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Abstract—This letter proposes a new design method for a bandstop filter with two stopbands. Contrary to a conventional method,
the presented method allows for achieving two stopbands without
increasing the number of the couplings between resonators and the
transmission line connecting the input and output ports. In addition, a filter designed using the presented method can not only have
different center frequencies but also have different bandwidths by
adjusting the resonant frequencies of the resonators. For verification of the proposed approach a dual-stopband filter using four
tunable substrate-integrated waveguide resonators has been designed and measured.
Index Terms—Dual-stopband filter, reconfigurable filter, substrate-integrated resonator.

I. INTRODUCTION

B

ANDSTOP filters have been widely used in wireless
transceivers to suppress unwanted signals. Conventional
design methods are well known and bandstop filters with Butterworth and Chebyshev responses can be designed by using
the normalized lowpass lumped element values followed by
applying the lowpass-to-bandstop frequency transformation
[1], [2]. Another method is using the coupling matrices for
resonator-coupled bandstop filters. Synthesis methods for the
bandstop filter coupling matrices are presented and various
bandstop filters designed by using the coupling matrices are
described in [3]–[6].
Fundamental structures of the bandstop filters consist of a
uniform transmission line(TL) and resonators [1], [7], [8]. The
transmission line runs from the input port to the output port,
and each resonator is coupled to the transmission line. Two
stopbands can be established by cascading two bandstop fil-
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Fig. 1. Routing diagram of the 2nd-order dual-stopband filter (a) conventional
dual-stopband filter (b) proposed dual-stopband filter (c) comparison between
proposed topology and conventional one.

ters. However, this method doubles the length of the transmission line and the transmission line experiences more couplings
with the resonators. As the transmission line couples to the resonators, the characteristic impedance of the transmission line
deviates from 50 [9]. Hence, in designing the bandstop filter,
it is preferred to reduce the number of the couplings between
the transmission line and the resonators.
Hence, in this letter, we propose a method to obtain and
adjust two stopbands for a tunable bandstop filter without
increasing the number of the couplings between the transmission line and the resonators. Our demonstration begins with
filter synthesis for obtaining a response with two symmetric
Butterworth-response stopbands. We then describe that this
response can be tuned to have asymmetric responses and/or
equi-ripple responses by adjusting the resonant frequency of
the resonators. For verifying the proposed method, we have
designed and measured a dual-stopband filter.
II. FILTER SYNTHESIS AND DESIGN
A conventional way to construct two reconfigurable
stop-bands is cascading two frequency-agile bandstop filters.
Fig. 1(a) shows an example of cascading two second-order
bandstop filters.
and
represent the source and load, respectively, and the filled circles represent the resonators. The
drawback of the conventional structure described in Introduction can be reduced by arranging the resonators in such a
way that half of the resonators are coupled to the transmission
line. For example, Fig. 1(b) shows that only two resonators
are coupled to the transmission line. In this letter, we show a
synthesis method for the dual-stopband filter with the topology
shown in Fig. 1(b), and present methodologies for adjusting
frequency responses.
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Fig. 2. Theoretical results of a symmetric Butterworth response in the normalized frequency domain.

In this work, we begin with synthesizing a dual-bandstop
filter with a symmetric Butterworth response shown in Fig. 2.
The frequency response shown in Fig. 2 has four transmission
zeros. Two of them are at
and the others
are at
. Two reflection zeros are at
,
and the others are at
and
. With given transmission and reflection zeros, the transmission coefficient can be
derived and it is given by
(1)

Fig. 3. 3D-view of the designed filter (a) layer-by-layer structure (
mm,
mm,
) (b) side-view. The gap between the post and the
membrane is exaggerated and some of via-holes are not shown for the reader's
convenience. The resonant frequency of each resonator can be controlled by
adjusting this gap by means of a piezo actuator whose deflection range limits
the tuning range of each resonator.

where represents normalized complex frequency, and is the
ripple factor.
The
normalized coupling matrix of the
filter topology shown in Fig. 1(b) is given by

(2)
Fig. 4. Synthesized and measured results of symmetric Butterworth response.

The transmission coefficient of the corresponding coupling matrix can be found by using
(3)
where

is a 6 6 matrix whose only nonzero elements are
and
is similar to the identity matrix except
that
[10].
The coupling matrix can be obtained by using both (1) and
(3), and the entries of the matrix are found to be

Fig. 5. Synthesized and measured results of symmetric equi-ripple response.

(4)
It is worth noting that the coupling coefficients can be found
analytically with ease from and .
The frequency response of the topology having the normalized coupling values in (4) is shown in Fig. 2. It is worth noting
that the coupling matrix is synthesized in such a way that the
3 dB points ranges from 1 to 1 in the normalized frequency
domain. This bandwidth corresponds to the design bandwidth
used in actual filter design in actual frequency domain. According to (4), inter-resonator coupling,
, deter-

Fig. 6. Synthesized and measured results of asymmetric Butterworth response.

mines transmission zero, . Hence, the separation between two
stopbands can be changed by adjusting inter-resonator coupling.
To verify the proposed topology, a dual-stopband filter has
been designed using substrate-integrated frequency tunable
cavity resonators. For demonstration, the center frequency and
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Fig. 7. Synthesized and measured results of asymmetric equi-ripple response.

Non-zero
represents that resonator
resonates at
different frequency from the center frequency and makes this
filter be able to reconfigure its response. For example, by
adjusting the resonators 1 and 2, we can obtain a symmetric
equi-ripple response.
results in 20 dB
equi-ripple response, and the synthesized and measured results
are shown in Fig. 5. Similarly, an asymmetric Butterworth
response can be obtained by having non-zero
and
.
Fig. 6 shows the synthesized and measured results for the case
of
. By using two above-mentioned tuning
techniques simultaneously, we may also have asymmetric
equi-ripple responses, and one example is shown in Fig. 7. Finally, Fig. 8 shows responses that have two stopbands centered
at 3.0, 3.3, and 3.6 GHz, respectively. All responses show good
attenuation at stopbands. In conclusion, this filter can suppress
various types of spurious and/or interfering signals, which
requires adjusting the tuning devices attached to the resonators.
IV. CONCLUSION

Fig. 8. Measured results with different center frequencies.

design bandwidth have been arbitrary defined to be 3.3 GHz
and 165 MHz, respectively. Since, the substrate-integrated frequency tunable cavity resonator has been used in bandstop filter
designs [5], [6], [9], its properties and design method are not
repeated in this letter. Fig. 3 shows a 3-D layer-by-layer structure and a side-view of the designed filter. Numbers marked in
Fig. 3(a) depict the number of the resonators. The transmission
line between the resonators 1 and 2 is
long and each resonator is established by via holes whose radius is 0.35 mm. The
radius of the cavity is designed to be 8 mm and the diameter of
the post located at the center of each resonator is 4.6 mm. The
cavities are embedded in 3.175 mm thick Rogers TMM3 substrate and the transmission line is fabricated on 0.508 mm thick
RT/duroid 5880 substrate. The microstrip transmission line and
patchs are shown in Fig. 3(a).
The external coupling structures are realized by coupling
slots between the transmission line and the resonators, and
the inter-resonator coupling structures are implemented by
inductive irises. The dimensions of the coupling structure can
be determined by the methods described in [11]and [8], and
they are given in Fig. 3.
III. MEASUREMENT AND RECONFIGURABILITY
The filter has been fabricated and measured for verification
of the presented bandstop filter topology. Fig. 4 shows the measured and synthesized symmetric Butterworth responses and its
inset shows the fabricated filter. The measured results exhibit
attenuation larger than 35 dB at each stopband. The discrepancy between the synthesized and measured responses of
mainly due to the presence of the additional reflection zeros can
be attributed to frequency-dependent characteristic of the transmission line [12]. In other words, since the transmission line
between two resonators is
long only at a single frequency,
additional reflection zeros appear in measurement. In addtion,
fabrication errors that make the transmission line's phase deviate from 90 induce separated reflection zeros at the center
frequency.

In this letter, a new dual-stopband filter topology has been
proposed. Contrary to the conventional cascaded dual-stopband
filters, half of the resonators are coupled to the transmission line
in the presented filter topology. It has been shown that the presented filter topology is capable of reconfiguring the frequency
response to have asymmetric and/or equi-ripple responses as
well as symmetric Butterworth responses. It is worth noting that
this filter can reconfigure bandwidths of the stopbands. For validation of the proposed topology, a bandstop filter using substrate-integrated frequency tunable cavity resonators has been
designed and fabricated. The approach presented in this letter
can be applied to higher-order filter designs.
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