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Abstract: An impedance matching bandpass filter (BPF) with arbitrary image impedance (Z2) of parallel/antiparallel coupled
lines SIR is presented in this study. The proposed structures consist of conventional SIRs and additional transmission lines with
an electrical length of π/2–θ2 at the input and output ports. Moreover, the coupling coefficients of the coupled line can be
controlled by the image impedance and it does not affect the bandpass responses. Since the first spurious frequency of the
conventional SIR BPF can be suppressed with a transmission zero by using antiparallel coupled lines, the proposed BPF can
provide wide stopband and high attenuation characteristics. For the experimental validation of the proposed filter, three types of
BPFs with 20–50 and 50–100 Ω termination impedances were designed and fabricated at the operating centre frequency (f0) of
2.6 GHz. By using the antiparallel coupled line instead of the parallel coupled line, the first spurious frequency is occurred at
3.71f0 and the stopband rejection considerably improved.

1 Introduction
The impedance matching bandpass filter (BPF) with a wide
stopband characteristic plays an important role in modern
microwave communication systems of suppressing unwanted
signals and miniaturised size. Fig. 1a shows the conventional RF
front-end receiver of communication systems [1]. In addition to the
frequency selective and wide stopband characteristics, the
impedance matching BPF can directly match the input and output
impedances of the transistor or input impedance of the antenna to
reduce the circuit size, cost, non-negligible insertion loss, and the
complexity of the network as can be seen in Fig. 1b. Therefore,
unequal termination impedance BPF with controllable spurious
frequencies is a new design challenge for modern communication
systems [2]. 

General BPFs have typically been analysed and designed with
equal termination impedances (50–50 Ω) [3–8]. In [3], the
generally designed formulas of parallel coupled line BPF were
derived for Chebyshev and Butterworth responses assuming
termination impedances (Z0) equalled to the image impedance of
the coupled lines. Meanwhile, the modified design methods of
equal termination impedance parallel coupled line BPF with an
arbitrary image impedance were introduced in [4–6]; however, they
were valid only for the parallel-coupled half-wavelength resonator
and their spurious frequencies were typically produced at 2f0 and

3f0. Moreover, the alternative J/K inverter BPF was designed with
wide stopband characteristics [7]. However, the design equations
were applicable for even-order Chebyshev response and equal
termination impedance. In [8], a half-wavelength parallel/
antiparallel coupled line BPF with arbitrary coupling lengths of the
coupled line was presented for second and third harmonics
suppression by the transmission zeros. This filter is only valid for
termination impedance equalled to the image impedance of the
coupled line.

Recently, impedance matching networks with a bandpass
response were analysed [9–18]. In [9–11], narrow band high-Q
cavity BPFs with one, two, and three poles were analysed using a
coupling matrix to directly match the output impedance of the
transistor. However, the design equations were not applicable for
microstrip lines BPFs. For microstrip technology, the ladder
networks of unequal termination impedances low-pass filters [12,
13] were used to design the input and output matching networks
[14–16] of the transistor using the optimising technique. However,
the lower-side stopband (closed to DC) characteristic of [13] was
poor and varied with termination impedance ratio (r = RS/RL). In
[17], unequal termination impedance parallel-coupled half-
wavelength resonator BPF was presented using an optimisation
process with a low r. Subsequently, a new analysis of unequal
termination impedance parallel-coupled microstrip half-wavelength
resonator BPF was introduced in [18] with a higher r and arbitrary
image impedance of the coupled line. However, the spurious
frequency is poor. In [19–21], a coupled line impedance
transformer with a shunt TL and its applications in the power
divider and power amplifier were presented. In these works, a half-
wavelength (λ/2) shunt open-stub TL was used to produce
transmission zero at 0.5f0, 1.5f0, and 2.5f0 and to enhance the r.
However, the sharp roll-off characteristic was limited with the one-
stage coupled line. In [22], the impedance transformer was
analysed using a two-stage coupled line to obtain better frequency
selectivity and higher r compared to those in [19]. However,
stopband attenuation, the bandwidth of the passband, and a number
of stages cannot be specified and the 2f0 and 3f0 were not
suppressed. In [23], the bandwidth of the passband can be
enhanced using the two-stage coupled line, but the r is still low.

A non-uniform resonator known as a stepped impedance
resonator (SIR) was introduced in [24] and was widely used to

Fig. 1  RF front-end receiver of communication system with
(a) Conventional matching networks and filters and (b) Using matching BPFs
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control spurious frequencies for wide stopband characteristics. In
[25, 26], parallel coupled line SIR BPFs were synthesised with
various stepped impedance ratios (K). However, these conventional
SIR BPFs also require image impedance of a coupled line equalled
to the termination impedance (i.e. Z2 = Z0) to avoid mismatching.
The analyses of unequal termination impedance BPF of [27–30]
were not applicable for all kinds of resonators especially microstrip
coupled line SIR BPFs. Fig. 2 shows the S-parameters of the
conventional SIR BPF with different termination impedances and
Z2. The filters are mismatched and frequency-shifted when
termination impedances and Z2 are not the same. Therefore,
additional networks or new analyses are required to solve these
issues. 

In this paper, new general design formulas of impedance
matching BPF with an arbitrary image impedance of λ/2 parallel/
antiparallel coupled line SIR are analysed and implemented on a
microstrip line. By simply adding TLs to the input and output ports
of SIR BPF with a specific length and characteristic impedances,
the image impedance of parallel/antiparallel coupled lines and
termination impedances can be selected arbitrarily. In addition, the
arbitrary termination impedance of the proposed BPF can suppress
the first spurious frequency of the conventional SIR BPF with a
transmission zero and provide a high spurious and high attenuation
performance.

2 Circuit analysis
2.1 Equivalent circuit

Fig. 3a shows a basic configuration of a conventional half-
wavelength parallel coupled line SIR BPF. Similarly, Figs. 3b and c
show the schematics of the proposed impedance matching SIR BPF
using parallel and antiparallel coupled lines, respectively. The
proposed structure I consists of conventional SIRs and additional
TLs with characteristic impedance of Z2 and electrical length of
π/2–θ2 at the input and output ports. In the proposed structure II,
the intermediate parallel coupled lines of the proposed structure I
are replaced with antiparallel coupled lines. Fig. 4a shows the
equivalent circuit of Fig. 3a [25]. Since the electrical length of θ2 is
less than λ/4, the input and output admittances Y1S and Y1L would
be complex admittance under the condition of Y0 ≠ Y2. Therefore,
the image impedance of the coupled line in the conventional SIR
filters must be the same as termination impedance (typically 50 Ω)
to avoid mismatching. Thus, it has a tight limitation to design a
wide stopband characteristic BPF due to realisation difficulty in
microstrip line. Fig. 4b shows the equivalent circuit of the
proposed SIR BPFs shown in Figs. 3b and c. The additional TLs
plays an important role in the proposed circuit. The electrical
length of the coupled line and additional TL at the input and output
ports is π/2 at f0; therefore, Y1S and Y1L are always the real
admittances, then image admittance of coupled line can be chosen
arbitrarily. Finally, the adjacent J-inverter at the input and output
ports can be matched with a specific bandwidth and termination
impedances. Thus, the proposed filters can be designed as
impedance matching SIR BPFs. From Fig. 4b, the input admittance
Y1S looking into the source from J0,1 is obtained as follows:

Y1S = Y2
2

GS
, (1)

where Y2 (Y2 = 1/Z2) is an image admittance of the coupled line.
Similarly, the output admittance of Y1L looking into the load from
Jn,n+1 is obtained as follows:

Y1L = Y2
2

GL
, (2)

where GS = 1/RS and GL = 1/RL are the termination source and load
conductances, respectively. 

2.2 Stepped impedance resonator and J-inverter

In the case of θ1 = θ2 = θ0, the resonant frequencies can be found as
[28]

θ0 f 0 = tan−1 K, (3)

where

K = Y1

Y2
= Z2

Z1
, (4)

and K is a ratio of two characteristic admittances of SIR.
Fig. 5 shows the variations of characteristic impedance Z1 and

the total electrical length (θT = 4θ0) of the SIR according to K and
Z2. The total length of the resonator is longer than λ/2 with K > 1
and less than λ/2 with K < 1. For the same K, the characteristic
impedance Z1 is increased as Z2 increases. The Z2 can be chosen
arbitrarily after adding TLs to the input and output of conventional
SIR filters. Thus, the filter can be realised with a low K when
compared to the conventional SIR BPF. 

The general J-inverters of arbitrary termination and arbitrary
image admittance of parallel/antiparallel coupled line SIR BPF are
given as follows:

J0, 1 = Y2
2θ0Y2FBW

GSg0g1
, (5a)

Fig. 2  Conventional SIR BPF [25] with different termination impedance
and image impedance of the coupled line

 

Fig. 3  Paralle coupled line BPFs with stepped impedance resonators
(a) Conventional [25], (b) Proposed structure I of impedance matching BPF with
parallel coupled lines, and (c) Proposed structure II of impedance matching BPF with
antiparallel coupled lines
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Ji, i + 1 = 2θ0Y2FBW 1
gigi + 1

, i = 1, 2, …, n − 1 (5b)

Jn, n + 1 = Y2
2θ0Y2FBW
GLgngn + 1

, (5c)

where g0, g1, …, and gn+1 are the prototype low-pass element
values, which can be computed for either Chebyshev (or equal-
ripple) or Butterworth (or maximally flat) responses [27], and
FBW is a fractional bandwidth of the passband. In the case of Y2 = 
GS = GL = Y0, the J-inverters of (5) are the same as those of the
conventional SIR BPF. The design formulas of multi-stage
impedance matching SIR BPF with arbitrary image impedances of
coupled lines can be directly adopted to design a practical filter.

The relative formulas between the coupled line and the J-
inverter can be derived from the ABCD matrix. More generally, the
even- and odd-mode impedances (Z0e and Z0o) of each parallel
coupled line are derived as follows:

Z0e i + 1 i = 0 to n = Z2
1 + Ji, i + 1Z2csc θ0 + Ji, i + 1

2 Z2
2

1 − Ji, i + 1
2 Z2

2cot2θ0
, (6a)

Z0o i + 1 i = 0 to n = Z2
1 − Ji, i + 1Z2csc θ0 + Ji, i + 1

2 Z2
2

1 − Ji, i + 1
2 Z2

2cot2θ0
. (6b)

Similarly, the antiparallel coupled line has been studied and used in
many applications [8, 31, 32]. In contrast to the parallel coupled
line, the antiparallel coupled line of λ/2 SIR provides a
transmission zero at the first spurious frequency for all K. Since the
antiparallel coupled line can be used for θ0 ≠ π/2 at f0, it can be
applied in SIR BPF with θ0 of the coupled lines are always less
than π/2. The Z0e and Z0o of each antiparallel coupled line are
derived as follows:

Z0e i + 1 i = 0 to n = Z2
1 + Ji, i + 1Z2csc θ0sec θ0 + Ji, i + 1

2 Z2
2

1 − Ji, i + 1
2 Z2

2cot2θ0
, (7a)

Z0o i + 1 i = 0ton = Z2
1 − Ji, i + 1Z2csc θ0sec θ0 + Ji, i + 1

2 Z2
2

1 − Ji, i + 1
2 Z2

2cot2θ0
. (7b)

Since the antiparallel coupled line requires stronger coupling
coefficients than the parallel coupled line, the intermediate coupled
lines, except the first and last coupled lines, are designed with an
antiparallel coupled line in the proposed network II.

3 Design examples
The design procedures of proposed impedance matching BPF are
summarised with the design flowchart as shown in Fig. 6. To
demonstrate the analysis, the lossless transmission lines (TLs) were
used to simulate the proposed impedance matching BPFs with
arbitrary Z2. The design examples are calculated with n = 2, 3, 4
and FBW of 5% for the Chebyshev response (ripple = 0.0434 dB). 

3.1 Parallel coupled line SIR BPF

Fig. 7a shows the S21 characteristics with different n. As shown in
the figure, the stopband rejection becomes steeper as n increases.
Also, the first spurious frequency is located at 2.25f0 with K = 0.7.
Similarly, Fig. 7b shows the S21 characteristics with different K. As
observed from these results, the spurious frequencies are
significantly shifted from the passband of 1.77f0 to 2.8f0 with K
varying from 1.5 to 0.4. The passband bandwidth is still
maintained, although the spurious frequency has shifted and
termination impedances are not the same. Fig. 7c shows the S21
characteristics with different Z2 by fixing K = 0.7 and n = 4. The
passband characteristic is maintained for different Z2. However,
lower- and upper-side stopband rejection characteristics are
improved with high Z2. Thus, high Z2 is preferable for the high
stopband rejection characteristic. From this simulation, it has
proved the coupled line image impedance of proposed impedance
matching BPF can be chosen arbitrarily. Fig. 7d shows the S21

Fig. 4  Equivalent circuits of parallel coupled line stepped impedance resonators
(a) Conventional circuit and (b) Proposed circuits I and II

 

Fig. 5  Variations of Z1 and total electrical length of stepped impedance
resonator according to K of SIR and Z2

 

Fig. 6  Design flowchart of proposed impedance matching BPF
 

IET Microw. Antennas Propag., 2018, Vol. 12 Iss. 12, pp. 1993-2000
© The Institution of Engineering and Technology 2018

1995



characteristics with different termination impedances. The
termination impedance can be terminated with a low and/or high
impedance. The stopband attenuation is more attenuated with a low
termination impedance. However, the passband characteristics are
almost the same. Thus, the changing termination impedance does
not seriously affect the operating band characteristics. It can be
observed herein that the proposed impedance matching SIR BPF
can be designed with arbitrary termination impedance after adding
TLs at the input and output ports. The specifications and calculated
circuit parameters for the simulation in Fig. 7 are shown in Table 1.
The higher or lower r can prevent the realisation of the first and
last coupled lines. This issue can be solved by decreasing or
increasing the Z2 values, which already explained in the design
flowchart. However, the realisation is still limited for a very
high/low Z2 values. 

3.2 Antiparallel coupled line SIR BPF

Fig. 8a shows the S21 characteristics of the proposed impedance
matching SIR BPF with antiparallel coupled line and different n.

As seen in the figure, the stopband rejection characteristics become
steeper as n increases. Also, the first spurious frequency of design
example 3.1 is suppressed significantly with the transmission zero
and provides wider stopband characteristic. 

Fig. 8b shows the S21 characteristics with different Z2. In this
case, the passband characteristics are maintained with different Z2.
While the stopband rejection is improved with higher Z2, it can
render Z1 difficult to realise. Fig. 8c shows the S21 characteristics
with different K. The first spurious frequencies are shifted from
2.4f0 to 4.6f0 as K decreases from 1.5 to 0.4. Thus, the proposed
antiparallel coupled line impedance matching SIR BPF not only
can shift the first spurious to higher frequency but also more
attenuate the stopband performance compared to the parallel
coupled line impedance matching SIR BPF. Similarly, Fig. 8d
shows the S21 characteristics with different termination
impedances. As r becomes higher, the stopband characteristic is
improved. However, the stopband rejections near the passband are
almost similar. Therefore, the antiparallel coupled line impedance
matching SIR BPF provides wider stopband and steeper

Fig. 7  S21 characteristics of parallel coupled line impedance matching SIR BPF using Chebyshev response with different
(a) n, (b) K, (c) Z2, and (d) Termination impedance

 
Table 1 Calculated values of impedance matching parallel coupled line SIR BPF using Chebyshev response with different n, k,
Z2, and termination impedance

f / f 0 = 1, FBW = 5%, LAr = 0.0434dB
Z0e/Z0o, Ω RS = 20 Ω, RL = 50 Ω, Z2 = 50Ω, K = 0.7 n

72.34/38.45 63.62/39.69 94.52/35.31 2
68.93/39.39 57.98/43.28 57.98/43.28 86.42/36.02 3
67.85/39.72 56.97/44.01 55.26/45.32 56.97/44.01 83.98/36.31 4

RS = 20 Ω, RL = 50 Ω, n = 4 K θ0, deg .
69.98/39.02 56.18/44.74 54.66/45.89 56.18/44.74 89.54/35.37 0.4 32.3
69.03/39.33 56.46/44.49 54.86/45.69 56.46/44.49 87.01/35.77 0.5 35.3
67.85/39.72 56.97/44.01 55.26/45.32 56.97/44.01 83.98/36.31 0.7 39.9
66.91/40.06 57.7/43.32 55.82/44.79 57.7/43.32 81.59/36.79 1 45
66.15/40.34 58.81/42.27 56.67/43.97 58.81/42.27 79.68/37.21 1.5 50.8

RS = 20 Ω, RL = 50 Ω, n = 4 Z2, Ω
39.37/18.55 28.49/22 27.63/22.66 28.49/22 55.66/17.38 25
67.85/39.72 56.97/44.01 55.26/45.32 56.97/44.01 83.98/36.31 50
95.7/61.76 85.46/66.01 82.89/67.98 85.46/66.01 112.83/56.69 75

n = 4, Z2 = 50Ω RS/RL, Ω
144.21/35.77 56.46/44.49 54.86/45.69 56.46/44.49 61.58/42.12 150/10
57.72/44.11 56.97/44.01 55.26/45.32 56.97/44.01 83.98/36.31 5/50
64.85/40.76 56.46/44.49 54.86/45.69 56.46/44.49 105.54/34.84 15/90
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characteristics than the parallel coupled line impedance matching
SIR BPF. The specification and calculated circuit parameters for
the simulations shown in Fig. 8 are listed in Table 2. From the
above simulation results, it has proved that the proposed
impedance matching SIR BPFs can be designed not only with
unequal termination impedances but also arbitrary image
impedance of coupled line after adding TLs at the input and output
ports. Moreover, in practical design it is desirable to choose an
antiparallel coupled line impedance matching SIR BPF with a low
K if wide stopband and high attenuation characteristics are desired. 

4 Simulation and measurement results
For demonstration, three impedances matching SIR BPFs with
arbitrary terminations and Z2 were designed and implemented on a
single substrate of RT/Duriod 5880 with a dielectric constant (εr) of
2.2 and thickness (h) of 0.787 mm. Three types of BPFs were
designed at f0 = 2.6 GHz. The specifications and calculated circuit

parameters are shown in Table 3. Figs. 9a–c show the layouts of
the fabricated impedance matching SIR BPFs of two-stage parallel
coupled line, two-stage antiparallel coupled line, and three-stage
parallel coupled line, respectively. The physical dimensions of
propose circuits are shown in Table 4. 

4.1 Two-stage SIR BPF

The first BPF was designed with Chebyshev response for the
following specifications: ripple = 0.043 dB, RS = 20 Ω, RL = 50 Ω,
Z2 = 60 Ω, K = 0.5, n = 2, and FBW = 5%. The fabricated circuit
looks similar to the conventional SIR BPF, but the characteristics
impedance at the input/output TLs of proposed circuit are different
to the conventional one. The input/output TLs of conventional SIR
BPF are fixing to be Z0 for the measurement purpose. However, the
input/output TLs of proposed SIR BPF have a characteristic
impedance of Z2, which can be chosen arbitrarily. Moreover, the
electrical length of the input and output TLs can be calculated

Fig. 8  S21 characteristics of antiparallel coupled line impedance matching SIR BPF using Chebyshev response with different
(a) n, (b) Z2, (c) Different K2, and (d) Termination impedances

 
Table 2 Calculated values of impedance matching antiparallel coupled line SIR BPF using Chebyshev response with different
n, k, Z2, and termination impedances

f / f 0 = 1, FBW = 5%, LAr = 0.0434dB
Z0e/Z0o, Ω RS = 20 Ω, RL = 50 Ω, Z2 = 50 Ω, K = 0.7 n

72.34/38.45 60.83/42.47 94.52/35.31 2
68.93/39.39 56.26/44.99 56.26/44.99 86.42/36.02 3
67.85/39.72 55.46/45.52 54.1/46.48 55.46/45.52 83.98/36.31 4

RS = 20 Ω, RL = 50 Ω, n = 4 K θ0, deg .
69.98/39.02 55.29/45.63 53.98/46.57 55.29/45.63 89.54/35.37 0.4 32.3
69.03/39.33 55.36/45.59 54.02/46.53 55.36/45.59 87.01/35.77 0.5 35.3
67.85/39.72 55.46/45.52 54.1/46.47 55.46/45.52 83.98/36.31 0.7 39.9
66.91/40.06 55.59/45.43 54.2/46.4 55.59/45.43 81.59/36.79 1 45
66.15/40.34 55.77/45.31 54.33/46.31 55.77/45.31 79.68/37.21 1.5 50.8

RS = 20 Ω, RL = 50 Ω, n = 4 Z2, Ω
39.37/18.55 27.73/22.76 27.05/23.24 27.73/22.79 55.66/17.38 25
67.85/39.72 55.46/45.52 54.1/46.48 55.46/45.52 83.98/36.31 50
95.7/61.76 83.19/68.28 81.15/69.71 83.19/68.28 112.83/56.69 75

n = 4, Z2 = 50Ω RS/RL, Ω
144.21/35.77 55.46/45.52 54.1/46.48 55.46/45.52 61.58/42.12 150/10
57.72/44.11 55.46/45.52 54.1/46.48 55.46/45.52 83.98/36.31 5/50
64.85/40.76 55.46/45.52 54.1/46.47 55.46/45.52 105.54/34.84 15/90
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according to specifications. The characteristic impedance Z2 = 60 Ω
at input and output ports was selected, so the TL width of W1 and
W4 are the same. The overall circuit size of the proposed BPF is 34 
mm × 20 mm.

In the measurement, the TRL calibration technique was used to
offset the lengths of the subminiature version A (SMA) connectors
at the reference impedance line of two ports as can be seen in
Fig. 9. Then, the unsymmetrical two-port S-parameters can be
measured and extracted as an S2P file from network analyser. By
renormalising, the measured data with respect to the port
impedances, i.e. 20 and 50 Ω, the S-parameter with port
impedances of 20 and 50 Ω can be calculated using ADS.

The photograph of the fabricated circuit, simulated, measured
S-parameters, and measured group delay of the passband responses
is shown in Fig. 10. The measured results agree well with the
simulated results. The first spurious frequency occurs at 2.5f0. The
measured insertion loss is 0.63 dB at the lower band edge of 2.54 
GHz, 0.55 dB at f0 of 2.6 GHz, and 0.65 dB at the upper band edge
of 2.66 GHz. The input and output return losses within the whole
passband (FBW = 4.6%) are better than 20 dB. Moreover, the
lower- and upper-side stopband rejections of 20 dB are obtained
from DC to 2.35 and 3.1 to 5.74 GHz, respectively. The measured
group delay of the passband is lower than 2.2 ns. 

4.2 Antiparallel coupled line two-stage SIR BPF

The second impedance matching BPF was designed with the same
specification as that of the first BPF; however, the intermediate
coupled lines were designed using an antiparallel coupled line. The
overall circuit size of the proposed filter is 47 mm × 13 mm. The
photograph of the fabricated circuit, simulated, measured S-
parameters, and measured group delay of the passband is shown in
Fig. 11. The rejection levels at the first spurious frequency of 6.23 
GHz in the first BPF are better than 38 dB by the transmission
zero. The measured insertion loss is 0.95 dB at the lower band edge
of 2.54 GHz, 0.85 dB at f0 of 2.6 GHz, and 0.97 dB at the upper
band edge of 2.65 GHz. Also, the measured input and output return
losses within the whole passband (FBW = 4.2%) are better than 19 
dB. Moreover, the lower- and upper-side stopband rejections of 25
dB are obtained from DC to 2.23 GHz and 3 to 8.95 GHz,
respectively. The first spurious frequency occurs at 9.65 GHz
(3.71f0), which is located much higher than the first BPF. 

Moreover, the stopband attenuation near to the passband is
improved compared to the first impedance matching SIR BPF. The
measured group delay of the passband is lower than 2.8 ns.

Table 3 Calculated values of the proposed BPFs
f 0 = 2.6 GHz, FBW = 5%, LAr = 0.0434 dB

Z0e/Z0o, Ω RS = 20 Ω, RL = 50 Ω, Z2 = 60, K = 0.5, n = 2 θ0, deg . first and third filters
85.33/46.48 72.75/51.08 75.18/48.65 (shunt coupled line) 110.43/42.3 35.26

RS = 50 Ω, RL = 100 Ω, Z2 = 90, K = 1.5, n = 3 θ0, deg . second filter
128.64/69.78 101.78/80.67 101.78/80.67 152.83/65.73 48.75

 

Fig. 9  Layout of impedance matching SIR BPF using Chebyshev response
(a) Two-stage parallel coupled lines, (b) Two-stage antiparallel coupled lines, and (c) Three-stage parallel coupled lines

 
Table 4 Physical dimensions of fabricated two-stage and three-stage impedance matching parallel/antiparallel coupled lines
SIR BPFs using Chebyshev response (unit: mm)

Two-stage parallel coupled lines
W1 = W4 = 1.8 Wc1 = 1.36 Wc2 = 1.65 Wc3 = 1 W2 = W3 = 0.4
L1 = L4 = 12.8 Sc1 = 0.23 Sc2 = 0.5 Sc3 = 0.102 L2 = L3 = 17.1
Lc1 = 8.49 Lc2 = 8.05 Lc3 = 8.6
 

 
Two-stage antiparallel coupled lines

Win = Wout = 1.8 Wc1 = 1.36 W1 = 0.42 Sc2 = 0.37 Sc3 = 0.11
Lin = Lout = 12.8 Sc1 = 0.23 L2 = 10.5 Lc2 = 8 Lc3 = 8.6
Lc1 = 8.49 L1 = L3 = 3 Wc2 = 1.85 Wc3 = 1
 

 
Three-stage parallel coupled lines

W1 = W5 = 0.9 Wcc1 = 0.5 Lcc2 = 11.2 Lcc3 = 11.28 Wcc3 = 0.59 Scc4 = 0.27
L1 = L5 = 9.95 Scc1 = 0.5 Scc2 = 1.47 Scc3 = 1.45 Lcc4 = 11.4 Wcc4 = 0.55
Lcc1 = 11.2 Wcc2 = 0.8 W2 = W3 = W4 = 1.45 L2 = L3 = L4 = 23.5
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4.3 Three-stage SIR BPF

The third impedance matching BPF was designed for the
Chebyshev response with ripple = 0.043 dB, RS = 50 Ω, RL = 100 
Ω, Z2 = 90 Ω, K = 1.5, n = 3, and FBW = 5%. The calculate circuit
parameters are shown in Table 5. The overall circuit size of the
proposed filter is 30 mm × 57 mm. By choosing Z2 = 90 Ω, the
physical widths of TLs are calculated to be W1 = W5 = 0.9 mm.
Thus, the filter can be matched to the specific termination
impedances at the reference plan although Z2 ≠ Z0. Fig. 12 shows a
photograph of the fabricated filter, simulated, measured S-
parameters, and measured group delay of the passband. Because K 
= 1.5, the first spurious frequency occurs at 1.8f0. The measured
insertion loss is 1.75 dB at the lower band edge of 2.54 GHz, 1.6
dB at f0 of 2.6 GHz, and 1.76 dB at the upper band edge of 2.64 
GHz. Also, the input and output return losses are better than 18 dB
from 2.54 to 2.64 GHz. The measured group delay of the passband

is lower than 7.4 ns. From this measurement results, it must be
noted that the spurious can be moved close to the passband with
the unequal termination impedance. 

Table 5 shows a comparison of the performance of the proposed
impedance matching SIR BPFs with the previous works. The
proposed work has the advantages of arbitrary termination
impedance, controllable spurious frequency, arbitrary image
impedance, and n stage resonators when compared with others.

5 Conclusion
An impedance matching BPF with an arbitrary image impedance of
parallel/antiparallel coupled line SIR was proposed and studied in
this paper. The parallel/antiparallel coupled line SIR BPF can be
designed with arbitrary termination and arbitrary image impedance
by adding TLs at the input and output ports. Moreover, the general
design equations based on multi-stages half wavelength parallel/

Fig. 10  Simulated and measured results of two-stage impedance matching SIR BPF using Chebyshev response
 

Fig. 11  Simulation and measured results of two-stage impedance matching SIR BPF with Chebyshev response using the antiparallel coupled line
 

Table 5 Performance comparison of the proposed filter with other works
Ref. f0, GHz Termination impedance n Spurious Image impedance Design equations PCB/response
[3] 1.2 Z0 i A NA C M/BPF
[4] NA Z0 i A arbitrary C M/BPF
[5] 1.85 Z0 i A arbitrary C M/BPF
[7] 2.4 Z0 even A Z0 C M/BPF
[10] 3 arbitrary 2 A NA C cavity/BPF
[13] f0 arbitrary even A NA C NA/LPF
[17] 3 arbitrary i A NA D M/BPF
[18] 2.6 arbitrary i A arbitrary C M/BPF
[19] 2.6 arbitrary 1 A arbitrary C M/BPF
[22] 2.6 arbitrary 2 A arbitrary C M/BPF
[23] 1 arbitrary 2 A NA C M/BPF
[25] 1 Z0 i B Z0 C M/BPF
[26] 2 Z0 i A arbitrary C M/BPF
this work 2.6 arbitrary i B arbitrary C M/BPF
i = 2 to n, A = uncontrollable, B = controllable, C = analytical, D = optimisation, M = microstrip line
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antiparallel coupled line SIR BPFs theory have been derived for
the proposed filters. The wide stopband, high selectivity, and high
stopband attenuation characteristics are mainly attributed to the
antiparallel coupled line. The first spurious frequency of the
conventional SIR BPF can be suppressed significantly by a
transmission zero for all K. To show the validity of the proposed
design formulas, three types of impedance matching SIR BPFs
with Chebyshev response were fabricated and measured. The
simulated and measured results agree well with the analysis. The
proposed method will be advantageous in many applications such
as power dividers, impedance matching networks, and power
amplifier design. Furthermore, steeper attenuation and wider
stopband BPFs with arbitrary termination and arbitrary image
impedances based the proposed method will be conducted in the
future.
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