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Abstract—In this paper, we show a new bandstop filter circuit
topology. Unlike conventional bandstop filter circuit topologies, the
new circuit topology has inter-resonator coupling structures. The
presence of these inter-resonator coupling structures enables con-
venient switching from a bandstop to a bandpass filter. Using the
new bandstop filter topology, this paper demonstrates a design of a
frequency-agile bandstop-to-bandpass switchable filter. The filter
is composed of tunable substrate-integrated cavity resonators and
can be switched to have either a bandstop or bandpass response.
Switching is achieved by turning on and off switches placed within
the filter structure. A prototype of the proposed design is fabri-
cated and the concept is verified experimentally.

Index Terms—Bandpass filter, bandstop filter, filter synthesis,
resonator filter.

I. INTRODUCTION

A S RF and microwave spectrum utilization grows, agile
systems will continue to be a promising option for main-

taining or improving the current capability of high-frequency
devices [1]. One of the most challenging aspects of agile system
design is adjustable filtering, due to difficult specifications con-
cerning physical size, tuning range, and insertion loss, among
other performance parameters. However, much progress has
been made. Frequency tunable filters [2], [3], bandwidth tun-
able filters [4], and combinations of these capabilities [5]–[7]
have been demonstrated. A filter structure with multiple func-
tionalities, which can generate arbitrary-order filter responses,
filter array responses, and switchable filter bank responses
has also been recently reported [8]. In addition, intrinsically
switched filters have also been reported [9].
Recently, the necessity and usefulness of the bandstop-to-

bandpass reconfigurable filter from a system point of view were
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reported [10]. If multiple low-power interfering signals were in
an open spectrum, the system could need a bandpass filter to iso-
late the signal of interest and maximize the signal-to-noise ratio
(SNR). On the other hand, it could need a bandstop filter if an
interferer close to the receive band existed. Bandstop-to-band-
pass reconfigurable filters have the advantage of offering either
an th-order bandpass response or an th-order bandstop re-
sponse with only resonators. In a crowded spectrum where
both bandpass and bandstop filter responses could be needed
at different times, these filters allow for a 50% reduction in
filter volume because two different th-order filter responses
can be obtained from resonators. Past bandstop-to-bandpass
filters have been designed with periodic structures [11] or with
a maximum of two resonators [10], [12]. The current state-of-
the-art does not include a methodology showing how to de-
sign higher order coupled-resonator bandstop-to-bandpass re-
configurable filters. This paper presents a rigorous extension
of the bandstop-to-bandpass reconfigurable filter concept to an
arbitrary filter order. As an example, this paper shows the de-
sign and measurement of a fourth-order bandstop-to-bandpass
filter. For the design, we first developed a new bandstop filter
topology, which has inter-resonator coupling structures. Due to
the presence of the inter-resonator coupling structures, the band-
stop filter can be conveniently switched to exhibit bandpass re-
sponses. A pair of switched conventional bandstop and band-
pass filters (Fig. 1(a) can be replaced by the bandstop-to-band-
pass reconfigurable filter [see Fig. 1(b)]). As the number of
poles in a bandstop-to-bandpass reconfigurable filter grows, the
volume reduction benefit increases. The capabilities of the pro-
posed filter structure are expected to be useful in agile volume-
constrained systems that will be operated in crowded spectral
environments.

II. DESIGN

A. Bandstop Filter Topology

Fig. 2(a) shows a low-pass circuit topology of a conventional
fourth-order bandstop filter. and represent the source and
load, and the numbers represent resonators. Each resonator is
modeled as a unit capacitor in parallel with constant reactance

( and ) to account for frequency shift of
the resonant frequency. and are nonresonating nodes
(NRNs), and each NRN is connected to the ground by a con-
stant reactance ( and ) [13]. All nodes (source,

0018-9480/$31.00 © 2013 IEEE
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Fig. 1. (a) Pair of switched bandstop and bandpass filters. (b) Proposed circuit
topology of fourth-order bandstop filter.

Fig. 2. Comparison of circuit topologies. The numbers represent resonators
which can be any type such as lumped element resonator, microstrip line res-
onator, or cavity resonator. (a) Conventional circuit topology of fourth-order
bandstop filter. (b) Proposed circuit topology of fourth-order bandstop filter.

load, resonators, and NRNs) are connected by admittance in-
verters whose values are represented by (
, and ).
Bandstop filters with the conventional circuit topology have a

uniform transmission line between the source and load, and each
resonator is coupled to the uniform transmission line [14]. How-
ever, the conventional bandstop filter cannot be easily switched
to be a bandpass filter, due to the fact that there are no inter-res-
onator coupling structures. For the design of bandstop-to-band-
pass switchable filters, we first developed a new circuit topology
with inter-resonator coupling structures for bandstop filters. The
new circuit topology is shown in Fig. 2(b), and its coupling ma-
trix is shown in (1) at the bottom of this page. It is of note that the

Fig. 3. (a) Frequency response of the filter with the coupling matrix given in
(2). (b) Frequency response of the filter with the coupling matrix given in (3).

proposed circuit topology can be used for any type of resonators,
such as a lumped-element resonator, microstrip line resonator,
and cavity resonator. The coupling matrix for a prescribed fre-
quency response can be obtained by using well-known filter
synthesis methods [15]. For example, the solid lines in Fig. 3
show a fourth-order Butterworth bandstop response where all
transmission zeros are at ( : the normalized complex
frequency), and all reflection zeros are at infinity in the normal-
ized frequency domain, and the coupling coefficients are

(2)

This frequency response can be obtained from the conventional
bandstop filter topology [see Fig. 2(a)]. This indicates that the
new bandstop filter topology can exhibit the frequency response
that can be obtained from the conventional topology.
The dotted lines in Fig. 3 show another example of the band-

stop response where transmission zeros are at
and and refection zeros are at
and . The reflection zeros are chosen arbitrarily for demon-
stration and the transmission zeros are determined in a way that

(1)
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Fig. 4. (a) Frequency response of the filter with the coupling matrix given in
(2) with ’s in (4). (b) Frequency response of the filter with the coupling
matrix given in (3) with ’s in (5).

results in a 30-dB equi-ripple response in the stopband. Simi-
larly, the coupling coefficients can be obtained and they are

(3)

It is of note that the frequency response shown by dotted lines in
Fig. 3 cannot be obtained from the conventional bandstop filter
topology.
In new bandstop filter topology, and have the

same sign, and so do and . This allows a filter with
the new bandstop filter topology to generate various kinds of
frequency responses by detuning each resonator. In other words,
the new topology allows for higher level flexibility with respect
to varying the frequency response. For example, the frequency
response plotted in solid lines shown in Fig. 4 can be obtained
by simply changing the ’s ( , and ) in (2) to

(4)

and the one plotted in dotted lines shown in Fig. 4 can be ob-
tained by changing the ’s ( , and ) in (3) to

(5)

It is worthwhile to note that detuning the resonant frequency
of each resonator enables having different equi-ripple attenua-
tion levels and bandwidths with no need of adjusting other cou-
pling coefficients. In other words, having the same sign for
and , and and allows us to have either an
equi-ripple response or a response with all transmission zeros
at the same frequency by tuning each resonator. In addition,

a bandstop filter with the new circuit topology has an advan-
tage in terms of the capability of being switched to a bandpass
filter due to the fact that it has inter-resonator coupling, which
is indispensable to bandpass filter design. We will discuss how
the bandstop filter with new topology can be switched to be a
bandpass filter after discussing a physical design of the band-
stop filter.

B. Physical Structure

In Section II-A, we proposed a new bandstop filter topology
that has inter-resonator couplings. The presence of the inter-
resonator couplings allows us to conveniently switch a band-
stop filter to exhibit bandpass responses. This design approach
can be used for any resonator structure. In this work, we chose
high- tunable substrate-integrated cavity resonators for veri-
fying the new bandstop filter topology shown in Fig. 2(b). Fig. 5
shows a 3-D drawing and simplified top- and side-view draw-
ings of the bandstop filter with the new topology. In this work,
high- tunable substrate-integrated cavity resonators are used.
Four cylindrical cavity resonators are embedded in a 3.175-mm-
thick Rogers TMM3 substrate ( ). The
resonant frequency of the cavities is defined by the substrate
height, the radius of the cage of via-holes forming the outer wall
[ in Fig. 5(b)], the radius of the central post, and the capacitive
gap between the central post and copper membrane forming the
bottom of the cavity. A 0.38-mm-thick commercially available
piezoelectric actuator from Piezo Systems Inc., Woburn, MA,
was attached under each cavity layer in order to control the gap
by deforming the copper membrane. The via-holes in this de-
sign are 0.4 mm in radius and the post at the center of the cavity
has a radius [ in Fig. 5(b)] of 1.4 mm. An iris between two
resonators forms the inter-resonator coupling structure, and its
width [ in Fig. 5(b)] is determined by the required inter-res-
onator coupling coefficient. This iris is modeled as a shunt in-
ductor between two resonators [16], which provides an approx-
imate 90 phase shift.
Coupling structures between the source and the first res-

onator, between the first NRN and the second resonator,
between the second NRN and the third resonator, and between
the load and the fourth resonator were implemented by coupling
slots in the copper layer beneath a 50- microstrip transmission
line fabricated on a 0.762-mm-thick Rogers 4350B substrate
( ). The capacitive patches above
the coupling slots are used to enhance the return loss in the
passband [17]. The sizes of the coupling slots are determined
by the coupling coefficients , , , and . The
coupling coefficients are given by

(6)

where is fractional bandwidth. In this work, we use the nor-
malized coupling coefficients in (3) to obtain the frequency re-
sponse in Fig. 3(b), and the design bandwidth was set to be
40 MHz at 2.7 GHz for this demonstration. Using full-wave
simulations with the methodology described in [18], we ob-
tained the coupling coefficient of the coupling slot. It is shown
in Fig. 6(a) as a function of the sweep angle of the coupling slot
given that the distance between the coupling slot and the center
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Fig. 5. (a) 3-D drawing of the bandstop filter. (b) Simplified top- and side-vide
drawings ( mm, mm,
mm, and mm).

of the cavity [ in Fig. 5(b)] is 5.0 mm. The coupling coeffi-
cient increases as the sweep angle of the coupling slot increases.
The sweep angles for the coupling slots, and , are deter-
mined to be 128 and 100 , respectively. The electrical length
between the coupling slots A and B and between coupling slots
C and D were designed to be 270 at the design frequency, ref-
erenced from the middle of each coupling slot and including the
phase from the inductive ground defect that the coupling slots
impart. This line length is required to make , , ,
and have the same sign.
Coupling structures between resonators 1 and 2 and between

resonators 3 and 4 are formed by inductive irises. The coupling
coefficient is mainly determined by the width of the iris [ in
Fig. 5(b)], and it is summarized in Fig. 6(b). For an inter-res-
onator coupling structure, the coupling coefficient is given by

(7)

Fig. 6. (a) Coupling coefficient of the coupling slot between the transmission
line and the resonator. (b) Coupling coefficient of the coupling iris between two
resonators.

and the width of the iris has been designed to be 7.5 mm for the
coupling coefficient needed in this work. All dimensions for the
bandstop filter design are summarized in Fig. 5.
If we have an open circuit in each 270 transmission line,

the filter can exhibit a bandpass filter response. This can be
understood by contemplating a simplified drawing of the filter
shown in Fig. 7. Input and output external coupling structures
are formed by an open-circuited transmission line along with a
coupling slot. Inter-resonator coupling structures between the
first and second resonators and between the third and fourth
resonators are also established by inductive irises. Lastly, an
inter-resonator coupling structure between the second and third
resonators is formed by two coupling slots and a transmission
line with open ends on both sides. Therefore, this circuit is a di-
rect-coupled resonator bandpass filter and its coupling matrix is
given by

(8)

The normalized coupling coefficients are determined by the pre-
scribed frequency response. In this work, we design the filter in
such a way that it can exhibit the frequency response shown in
Fig. 8, and the normalized coupling coefficients are

(9)
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Fig. 7. (a) Simplified top-view drawing of the filter structure with open-cir-
cuits in the transmission line. (b) External coupling structure. (c) Inter-resonator
coupling structure between resonators 1 and 2 and between resonators 3 and 4.
(d) Inter-resonator coupling structure between resonators 2 and 3.

Fig. 8. Frequency response of the filter with coupling coefficients shown in (9).

The inter-resonator coupling structure formed by the induc-
tive iris is used for generating both the bandstop response and
the bandpass response. Therefore, the design bandwidth for
the bandpass response is determined in such a way that the
coupling coefficients of the inter-resonator coupling structure

Fig. 9. (a) Coupling coefficient of the external coupling structure shown in
Fig. 7(b). (b) Coupling coefficient of the inter-resonator coupling structure
shown in Fig. 7(d).

for the bandstop response and bandpass response are identical.
Therefore, the design bandwidth for the bandpass response is
determined to be 33 MHz at 2.7 GHz for this demonstration. It
is of note that the design bandwidth for the bandpass response
can be made different by adjusting the coupling matrices for
bandstop and bandpass responses. The coupling coefficient
of the external coupling structure [see Fig. 7(b)] is controlled
by the length of the open-circuited transmission line with the
given size and location of the coupling slot. Using full-wave
electromagnetic (EM) simulations, we extracted the coupling
coefficient of the external coupling structure by following the
methodology described in [19]. Fig. 9(a) shows the external
coupling coefficient as a function of the length of the open-cir-
cuited transmission line. The length has been determined to be
24 mm using Fig. 9(a) and

(10)

Since inductive coupling is dominant at the coupling slot, the
coupling coefficient becomes maximum when the length of
the open-circuited transmission line is close to a quarter-wave-
length.
Similarly, with the given sizes of the coupling slots, the cou-

pling coefficient between resonators 2 and 3 is determined by
the transmission line length from the open end to the coupling
slot , and this is summarized in Fig. 9(b). Fig. 9(b) shows
that the inter-resonator coupling structure between resonators
2 and 3 can have either a positive or negative coupling coef-
ficient depending on the length of the transmission line. This
characteristic is described in [8], and it is not repeated in this
paper. However, it is worthwhile to note that the sign of the cou-
pling coefficient makes no difference in our case (direct-coupled
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bandpass filter design) according to matrix similarity transfor-
mation theory [20]. Using Fig. 9(b), we can determine the length
of the transmission line.
If the sum of and is equal to 270 , we need only

one switch to replicate the open- and shorted-circuit in each of
the 270 long transmission lines. This is a rare case, and two
switches are theoretically needed to achieve the required dimen-
sions: and for the bandpass response at turn-off state,
and a 270 long transmission line for the bandstop response at
turn-on state. However, a large number of switches results in a
high insertion loss. In the case where the bandstop filter can tol-
erate the fact that the transmission lines between coupling slots
A and B and between coupling slots C and D are not 270 long,
but close to it, we can use one switch in each of those transmis-
sion lines. Therefore, we put one switch in each of those trans-
mission lines.
With an open circuit in each of the transmission lines be-

tween coupling slots A and B and between coupling slots C
and D, we can have inter-resonator coupling between neigh-
boring resonators. In other words, coupling structures can be
established between consecutively numbered resonators, which
is indispensable for designing direct-coupled bandspass filters.
Therefore, we can design a reconfigurable filter that can be
switched to have either a bandpass or a bandstop response. In
order to have the capability of having a short circuit and an
open circuit in each of those transmission lines, we employ
reflective microelectromechanical systems (MEMS) switches
from Omron, Kyoto, Japan (part #: 2SMES-01). Isolation, in-
sertion loss, and return loss are 30, 1, and 10 dB up to 10 GHz,
respectively. At off-state, the switch has parasitic capacitance,
which causes a nonzero phase shift. The phase shift has been
measured for the individual MEMS switches. Due to this phase
shift, the microstrip-line structure shown in Fig. 5(a) has been
modified to absorb the phase shift generated by the MEMS
switches, and the physical structure of the bandstop-to-band-
pass switchable filter is shown in Fig. 10.
In summary, the design procedure for the reconfigurable filter

is as follows.
1) Define the fractional bandwidths and frequency responses
for the bandstop and bandpass states.

2) Obtain the coupling matrices for bandstop and bandpass
responses (If the couplingmatrices do not allow for sharing
the coupling irises, go back to 1) and adjust the frequency
responses).

3) Design the coupling slots and irises using (6) and (7).
4) Find and for finding the location of the switches
using the design graphs shown in Fig. 9.

III. MEASUREMENTS

A prototype of the filter structure described in Section II was
fabricated, and themeasured results are shown in the subsequent
figures. First, the switches were turned on to have bandstop re-
sponses, and Fig. 11 shows the measured frequency responses.
The filter can be continuously tuned from 2.7 to 3.0 GHz. Fre-
quency tuning is achieved by changing the thickness of the air
gap between the post and the bottom conductor layer. The thick-
ness of the air gap is adjusted by a piezoelectric actuator (Piezo

Fig. 10. (a) Photograph of the front side of the fabricated filter (switches are
not shown in order to show the pads for MEMS switches). (b) Photograph of
the back side of the fabricated filter. (c) Top-view drawing of the fabricated
filter with dimensions ( mm, mm, mm,

mm, mm, mm, and mm).

Systems Inc., Woburn, MA T216-A4NO-273X), which is at-
tached to the bottom conductor layer. DC voltage from 200
to 200 V can be applied to the piezoelectric actuators for
frequency tuning, and higher voltage results in a lower filter
center frequency. The measured 30-dB-rejection bandwidth is
37.5 MHz, 41.5, 42.5, and 42.5 MHz at 2.7, 2.8, 2.9, and 3.0
GHz, respectively. The passband insertion loss of the filter re-
sponses, including the loss of connectors at the ports and the
MEMS switches, is 1.2 and 2.0 dB at 2.5 and 3.2 GHz, respec-
tively. The filter has higher insertion loss at higher frequencies
mainly due to the fact that the insertion loss of theMEMS switch
increases as the frequency increases. For the bandstop response,
the signal passes through the two on-state switches in the recon-
figurable filter [see Fig. 1(b)] and in the conventional configura-
tion [see Fig. 1(a)]. Therefore, the insertion loss of the reconfig-
urable filter is theoretically identical to that of the bandstop filter
in the conventional configuration. Since the MEMS switches
and the printed circuit board (PCB) pads for them do not pro-
vide the perfect 50- matching, the reflection coefficients of the
responses start to be worse than 10 dB at 3.9 GHz. This pass-
band matching performance can be improved by more careful
design of PCB pads for the MEMS switches.
As discussed in Section II, the new circuit topology allows us

to have different bandstop filter responses by adjusting the res-
onant frequency of each resonator. For example, the bandstop
filter can create a deep notch by adjusting the resonant frequency
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Fig. 11. Measured frequency response of the filter. The 30-dB equi-ripple
bandstop responses are shown. (a) Transmission coefficient. (b) Reflection
coefficient.

of each resonator. In order to verify this concept, the filter has
been tuned in such a way that it creates a single deep notch
by having all transmission zeros at the same frequency, and the
measured result is shown in Fig. 12. All transmission zeros are
located at the same frequency, which results in a narrow band-
width. This verifies that the filter with the new topology can
generate different attenuation levels and bandwidths by tuning
each resonator.
The filter can be switched to exhibit bandpass responses by

turning off the MEMS switches, and Fig. 13 shows the mea-
sured results of the filter. Although the physical dimensions
of the filter are determined by full-wave EM simulations tar-
geting 2.7 GHz, bandpass response can also be tuned from 2.7
to 3.0 GHz. The measured and simulated 3-dB bandwidths are
25 and 23.5 MHz, respectively. The measured insertion loss in
the passband is 4.7, 4.8, 5.1, and 6.0 dB when the filter is cen-
tered at 2.7, 2.8, 2.9, and 3.0 GHz, respectively. In this work,
the design bandwidth for the bandpass response has been set to
be smaller than that for the bandstop response. Since the inser-
tion loss of the bandpass response is inversely proportional to
the bandwidth and the factor of the resonators, having smaller

Fig. 12. Measured frequency response of the filter. The bandstop filter is tuned
to have all transmission zeros at the same frequency for each response. (a) Trans-
mission coefficient. (b) Reflection coefficient.

bandwidth results in larger insertion loss. Although the factor
of each resonator is high , moderate insertion loss
is observed, which is mainly attributed to the narrow design
bandwidth of the filter. The insertion-loss performance can be
improved by further enhancing the factor of each resonator.
The switches are embedded in the reconfigurable filter and the
MEMS switches have little influence on the insertion loss of
the bandpass responses theoretically. This is because the signal
does not pass through the off-state switches for the bandpass
mode. On the other hand, the insertion losses of the two switches
are directly added to the insertion loss of the bandpass filter in
the conventional configuration [see Fig. 1(a)] since the signal
passes through the two switches. Therefore, the insertion loss
of the reconfigurable filter for the bandpass state is theoretically
smaller than that of the bandpass filter in the conventional con-
figuration. Small discrepancy between the simulation and mea-
surement can be attributed to fabrication tolerances and the high
sensitivity of the frequency tuning due to the narrow bandwidth.
In addition, it is possible that each switch has different para-
sitics, which play an important role in determining the length
of the microstrip transmission lines. The transmission zeros in
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Fig. 13. Measured frequency response of the filter. The filter is switched to
have bandpass responses at different center frequencies. (a) Transmission coef-
ficient. (b) Reflection coefficient.

each side of the stopband can be attributed to the nonzero cou-
pling between the source and load through the transmission line
and the MEMS switches. The out-of-band isolation is around
35–40 dB. It is mainly due to the limited isolation performance
of the MEMS switches. The out-of-band isolation performance
can be improved by enhancing the isolation performance of the
MEMS switches for the off-state.
The reconfigurable filter in this work can be tuned from 2.7 to

3.0 GHz with good bandstop and bandpass responses. The fre-
quency tuning range is mainly limited by the fact that the cou-
pling coefficient of each coupling structure varies with the fre-
quency. Therefore, the frequency tuning range can be increased
by employing tunable coupling structures.
It has been shown that we can design bandstop-to-bandpass

switchable filters by using the proposed bandstop filter topology
with inter-resonator coupling structures. These inter-resonator
coupling structures allow us to conveniently reconfigure the
filter structure using switches. This approach can also be applied
to higher even-number-order reconfigurable filter design, and
Fig. 14 shows a sixth-order bandstop filter topology with inter-
resonator coupling structures as an example. Future research

Fig. 14. Sixth-order bandstop filter topology with inter-resonator coupling
structures.

may include development of the topology for odd-number-order
filters.

IV. CONCLUSION

In this paper, we have presented a new bandstop filter
topology with inter-resonator coupling structures. We have
shown that the bandstop filter with the new topology can be
conveniently switched to have a bandpass response due to the
presence of the inter-resonator coupling structures. In order to
verify the new topology, a switchable filter with a tuning range
from 2.7 to 3.0 GHz was designed using tunable substrate-inte-
grated-waveguide resonators. The filter was reconfigured by a
pair of reflective MEMS switches, and it was demonstrated that
the switchable filter can exhibit both bandstop and bandpass
filter responses with good agreement between simulations and
measurements. Filter with these capabilities can offer a sig-
nificant improvement to reconfigurable front-end transceivers
as they provide tailored transfer functions for a wide range of
spectral environments.
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