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ABSTRACT Designing a higher-order tunable bandpass filter (BPF) with constant absolute bandwidth
(ABW) and identical passband response at every passband frequency tuning state is considered a challenge.
In this paper, we propose quasi-elliptic higher-order tunable BPFs that use synchronously tuned dual-mode
resonators, which can achieve identical passband frequency response and constant ABW. To achieve identical
passband frequency response and constant ABW, all frequency-dependent coupling coefficient and external
quality factor are physically realized using series capacitor and shunt varactor. To achieve quasi-elliptic
response, transmission zeros are generated at lower and upper sides of passband through cross-coupling
between dual-mode resonators. For experimental validation, a prototype of 4th and 6th-order BPFs are
designed and fabricated. Experimental results reveal that the passband center frequency of the 4th-order
tunable BPF can be tuned from 1.35 to 1.75 GHz (25.82%) with identical passband return loss (RL) of
20 dB and 1-dB constant ABW of 92 ± 1.3 MHz. Similarly, the passband center frequency of 6th-order BPF
can be tuned from 1.38 to 1.77 GHz (27.76%) with an identical passband RL of 20 dB and 1-dB constant
ABW of 98 ± 1.5 MHz.

INDEX TERMS Dual-mode resonators, identical passband response, tunable bandpass filters.

I. INTRODUCTION
Tunable bandpass filters (BPFs) with identical passband fre-
quency response and constant absolute bandwidth (ABW)
are very attractive for better utilization of the frequency
spectrum in the next generation communication systems [1].
In recent years, tunable BPFs based on multi-mode res-
onators have attracted a lot of attention as they have the
potential to reduce circuit size [2]. Several tunable BPFs
based on dual-mode resonator are presented in the liter-
ature including center frequency and bandwidth tunabil-
ity [3], [4], [5]. In [6] and [7], tunable BPFs based on a
synchronously tuned dual-mode resonator are designed and
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approving it for publication was Feng Lin.

fabricated. A wideband tunable BPF based on a tunable
external Q-factor and the multi-mode resonators is presented
in [8]. However, the majority of previously reported tunable
BPFs focus on low-order (such as 2nd and 3rd-order) BPF
designs [9], [10], [11], [12], [13], [14], [15], [16], [17].

In recent years, higher-order tunable BPFs have been
reported. In [18], a 4th-order tunable BPF is presented by
employing nonuniform Q-distribution on the dual-mode res-
onator, which results in a wider 3-dB bandwidth and rel-
atively higher insertion loss. Likewise, 4th-order combline
tunable BPFs are presented in [19], [20], and [21] that use
microstrip line resonators and varactors. However, the design
method of these works is complicated. In [22], 4th-order
tunable BPF is designed using three quarter-wave (λ /4) res-
onators and one half-wavelength (λ /2) resonator. A 4th-order
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FIGURE 1. (a) Coupling diagram of 4th-order tunable BPF with transmission zeros and (b) circuit implementation of 4th-order tunable BPF using
two synchronously tuned dual-mode resonators.

FIGURE 2. Theoretical design parameters and tunable frequency response of 4th-order BPF with constant absolute bandwidth and identical
passband response. Coupling matrix values : ms1 = m4L = 1.021, m12 = m34 = 0.8807, m23 = 0.711, m14 =-0.06. Constant ABW = 100 MHz.

FIGURE 3. (a) Proposed dual-mode resonator, (b) even-mode equivalent
circuit and (c) odd-mode equivalent circuit.

tunable BPF with constant ABW is presented in [23] which
employs folded topology and cross-coupling between the
electric and magnetic coupling resonators. In [24] and [25],
a synthesis of higher-order tunable BPF with constant
ABW is presented using element-variable coupling matrix
(EVCM). For experimental demonstration, 4th-order tunable
BPF with constant ABW is fabricated and measured using
quarter-wavelength tunable resonators.

More recently, 6th-order tunable BPFs with constant ABW
have also been presented. In [26], a 6th-order tunable BPF
with constant ABW is presented by using a coupling matrix
and frequency-curve shape design approach. Likewise, a
6th-order wideband tunable BPF with constant ABW is
demonstrated in [27] using varactor-loaded λ /2 resonators

and alternate J/K inverters. However, a drawback of these
previously reported higher-order tunable BPFs is that pass-
band frequency response is not maintained as the passband
frequency is tuned. The passband return loss (RL) is typically
degraded while tuning the passband center frequency of the
tunable BPFs. In contrast with a lower-order tunable BPF, the
higher-order tunable BPFs have more stringent requirements
for frequency-dependent coupling while tuning tunning pass-
band frequency. Therefore, designing higher-order tunable
BPF with identical passband and constant ABW is quite
challenging.

In this paper, we demonstrate a systematic design method
for quasi-elliptic higher-order tunable BPFs that consists of
synchronously tuned dual-mode resonators, and can achieve
identical passband frequency response and constant ABW.
To achieve identical passband frequency response and con-
stant ABW, design variables have been extracted such that
these design variables can be physically realized easily. The
effectiveness of the proposed design method is demonstrated
by fabricating 4th-and 6th-order tunable BPFs having pass-
band center frequency tunable from 1.40 GHz to 1.84 GHz
and transmission zeros (TZs) at lower and upper sides of
passband.

II. DESIGN THEORY
A. 4th-ORDER TUNABLE BPF WITH CONSTANT ABSOLUTE
BANDWIDTH
Fig. 1(a) shows coupling diagram of 4th-order tunable BPF
with TZs. The TZs at lower and upper sides of passband are
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FIGURE 4. (a) Even and odd-mode resonant frequencies (fe and fo) and (b) bandwidth fBW = (fo - fe) responses with different θ1, θ0, and θk . Electrical
lengths are defined at 1.50 GHz.

generated by cross-coupling between resonators. To reduce
the number of resonators, Fig. 1(b) shows circuit implemen-
tation of 4th-order tunable BPF, where resonators 1 and 2 as
well as resonators 3 and 4 are implemented using two syn-
chronously tuned dual-mode resonators R1 and R2. The even
and odd-mode resonant frequencies of dual-mode resonator
play an important role for achieving constant ABW in the
proposed tunable BPF. The self-coupling element value of
dual-mode resonators can be written as (1) in terms of even-
and odd-mode resonant frequencies (fei and foi) of dual-mode
resonators.

x =

(
fd
fei

−
fei
fd

)
, y =

(
fd
foi

−
foi
fd

)
, i = 1, 2, . . . (1)

where mapping frequency element fd is given as fd = (fh+
fl)/2 and fh and fl are upper and lower limits of tunable center
frequency of filter. As seen from (1), self-coupling coeffi-
cients are dependent on fd , which leads to design tunable BPF.
To design the tunable BPF with constant ABW and iden-

tical passband frequency response, the separation between
odd- and even-mode resonant frequencies (fei and foi) should
be constant desired value ( ie fBW ∼= foi-fei). To achieve
constant ABW, even and odd-mode resonant frequencies of
dual-resonators should be determined using (2) where fc is a
tunable passband center frequency of BPF between fh and fl .

fei = fc − ABW × mi,i+1, i = 1, 3, · · · (2a)

foi = fc + ABW × mi,i+1, i = 1, 3, · · · , (2b)

wheremi,i+1 is a coupling matrix value as shown in Fig. 1(a).
Once even and odd-mode resonant frequencies are deter-
mined, coupling between dual-mode resonators (ki,i+1), and
external Q-factor (Qexe) should be determined using (3).

ki,i+1 =
ABW
fc

× mi,i+1, i = 2, 4, · · · (3a)

Qexe =
Qe + Qo

2
=

fe1 + fo1
2 × ABW

(3b)

Using (1)-(3), theoretical calculated design parameters and
frequency response of tunable filter are shown in Fig. 2.
As seen from the figure, even-mode resonant frequencies
move from 1.359 GHz to 1.80 GHz when x is tuned

from 0.358 to -0.207 and odd-mode resonant frequencies
move from 1.44 GHz to 1.881 GHz when y is tuned from
0.23 to -0.303. Likewise, when center frequency varies from
1.40 GHz to 1.84 GHz, the Qexe is in range of 14 to 18.4.
To demonstrate the tunable filter design, center frequency
tuning behaviors of BPF are performed by changing x and y
and results are extracted. As depicted in Fig. 2, the passband
center frequency of BPF is tuned from 1.40 GHz to 1.84 GHz
with constant 1-dB ABW of 110 MHz when x ranges from
0.358 to -0.207 and y ranges from 0.23 to -0.303.

1) RESONANT FREQUENCY OF PROPOSED DUAL-MODE
RESONATOR
Fig. 3(a) shows the proposed structure of transmission line
(TL) dual-mode resonator which consists of two TLs with
characteristic impedance and electrical lengths of Z1, θ0,
θ1, varactor diode with a capacitance of Cv, and shunt
short-circuited TL with characteristic impedance and elec-
trical length of Zk , and θk . Using the even- and odd-mode
equivalent circuits shown in Fig. 3(b) and 3(c), the even- and
odd-mode input admittances are derived using (4).

Yine = j
1
Z1

{
Z eL tan θ1 − Z1
Z eL + Z1 tan θ1

}
(4a)

Yino =
j
Z1

{
ωZ1Cv (tan θ0 tan θ1 − 1) − tan θ1

ωZ1Cv (tan θ0 + tan θ1) − 1

}
, (4b)

where

Z eL =
2Z1Zk tan θk + Z2

1 tan θ0

Z1 − 2Zk tan θk tan θ0
−

1
ωCv

(5)

The even- and odd-mode resonant frequencies (fe and fo)
can be extracted by equating im(Yine) = 0 and im(Yino) = 0.
The center frequency and BW are predefined as fc = (fe +

fo)/2 and fBW = (fo - fe), and corresponding response analysis
is carried out by changing θ1, θ0, θk , and capacitance of
varactor model 1T362 varactor from Sony Inc with Cv =

3 ∼ 30 pF.
Fig. 4(a) shows the even and odd-mode resonant fre-

quencies with different θ0 and θk . The even-mode resonant
frequency moves close to the odd-mode as θk decreases.
Similarly, even and odd-mode resonant frequencies advances
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FIGURE 5. (a) Even- and odd-mode resonant frequencies separation, (b) coupling coefficient between dual-mode resonators, and
(c) external quality factor. Cv is varied from 3 ∼ 50 pF with values of Z1 = Zs = Zk = 50 �, θ1 = 90o, θ2 = 80o, θ0 = 6.41o, θk = 3.24o, θs =

52.9o, Ca1 = 0.7 pF, and Ca2 = 0.5 pF. Electrical lengths of transmission lines are defined at 1.50 GHz.

FIGURE 6. Simulation results of 4th-order tunable BPF. Dashed line: coupling matrix results and solid line : circuit simulated
results. Circuit parameters: Zs = Z1 = Zk = 50 �, θ1 = 52.9o, θ2 = 79.2o, 78.8o, θ0 = 6.41o, θk = 3.24o, θs = 52.9o, Ca1 = 0.7 pF,
Ca2 = 0.5 pF, Zb = 60 �, θb = 20o.

FIGURE 7. Simulation results of 4th-order BPF with controlling TZs
according to (a) Zb and (b) θb.

toward higher frequency as θ0 decreases. Fig. 4(b) depicts
the fBW according to θ1, θ0, and θk . The constant fBW can
be achieved by adjusting θk . Likewise decreasing fBW is
obtainedwhen θ0 is slighlty larger such as 15o. Based on these
analysis, tunable BPF with different absolute bandwidth can
be realized easily using the proposed dual-mode resonator.

2) INTER-RESONATOR AND INPUT/OUTPUT PORT
COUPLING
The inter-resonator coupling between dual-mode resonators
is implemented through series capacitors Ca2 and shunt var-
actor capacitance Cb2. The series capacitors Ca2 will also
act as DC-block capacitor between dual-mode resonators.
The addition of Ca2 and Cb2 will shift resonant frequency
of dual-mode resonators which should be compensated by
decreasing electrical length θ2 of dual-mode resonators.

Similarly, the coupling between dual-mode resonator and
input/output RF ports is implemented through series TLs
(Zs, θs), fixed series capacitor Ca1, and shunt varactor diode
capacitance Cb1. The series Ca1 also functions as dc-block
capacitor. Addition of Ca1 will decrease resonant frequen-
cies of dual-mode resonator, which can be compensated by
decreasing electrical length θ1.
Fig. 1(b) shows overall circuit implementation of the pro-

posed 4th-order tunable BPF. To achieve tunable frequency
response with constant ABW, the desired (fo - fe) is obtained
by properly selecting Zk and θk as shown in Fig. 5(a). Like-
wise, the desired frequency-dependent coupling coefficient
(k12) is obtained by selecting Ca2 = 0.5 pF and varying Cb2
from 1.22 pF to 1.46 pF as shown in Fig. 5(b). Finally, the
desired frequency-dependent external Q-factor is achieved
when Ca1 = 0.7 pF and Cb1 is varied from 0.86 pF to
1.10 pF as shown in Fig. 5(c). The TZs are generated due
to the cross-coupling between dual-mode resonators, which
is implemented with TL (Zb, θb) as shown in Fig. 1(b).
Fig. 6 shows circuit simulation results of 4th-order tunable

BPF with constant ABW of 100 MHz. As observed in the
figure, the circuit simulation results are well agreed with
coupling matrix (CM) results. To investigate the effects of Zb
and θb in TZs, Fig. 7 shows the simulation results. The TZ
locations are moved close to the passband when Zb decreases.
However, the TZ locations remained almost same as θb varies
within 60o ∼ 90o.

B. EXTENSION TO 6th-ORDER TUNABLE BPF
The proposed design procedure can be extended to 6th-order
tunable BPF. Fig. 8(a) shows the coupling routing diagram of
6th-order tunable BPF with TZ. To reduce the number of res-
onators, Fig. 8(b) shows circuit implementation of 6th-order
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FIGURE 8. (a) Coupling diagram of 6th-order tunable BPF, and (b) microstrip line implementation of 6th-order tunable BPF using three dual-mode
resonators.

FIGURE 9. Theoretical design parameters and frequency response of the proposed 6th-order tunable BPF using three dual-mode
resonators. Coupling matrix : ms1 = m6L = 0.9970, m12 = m56 = 0.8334, m23 = m45 = 0.5911, m34 = 0.6701, m25 = 0.1110. Constant
ABW = 100 MHz.

FIGURE 10. Simulation results of 6th-order BPF with constant absolute bandwidth of 100 MHz. Circuit parameters: Zs = Z1 =

Zk = 50 �, θ1 = 51.6o, θ2 = 78.8o, θ0 = 7.24o, θ01 = 8.20o, θk = 2.95o, θk1 = 2.24o, θs = 51.6o, Ca1 = 0.7 pF, Ca2 = 0.5 pF, Zb =

60 �, θb = 20o, θc = 10o, Z0e = 150 �, Z0o = 60 �.

FIGURE 11. Simulation results of 6th-order BPF with controlling TZ according: (a) θc and (b) Z0e/Z0o.

tunable BPF where resonators 1 and 2, resonator 3 and 4, and
resonator 5 and 6, are implemented using three dual-mode
resonators R1, R2 and R3. Fig. 9 shows the theoretical design
parameters and frequency response of the proposed 6th-order
dual-mode tunable BPF with constant ABW of 100 MHz.
As seen from the figure, even-mode resonant frequencies

varied from 1.35 to 1.79 GHz when x is tuned from 0.353 to
-0.210 whereas odd-mode resonant frequencies varied from
1.441 to 1.88 GHz when y is tuned from 0.235 to -0.30.
In order to achieve constant ABW, the separation between
odd- and even-mode resonant frequency is 82 MHz for the
first and third dual-mode resonator whereas 75 MHz for
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FIGURE 12. (a) Physical layout of 4th-order BPF with dimensions: Ws = WL = 1.80, W1 = Wk = 1.38, Ls = LL = 21.5, L1 = 18.5, L2 = 7.48, L3 = 22, L4 =

7.60, Lk = 1.90, Wb = 0.3, Lb = 32.04, Lb1 = 3.80, Ca1 = 0.75 pF, Cdc1 = 0.7 pF, Cdc2 = 0.5 pF, Ca2 = 0.46 and Rbias = 5 k� and (b) physical layout of
6th-order BPF with dimensions: Ws =1.50, W1 = Wk = 1.38, Ls1 = 5, Ls2 = 11, Ls3 = 4.35, L1 = 18.26, L2 = 4.58, L3 = 29, L4 = 1, L5 = 5.5, Lk1 = 2,
Lk2 =1.60, Lb1 = 1.70, Lb = 15.195, Wb = Wc = 0.6, Lc = 1.10, gc = 0.61, Ca1 = Ca3 = 0.75 pF, Cdc1 = pF, Cdc2 = 0.9 pF, Ca23 = Ca45 = 0.46 pF, and
Rbias = 5 k�. Cv ,Cb1, and Cb2: 1T362 from Sony Corporation. Physical dimension unit: millimeter (mm).

FIGURE 13. Simulation and measurement results with identical passband RL: (a) 4th-order and (b) 6th-order BPF and (c) insertion loss
and return loss.

FIGURE 14. Simulation and measured results of tunable BPF with constant absolute bandwidth: (a) 4th-order BPF, (b) 6th-order BPF, and
(c) insertion loss and constant absolute bandwidth.

second dual-mode resonator. The external Q-factor varies
from 14 to 18.5 when the center frequency is tuned from
1.40 to 1.84 GHz.

Fig. 10 shows circuit simulation results of microstrip
line 6th-order tunable BPF with constant ABW of 100 MHz.

The circuit simulation results are compared with theoretical
frequency response obtained through CM. The circuit sim-
ulated results are well agreed with CM results. Likewise,
the passband RL of 20 dB and the 1-dB constant ABW
of 104 ± 1.6 MHz are maintained while tuning the center
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TABLE 1. Performance comparison between this work and previously reported frequency-adaptive BPFs.

FIGURE 15. Simulation results of 6th-order tunable BPF with different
parasitic resistance Rs of varactor diode. Other parasitic parameters of
varactor : Cp = 0.31 pF and Ls = 2 nH [28].

frequency from 1.84 GHz to 1.40 GHz. The high frequency
selectivity, as well as large attenuation level at stopband are
achieved due to higher filter-order and TZs. Fig. 11 shows the
simulation results of microstrip line 6th-order tunable BPFs
with different TZs locations according to θc, Z0e, and Z0o. The
TZ locations are moved closer to the passband as θc increases.
Similarly, TZs locations are moved away from the passband
when Z0e decreases and Z0o increases.

III. EXPERIMENTAL RESULTS
For experimental demonstration, 4th and 6th-order tunable
BPFs with passband RL of 20 dB and constant ABW
of 106 MHz were designed and fabricated. The tunable BPFs
are designed using Taconic substrate with a dielectric con-
stant of 2.2, thickness of 0.78 mm, and loss tangent of 0.0009.
In this work, varactor diode 1T362 from Sony Corporation is
used, which provides diode capacitance of 2.90 pF to 100 pF
by varying reverse bias voltage from 30 to 0V [28]. The series
resistance of the varactor diode varies from 0.28 to 0.65 �.
Fig. 12 shows the layouts of 4th and 6th-order BPF including
physical dimensions.

Fig. 13 shows the simulation and measurement results of
4th and 6th-order BPFs. In measurement, the passband cen-
ter frequency of 4th-order BPF is tuned from 1.30 GHz to
1.75 GHzwith passband RL of 20 dB at each of the frequency
tuning states. The frequency selectivity is improved due to

FIGURE 16. Photograph of fabricated filters : (a) 4th-order and
(b) 6th-order tunable BPF.

two TZs at the stopband. The measured insertion loss (IL)
varies from 3.18 dB to 4.48 dB. Likewise, the center fre-
quency of 6th-order BPF is tuned from 1.30 GHz to 1.76 GHz
with passband RL of 20 dB at each of the frequency tuning
states. The attenuation level in the stopband is higher than
50 dB. The measured IL varies from 5.55 dB to 7.90 dB.

Fig. 14 (a) shows the simulated and measurement
S-parameter results of 4th-order tunable BPFs with constant
ABW. Although finite number of measurement results are
shown in Fig. 14(a), it is possible to continuously tune pass-
band center frequency from 1.35 GHz to 1.75 GHz where
the return losses are better than 11.8 dB for all frequency
tuning states. Likewise, Fig. 14(b) shows simulated and mea-
surement S-parameter results of 6th-order tunable BPF with
constant ABW. As seen from measured results, the passband
center frequency is tuned from 1.38 GHz to 1.77 GHz. The
return losses are better than 11.97 dB for all frequency tuning
states.

Fig. 14 (c) shows the measured 1-dB constant ABWs and
ILs of 4th-order and 6th-order tunable BPFs according to
dc-bias voltage of varactor diodes. From the experimental
results, the measured 1-dB constant ABW and IL of 4th-order
BPF are determined as 92 ± 1.30 MHz and 3.40 ∼ 4.40 dB
when passband center frequency is tuned from 1.35 GHz to
1.75 GHz. Similarly, the measured 1-dB constant ABW of
6th-order BPF is 98 ± 1.5 MHz with IL variation of 5.60 dB
to 7.30 dB and the passband center frequency variation of
1.38 GHz to 1.77 GHz.

Fig. 16 shows the photograph of fabricated BPFs. The input
third-order intercept point (IIP3) wasmeasuredwith two-tone
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input signals separated by 1 MHz. The measured IIP3 varied
from 24.4 dBm to 36.1 dBm.

To investigate the cause of high IL, we have performed
simulation of 6th-order tunable BPF using SPICE model of
varactor diode 1T362 from Sony Corporation and results are
shown in Fig. 15. The IL is mainly due to parasitic resistance
Rs of varactor diode. As the value of Rs increases, the IL also
increases. The IL can be improved relatively if varactor diode
with low parasitic resistance (high Q-factor varactor diode) is
used.

Table 1 compares the performances of the proposed tun-
able BPF against the previously reported counterparts. The
majority of previously reported tunable BPFs are 4th-order
except [26], [27]. In [26], a 6th-order BPF with constant
ABW is demonstrated, however, frequency tunability range
(FTR) is only 240 MHz (0.88 ∼ 1.12 GHz). Likewise in [27],
6th-order tunable BPF with constant ABW is demonstrated
with FTR of 19.50%, however, constant ABW is wide (such
as 580 ± 10 MHz). This work, in contrast, demonstrates
4th- and 6th order BPFs that exhibit 400 MHz (25.82%)
FTRwith identical passband frequency response and constant
ABW depending on designer’s requirement.

IV. CONCLUSION
This paper demonstrated a design of higher-order tunable
BPFs using synchronously tuned dual-mode resonators that
provides identical passband frequency response or constant
ABW, which increases design flexibility depending on the
designer’s requirements. For achieving constant ABW, the
frequency-dependent coupling coefficient and external qual-
ity factor have been investigated. For proof of concept,
the 4th- and 6th-order tunable BPFswere designed, fabricated,
and measured. In the physical realization, the selection of
coupling regions demonstrated with simple structure, as a
result, the fabricated higher-order BPFs results exhibit excel-
lent agreement with theoretical ones. Quasi-elliptic passband
response with TZs is obtained while tuning center frequency.
In addition, the proposed design method can easily extend
to higher-order filter such as 8th-order tunable BPF with
constant ABW.
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