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Frequency- and Bandwidth-Tunable Bandstop
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Abstract— This paper presents a frequency- and bandwidth-
tunable bandstop filter using substrate-integrated wave-
guide (SIW) resonators. For designing such a filter, this paper
also presents a tunable coupling structure between a microstrip
line and an SIW resonator for obtaining the bandwidth tuning
capability. The coupling structure has two coupling slots between
the microstrip line and the resonator, and the phase shift between
the two slots determines the overall external coupling value of
the resonator. This external coupling value can be controlled
by making use of a phase shifter, which in turn makes it
possible to adjust the bandwidth of a bandstop filter. A thorough
mathematical analysis is shown using the equivalent circuit model
of the presented coupling structure, and it has been verified by
measuring an SIW resonator containing the presented structure.
The presented tunable coupling structure has also been applied to
a design of bandstop filter that can be tuned from 2.8 to 3.4 GHz.
The measured results at 3.1 GHz show that the bandwidth can
be tuned from 0 (all-pass) to 96 MHz reaching the attenuation
level of 44 dB.

Index Terms— All-pass filter, bandstop filter, bandwidth tun-
able, frequency tunable, substrate-integrated waveguide (SIW)
resonator.

I. INTRODUCTION

RECENTLY, tunable microwave filters have been of
a great interest as wireless systems are designed to

be flexible ones capable of occupying various bandwidths.
Many technologies have been explored but most studies have
been focused on designing tunable bandpass filters [1]–[8].
Although tunable bandstop filters have not been investi-
gated extensively in comparison with tunable bandpass filters,
a number of useful design techniques for bandstop filters
using distributed resonators have been presented [9]–[18].
Planar tunable bandstop filters are presented in [9]–[15] and
tunable bandstop filters in waveguide structure are discussed
in [16]–[18]. In general, a bandstop filter containing distributed
resonators has a transmission line running from the source
(input port) to the load (output port) and resonators are coupled
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Fig. 1. Coupling routing diagram. (a) Conventional bandstop filter.
(b) Proposed bandstop filter with phase shifter.

to the line being separated by odd multiples of a quarter
wavelength along the line.

The aforementioned tunable bandstop filters are capable
of adjusting their center frequencies by virtue of frequency-
tunable resonators. However, they have no or limited
bandwidth tuning capabilities. The incapability to adjust the
bandwidth is due to fact that the coupling between the line and
each resonator is static. A number of filters adopt a variable
capacitor between the line and each resonator to be able to
control the coupling between the line and each resonator, but
the zero coupling for achieving the all-pass response cannot
be obtained since having the zero capacitance is not feasible.
In this paper, a new design methodology for frequency-
and bandwidth-tunable bandstop filters is presented. More
specifically, a tunable external coupling structure is newly
presented for acquiring bandwidth tuning capability including
zero bandwidth giving the all-pass response. A detailed
mathematical analysis using the equivalent circuit model
is provided in this paper. A single substrate-integrated
waveguide (SIW) resonator structure containing the presented
coupling structure has been fabricated and measured for
verifying the theory and analysis. In addition, the presented
coupling structure has been applied to a second-order
frequency- and bandwidth-tunable bandstop filter design.

II. THEORY

Fig. 1(a) shows the coupling diagram of a conventional
first-order bandstop filter. S and L represent the source and
load, respectively, and the number depicts the resonator. In the
diagram, the source and load are directly connected to each
other and the resonator is connected in the shunt direction.
A bandstop filter that corresponds to this diagram usually
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Fig. 2. Circuit model corresponding to the coupling diagram shown
in Fig. 1(b). The port admittance is normalized to 1 �.

Fig. 3. Circuit model equivalent to the one shown in Fig. 2.

has a uniform transmission line between the source and load
and a distributed resonator is coupled to the transmission
line. For this classical bandstop filter, the center frequency
of the filter is determined by the resonant frequency of the
resonator in use, and the bandwidth by the coupling between
the resonator and the line. Hence, a frequency-agile feature can
be obtained by using a frequency-tunable resonator. However,
acquiring a tunable bandwidth usually requires alteration of
the physical configuration or electromagnetic wave interaction
between the resonator and the line to have a different coupling
value between them. This implies that electrically adjusting
the coupling value between the resonator and the line is a
challenging task, especially when the resonator is of nonplanar
structure, and only a few works on this topic for nonplanar
resonators have been reported so far [15], [16].

For electrically controlling the coupling value between a
resonator and a line, we present an alternative approach.
Fig. 1(b) shows the coupling diagram of a first-order bandstop
filter used in this paper. The resonator is coupled to the line
two times at two different reference points and there is a phase
delay from one reference point to the other. Fig. 2 shows
the circuit model that corresponds to the coupling diagram
shown in Fig. 1(b). J’s represent admittance inverters that
correspond to external coupling structures between the line
and the resonator. There exists a phase shifter between the
input and output ports in order to account for the phase delay
from one port to the other. In this circuit model, the resonator
and phase shifter are tunable while the inverters are static,
since the external coupling structure is usually not electrically
tunable as mentioned above. In this analysis, the phase shifter
is assumed to be independent of the frequency for simplicity,
and we will show that the circuit model in Fig. 2 can be

considered as a resonator having a tunable coupling structure
as shown in Fig. 3. The circuit model in Fig. 2 has two blocks
connected in parallel. One consists of the phase shifter and
the other is composed of the two inverters and the resonator.
Hence, we first find the admittance matrix of each block. The S
matrix of the frequency-independent phase shifter is given by

S1 =
[

0 e− jθ

e− jθ 0

]
(1)

where θ is the phase shift value of the phase shifter. It can be
converted to the admittance matrix

Y1 =
⎡
⎢⎣− j

tan θ

j

sin θ
j

sin θ
− j

tan θ

⎤
⎥⎦. (2)

The admittance matrix of the other block can be found from
the ABCD matrix. Since ABCD matrices of the inverter and
the resonator are given by

[
A B
C D

]
=

[
0 j

1

J
j J 0

]
(3)

and
[

A B
C D

]
=

⎡
⎣ 1 0

j

(
ωC − 1

ωL

)
1

⎤
⎦ (4)

respectively, the ABCD matrix of the block containing the two
inverters and the resonator is given by[

A B
C D

]

=
⎡
⎣ 0 j

1

J1
j J1 0

⎤
⎦

⎡
⎣ 1 0

j

(
ωC − 1

ωL

)
1

⎤
⎦

⎡
⎣ 0 j

1

J2
j J2 0

⎤
⎦

=

⎡
⎢⎢⎣

− J2

J1
− j

(
ωC − 1

ωL

)
J1 J2

0 − J1

J2

⎤
⎥⎥⎦. (5)

Hence, the admittance matrix is found to be

Y2 =

⎡
⎢⎢⎢⎣

J 2
1

j
(
ωC − 1

ωL

) J1 J2

j
(
ωC − 1

ωL

)
J1 J2

j
(
ωC − 1

ωL

) J 2
2

j
(
ωC − 1

ωL

)

⎤
⎥⎥⎥⎦. (6)

The admittance matrix of the circuit shown in Fig. 2 can be
found by adding the two matrices in (2) and (6), and it is
given by

Y =
⎡
⎢⎣− j

tan θ

j

sin θ
j

sin θ
− j

tan θ

⎤
⎥⎦ +

⎡
⎢⎢⎣

J 2
1

j R(ω)

J1 J2

j R(ω)
J1 J2

j R(ω)

J 2
2

j R(ω)

⎤
⎥⎥⎦

=

⎡
⎢⎢⎣

− j

tan θ
+ J 2

1

j R(ω)

j

sin θ
+ J1 J2

j R(ω)
j

sin θ
+ J1 J2

j R(ω)
− j

tan θ
+ J 2

2

j R(ω)

⎤
⎥⎥⎦ (7)
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where

R(ω) = ωC − 1

ωL
. (8)

For visualizing the frequency response of the circuit model
in Fig. 2, S11 and S21 have been found and they are given
in (9) and (10), as shown at the bottom of this page, where

�Y = (Y11 + Y0)(Y22 + Y0) − Y12Y21

=
(

1 − j

tan θ
+ J 2

1

j R(ω)

)(
1 − j

tan θ
+ J 2

2

j R(ω)

)

−
(

j

sin θ
+ J1 J2

j R(ω)

)2

. (11)

In (9) and (10), Ymn is the element in the mth row and nth
column of the admittance matrix in (7), and Y0 is normalized
to one.

The black solid lines in Fig. 4 show the frequency responses
of the circuit model shown in Fig. 2 when the lumped
element values of the resonator have been arbitrarily set to
C = 1591.5 pF and L = 1.6561 pH so that it resonates at
3.1 GHz and the inverter values have been arbitrary chosen to
be J1 = −J2 = 1 for demonstration. The case when J1 and J2
have the same sign will be discussed later.

It is shown in Fig. 4 that the width of the notch varies
with the phase shift, and this indicates that the overall effec-
tive external coupling value changes. Since this type of the
response can be obtained from a circuit containing a tunable
resonator and a tunable external coupling structure, it can be
concluded that the circuit model shown in Fig. 2 is equivalent
to the one in Fig. 3. It is worth noting that the center
frequency of the notch moves with the phase shift although
the LC resonator is set to resonate at 3.1 GHz. This deviation
of the center frequency is of no importance since the center
frequency can be adjusted to the desired one by means of
using a tunable resonator.

For validating the equivalency between the two circuits, the
transmission power ratios of the two circuits are compared.
Equation (10) can be written in an alternative form as (12),
shown at the bottom of this page, under the condition that
J1 = −J2. At the resonant frequency (ω0) of the resonator,
R(ω) = 0. From (12), the magnitude of S21 and |S21| can also
be derived, and the notch frequency, ω1, at which |S21| = 0

Fig. 4. Black lines with squares show the frequency responses of the
circuit model shown in Fig. 2 when J1 and J2 have opposite values when
(a) θ = π/4, (b) θ = π/2, (c) θ = π , and (d) θ = 2π . In (e), the four
curves are shown for observing the bandwidth changing. Red lines with
triangles show the frequency responses of the circuit shown in Fig. 3 with the
parameters given in Table I.

can be found as

ω1 =
√

J 4
1 sin2 θ + 4ω2

0C2 − J 2
1 sin θ

2C
. (13)

It is worth noting that ω1 = ω0 when θ = nπ (n = integer)
and the notch frequency deviates from ω0 when θ �= nπ ,
which can be observed in Fig. 4. The transmission coefficient

S11 = (Y0 − Y11)(Y0 + Y22) + Y12Y21

�Y
=

(
1 + j

tan θ − J 2
1

j R(ω)

) (
1 − j

tan θ + J 2
2

j R(ω)

)
+

(
j

sin θ + J1 J2
j R(ω)

)2

(
1 − j

tan θ + J 2
1

j R(ω)

) (
1 − j

tan θ + J 2
2

j R(ω)

)
−

(
j

sin θ + J1 J2
j R(ω)

)2
(9)

S21 = −2Y21Y0

�Y
=

−2
(

j
sin θ + J1 J2

j R(ω)

)
(

1 − j
tan θ + J 2

1
j R(ω)

) (
1 − j

tan θ + J 2
2

j R(ω)

)
−

(
j

sin θ + J1 J2
j R(ω)

)2
(10)

S21 = R(ω) + J 2
1 sin θ

R(ω)cos θ + J 2
1 sin θ + j (R(ω)sin θ + J 2

1 (1 − cos θ))
(12)
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TABLE I

PARAMETERS OF THE CIRCUIT IN FIG. 3 FOR
REPLICATING THE CIRCUIT IN FIG. 2

of the circuit in Fig. 3 can be derived and it is given by

S′
21 = 2

2 + J ′2
j R′(ω)

(14)

where

R′(ω) = ωC ′ − 1

ωL ′ . (15)

At the resonant frequency (ω = ω′
0), R′(ω) = 0 and |S′

21| = 0.
In other words, the resonant frequency is identical to the notch
frequency. One of the C ′ and L ′ can be arbitrarily chosen and
the other is determined by

C ′L ′ = 1

ω2
1

(16)

since the notch frequency of the circuit in Fig. 2 is ω1.
By equating |S21| to |S′

21| at ω = ω1, we can obtain J ′ value
that allows the circuit in Fig. 3 to approximately replicate the
response of the circuit in Fig. 2, and it is given by

J ′ =
√

2(1 − cos θ)

sin θ

(
ω1(C ′ − C) − 1

ω1

(
1

L ′ − 1

L

))
. (17)

Table I shows the parameters of the circuit in Fig. 3 for
replicating the responses of the circuit in Fig. 2. C ′ has been
arbitrarily chosen to be 1591.5 pF and the other parameters,
L ′ and J ′, have been obtained from (13), (16), and (17).
Obviously, other sets of the parameters can also be found by
having different values for C ′.

For validating our equations, the responses of the circuit in
Fig. 3 and those of the circuit in Fig. 2 having parameters
obtained from (13), (16), and (17) have been compared.
Fig. 4 confirms that the circuits in Figs. 2 and 3 are equivalent
to each other over a frequency range of interest.

For various phase shift values, the equivalent denormalized
external coupling value can be extracted using the method
described in [19]–[22] and it is shown in Fig. 5. In Fig. 5,
external coupling value, kex, has the maximum and minimum
value (zero) when the phase shift, θ , is (2n − 1)π and 2nπ ,
respectively. The operating principle of the coupling structure
can also be explained from intuitive perspective. In case of
θ = 0° and J1 = −J2, the resonator is coupled twice to
the same point of the transmission line having opposite signs
for the couplings. It is obvious that the net coupling becomes
zero since two couplings cancel out. In other words, there is
a perfect destructive interaction between the two couplings.
When θ increases from zero, this destructive interaction is

Fig. 5. Equivalent denormalized external coupling value when J1 and J2
have different signs (J1 = −J2 = 1).

Fig. 6. Equivalent denormalized external coupling value when J1 and J2
have the same sign (J1 = J2 = 1).

not perfect and gives a nonzero coupling. When θ = 180°,
the perfect constructive interaction takes place leading to the
maximum coupling value. When θ = 360°, the net coupling
value becomes zero again, since θ = 360° is equivalent to
θ = 0°.

When the two inverter values have the same sign, a different
characteristic can be observed. Fig. 6 shows the denormalized
external coupling value for the case that J1 = J2 = 1. It is
worth noting that the behavior of the circuit response when
J1 = J2 is 180° off from the one when J1 = −J2.

In this section, two cases have been considered: J1 =
−J2 = 1 and J1 = J2 = 1. The two sets have been chosen
arbitrarily for demonstrating the presented theory. One can
consider more cases with different values and one can observe
the behavior of the circuit by plotting the S21 response with
the aid of (10) and (12). Overall, it can be concluded that
the overall external coupling value of a frequency-tunable
resonator can be controlled by means of adjusting the phase
shift within two reference points where coupling takes place.

III. VERIFICATION

A. Resonator Design

In this paper, a single-resonator structure operating
from 2.8 to 3.4 GHz based on the coupling diagram shown
in Fig. 1(b) is designed to verify that the external coupling can
be adjusted by changing the phase delay. A frequency-tunable
SIW resonator used in this design is shown in Fig. 7.
Since this type of resonator structure has been
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Fig. 7. 3-D view, top view, and cross-sectional side view of the frequency-
tunable SIW resonator structure (a = 7.65 mm, b = 1.74 mm, c = 0.7 mm,
and h = 3.175 mm). Top and bottom copper planes are not shown in 3-D and
top views to expose the inner structure.

Fig. 8. Resonant frequency as a function of the air-gap thickness.

widely employed in frequency-tunable filter designs
[17]–[19], [23]–[25], we give a discussion on our
resonator design briefly. The resonator in this design is
integrated in a 3.175-mm-thick Rogers TMM3 substrate
(ε = 3.27, tan δ = 0.002). Its side wall is formed by copper-
plated via-holes on the boundary, which are connected to both
upper and lower copper sheets. A conductive post is loaded
at the center of the resonator that is formed by via-holes and
a circular copper patch. An air gap is formed between the
copper patch and the lower copper sheet, and the existence
of this air gap allows the copper sheet to move in the vertical
direction, which in turn leads to variation of the resonant
frequency. The fundamental mode is used in this paper, and
its resonant frequency is shown in Fig. 8 as a function of
the air-gap thickness. From Fig. 8, it can be concluded that
the deflection of the lower copper sheet by amount of 31 μm
covers the predefined operating range from 2.8 to 3.4 GHz.

B. Phase Shifter

To obtain a certain amount of phase shift between the two
ports depicted in Fig. 2, we use the continuously tunable
phase shifter presented in [26]. The circuit schematic of the
phase shifter is shown in Fig. 9. It has two quarter-wavelength

Fig. 9. Analog phase shifter using two varactors.

Fig. 10. Frequency responses of the phase shifters shown in Figs. 9 and 11.
(a) Magnitude. (b) Phase.

transmission lines and two varactors. Considering the target
frequency tuning range, the length of each line has been
determined such that it is a quarter wavelength at 3.1 GHz.
It is reported that an excellent impedance matching can be
obtained when the capacitance of varactor C2 doubles that
of C1 and Z0e = 58.4 � and Z0o = 40.3 � [26]. The
black lines in Fig. 10(a) and (b) show the magnitude and
wrapped phase responses of the ideal circuit schematic shown
in Fig. 9, respectively. It can be concluded that the phase
can be controlled by varying the capacitance values while
maintaining a good impedance matching performance. In this
paper, we implement the phase shifter on a 0.508-mm-thick
Rogers 4350B substrate (ε = 3.66, tan δ = 0.004), and its
structure is shown in Fig. 11. C1 and C2 are implemented by
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Fig. 11. Microstrip line analog phase shifter (L = 14.1 mm, W = 1.1 mm,
and S = 0.3 mm).

two varactors, SMV1231-079LF and SMV1232-079LF, from
Skyworks whose tuning ranges are from 0.466 to 2.35 pF, and
from 0.72 to 4.15 pF, respectively.

The practical circuit shown in Fig. 11 contains parasitics that
are not included in the ideal circuit model shown in Fig. 9.
Hence, the impedance matching condition for the practical
circuit is different from the one for the ideal circuit model,
and it was found to be C2 = 1.78C1. The red lines in Fig. 10
show the frequency responses of the circuit shown in Fig. 11
for various sets of the capacitor values. Again, the phase shift
can be controlled having a good return loss over the frequency
range of interest.

C. Filter

A first-order bandstop filter using the resonator structure
and phase shifter described in Sections III-A and III-B, respec-
tively, has been designed for verifying the presented coupling
structure shown in Fig. 2. Two substrates containing the phase
shifter and resonator are stacked as shown in Fig. 12. The
resonator is coupled to the line through two coupling slots
that correspond to two J inverters in Fig. 2. As discussed
above, the overall external coupling value can be adjusted by
controlling the two varactors, and Fig. 13 shows the external
coupling value of the structure shown in Fig. 12 for various
coupling slot angles when the notch is centered at 3.1 GHz.
In this paper, the slot angle has been chosen to be 90° so
that the external coupling has a wide tuning range including
zero. The capacitive patches are constructed in the line above
the coupling slots for compensating the impedance variation
caused by creating the slots [27]. Fig. 14 shows the full-wave
simulation responses of the first-order bandstop filter. It depicts
that a different set of varactor capacitances leads to a different
bandwidth, which in turn indicates that the overall external
value varies with the phase shift from one slot to the other.

IV. FABRICATION AND MEASUREMENT

For verifying the presented theory, the first-order bandstop
filter shown in Fig. 12 has been fabricated. The fabricated
filter is shown in Fig. 15. The upper layer has been fabricated
by drilling and plating via-holes followed by etching the

Fig. 12. Layer-by-layer view of the first-order bandstop filter structure.

Fig. 13. External coupling value of the first-order filter for various coupling
slot angles.

substrate for creating the transmission line. It contains two
varactors for adjusting the phase shifter. For dc biasing, dc
block capacitors (2400 pF) and 10-k� resistors are also placed
in this upper layer. Since fabricating the resonator structure
has been discussed in numerous papers [17], [19], [28], [29],
discussing it is not repeated in this paper. A piezoelectric
linear actuator is attached to the bottom side of the resonator
structure for the purpose of adjusting the air-gap thickness
between the copper post and the copper plane on the bottom
side. Hence, the resonant frequency of the resonator can be
controlled.

For providing the measured results of the phase shifter,
we have also fabricated a stand-alone phase shifter, and its
measured responses are shown in Fig. 16. It has an insertion
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Fig. 14. Simulated frequency responses of the first-order bandstop filter.

Fig. 15. (a) Top view and (b) bottom view of the fabricated first-order
bandstop filter.

loss smaller than 1.5 dB and a return loss better than 16.2 dB.
De-embedding process has been conducted to extract the
phase shift from the reference plane of one slot to that of
the other. This process excludes the phase delay produced by
the coaxial connectors and the lines up to the slots. Since the
phase responses shown in Fig. 16(b) are the wrapped ones,
they are plotted within the range from −180° to +180°.
Unwrapping these, we obtained 375°, 431°, and 465° at
3.1 GHz when C1 is 0.466, 1.000, and 2.000 pF, respectively.

Fig. 17(a) compares the measured results and simulated
results of the first-order filter when centered at 3.1 GHz. It can
be reconfigured to have a different bandwidth and Fig. 17(b)
shows that the 3 dB bandwidth ranges from 0 (effectively all-
pass responses) to 62.2 MHz. This implies that the overall
external coupling value of the resonator can be adjusted by
controlling the phase delay from one coupling slot to the other.
By virtue of the frequency-tunable feature of the resonator, the
stopband can be relocated as shown in Fig. 18(a) and (b).

V. APPLICATION

A second-order frequency- and bandwidth-tunable bandstop
filter has been designed for verifying the presented theory and
structure for the tunable external coupling structure between
a transmission line and a resonator. Fig. 19(a) shows the

Fig. 16. Measured responses of the phase shifter. (a) Magnitude. (b) Phase.

conventional circuit model for a second-order tunable bandstop
filter. A uniform transmission line runs from the input port to
the output port, and it is coupled to two frequency-tunable
resonators via tunable external coupling structures. The two
resonators are separated by an odd multiple of a quarter
wavelength along the line. The normalized coupling matrix
corresponding to the circuit model shown in Fig. 19(a) is given
by

M =

⎡
⎢⎢⎣

0 MS1 0 MS L

MS1 0 0 0
0 0 0 M2L

MS L 0 M2L 0

⎤
⎥⎥⎦ (18)

where S and L represent the source and load, respectively,
and the numbers represent the resonators. MS1 and M2L

are the normalized external coupling values between the line
and each resonator, and MS L is the normalized coupling
between the input and output ports. The matrix element
values can be obtained by using well-known filter synthesis
techniques [30], [31] and they are MS1 = M2L = 1.189 and
MS L = 1.000 for the Butterworth response. The denormalized
external coupling values are then [19]

kS1 = k2L = MS1

√
�

2
= M2L

√
�

2
(19)

where � is the design fractional bandwidth. For designing
a bandwidth-tunable bandstop filter, it is obvious that the
external coupling structures are required to be adjustable.
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TABLE II

COMPARISON WITH PUBLISHED WORKS

Fig. 17. (a) Measured and simulated responses of the first-order bandstop
filter. (b) Measurement with bandwidth tuning at 3.1 GHz.

Hence, we adopt tunable external coupling structure presented
in Section II, and Fig. 19(b) shows the equivalent circuit

Fig. 18. Measured frequency responses of the first-order bandstop filter.
(a) Transmission. (b) Reflection.

model that contains the presented tunable external coupling
structures. The resonator and phase shifter structures described
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Fig. 19. (a) Circuit model of the second-order tunable bandstop filter.
(b) Proposed circuit model.

Fig. 20. Layer-by-layer view of the second-order bandstop filter structure.

in Section III are used in designing a second-order bandstop
filter that corresponds to the circuit model shown in Fig. 19(b).
Fig. 20 shows the layer-by-layer view of the second-order
bandstop filter. There exists a meandering microstrip line on
the top layer and this corresponds to the transmission line
in the middle of the circuit model shown in Fig. 19(b). The
length of this microstrip line is determined to be 26.8 mm
so that the line length from the reference plane of the first
resonator to the one of the second resonator is an odd multiple

Fig. 21. (a) Top view and (b) bottom view of the fabricated second-order
bandstop filter.

Fig. 22. (a) Measured and simulated responses of the second-order bandstop
filter. (b) Measurement with bandwidth tuning at 3.1 GHz.

of a quarter wavelength. The other dimensions are identical to
the ones shown in Figs. 7 and 11. Fig. 21 shows the fabricated
second-order bandstop filter. Fig. 22(a) shows the measured
and simulated responses of the filter centered at 3.1 GHz when
the external coupling structures have the maximum coupling
value leading to a maximum bandwidth of 96 MHz. The
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Fig. 23. Measured frequency responses of the second-order bandstop filter.
(a) Transmission. (b) Reflection.

bandwidth can be controlled by adjusting the phase shifters
and the measurement of the bandwidth tuning at 3.1 GHz is
shown in Fig. 22(b). It is worth noting that the bandwidth
can be reduced down to 0 MHz resulting in the all-pass
response. Since the bandstop filter has the frequency-tunable
resonators, the stopband can be tuned from 2.8 to 3.4 GHz
as shown in Fig. 23. The asymmetric responses in Fig. 23
can be attributed to the frequency-dependent behavior of the
transmission line [27], [32].

This paper has been compared with the published works,
and the comparison is summarized in Table II. It is worth
emphasizing that obtaining the zero coupling for realizing the
all-pass response is feasible in the filter structures.

VI. CONCLUSION

In this paper, we have first presented a new tunable exter-
nal coupling structure between a transmission line and an
SIW resonator. The resonator is coupled to the line via two

coupling slots and the phase shift between the two slots
determines the overall effective coupling between the line
and the resonator. The presented coupling structure has been
rigorously analyzed by means of using an equivalent circuit
model. The measurement has verified the presented tunable
external coupling structure, and it has been applied to the
design of a frequency- and bandwidth-tunable second-order
bandstop filter. The fabricated filter has a bandwidth tuning
range from 3.1% when centered at 3.1 GHz and the center
frequency tuning range from 2.8 to 3.4 GHz.
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