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ABSTRACT In this study, a new method and structure are proposed to design of a switchable and fully
tunable microstrip bandpass filter (BPF). The central frequency and bandwidth (or the resonance frequency
of the resonators, coupling coefficient between resonators, and external quality factor of the I/O resonator)
of the proposed BPF can be efficiently controlled using varactor diodes as tuners. In addition, the proposed
BPF is designed to have three operating states, each with a different frequency tuning range. The three
operating states can be switched between independently by introducing three pairs of switching diodes in
the input and output feeding structures. Because of the ability to switch among the three operating states,
an extra-wide frequency tuning range can be achieved. For demonstration, a two-pole switchable and tunable
BPF was designed and implemented using microstrip technology. The experimental and simulation results
were consistent and indicate that a wide frequency tuning range from 0.54 to 2.4 GHz, corresponding to
a fractional tuning range of 127%, and a nearly constant absolute bandwidth of 82 MHz are achieved.
In addition, the proposed switchable and tunable BPF is small (0.24λg× 0.15λg).

INDEX TERMS Bandpass filter (BPF), microstrip filter, switchable filter, tunable filter.

I. INTRODUCTION
In modern RF and microwave communication systems, elec-
tronically tunable filters play a crucial role. These tunable fil-
ters are often required to achieve frequency tuning, bandwidth
tuning, or transmission zero (TZ) tuning. Numerous planar
RF and microwave bandpass filters (BPFs) have been inves-
tigated and successfully developed using various advanced
techniques [1]–[24].

In [1] and [2], reconfigurable microstrip BPFs based on
varactor-tuned dual-mode open-loop resonators were pro-
posed. By suitably changing the even- and odd-mode res-
onance frequencies of the dual-mode open-loop resonator,
passband frequency tuning can be accomplished. In [3],
a tunable microstrip BPF with a pair of controllable TZs
was developed. The central frequency, bandwidth, and TZs
of the BPF can be tuned by introducing two pairs of varactor
diodes connected at the open ends of each coupled resonator.
In [4] and [5], tunable microstrip combline BPFs were
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presented. A short transmission line between two adjacent
resonators and two pairs of varactor diodes located between
two coupled resonators were employed for bandwidth tuning.
In [6], a tunable microstrip BPF with a constant absolute
bandwidth (CABW) was proposed to enlarge the frequency
tuning range by using a combline resonator loaded with
lumped series resonators. In [7], a two-pole microstrip BPF
with tunable central frequency, bandwidth, and TZs was
investigated. The interstage coupling strength was controlled
using the T-type bandwidth control circuit proposed in the
study, and the I/O coupling strength and locations of the
two generated TZs were controlled using a back-to-back
varactor set. In [8], a two-pole microstrip tunable dual-mode
BPF with a constant fractional bandwidth (CFBW) was
proposed. The major contribution of [8] was capability for
I/O external quality factor control. By introducing two var-
actor diodes located at the open ends of the feeding cou-
pled lines and suitably adjusting their respective capaci-
tance, the I/O external quality factor can be fixed over the
frequency tuning range, and thus, a CFBW-tunable BPF
can be implemented.In [9], a wideband tunable microstrip
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BPFwas developed using varactor-loaded stepped-impedance
resonators (SIRs).

The length ratio of the varactor-loaded SIR was optimized
to obtain a large frequency tuning range. In [10], a tunable
four-pole four-TZ microstrip BPF was proposed. The cross-
coupling and source-load coupling techniques were used to
generate the four TZs. In addition, by adjusting the mag-
netic and electric coupling strengths, a CFBW could be real-
ized. In [11], a tunable microstrip BPF using varactor-loaded
short-circuited coupled lines was proposed. By suitably locat-
ing three pairs of varactor diodes in the short-circuited cou-
pled lines, the central frequency, bandwidth, and TZ of the
BPF could be efficiently controlled. In [12], a CABW tunable
microstripBPF consisting of two varactor-loaded nonuniform
quarter-wave spiral resonators was investigated. The tunable
selectivity and tunable passband were achieved by control-
ling the inherent TZs, which were generated by a combline
coupled section. In [13], a CABW tunable microstrip BPF
based on a half-wavelength resonator with a center-tapped
open-stub was proposed. By controlling the in-band trans-
mission poles, a CFBW could be achieved. In [14]–[17],
tunable microstrip BPFs based on switchable varactor-tuned
resonators were proposed. Because these BPFswere designed
to switch between low-band and high-band tuning states,
a wide frequency tuning range with a CABW was achieved.
However, due to the structure limitation, the designs are dif-
ficult to realize more operating states with a wider frequency
tuning range. In [18], a CABW tunable microstrip BPF with
two self-adaptive TZs was presented. Frequency-dependent
S–L coupling was achieved to produce two TZs at the lower
and upper sides of the passband, which led to higher selectiv-
ity. Numerous systematic design methodologies for higher-
order tunable microstrip BPFs are provided in [19]–[23].
In addition, a switchable single-band or dual-band tunable
microstrip BPF based on synchronously tuned dual-mode
resonators was explored in [24].

The rapid development of RF and microwave communi-
cation technology has led to increasing demand for tunable
and reconfigurable BPFs with wide frequency tuning ranges.
However, the fractional frequency tuning ranges for most of
the abovementioned tunable BPFs are < 70%. In this study,
a new method is proposed to design a tunable microstrip
BPF with an extra-wide frequency tuning range (127%). The
proposed BPF is designed to operate in three tuning states
with a continuous frequency tuning range. The BPF can
switch between the three tuning states; therefore, an extra-
wide frequency tuning range with a CABW is achieved. Full-
wave electromagnetic (EM) simulation and measurements
were used to validate a design example.

This paper is organized as follows. In Section 2,
the detailed procedure for designing the switchable and tun-
able microstrip BPF is presented. The theoretical analysis
and experimental treatment are also included. In Section 3,
a CABW switchable and tunable BPF is implemented using
microstrip technology to validate the feasibility of the pro-
posed idea. The measurement results are presented and

compared with the full-wave EM simulation results. In addi-
tion, the performance is compared with that of the reported
tunable BPFs, and the new academic contributions of the
proposed BPF are highlighted. Finally, the conclusion is pre-
sented in Section 4.

II. CIRCUIT DESIGN
Fig. 1(a) presents a design concept of the proposed three-state
switchable and tunable BPF. The BPF is designed to have
three operating states, each with a different frequency tuning
range. The frequency tuning ranges for states I, II, and III
are f I01–f

I
02, f

II
01–f

II
02 , and f

III
01 –f III02 , respectively; f I02 and f

II
02 are

close to f II01 and f III01 , respectively. Because of the ability to
switch among the three operating states, a wide continuous
frequency tuning range (from f I01 to f III02 ) is achieved. The
realizable coupling structure of the proposed N -pole switch-
able and tunable BPF is presented in Fig. 1(b), with each
node representing a vector-tuned resonator and S and L being
the source and load, respectively. The passband of state n
is formed by the resonators 1n to N n (n = I, II, and III).
The passband of each operating state is realized through an
independent coupling path; therefore, the structure has many
degrees of design freedom. Note that, there will be a tradeoff
between the number of operating states and circuit size in this
design. In addition, the central frequencies and bandwidths
of all passbands for the three operating states can be flexibly
controlled.

Normally, increasing the filter order will result in a larger
in-band insertion loss and a larger circuit size for practi-
cal implementation. Thus, taking into consideration of the
insertion loss and circuit size, the BPF was then designed
to have a two-pole filtering response, as shown in Fig. 1(c),
for a demonstration. Because the passband of each oper-
ating state is realized using an independent coupling path,
each single-state tunable BPF can be designed individually.
Fig. 2(a) presents the circuit model of a two-pole single-state
tunable BPF. The BPF consists of a pair of varactor-loaded
quarter-wavelength resonators. The equivalent circuit model
of a varactor-loaded resonator is presented in Fig. 3. A var-
actor (Cf ) for frequency tuning is connected at the open
resonator end. The input admittance (Yin1; labeled in Fig. 3)
can be obtained using

Yin1 = j
(
ωCf −

cotθR
ZR

)
(1)

The resonance condition of the varactor-loaded resonator can
be obtained using

Im [Yin1] = 0 (2)

Thus, the varactor capacitance (Cf ) can be used to con-
trol the resonant frequency of the varactor-loaded resonator,
except for the characteristic impedance (ZR) and electrical
length (θR).
In addition, to achieve bandwidth tuning, both the cou-

pling coefficient and I/O external quality factor should be
controlled. To achieve this, a pair of varactors (Cm) are placed
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FIGURE 1. Proposed three-state switchable and tunable BPF. (a) Design
concept. (b) Coupling scheme for N-pole filtering response. (c) Coupling
scheme for 2-pole filtering response.

between the coupled resonators, as illustrated in Fig. 2(a), and
are employed to control the coupling coefficient. To facil-
itate analysis, the equivalent circuit model of the coupled
resonators is presented in Fig. 4(a). Because of the symmetric
nature of the circuit model, even–odd mode analysis can be
adopted. The corresponding even-mode and odd-mode equiv-
alent circuits are presented in Figs. 4(b) and (c), respectively.
The even-mode and odd-mode input admittances—that is,
Yin,e and Yin,o, in the half circuits in Figs. 4(b) and (c),
respectively—can be obtained as follows:

Yin,e = jωCf + Y0,e
YL,e + jY0,etanθR1
Y0,e + jYL,etanθR1

(3)

Yin,o = jωCf + Y0,o
YL,o + jY0,otanθR1
Y0,o + jYL,otanθR1

(4)

YL,e = −jY0,ecotθR2 (5)

YL,o = jωCm − jY0,ocotθR2 (6)

where Y0,e and Y0,o are the even-mode and odd-mode charac-
teristic admittances of the coupled lines, respectively. There-
fore, the coupling coefficient M can be derived in terms of

FIGURE 2. (a) Circuit model of a two-pole single-state tunable BPF.
(b) Simulated results of the BPF with tunable central frequencies.
(c) Simulated results of the BPF with tunable bandwidths. (LR1 = LR2 =

10 mm, wR1 = wR2 = wq = 1 mm, d = 4.2 mm, and g = 0.58 mm).

Yin,e and Yin,o as follows:

M =
Im

[
Yin,e (ω0)− Yin,o (ω0)

]
2b

(7)

b =
ω0

2
∂

∂ω

{
Im

[
Yin,e − Yin,o

2

]}∣∣∣∣
ω0

(8)

where ω0 denotes the resonant frequency. Based on this anal-
ysis, the varactor capacitanceCm clearly controls the coupling
coefficient.
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FIGURE 3. Equivalent-circuit model of the varactor-loaded resonator.

FIGURE 4. Equivalent-circuit model of coupled resonators in Fig. 3(a)
and its (b) even-mode and (c) odd-mode circuits.

FIGURE 5. Equivalent-circuit model of the resonator with an external
coupled-line circuit.

For the I/O external quality factor control, a pair of varac-
tors (Cq) are loaded at the input and output coupled lines of
the BPF, as shown in Fig. 2(a). The equivalent circuit model
of the varactor-loaded resonator with an external coupled-
line circuit is presented in Fig. 5. The input admittance
Yin observed on the feeding line (labeled in Fig. 5) can be
obtained as follows:

Yin = iωCq + Yin2 (9)

Then, the I/O external quality factor can be calculated as
follows:

Qe =
ω0Z0
2

∂Im [Yin (ω0)]
∂ω

(10)

Thus, the varactor capacitance Cq can control the I/O exter-
nal quality factor. Figs. 2(b) and (c) present the simulated
performance of the circuit model for a two-pole single-state
tunable BPF. The central frequency and bandwidth of the
BPF can be efficiently controlled by suitably adjusting the
varactor capacitancesCf ,Cm, andCq. In addition, an extra TZ
is produced and located at the upper side of the passband due
to the property of the I/O parallel coupled-line section [25].

For demonstration, a two-pole three-state switchable and
tunable BPF was designed and implemented on a Rogers

TABLE 1. Filter specification.

RO4003 substrate with relative dielectric constant and thick-
ness of 3.38 and 1.524 mm, respectively. The design speci-
fication of the BPF is presented in Table 1. The microstrip
configuration of the proposed two-pole three-state switch-
able and tunable BPF is presented in Fig. 6. The proposed
three-state switchable and tunable BPF consists of three pairs
of varactor-loaded quarter-wavelength resonators that operate
in different frequency ranges. The varactor capacitances Cf 1,
Cm1, and Cq1 (tuned by the bias voltages Vf 1, Vm1, and Vq1,
respectively) are used to control the central frequency f I0 , cou-
pling coefficient M I

12, and external quality factor QIe, respec-
tively, for state I operation; the varactor capacitances Cf 2,
Cm2, and Cq2 (tuned by the bias voltages Vf 2, Vm2, and Vq2,
respectively) are used to control the central frequency f II0 ,
coupling coefficient M II

12, and external quality factor QIIe ,
respectively, for state II operation; and finally, the varactor
capacitances Cf 3, Cm3, and Cq3 (tuned by the bias voltages
Vf 3, Vm3, and Vq3, respectively) are used to control the central
frequency f III0 , coupling coefficientM III

12 , and external quality
factor QIIIe , respectively, for state III operation. In addition,
three pairs of switching diodes (D1, D2, and D3) controlled
by the bias voltages Vd 1, Vd 2, and Vd 3, respectively, are
connected to the T-junctions of the input and output coupled
lines to achieve the state switching feature. Simplified circuits
of the proposed switchable and tunable BPF for states I, II,
and III are shown in Figs. 7(a), (b), and (c), respectively.
As D1 is turned on (that is, enters the forward-biased state)
and D2 and D3 are turned off (that is, enter the reverse-biased
state), the BPF switches to state I operation (see Fig. 7(a)).
As D2 is turned on and D1 and D3 are turned off, the BPF
switches to state II operation (see Fig. 7(b)). As D3 is turned
on andD1 andD2 are turned off, the BPF switches to state III
operation (see Fig. 7(c)).

Fig. 8 depicts the resonance frequencies as a function
of the varactor capacitance (Cf ). Resonance frequencies of
resonator 1I/2I ranging from 1 to 0.54 GHz are achievedwhen
Cf 1 is varied from 0.3 to 2.4 pF and the resonator length
l1 is determined to be 35.6 mm. Resonance frequencies of
resonator 1II/2II ranging from 1.78 to 0.96 GHz are achieved
whenCf 2 is varied from 0.3 to 2.4 pF and the resonator length
l5 is determined to be 20 mm. The resonance frequencies of
resonator 1III/2III ranging from 2.7 to 1.3 GHz are achieved
whenCf 3 is varied from 0.3 to 2.4 pF and the resonator length
l10 is determined to be 11 mm. In summary, the frequency
tuning ranges of all resonators satisfy the required design
specification (Table 1).
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FIGURE 6. Microstrip configuration of the proposed switchable and tunable BPF.

FIGURE 7. Simplified circuits of the proposed switchable and tunable BPF
for (a) state I operation, (b) state II operation, and (c) state III operation.

The theoretical values of the coupling coefficient and exter-
nal quality factor can be calculated as follows [25]:

M =
1
√
g1g2

(11)

Qe =
g0g1
1

(12)

FIGURE 8. Resonance frequency against Cf .(l1 = 35.6 mm,

l5 = 20 mm, l10 = 11 mm, and w1 = w3 = w5 = 1 mm).

where 1 and g denote the fractional bandwidth and lumped
element values of a low-pass prototype filter, respectively.
After a passband ripple of 0.04321 dB is selected, the cor-
responding g-values are found to be g0 = 1, g1 = 0.6648,
and g2 = 0.5445 [26].

The coupling coefficient can be extracted from the
coupled-resonator configuration using the following
formula [25]:

M =
f 2p2 − f

2
p1

f 2p2 + f
2
p1

(13)

where fp1 and fp2 are the lower and higher fundamen-
tal resonance frequencies of two adjacent coupled res-
onators, respectively. The design curves of the coupling
coefficients for states I, II, and III are plotted in
Figs. 9(a), (b), and (c), respectively. A wide range of coupling
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FIGURE 9. Extracted coupling coefficients as a function of resonance frequency. (a) State-I, (b) state-II, and (c) state-III. (d1 = d2 = d3= 4.2mm ).

FIGURE 10. 1-dB tunable bandwidth versus frequency. (a) State-I, (b) state-II, and (c) state-III. (d1 = d2 = d3 = 4.2mm ).

coefficients can be realized when Cm is varied from 0.3 to
2.4 pF. Figs. 10(a), (b), and (c) present the corresponding
1-dB tunable bandwidth versus frequency for states I, II,
and III, respectively. Due to the design method based on the
coupled-resonator technique is applicable only to the design
of a narrowband BPF (1 ≤ 15%) and, therefore, the shaded
regions in Figs. 10(a), (b), and (c) are the realizable band-
width range; however, it still includes the desired bandwidth
specification in Table 1.

The I/O external quality factor can be extracted from a res-
onator with an external coupled-line circuit and the following
equation [25]:

Qe =
π f0τd (f0)

2
(14)

where τd (f0) denotes the group delay at central frequency f0.
The extracted and theoretical external quality factors with
a CABW of 82 MHz for states I, II, and III are plotted
in Figs. 11(a), (b), and (c), respectively. By suitably adjust-
ing the varactor capacitance Cq, the extracted values of the
external quality factor are found to be favorably consistent
with the theoretical values. Fig. 12 shows the theoretical and
EM simulated frequency responses of the switchable and tun-
able BPF. Note that, the losses from the varactors, switching
diodes, and materials are considered in the EM simulations.

Obviously, the EM simulated frequency responses are in
reasonable agreement with the theoretical ones.

The procedure of designing the proposed switchable and
tunable BPF is summarized as follows.

Step 1) Establish the specifications, including the central
frequency, passband bandwidth, filter order, and fre-
quency response.

Step 2) Determine the structural parameters of the varactor-
loaded quarter-wavelength resonators (l1, l5, l10,w1,
w3, and w5) to satisfy the required frequency tuning
range.

Step 3) Evaluate the theoretical values of the coupling coef-
ficients (M I

12,M
II
12, andM

III
12 ) and I/O external qual-

ity factors (QIe,Q
II
e , andQ

III
e ) by using (11) and (12).

Step 4) Extract the coupling coefficients and I/O external
quality factors from the filter structure by using (13)
and (14). Then, the distances between the adjacent
resonators (d1, d2, and d3) and physical parameters
of the I/O feeding structure (g1, g2, g3, w2, w4, and
w6) can be determined when the extracted values of
coupling coefficients and external quality factors are
consistent with the theoretical values. In addition,
by loading the varactors Cm1,Cm2,Cm3,Cq1, Cq2,
and Cq3 into the filter structure, the bandwidth tun-
ing can be achieved.
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FIGURE 11. Extracted external quality factors as a function of resonance frequency. (a) State-I, (b) state-II, and (c) state-III. (g1 = g2 = 0.38mm,

g3 = 0.1mm, and w2 = w4 = w6 = 1 mm).

FIGURE 12. Theoretical (solid curves) and EM simulated (dotted curves)
frequency responses of the switchable and tunable BPF.

FIGURE 13. Picture of the fabricated switchable and tunable BPF.

Step 5) Add three pairs of p-i-n diodes (D1, D2, and D3) to
the T-junctions of the input and output coupled lines
to achieve the state switching feature.

Step 6) Perform optimization to acquire the desired pass-
band performance (if required).

III. EXPERIMENTAL VALIDATION
Fig. 13 presents a photograph of the fabricated switchable
and tunable BPF. The dimensions of the fabricated BPF are
detailed in Table 2, and its overall circuit area is 0.24λg ×
0.15λg (i.e., 87.8× 55.3 mm2), where λg is the guided wave-
length at the lowest operating frequency (i.e., 0.54 GHz).

TABLE 2. Dimensions of the proposed switchable and tunable BPF.
(Unit: mm).

Several lumped components are employed for bypass capac-
itors (C = 33 pF), choke inductors (L = 220 nH), and
biasing resistors (Rb = 10 k�, which is utilized to limit
the bias current). In this design, all varactors are realized
using MA46H201 GaAs diodes with capacitance tuning in
the range 0.3–2.4 pF for bias in the range 0.4–18 V [27]. The
switching diodes are realized using Infineon BRA65-02V
p-i-n diodes and can be turned on by applying a bias voltage
of 1 V [28].

The full-wave EM simulation is performed using Keysight
Advanced Design System (ADS), and measurement is
accomplished using the Agilent N5230A network analyzer.
The equivalent circuits for varactors [27] and switching
diodes [28], [29] were incorporated in the EM simulator
to obtain the simulated frequency response. The EM sim-
ulated and measured S-parameters (|S11| and |S21|) of the
fabricated switchable and tunable BPF are presented in
Figs. 14(a) and (b), where the solid and dotted lines represent
the simulation and measurement results, respectively. Favor-
able agreement is accomplished between the proposed and
simulated model. Awide frequency tuning range from 0.54 to
2.4 GHz (corresponding to a fractional tuning range of 127%)
with an approximate CABW of 82 MHz is achieved. The
experimental results of the BPF indicate that the return loss
(i.e., −20 log|S11|) for all three operating states is >15 dB,
and the insertion loss (i.e., −20 log |S21|) is between 1.8 and
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TABLE 3. Comparison with other previous works.

5.4 dB over the whole frequency tuning range. The inser-
tion loss may be primarily caused by conductor loss and
the finite Q-factor of the diodes. Normally, a narrower frac-
tional bandwidth results in a larger in-band insertion loss.

Therefore, the insertion losses in state III are higher than those
in states I and II as expected. In addition, the input 1-dB
compression point of the fabricated switchable and tunable
BPF is approximately 14 dBm, and the input third-order
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FIGURE 14. Simulation and measurement. (a) |S11| and (b) |S21|.

intercept point with the two tones separated by 5 MHz is
16–22 dBm in the whole frequency tuning range.

To highlight the academic contributions of the proposed
switchable and tunable BPF, a comparison of the proposed
BPFwith state-of-the-art tunable BPFs is provided in Table 3.
Among the tunable BPFs considered, the proposed BPF has
the largest fractional frequency tuning range (i.e., 127%) with
an approximate CABW of 82 MHz. In addition, the central
frequency and bandwidth of the proposed BPF can be effi-
ciently controlled. The proposed BPF is designed to oper-
ate in three states without a considerable increase in size.
Additionally, it has a simpler circuit layout and is easier to
design. In summary, the proposed BPF has an extra-wide
frequency tuning range, flexible frequency and bandwidth
control, compact size, and a simple layout.

IV. CONCLUSION
In this study, a microstrip three-state switchable and fully
tunable BPF was developed. An extra-wide frequency tun-
ing range from 0.54 to 2.4 GHz—a fractional tuning
range of 127%—with an approximate CABW of 82 MHz
was achieved. The design idea was successfully demon-
strated using full-wave EM simulation and validated using

experimental results. In addition, the size of the proposed
switchable and tunable BPF is only approximately 0.24λg×
0.15λg. Because of its extra-wide frequency tuning range,
flexible frequency and bandwidth control, compact size, and
simple layout, theproposed switchable and tunable BPF has
potential practical applications in RF front-end communica-
tion systems.
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