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Abstract: A wide-stopband attenuation with high-selectivity step impedance resonator (SIR) bandpass filter (BPF) is presented
in this study. The T-network stubs are used to produce transmission zeros (TZs) close to the centre frequency (f0) with a high-
selectivity. Moreover, the antiparallel coupled lines can produce a TZ at spurious frequency of conventional SIR BPF for all step
impedance ratio (K). For the validation, a half-wavelength (λ/2) SIR BPF with T-network stubs at the input/output ports was
designed at f0 of 2.6 GHz. From the experiment, the insertion and return losses at f0 were determined to be 0.91 and 21.25 dB,
respectively. The insertion and return losses were better than 1.1 and 16.5 dB, respectively, of the 180 MHz bandwidth. The TZ
frequencies (fZ1, fZ2, and fZ3) were located at 1.69 GHz (0.63f0), 2.98 GHz (1.12f0), and 3.17 GHz (1.19f0), respectively, with a
high selectivity. The stopband attenuation was better than 25 dB from DC to 2.23 GHz and from 2.89 to 9.82 GHz.

1 Introduction
Wide-stopband attenuation and high-selectivity bandpass filters
(BPFs) play an important role in improving the system
performance of wireless applications. The transmission zeros (TZs)
can improve the passband selectivity of a BPF by using open-/
short-circuited stubs transmission lines (TLs) and stepped
impedance resonator (SIR) [1–4], shunt-coupled line [5], effective
even/odd-mode characteristic impedances and antiparallel coupled
line [6–8], and cross-coupling effect [9]. Generally, the passband
selectivity of the BPF can be improved by increasing the filter
order [10]. However, it may simultaneously increase the circuit
size and insertion loss. In [11], the BPF with alternative J/K-
inverter quarter-wavelength (λ/4) resonators was used to improve
the passband selectivity with a spurious at 2.9 times of the centre
frequency (f0). However, the passband insertion loss was high. In
[12], a high-selectivity microstrip BPF with cascaded-quadruplet
λ/4 resonators was presented, but the first spurious occurred at
around 1.8f0. In [13, 14], multiple open/short-circuited stubs and
inter-digital capacitors were used to improve the stopband
performance. Similarly, a modified parallel coupled line with
multiple open/short-circuited stubs and shunt parallel coupled lines
were proposed for designing BPFs with wide-stopband
performance [15, 16]. The multiple TZs in the stopband can be
produced by the coupled lines and open/short-circuited stubs.
Moreover, a BPF with wide-stopband performance was proposed
in [17] by using asymmetric stepped impedance resonators (SIRs).
However, a wideband BPF with passband selectivity was
introduced using surface acoustic wave (SAW) resonator and

microstrip TLs [18]. Although a compact circuit size and passband
high selectivity can be obtained using SAW resonators, the wide
stopband was limited. Indeed, a high selectivity BPF with eight
TZs in the stopband was designed using two ring resonators that
coupled each other with λ/4 coupled length [19]. In [20], a
miniaturised, high selective passband, and wide-stopband BPF was
designed using multiple open stub-loaded-short-circuited SIR. The
TZs and high selective can be obtained by tuning and optimisation
process. Similarly, an optimisation hair-pin resonator with input
and output cross-coupling was proposed in [21] with high
selectivity and wide-stopband performance.

This paper proposes a wide-stopband attenuation and high-
selectivity BPF based on λ/2 SIR and T-network stubs with a low
step impedance ratio (K). The T-network stubs can produce a
finite-frequency TZs close to the f0 without much degradation in
the passband response. Moreover, the TZ was introduced at the
first spurious frequency of the conventional λ/2 SIR BPF for all K
by changing the coupled line to the antiparallel coupled line.

2 Design equations
Fig. 1 shows the stub structures of the short-circuited termination,
open-circuited termination, and T-network, respectively. Usually,
the open-circuited or short-circuited stubs can be embedded in
filters and matching networks only for specific length (i.e. λ/4
and/or λ/2 at f0) to produce TZs at 1.5f0, 2f0, and 2.5f0 [22], and
these stub reactances become zero or infinite at f0. Although the
length of the shunt open/short-circuited stubs can vary to load the
TZs in the specific frequency, a seriously degrading the passband

Fig. 1  Transmission line stubs
(a) Short-circuited stub, (b) Open-circuited stub, and (c) T-network stub
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response may occur [5] due to the reactance of the stub not being
infinite (open circuit) at f0. Thus, the shunt T-network is proposed
simultaneously to produce a finite-frequency TZ and cancel its
reactance at the f0.

Fig. 1c shows the T-network stub with electrical parameters of
Y3S,3L, θS,L, Y4, θ1S,1L, and θ2S,2L. The subscripts S and L stand for
the source and load, respectively. The TL with admittance
impedance of Y3S,3L is used to extend the connection, and the input
admittance of YinS,inL is found as in (1).

YinS, inL = jY3S, 3L
Y4 tan θ1S, 1L − cot θ2S, 2L + Y3S, 3Ltan θS, L
Y3S, 3L − Y4 tan θ1S, 1L − cot θ2S, 2L tan θS, L

(1)

Where Y3S,3L, θ1S,1L, Y4, and θS,L, are the predefined variables.
Setting (1) equal to zero, the electrical length of θ2S,2L can be
derived as

θ2S, 2L = cot−1 Z4Y3S, 3Ltan θS, L + tan θ1S, 1L (2)

Using (2), the θ2S,2L of the short-circuited stub can be found by
choosing Y3S,3L, θ1S,1L, Y4, and θS,L arbitrarily. Then, the input
admittance of T-network is cancelled out and become open-circuit
at f0. Moreover, the TZs location can be calculated from (3) by
giving ZinS,inL = 1/YinS,inL = 0.

Y3S, 3L − Y4 tan θ1S, 1L − cot θ2S, 2L tan θS, L = 0 (3)

Using (2) and (3), three TZ locations close to f0 and the electrical
length of θ2S,2L according to the θ1S,1L can be extracted and plotted
in Fig. 2. θ1S,1L of the open-circuited stub can be varied to produce
a finite TZs by fixing Y3S,3L and θS,L of the extend lines and Y4.
Then θ2S,2L of the short-circuited stub can be calculated.
Accordingly, the input reactance of the shunt T-network is not
affected to the passband (open circuit). For θ1S,1L < π/2 as shown
in Fig. 2a, the TZ is located higher and closer to the f0 as θ1S,1L

increases. Moreover, θ2S,2L is decreased as θ1S,1L increases. In the
case of θ1S,1L > π/2, the short-circuited stub TL requires a longer
length than that in condition of θ1S,1L < π/2 for the zero
susceptance of YinS,inL. The open-circuited stub TL produces the
first TZ lower and closer to the f0 while the short-circuited stub TL
produces the first TZ at higher and closer to the f0, as can be seem
in Fig. 2b. The TZs produced by the open-circuited stub and short-
circuited stub move towards f0 as θ1S,1L decreases. Moreover, the
θ2S,2L increased as θ1S,1L decreases. 

Fig. 3a shows the S21 characteristics of the input/output T-
networks stubs. The input/output T-network stub can produce not
only two TZs near passband, but also other six TZs in the
stopband. The TZs can be located at the desire frequencies by the
T-network stubs. The input and output T-networks produce TZs at
1.14f0 (fZ2) and 0.6f0 (fZ1), respectively. Moreover, Fig. 3b shows
the input impedance of the input and output T-network stubs on the
Smith chart. The input impedances of both T-networks are open
(infinite impedance) at the f0 and short (zero impedance) at the
desire TZ frequencies (fZ1 and fZ2). Thus, the shunt T-networks do
not affect the electrical performance at f0. 

For validation, the T-network stubs are embedded at the input
and output ports of the modified λ/2 SIR BPF. Fig. 4 shows the
proposed structure of the SIR BPF consisting of parallel-coupled
lines terminated with a shunt T-network stub at the through port
and series TL along with antiparallel coupled lines. The filter is
composed of n-stage resonators with electrical parameters Z0ej, Z0oj
(j = 1, 2, 3,…, n + 1), Z1, Z3S,3L, θS,L, Z4, θ1S,1L, θ2S,2L, and θ0,
respectively. θ0 always has electrical length of π/2 at the first
spurious frequency for all K values [10]. Therefore, the antiparallel
coupled lines are used to produce a TZ at the first spurious
frequency for all K values. 

Fig. 2  Transmission zero and electrical length θ2S,2L in conditions of
(a) θ1S,1L < π/2 and, (b) θ1S,1L > π/2

 

Fig. 3  Input and output ports T-networks
(a) S21 characteristics and, (b) Input impedances
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The T-network stub and antiparallel coupled line are not
effective for the λ/2 SIR at f0. Thus, the slope parameter values of
all resonators are the same and can be determined as b = 2θ0Y2.
Moreover, the J-inverter can be determined from [10]. Then, the
even- and odd-mode impedances of the parallel-coupled line at
both ends of the proposed BPF can be calculated as (4)

Z0e 1, n + 1 = Z2
1 + J1, n + 1Z2csc θ0 + J1, n + 1

2 Z2
2

1 − J1, n + 1
2 Z2

2cot2θ0
(4a)

Z0o 1, n + 1 = Z2
1 − J1, n + 1Z2csc θ0 + J1, n + 1

2 Z2
2

1 − J1, n + 1
2 Z2

2cot2θ0
(4b)

Moreover, the even- and odd-mode impedances of antiparallel
coupled lines can be calculated as (5)

Z0ei = Z2
1 + Ji

2Z2
2 + JiZ2csc θ0sec θ0

1 − Ji
2Z2

2cot2θ0
(5a)

Z0oi = Z2
1 + Ji

2Z2
2 − JiZ2csc θ0sec θ0

1 − Ji
2Z2

2cot2θ0
(5b)

where i = 2, 3,…, n.
Fig. 5 shows the S-parameters of the proposed and conventional

SIR BPFs [10] using the lossless TLs and coupled lines with
different K. As can be seen in Fig. 5, the passband responses of the
BPFs are almost identical. The spurious frequency of conventional
BPF with K = 0.16 can be moved to high frequency as high as the
proposed BPF. However, the characteristic impedance of Z1 has
required up to 310 Ω and it cannot be realised with typical
microstrip line. Moreover, the selectivity near to the passband is

limited. However, the proposed BPF offers improved selectivity
and wide-stopband attenuation with nine TZs using K = 0.5.
Moreover, the spurious frequency of the proposed BPF can be
moved to higher frequency with K = 0.4 with an identical TZs as K 
= 0.5. The first spurious frequency is suppressed and shifted to
higher with K = 0.4. Thus, the proposed SIR BPF with embedded
T-network stubs not only can suppress the first spurious frequency
with wide-stopband attenuation but also provide high passband
selectivity compared to the conventional SIR BPF significantly.
According to Fig. 2, the electrical lengths of θ1S = 69.5° and θ1L = 
124° are selected to produce TZs close to f0 at 0.6f0 and 1.14f0,
respectively, in conditions of θS = 20° and θL = 30°. The
specifications and all calculated variables are listed in Table 1. 

Since the T-network stubs at the input/output ports have zero
susceptance at f0, the T-network stubs can be symmetrically
designed or not in input and output ports without much degradation
in the passband performances.

3 Simulation and measurement results
For the experimental verification, the proposed BPF was designed
with the same specifications seen in Section 2 as K = 0.5. The
layout and photograph of the fabricated high selectivity BPF is
shown in Fig. 6. The physical dimensions of the proposed filter are
listed in Table 2. Although the T-network stubs of the proposed
filter are asymmetrical, the passband performance is maintained,
and the filter is implemented in microstrip on a dielectric constant
(εr) of 2.2 and thickness (h) of 0.787 mm RT/Duroid 5880
substrate. The overall circuit size of the fabricated network is 33 
mm × 28 mm (0.33λg × 0.39λg). The electromagnetic (EM)
simulation was performed using Ansys High-Frequency Structure
Simulator (HFSS). The solution frequency of 2.6 GHz, adaption
solutions of 20 maximum number, and 0.02 maximum delta S were
set in the simulation. Moreover, the driven model solution type and
wave ports were used. 

Fig. 7 shows the simulation and measurement S-parameters
results. The measured S21 and S11 at f0 = 2.6 GHz were −0.91 dB
and −21.25 dB, respectively. The return loss of 16.5 dB was
measured from 2.57 to 2.75 GHz (FBW = 7.6%). The measured f0
was shifted to 2.66 GHz. The antiparallel coupled line had strongly
affected the shift of f0. However, the measured results still agreed
well with the results of the simulation. The TZs of fZ1, fZ2, and fZ3
were located at 1.69 GHz (0.63f0), 2.98 GHz (1.12f0), and 3.17 
GHz (1.19f0), respectively, with a passband high selectivity. The
first spurious at 6.67 GHz of the conventional SIR BPF was
suppressed to 48.6 dB by a TZ of the antiparallel coupled line. The
stopband attenuations of the lower and higher passband were better
than 25 dB from DC to 2.23 GHz and from 2.89 to 9.82 GHz
(3.7f0), respectively. The first spurious of the proposed filter was
measured at 10.2 GHz (3.923 f0). Thus, it has proved that the
proposed SIR BPF can improve passband selectivity and high
spurious using T-network and antiparallel coupled lines. The
measurement was done in the open space. A performance
comparison with state-of-art alternatives is summarised in Table 3.
The proposed filter provides a controllable spurious response and
finite TZs frequency with a low insertion loss than those of other
works. 

Fig. 4  Proposed high selectivity bandpass filter
 

Fig. 5  S-parameters comparison of the proposed and conventional SIR
BPFs with different K

 

Table 1 Calculated values of the proposed and conventional SIR BPFs
Ripple = 0.043 dB, FBW = 4%, n = 2, f/f0 = 1, Z3S = Z3L = 70 Ω, Z4 = 80 Ω, θS = 20°, θL = 30° θ1S = 69.5°, θ1L = 124°

Z0e1,3/Z0o1,3 Z0e2/Z0o2 Z1 K θ0 θ2S, θ2L fZ1 fZ2
[Ω] nf0

proposed 90.54/34.96 59.39/42.59 125 0.4 32.31 17.93 129.44 0.6 1.14
90.61/35.38 59.79/42.24 110 0.5 35.26

conventional 58.18/43.85
113.16/32.92 57.85/44.03 310 0.16 21.88
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4 Conclusion
A λ/2 stepped-impedance resonator BPF with antiparallel coupled
line and shunt T-network stub is analysed and designed. The
capabilities of the antiparallel coupled line and shut T-network stub
are extended with the help of producing TZs at the first spurious
and in the stopband, respectively, and this provides wide-stopband

attenuation and high-selectivity performance. Moreover, the shunt
T-network can produce not only a finite-frequency TZ close to f0,
but also cancel the reactance of itself at f0. The proposed T-network
stub is easily used and can be embedded in other kinds of BPF
without much degradation in the performance.

Fig. 6  Proposed bandpass filter with antiparallel coupled line and shunt T-network stub
(a) Layout of proposed BPF and, (b) Photograph of fabricated proposed BPF

 
Table 2 Physical dimension of proposed SIR BPFs (unit: mm)
Wc1 = 1.25 Wc2 = 0.4 W1 = 0.55 L2 = 8 L1 = L3 = 3.8
Sc1 = 0.1 Sc2 = 0.4 LS3 = 4.8 LL3 = 7 WS3 = WL3 = 1.2
Lc1 = 8.2 Lc2 = 7.9 LS2 = 3.1 LS1 = 10 WS = WL = 0.9
LS1_2 = 3.4 LS1_1 = 3 LS2 = 13.7 LL1_1 = LL1_2 = 2.5
LL2_2 = 11.2 LL1 = 2.6 LL1_1 = 13 LL1_1 = 13.5
 

Fig. 7  EM simulation and measurement results
 

Table 3 Performances comparison with previous works
References f0, GHz TZs close to f0 Spurious FBW, % S21f0, dB Circuit size, λ0 × λ0
[5] 2 0.84f0, 1.175f0 NA ≅ 10 1.7 0.79 × 0.06
[6] 2.45 NA ≅ 3.877 f0 NA NA NA
[9] (Fig. 9) 0.955 0.94f0, 1.059f0 ≅ 2 f0 7.331 2 0.55 × 0.28
[11] (Fig. 7) 2.4 0.89f0, 1.19f0 ≅ 3 f0 NA 2.4 NA
[12] 1.503 0.92f0, 1.084f0 ≅ 1.73 f0 10.18 1.28 0.27 × 0.22
[15] (Fig. 14) 1 NA ≅ 14.9 f0 10 1.93 0.47 × 0.25
[16] (Fig. 9) 0.415 DC, 2.3f0 ≅ 7.95 f0 74.7 1.5 NA
[17] (Fig. 6) 1.5 NA ≅ 10.6 f0 8.9 2.52 0.16 × 0.12
[18] (Fig. 12) 2.02 0.82f0, 1.24f0 ≅ 1.63 f0 28.83dB 1.05 0.24 × 0.45
[19] 2.1 0.83f0, 1.13f0 ≅ 2.86 f0 193dB 1.8 0.39 × 0.28
[20] 0.3405 0.73f0, 1.101f0 ≅ 4.91 f0 10 1.2 0.078 × 0.082
this work 2.6 0.63f0, 1.12f0 ≅ 3.92 f0 7.6 0.91 0.33 × 0.39
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