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ABSTRACT This paper presents a design for compact bandpass filters (BPFs) that feature high selectivity.
This high selectivity is achieved through the use of open-/short-circuited coupled-line segments at the filter’s
input and output and a pair of symmetrical parallel-coupled lines connected to a pair of open stepped-
impedance resonators (SIRs) introducing three transmission zeros (TZs) on either side of the passband.
In addition, two different designs for these BPFs, one with a fixed bandwidth and one with a tunable
bandwidth are also presented. The characteristics of the proposed structure are analyzed using even-, odd-
mode and ABCD analyses. To enable bandwidth tuning, two varactor diodes are added to the edges of the
open SIRs, allowing the TZs to be adjusted around the upper band edge. The paper includes details of two
prototypes that were designed, fabricated, and tested: Filter Awith a constant bandwidth that covers the entire
S-band (2-4 GHz) and a 3-dB fractional bandwidth (FBW) of 60%, and Filter B with a tunable bandwidth
and a 3-dB FBW that varies from 12% to 60%. The filters have been measured to have insertion loss of less
than 0.8 dB for Filter A and less than 1.1 dB for Filter B throughout the passband, and return loss of greater
than 16 dB and 15 dB for Filter A and B, respectively. These filters have a compact size of less than 0.113λ 2

g ,
and feature high selectivity with a wide 3-dB bandwidth tuning range ratio, as well as an upper stopband
suppression level of more than 40 dB.

INDEX TERMS Bandpass filter (BPF), parallel-coupled lines, selectivity, transmission zeros (TZs).

I. INTRODUCTION
Compact planar microwave passive bandpass filters (BPFs)
with superior selectivity and high-performance character-
istics such as passband flatness, low insertion loss, sharp
roll-off skirt, and high out-of-band rejection are some of
the main filter performance requirements for modern RF
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communication systems. A variety of design approaches and
structures has been published in literatures [1], [2], [3], [4],
[5], [6], [7], [8], [9], [10], [11], and [12]. In particular, [1]
reports the implementation of different pairs of coupled lines
in a BPF with multiple transmission zeros (TZs) and trans-
mission poles (TPs). In [2], a new technique for designing
a high-selectivity filter using a coupled-line structure is pro-
posed, with the downside of only adding one pair of symmet-
rical TZs. In addition, [3] describes a BPF with compact size
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and two pairs of TZs that uses coupled lines and open/shorted
stubs. Pairs of coupled lines are also reported in [4] to improve
the out-of-band interference and roll-off rates (ROR). Even
though it is only valid for dual- band filters, [5] proposes a
new method to enhance the selectivity by adding two open-
circuited sections to the input and output stages. Reference [6]
introduces transversal signal-interaction principles to illus-
trate a new approach for developing BPFs with superior
selectivity with many TZs. To achieve a large stopband inter-
ference at the cost of weak in-band selectivity, open stubs
are linked to the input/output stages in [7], and in [8] the
upper stopband rejection is improved by using shunt-shorted
stubs. A new method to achieve a wide stopband with high
selectivity using cross-coupled spur lines is proposed in [9]
whereas in [10] high selectivity with controllable transmis-
sion zeros is achieved using substrate integrated waveguide
(SIW) technology. Recently, in order to minimize the cross
talk while preserving high stop band rejection and low inser-
tion loss low-temperature co-fired ceramic (LTCC) based
BPFs [11], [12] were proposed using stepped impedance
resonators (SIRs) and quasi-lumped and distributed elements
respectively. Due to the endless need for small-sized and low-
power transceivers, the use of a single agile device is preferred
over using multiple devices. Earlier works mainly concern
BPFs with center frequency agility in [13], [14], [15], [16],
and [17] and switchable bandwidths [18], [19], [20], [21].
However, fewer efforts have been dedicated to the design
of tunable bandwidth BPFs [22], [23], [24]. In [25], band-
width tunability is achieved by independently controlling the
adjustable TZs. Good performances have been reported with
filters using a cross-shaped resonator, a T-shaped resonator,
and a higher order coaxial-based resonator [26], [27], [28],
[29] or with filters based on short sections of parallel coupled
lines and short-circuited stub resonators [30], [31], [32], [33],
[34], [35].

This paper demonstrates a new method for designing a
high-selectivity BPF with six finite TZs that covers the
S-band frequency spectrum while maintaining a compact
size. It uses two open/short-circuited coupled lines (OSCLs)
at the filter’s input and output ports. The circuit also includes
symmetrical parallel coupled-lines (PCLs) and open-stepped
impedance resonators (SIRs) at the symmetry plane. Two
varactor diodes are placed at the open SIR edges to adjust the
bandwidth. Varactor capacitances can tune the top band edge
while keeping the lower band edge unchanged. This research
work makes a significant contribution in the field of compact
bandpass filters (BPFs) by introducing a novel technique to
generate two pairs of additional transmission zeros (TZs) on
the left and right sides of the passband region. This is achieved
by using λg/2 open- and short-circuited coupled lines at the
input and output ports. This work for the first time introduces
a new technique to generate two pairs of additional TZs on
the left and right sides of the passband region. This approach
allows for the creation of symmetric pairs of TZs, while
maintaining the compact size of the BPF. Additionally, this
technique can be applied to a tunable BPF design.

FIGURE 1. Design configuration and even-odd mode equivalent circuits.
(a) Geometrical configuration of BPF, (b) Odd-mode, (c) Even-mode.

The remaining part of this paper is outlined as follows.
The proposed filter’s analysis is presented in Section II, fol-
lowed by the tunable bandwidth BPF’s analysis in Section III.
Section IV presents two filter prototypes based at 3 GHz that
designed and tested for validation purposes. Finally, a discus-
sion and the main contributions of this work are provided in
Section V.

II. THEORY AND DESIGN EQUATIONS FOR FILTERS
A. TRANSMISSION POLES AND ZEROS
The geometrical configuration of the proposed BPF is shown
in Fig. 1(a). It consists of two λg/2 long open-/short- circuited
coupled- lines (OSCLs) that are connected to the input and
output ports represented by Zes, Zos and electrical length θs
and a uniform transmission line with two stepped-impedance
stubs (resonator) denoted by Z1, θ1 and Z2, θ2. A pair of λg/4
long symmetrical PCLs with an electrical length of θc serves
as themain transmission line. The PCLs’ even-mode and odd-
mode impedances are Zoe and Zoo, respectively.

The open circuited SIRs are separated by a transmission
line with constant width, characteristic impedance Z3, and
electrical length 2θ3. Due to the symmetrical configuration,
the even- and odd-mode methods can be used to investigate
the resonator’s operation on the symmetry plane PP′. The
voltage zero is applied in the middle of the main transmission
line in odd-mode excitation. The odd-mode equivalent circuit
is shown in Fig. 1. (b). The symmetrical plane PP′ can be
modelled as a complete magnetic-wall in even mode excita-
tion, as seen in the analogous circuit of Fig. 1(c). Notably,
the inclusion of OSCLs, each of a length equal to λg/2, not
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only enhances coupling but also leads to the generation of
additional transmission zeros. When Yine = 0, the even mode
resonant frequencies can be computed by ignoring the folded
junction discontinuity and assuming θ1 = θ2 = θ3 to simplify
mathematical calculations:

Yine1 = j
(Z1 + Z2)A tan θ

Z1(Z2 − Z1 tan 2θ )
+
j tan θ

Z3
(1)

Yine2 =

4
Yine1

+ j2C cot θc

C
(

−j2 cot θc
Yine1

+ cot2 θc − E2 csc2 θc

) (2)

Yins = −j
A sin 2θs

A sin2 θs − 4B
(3)

Yine = Yins + Yine2 (4)

To find the even mode resonances Yine = 0

Yine = (4A2 + 4AE) sin 4θc − (4A2 + 6AE) sin 2θc

+ (2AE + 4B) = 0 (5)

Similarly, by setting Yino = 0 and using the assumption
that θs = 2θ ,

c the odd-mode resonant frequencies can be
calculated using equation (6).

Yino= (2AC2
+2A2C) sin 4θc−(2A2C + AC2

+ 8AD) sin 2θc

+ (4AD+ 2BC) = 0 (6)

Similarly, the even- and odd-mode poles can be calculated
using the following equation (7) and equation (8), as shown
at the bottom of the next page, where, A = Zes + Zoo,B =

ZesZos,C = Zoe + Zoo and D = ZoeZooE = Zoe + Zoo
Furthermore, by transforming the ABCD matrix into a YT

matrix, the TZs of the structure shown in Fig. 1(a) can be
calculated. The ABCD matrix is extracted from Fig. 1(a) and
given in (9) as:

[ABCD]T = [ABCD]A × [ABCD]B
× [ABCD]C × [ABCD]B × [ABCD]A (9)

where,

[ABCD]A =

[
A1 A2
A3 A4

]
(10)

[ABCD]B =

[
B1 B2
B3 B4

]
(11)

[ABCD]C =

[
C1 C2

C3 + C ′

3 C4

]
(12)

and the coefficient values are:

A1 =
Zes − Zos
Zes + Zos

csc2 θs −
Zes + Zos
Zes − Zos

cot2θs (13)

A2 = −j
2ZesZos
Zes − Zos

cotθs (14)

A3 = −j
2

Zes − Zos
cotθs (15)

A4 =
Zes + Zos
Zes − Zos

(16)

B1 =
Zoe + Zoo
Zoe − Zoo

cos θc (17)

B2 = j
(Zoe − Zoo)2 − (Zoe + Zoo)2 cos2 θc

2(Zoe − Zoo) sin θc
(18)

B3 = j
2 sin θc

Zoe − Zoo
(19)

B4 = B1 (20)

C1 = cos 2θ −
2(Z1Z2Z3) sin 2θ

Z1Z2 − Z2
1 tan

2θ
(21)

C2 = jZ3 sin 2θ (22)

C3 =
jsin2θ
Z3

(23)

C ′

3 =

j
[
2(Z1 + Z2) cos 2θ tanθ −

(Z1+Z2)2Z3 sin 2θ tanθ
Z1Z2−Z2

1 tan
2θ

]
Z1Z2 − Z2

1 tan
2θ

(24)

C4 = cos 2θ −
2(Z1Z2Z3) sin 2θ

Z1Z2 − Z2
1 tan

2θ
(25)

Y21 can be extracted by converting the matrix [ABCD]T ⇒

[Y ]T as given in (26), as shown at the bottom of the next
page. The solutions obtained from (26) correspond to the
constant transmission zeros of the PCLs, fTZ1 = 0 and fTZ6 =

2fc, respectively, as well as fTZ2-fTZ5, which are discussed in
detail in section B.

B. ANALYSIS OF THE SELECTIVITY IMPROVEMENT
TECHNQIUE
This section shows how the open/short-circuited coupled
lines add two pairs of symmetrical TZs through a mathemat-
ical analysis. Zins is the input impedance of the coupled line
component, as shown in Fig.1 (a). When Zins is infinity or
zero, it can be thought of as a two-port network having a
BPF or an all-stop response [36]. The input impedance of the
coupled line segment of Fig. 1(a) can be obtained as follows:

Zins = j
(Zes + Zos)2 sin 2θs − 4ZesZos

(Zes + Zos) sin 2θs
(27)

Since it is preferable to have Zins infinite at the BPF’s central
frequency fc, θs needs to be set to π at fc to achieve a bandpass
response and two pairs of symmetrical TZs when Zins is zero.
As a result, (27) can be rewritten as,

Zins = j
(Z es+Zos)

2 sin 2(π f /f c) − 4Z esZos
(Z es+Zos) sin (2π f /fc)

(28)

where f is the operating frequency. The locations of the
TZs can be found if f = fc and (28) are set to zero. Then,
by defining q = Zos/Zes (28) becomes,

(q+ 1)2 sin 2θs−4q = 0 (29)

α = 2
√
q/(q+ 1) With valid solutions θs at (2n+1)π±

sin−1α and at 2nπ± sin−1α where n= 0,1,2,. . . and α =

2
√
q/(q+ 1)
From (29) it is derived that the OSCL section can generate

two pairs of symmetrical TZs at,

fTZ2 =
fc
π
sin−1α (30)
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FIGURE 2. (a) Proposed BPF with enhanced selectivity, Dimensions: W1 =

0.45, W2 = 0.20, W3 = 0.70, W4 = 3.20, W5 = 0.65, L1 = 34.0, L2 = 16.90,
L3 = 2.90, L4 = 4.45, L5 = 5.76, G1 = 0.45, G2 = 0.30, G3 = 0.37 (all units
in mm). (b). Simulated comparison between ideal and microstrip
transmission line (TL) models.

fTZ3 =
fc
π

(
π − sin−1α

)
(31)

fTZ4 =
fc
π

(
π + sin−1α

)
(32)

fTZ5 =
fc
π

(
2π − sin−1α

)
(33)

Since TZs’ positions are determined by the impedance ratio
q, valid ‘q’ solutions are as follows:

q = 2
[
1 ± cos(πρ)

sin 2(πρ)

]
− 1 (34)

where ρ is defined as θs/π .
(29) also exemplifies that the OSCL section generates

two pairs of symmetrical TZs at fc(1±ρ), fcρ, and fc(2-ρ).

FIGURE 3. (a) Calculated TZs vs k (b) FBW vs k.

With the aim of obtaining four TZs at 1.2 GHz, 1.8 GHz,
4.2GHz and 4.8GHz, ρ should be set to 0.4 and by using (34),
q = 0.53.
The geometrical layout of the proposed BPF is presented in

Fig. 2(a). In Fig. 2(b), both ideal and microstrip transmission
line models comparison is presented demonstrating a good
agreement. As can be seen, two folded λg/2 open-/short-
circuited coupled lines are added to both input and output
of the filter. Consequently, two pairs of TZs are produced

fop =
2fo
π

sin−1

√
(2A2C + AC2 + 8AD) ±

√
(2A2C + AC2 + 8AD)2 − (8AC2 + 2A2C)(4AD+ 2BC)

4AC2 + 4A2C

 (7)

fep =
2fo
π

sin−1

√
(4A2 + 6AC) ±

√
(4A2 + 6AE)2 − (16A216AE)(2AE + 4B)

8A2 + 8AE

 (8)

Y21 =
2j Z1Z2(Zoe − Zoo)2 sin 2θc[(Zes − Zos)2 − (Zes + Zos)2 cos2 θs]

(Zes−Zos)(Zes+Zos) sin 2θs[(Zoe+Zoo)2 cos2 θc−(Zoe−Zoo)2][2Z1Z2(Zoe+Zoo) cos2 θc sin θc−(Z1+Z2)(Zoe−Zoo)tanθ1+(Z1+Z2)(Zoe+Zoo)2 cos2 θctanθ1]

(26)
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at both edges of the passband. Figs 3(a) and (b) show the
TZs locations and 3-dB fractional bandwidth (FBW) as a
function of the coupling coefficient k , where k = (Zes-
Zos)/(Zes + Zos), for Zoe = 159 � and Zoo = 69 � and
fixed electrical length θc = 90◦ and θs = 180◦. Also, for the
proposed design, Z1 = 81.40�, Z2 = 33.84�, Z3 = 84.04�

along with corresponding electrical lengths as θ1 = 16.73◦,
θ2 = 27.40◦, θ3 = 33.15◦. As ‘k’ rises, the lower band zero
close to the passband’s edge, fTZ3, shifts to lower frequency
thus increasing the FBW.

Fig. 4(a) shows |S21| responses of three different illustra-
tions (whole filter, filter without coupled lines, and OSCLs
only) for demonstration purposes. As demonstrated, supe-
rior selectivity in the BPF is obtained when the OSCLs are
attached having a total of six TZs up to 2fc. Four of TZs are
produced by the added λg/2 OSCLs and the rest by the λg/4
parallel-coupled lines.

III. TUNABLE BANDWIDTH
By the insertion of two varactor diodes at the edge of the
two open- circuited SIRs of the design configuration of Fig.1
(a), a BPF with tunable bandwidth can be implemented.
Assuming θ1 = θ2 = θ for simplicity, the ABCD matrix of
the varactor loaded with open SIR stub, can be written as:

[ABCD]SIR =

[
ASIR BSIR
CSIR DSIR

]
=

[
1 0

1/Zin 1

]
(35)

where the input impedance of the open SIR with a varactor
diode Zin is expressed as:

Zin = −jZ1
Z2 − Z1tan2θ − ωCtanθ (Z2

2 + Z1Z2)

ωCZ1Z2 − ωCZ2
2 tan

2θ + tanθ (Z1 + Z2)
(36)

Thus, the loaded capacitanceCv of the varactor in this tunable
filter can be derived from the transmission zero frequency fz
around the upper band edge as:

Cv =
Z2 − Z1tan2θ

2π fztanθ (Z2
2 + Z1Z2)

(37)

Fig. 4(b) shows the degree of change of the resonant frequen-
cies and TZs for different capacitance values of the varactor,
Cv. It can be deduced from the results that two transmission
poles (TPs) are employed in the filter design. It is also worth
noticing that Cv has no effect on fTZ1, fTZ2 and fTZ3 as
anticipated and has a slight effect on fTP1 and fTP2. In addition,
as Cv increases fTZ4 moves towards lower values. Therefore,
the upper edge of the passband is independently controlled by
changing Cv. A BPF with a tunable bandwidth edge can thus
be implemented by using two varactor diodes and the above
design method.

IV. DESIGN PROCEDURE AND EXAMPLE OF BPFs WITH
CONSTANT AND TUNABLE BANDWIDTH
Following the preceding discussion, a summary of the simple
design procedure for the proposed BPF with constant band-
width (Filter A) is given as:

FIGURE 4. (a) Transmission |S21| responses of the proposed
high-selectivity BPF of Fig. 2 with and without the OSCLs and |S21|

response of OSCLs only,(b) Effects from the varactor’s capacitance on TZs
and TPs.

1) Choose your preferred center frequency (fc), passband
bandwidth, passband return loss, and stopband isola-
tion.

2) Select suitable value for ρ and calculate q.
3) Select appropriate values for Z1, Z2, and Z3 along with

corresponding electrical lengths θ1, θ2, and θ3.
4) Set L1 and L2 to around λg/2 and λg/4 respectively.
5) Adjust the impedance values of Z1, Z2, Zoo, Zoe,Zes and

Zos slightly to achieve the best possible filter perfor-
mance.

The design procedure for the BPF with tunable bandwidth
(Filter B) can be summarized as follows:

1) Decide the specifications for the tunable BPF for the
widest bandwidth state, i.e. center frequency (fc), pass-
band bandwidth.

2) Determine the dimensions and layout on the basis of the
design procedure for the BPF with constant bandwidth.

3) Insert a pair of varactor diodes at the open SIRs
edges and then optimize the dimensions. The final
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TABLE 1. Comparison between calculated, simulated & measured
resonant frequencies (units: GHz).

TABLE 2. Comparison with state-of-the-art BPFs.

dimensions are determined with the help of commer-
cially available full wave simulation packages.

A. BPF WITH CONSTANT BANDWIDTH FILTER (FILTER A)
To validate the proposed concept a prototype was imple-
mented on Roger 4003C substrate with εr = 3.55 and
thickness h = 0.813 mm. The fabricated BPF prototype
along with simulated and measured S- parameters are shown
in Fig. 5(a) and Fig. 5(b) respectively. The simulated and
measured S- parameters appear to be in good agreement,
validating the design concept. The 3-dB FBW for fc = 3 GHz
is 60 %. An insertion loss less than 0.8 dB, and return loss
of more than 16 dB were measured in the upper stopband
rejection from 3.9-7.1 GHz are attained. The group delay was
measured between 0.25- 0.32 ns in the passband region as
shown in Fig. 5(c). The roll-off rate (ROR) is used to measure
the steepness of the transition band and is defined as,

ROR20dB =
|A20dB − A3dB|
|f20dB − f3dB|

(38)

where A3dB and A20dB are the 3- and 20-dB attenuation points
respectively, and f3dB and f20dB are the 3- and 20-dB stopband
frequency points respectively.

Based on the equations, the comparison between the calcu-
lated, simulated and measured results is presented in Table 1.
Table 2 shows a comparison of the proposed BPF with some
other BPFs that have been published. It is indicated that the
suggested BPF has six TZs with high selectivity, good upper
stopband rejection performance with small size, in addition
to the attractive insertion and return loss characteristics.

B. BPF WITH TUNABLE BANDWIDTH (FILTER B)
The final dimensions and layout for the tunable bandwidth
filter are determined with the aid of the design procedure for

FIGURE 5. (a) Fabricated BPF prototype, (b) Simulated and measured
performance of the constant BW BPF (Filter A), (c) Group delay.

FIGURE 6. Proposed tunable BPF (Filter B), Dimensions: W1 = 0.45, W2 =

0.20, W3 = 0.70, W4 = 3.20, W5 = 0.65, L1 = 34.0, L2 = 16.90, L3 = 2.90,
L4 = 4.45, L5 = 5.76, G1 = 0.45, G2 = 0.30, G3 = 0.37 (all units in mm), I =

Inductor, Vr = Varactor.

Filter B and are presented in Fig. 6. Filter B was fabricated
on Roger 4003C material. The used varactors (SMV2019)
have adjustable capacitance range of 0.3-2.2 pF in response
to dc bias from 0-20 V. Simple biasing circuits consisting
of RF choke inductors (82 nH) to separate the dc from high
frequency signal were utilized.
The fabricated prototype of the tunable BPF is shown in

Fig. 7(a) along with the measured S-parameter results in
Fig. 7(b) and Fig. 7(c). As shown in Fig. 7, the 3-dB FBW
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FIGURE 7. Measured results for filter B, (a) Fabricated tunable BPF
prototype, (b) |S11| (c) |S21|.

TABLE 3. Comparison with some tunable BPFs.

can be tuned from 12% to 60% corresponding to capacitance
increase from 0.30 pF to 1.51 pF. Additionally, the TZ that

is close to the higher passband edge shifts from 3.85 GHz
to 4.32 GHz to safeguard the filter’s sharp skirt. A compact
circuit size of 40.1 mm × 9.9 mm (0.113λ 2

g ) is acquired
as illustrated in Fig. 7. To emphasize the merits of the pro-
posed tunable BPF, a comparison with other published related
works is summarized in Table 3. The proposed filter demon-
strates the one of the highest 3-dB tuning ratios (0.27 GHz to
1.80 GHz) and at the same time it covers one of the smallest
areas (0.113λ 2

g ) compared to the other filters.

V. CONCLUSION
A novel method for superior selectivity of a stepped-
impedance resonator bandpass filter, by employing a pair of
open/short-circuited coupled lines, implemented at the input
and output stages of the filter, has been demonstrated. As a
result, two pairs of symmetrical TZs are added to both sides
of the passband, causing high passband selectivity. To demon-
strate this method, two high-selectivity wideband BPFs with
fixed (Filter A) and tunable bandwidth (Filter B) are pre-
sented. Filter A with 60% FBW demonstrates a compact size
(0.113λ 2

g ) and presents low IL <0.8 dB, high RL>15 dB
throughout the passband, and 40 dB upper stopband rejection.
Filter B has been designed to accomplish an extremely wide
tuning range for the passband bandwidth by enabling tunable
upper band edge transmission zeros. A clear design procedure
has been followed and the measured results indicate tuning
range variation from 12% to 60% and a 3-dB tuning ratio
of 5. The proposed high-performance BPFs demonstrate the
following merits that are difficult to present all together: high
selectivity and sharp transition bands, compact size, low IL,
and clear topology. This λg/2 open/short coupling structure as
a basic building block, is expected to be used in combination
with other types of filters. These filters will have good per-
spective for use in new generation wideband communication
systems such as ground-based or naval radars.
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