband are less
than about 1.5 dB and 10 dB, respectively. The return loss in
the passband region can be improved by more careful design
of the coupling patches [9]. Two photographs of fabricated
conventional BSF which does not possess the inter-resonator
coupling structures can be found as an inset of Fig. 6(a). This
indicates that the filter topology with the coupling coefficients
satisfying (1) can replicate the frequency response generated
by the conventional filter topology.

IV. CONCLUSION

This letter presented a rigorous extension of the concept for
the BSF with the inter-resonator couplings to a higher order
filter. It also showed an analytic synthesis method for the BSF
topology with the inter-resonator coupling structures. It showed
that the coupling matrix of the BSF topology with the inter-res-
onator coupling structures can be obtained directly from that
of the conventional BSF topology which does not contain the
inter-resonator couplings. Measurement verified that the BSF
topology with the inter-resonator couplings can exhibit the fre-
quency responses that the conventional BSF topology generates.
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