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ABSTRACT: This paper introduces a novel method for designing a wideband tunable bandstop filter (BSF) with constant absolute band-
width (ABW). The design uses a doublet configuration, where two varactor-tuned resonators are symmetrically coupled to a main trans-
mission line. To maintain constant ABW during frequency tuning, a coupling scheme is proposed where coupling strength decreases
as the frequency increases, eliminating the need for additional circuits. Theoretical analysis and closed-form equations are provided for
designing the BSF with a wide tuning range. A BSF prototype is designed and tested, demonstrating a 10-dB ABW of approximately
190MHz across a continuous stopband tuning range from 3.3 to 5.1GHz, with a fractional tuning range of 42.9%.

1. INTRODUCTION

Bandstop filters (BSFs) have become essential in wireless
communication systems due to their ability to suppress

unwanted bands, including harmonics, spurious signals, and
out-of-band noise [1, 2]. In practical applications, BSFs with
constant absolute bandwidth (ABW) are highly attractive for
practical applications requiring adaptive interference suppres-
sion, particularly in 5G systems, where coexistence with legacy
networks and adjacent-band services poses significant chal-
lenges [3, 4]. For instance, in sub-6GHz 5G deployments
(e.g., n77/n78), tunable BSFs can mitigate strong interference
from neighboring C-band satellite downlinks or Wi-Fi sys-
tems, thereby improving receiver sensitivity and spectral effi-
ciency [5, 6]. Beyond 5G, they also play an essential role in
cognitive radios, software-defined radios, satellite communi-
cations, and radar systems by dynamically nulling unwanted
signals in congested or contested spectral environments [7].
In recent years, various techniques have been developed to

improve the adaptability of tunable BSFs. Among them are four
well-known tuning methods. First, magnetic materials [8, 9]
such as yttrium-iron-garnet (YIG) enable frequency tuning but
consume considerable direct current (DC) power. Second,
tunable BSFs based on varactor-tuned resonators or defected
ground structure (DGS) configurations [10, 11] havemore com-
pact designs compared to the magnetic materials, but they
may struggle with bandwidth stability during tuning. Third,
micro-electromechanical system (MEMS) technology, which
provides miniaturization and high quality factors [12, 13], is
attracting increasing interest in tunable BSF designs [14, 15].
Nevertheless, MEMS may face reliability issues in harsh en-
vironments. Lastly, ferroelectric components are increasingly
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utilized in tunable filter designs due to their ability to dynami-
cally adjust dielectric constants based on applied electric fields
[16, 17]. While this technique offers more design parameters
for tuning, it is more sensitive to temperature variations.
To maintain a constant ABW independent of tuned center

frequency, the inter-resonator coupling needs to be controlled
to vary inversely with the tuning frequency. In [18], a de-
sign achieved constant ABWwithout additional control circuits
by allowing electric and magnetic coupling strengths within
a fixed coupling region to vary oppositely with frequency.
In [19], a matematerial-based BSF used an electromagnetic
bandgap structure embedded within a microstrip line, but it re-
quired a perforated dielectric plate directly placed on the sur-
face of the microstrip line to maintain constant ABW, compli-
cating tuning.
This paper presents a simple approach to designing

frequency-tuning BSFs with a constant ABW. The proposed
coupling scheme adjusts the coupling strength in opposite
directions as the frequency changes, allowing the coupling
strength to naturally decrease with the increase of the stopband
frequency, thereby achieving a constant ABWwithout the need
for additional control circuits. Closed-form equations for the
tunable BSF are provided, along with theoretical predictions
and experimental results.

2. ANALYSIS OF THE DOUBLET

2.1. Tunability of the Resonator
Figure 1 shows the proposed tunable BSFwith a doublet config-
uration. It consists of two coupled-line sections and a through
transmission line in the middle. The resonator is formed by the
upper part of coupled lines, with one end open and the other
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FIGURE 1. The proposed tunable bandstop filter with constant ABW based on doublet configuration. Varactor diode Ct is employed to tune the
resonant frequency of the resonator.
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FIGURE 2. Definitions of port voltage and current for the varactor-
tuned resonators.

terminated with a varactor. The varactor has an equivalent ca-
pacitance of Ct, and tuning the capacitance of Ct changes the
resonator’s electrical length, allowing the stopband frequency
to be adjusted. The equivalent circuit model of the varactor is
shown in the right part of Fig. 1.
A zoomed-view of the proposed resonator is shown in Fig. 2

with definitions of port voltage and current. Considering the su-
perposition of even- and odd-mode excitations, ABCD matrix
can be derived [20]. In the even-mode excitation, we have[

1
2 (V1 +V2)
1
2 (I1 + I2)

]
=

[
cos θ j Z0e sin θ

j Y0e sin θ cos θ

]
·
[

1
2 (V4 +V3)
− 1

2 (I4 + I3)

]
(1)

where Z0e and Y0e are the even-mode impedance and admit-
tance, respectively. In the odd-mode excitation, we can show
that[

1
2 (V1 −V2)
1
2 (I1 − I2)

]
=

[
cos θ j Z0o sin θ

j Y0o sin θ cos θ

]
·
[

1
2 (V4 −V3)
− 1

2 (I4 − I3)

]
(2)

where Z0o and Y0o are the odd-mode impedance and admit-
tance, respectively.
As shown in Fig. 2, once port 2 is open-circuited and port 3

terminated with a capacitance of Ct, the boundary conditions
for the four ports can be expressed as

I2 = 0; V3 = − I3 ·Zc (3)

where Zc is the impedance of Ct.
Substituting (3) into (1) and (2) gives a two-portABCDma-

trix equation for ports 1 and 4, which is

[
V1

I1

]
=

 2a cos θ+Z1 Y1 ω Ct sin θ
2a j Z2 sin θ

2

j
(aY 2 −Y 2

1
) sin θ

2a cos θ

 ·
[
V4

− I4

]
. (4)

where a = Y2 +2ω Ct cot θ, and

{
Z1 = Z0e −Z0o; Z2 = Z0e +Z0o

Y1 = Y0e −Y0o; Y2 = Y0e +Y0o

According to the conversions between ABCD and S-
parameters, the transmission coefficient from port 1 to port 4
can be obtained as

S41 =
4aZ0

Z0 (Z1Y1ωCt sin θ + 4a cos θ) + j (aZ2 + aZ0Y2 − Z0Y 2
1 ) sin θ

(5)

where Z0 is a load impedance. The transmission zero occurs
when S41 = 0, which implies that

ω cot θ = −Y0e +Y0o

2Ct
. (6)

Now if θ = π/2 at frequency f0, the relation between an arbi-
trary transmission zero f and Ct can be expressed as

f

f0
cot

π

2

f

f0
= −Y0e + Y0o

4πf0Ct
. (7)

To have a better understanding of (7), its left and right terms
are plotted in Fig. 3, and the intersection points of the two
curves are the lower and upper bounds (fH/fL) of the fre-
quency tuning range.

2.2. Bandwidth Control

To achieve the desired coupling strength that decreases with
increasing frequency, we proposed a fixed coupling region
where the coupling strength varies oppositely as the frequency
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FIGURE 3. Solving Eq. (7) using the graphical method. Both left and
right terms of Eq. (7) are plotted when Y0e = 0.015, Y0o = 0.026.
The frequency is normalized to f0 where θ = π/2 at f0.

changes. This mechanism allows for coupling coefficient con-
trol across different frequencies without additional circuits.
Figure 4 shows the equivalent circuit for the coupled-line

section shown in Fig. 2. It is denoted by a transmission line
in parallel with an admittance inverter J [21]. The resonator
is equivalent to the parallel connected inductor L and capacitor
Ct, and its resonant angular frequency is wr = 1/

√
LCt.

Ct

L

J

Y

Y’

Zeq, θ 

FIGURE 4. Equivalent circuit model for the coupled line section shown
in Fig. 2.

The impedance of the resonator after it is transformed by the
J-inverter is

Zr =
jωCt +

1
jωL

J2 (8)

Using reactance slope parameter [18], the bandwidth can be
expressed as

∆ω =
ωr

2

Z0

ωr

2
∂Im(Zr)

∂ω |ω=ωr

=
Z0 J

2

2Ct
. (9)

where Z0 is the system impedance (usually 50Ω).
Equation (9) indicates that the bandwidth∆ω is proportional

to J2 and inversely proportional to Ct. Since the resonant fre-
quency decreases asCt increases, maintaining a constant ABW
∆ω requires J to decrease as the frequency increases. Further-
more, since J is proportional to the coupling strength C be-
tween the resonator and main line [21], to maintain a constant
ABW, the coupling strength should decrease when the stopband
frequency is tuned upward.

2.3. Bandwidth Control Scheme
The theoretical analysis for the relationship between the cou-
pling strength and frequency can be found in [22]. For the ports
defined in Fig. 2, in the case of weak coupling, we have

V2

V1
≈ jk tan θ

1 + j tan θ
= jk sin θe−jθ (10)

where k = (Z0e − Z0o)/(Z0e + Z0o). Once θ = π/2 where
the coupling section is λ/4 long, the coupling strength C is ex-
pressed as

C =

∣∣∣∣V2

V1

∣∣∣∣ = k sin
π

2

f

f0
. (11)

FromEq. (11), Fig. 5 plots the square of the coupling strength
versus frequency when k = 0.25. It is observed that the square
of the coupling strength decreases as the frequency increases
from f0 to 2f0. This behaviour ensures a constant ABW as
long as the frequency tuning range (fL, fH ) remains within f0
to 2f0.

FIGURE 5. Coupling strength (squared) versus frequencies, which is
normalized by f0.

The even- and odd-mode characteristic impedances are as
follows [22] when the coupling coefficient k is determined

Z0e = Z0

√
1 + k

1− k
, Z0o = Z0

√
1− k

1 + k
. (12)

where Z0 is usually 50Ω.
In summary, the stopband frequency f is set between f0 and

2f0, with the coupling coefficient k remaining constant once
the coupled line section is fixed. Since the sine function in (11)
monotonically decreases from π/2 to π, the coupling strengthC
naturally decreases as the tuning frequency increases from f0
to 2f0. Thus, the requirement of constant ABW can be satis-
fied. Based on the above analysis, the design procedures of the
proposed tunable BSF with a constant ABW are summarized in
Fig. 6. As shown, the design of the proposed tunable BSF with
a constant ABW involves four key steps, which are:

1. Specify the frequency tuning range (fL, fH ) of inter-
est and make sure fH/fL < 1.6 (theoretical maximum
fH/fL = 2 ).

2. Select a reference frequency f0 ensuring f0 < fL and
fH < 2f0, then the length of the coupled line is deter-
mined.
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FIGURE 6. A flow chart for designing the proposed BSF with a constant ABW.
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FIGURE 7. Layout of the proposed tunable BSF using varactor-based doublets configuration.
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FIGURE 8. Fabricated tunable BSF with constant absolute bandwidth.

3. Calculate Z0e Z0d of the coupled line using Eq. (12) with
a weak coupling coefficient k, then the width and gap of
the coupled line are determined.

4. Calculate required Ct for fH or fL using Eq. (7).

3. IMPLEMENTATION AND MEASUREMENT
Based on the previous analysis, the proposed tunable BSF with
constant ABW was designed using four resonators. It was fab-
ricated and implemented according to the physical dimensions
indicated in Fig. 7. RO4350B (ϵr = 3.66 and tan δ = 0.0037)
with a thickness of 0.762mm was used as the substrate. A pho-
tograph of the fabricated BSF is shown in Fig. 8, and the varac-
tor is MA46H201 from MACOM, which is used as Ct. In this
design, a coupling coefficient k = 0.25 is chosen for the fab-

rication constraint of the printed circuit board (PCB) process.
Besides, f0 was selected as 3.6GHz, so the electrical length θ
of the coupled-line is π/2 at f0.
The simulation is accomplished by using full-wave simula-

tor of advanced design system (ADS), and the varactor diode
is represented by a full equivalent circuit which consists of a
tunable capacitor Ct, a diode resistance Rv , packaging induc-
tance Ls, and capacitance Cp (see Fig. 1). According to the
relationship between MA46H201’s total capacitance and its re-
verse bias voltage, Ct is chosen to vary from 0.4 to 2.4 pF in
the simulation. Fig. 9 shows the simulated responses when tun-
ing capacitance has six discrete values. As indicated in Fig. 9,
the constant 10-dB ABW is around 200MHz, and it remains
nearly unchanged as the stopband center frequency increases
from 3.48 to 5.21GHz.
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FIGURE 9. Simulated results of the proposed tunable BSF with different tuning capacitances. (a) |S21|. (b) |S11|.
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FIGURE 10. Measured frequency responses of the proposed tunable BSF under different biasing voltages. (a) |S21|. (b) |S11|.

TABLE 1. Comparisons with other published tunable BSFs.

Ref.
Tuning range/GHz

(%)
Constant ABW

(MHz)
Tech.

Size
(mm)

[6] 3.22–3.66 (12.8% ) 30± 1 (10-dB) Dual-band combining 110 × 40
[18] 1.73–2.2 (23.9%) 60± 3 (40-dB) Coupling scheme 60 × 30
[19] 3.56–4.03 (12.3% ) 244± 3.2 (10-dB) Mechanical plate 99.2 × 5.6
[23] 3.0–6 (46% ) 46± 1.5 (10-dB) Asynchronous tuning 30 × 30

This work 3.3–5.1 (42.9%) 190± 20 (10-dB) Coupling scheme 69 × 4
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FIGURE 11. Measured output power of the fundamental signals and the
IM3 against the input power at a bias voltage of 0.41V.

The measured frequency responses are shown in Fig. 10.
The stopband center frequency can be continuously tuned from
3.3 to 5.1GHz, featuring a fractional tuning range of 42.9%.
The attenuation levels at the mid-stopband exceed 20 dB, and
the passband insertion loss is under 1.2 dB. The measured 10-
dB ABW across various stopband frequencies is approximately

190MHz with a maximum variation of 20MHz, which can be
considered constant.
According to the datasheet of varactor MA46H201, its ca-

pacitance is around 2.4 pF at a bias voltage of 0.4V. Compared
to the simulated |S21| with 2.4 pF, the measured |S21| at 0.4V
shows a frequency shift about 200MHz, caused by the package
inductance and capacitance of MA46H201. Additionally, the
measured mid-stopband attenuation is lower than the simula-
tion results due to the varactor’s junction resistance.
The input third-order intercept point (IIP3) of the proposed

BSF was measured by a spectrum analyzer and two signal
generators with two closely spaced frequencies of 3.000 and
3.002GHz. As can be seen in Fig. 11, when the biasing voltage
is 0.41V, the measured IIP3 is found to be 39.5 dBm, which is
comparable to that of a balanced BSF [24] and better than that
of a traditional varactor-tuned filter [25]. The IIP3 values are
limited by varactor nonlinearities and can be improved by using
back-to-back varactors [26].
Table 1 shows a performance comparison between the pro-

posed tunable BSF and those reported in the literature targeting
constant ABW. As shown, the proposed BSF offers the widest
stopband tuning range.
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4. CONCLUSION
This paper presents a simple but effective method for design-
ing frequency-tuning BSFs. Theoretical analysis and experi-
mental results demonstrate that constant ABW is maintained
as the stopband frequency is tuned. The proposed design re-
quires no extra circuits to control coupling strength and allows
easy cascading of doublets for high-order filters. A prototype
using two doublets was tested, showing a constant ABW over
a tuning range of 3.3–5.1GHz with a 42.9% fractional tuning
range. The proposed BSF is attractive for practical applications
requiring adaptive interference suppression, such as 5G or radar
systems.
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