
Received: 12 December 2017

DOI: 10.1002/mop.31264

Controllable and wide spurious
suppression power divider with
a bandpass-filtering and high
isolation

Phirun Kim | Girdhari Chaudhary |

Yongchae Jeong

Division of Electronics and Information Engineering,
IT Convergence Research Center, Chonbuk National University, Jeonju,
Republic of Korea

Correspondence
Yongchae Jeong, Division of Electronics and Information Engineering, IT
Convergence Research Center, Chonbuk National University, Jeonju,
Republic of Korea.
Email: ycjeong@jbnu.ac.kr

Funding information
Ministry of Education, Science and Technology, Korea, Grant/Award 
Number: 2016R1D1A1B03931400; Korean Research Fellowship Program 
through the National Research Foundation (NRF) of Korea; Ministry of 
Science, ICT and Future Planning, Grant/Award Numbers: 
2016H1D3A1938065

Abstract
This article presents a bandpass-filtering power divider
with a controllable and wide spurious frequency. The pro-
posed structure consists of four stepped-impedance
resonators (SIR) that are directly coupled to the output
ports of the power divider with an electrical length of u.
The spurious frequency can be controlled by changing the
ratio of the SIR. Moreover, the isolation resistor provides
an effective isolation between the output ports and an
effective output return loss over wide stopbands. For the
experiment validation, the power dividers with the
stepped-impedance ratios of 0.83 and 1.43 were designed,
fabricated, and measured at the center frequency of
2.6 GHz. The measured results are in good agreement
with the simulated results.
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1 | INTRODUCTION

Bandpass filtering power divider are multifunctional radio
frequency (RF) circuits that are widely used in antenna
arrays, amplifiers, and mixers to divide/combine RF signals,
reduce the junction loss of several path circuits, and enhance
the stopband characteristics.

Figure 1A shows the conventional equal-split Wilkinson
power divider.1 The circuit is simple to design in terms of
microstrip technology; however, the selectivity capabilities
around the passband and stopband attenuations are poor.
These issues can be solved by integrating the bandpass filters
(BPFs) into the output ports of the divider,2,3 as shown in
Figure 1B; however, the overall circuit size was enlarged and
caused additional losses. In recent years, filtering power
dividers with various structures and techniques for which the
multiresonator,4-6 the multimode resonator,7-12 and multistub
transmission lines (TLs) are used13-15 have been proposed. In
Refs. [4] and [5], miniaturized multiresonator bandpass-
filtering power dividers are proposed for which a net-type
resonator with two open- and short-ended stubs is used. Sim-
ilarly, a bandpass-filtering power divider was designed using
four coupled quarter-wavelength (k/4) resonators with four
shunt open stubs provided wide-stopband characteristics.6 In
Ref. [7], a wide passband-filtering power divider was
designed using a multi-mode resonator with limited out-of-
band suppression characteristics. Alternatively, wide-
stopband-filtering power dividers with multimode resonators
and shunt-open/short-stub TLs were introduced in Refs.
[8–12], while several transmission zeros were produced in
the stopband by using the same TLs. In Ref. [13], a
bandpass-filtering power divider was designed by cascading
a p-type impedance-matching network with a large circuit
size for which the third harmonic (3f0) was retained. In Ref.
[14], a shunt-configuration open-circuit-stub lowpass-
filtering power divider was designed. The wide-stopband
was suppressed by three transmission zeros; however, the
selectivity near the passband is poor. A wideband-filtering
power divider that is based on the coupled-line sections and
open/short-circuit stubs is presented in Ref. [15]. Moreover,
an unequal termination- impedance power divider was

FIGURE 1 A, Conventional equal-split Wilkinson power divider1

and B,Wilkinson power divider with a BPF at the output ports.2,3
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discussed in Ref. [16]. To improve the stopband characteris-
tics, unequal termination-impedance power dividers with a
bandpass-filtering response were designed by using a
coupled-line section, open-stub TLs,17 and two cascaded par-
allel coupled lines.18 The filtering power dividers with the
wide passband, wide-stopband, high isolation, and an
unequal termination impedance have been presented using
different structures; however, a filtering power divider with a
controllable and wide spurious frequency has not been
studied.

In this article, a microstrip-technology bandpass-filtering
power divider with a high isolation is presented analytically
with a controllable and wide spurious frequency. A low ratio
of a stepped-impedance resonator (SIR) is given the broadest
spurious-free bandwidth. To verify the design analysis, two
prototypes of the bandpass-filtering power dividers were
designed, fabricated, and measured with different-ratios
SIRs.

2 | ANALYSIS

Figure 2 shows the structure of the proposed bandpass-
filtering power divider. The circuit consists of a pair of two
SIRs. A resistor (R) is connected at the open ends of the out-
put dividing TLs. The SIRs are directly coupled to the output
ports of the divider with an electrical length of u. Thus, the
circuit size and the insertion loss can be reduced compared
with those of Refs. [2] and [3]. Since the proposed circuit is
symmetrical, an even- and odd-mode analysis can be applied.
The scattering parameters of the equal-split power dividers
are expressed in terms of even- and odd-mode scattering
parameters, as given by the following Equations of 119:

S115S11e5S22e; (1a)

S125S215S315S135
S21effiffiffi
2

p ; (1b)

S225S335
S22e1S22o

2
; (1c)

S235S325
S22e2S22o

2
; (1d)

where the subscripts e and o denote the even and odd modes,
respectively.

2.1 | Even-mode excitation and its equivalent
circuits

From (1a) and (1b), the desired bandpass-filtering response
with a matched terminated impedance should be obtained in
the even mode. Thus, when the input signal is driven at the
port 1 and terminated with the matched impedance, the
power is not dissipated at the resistor. Figure 3 illustrates the
even-mode equivalent circuits that consist of two-stage SIRs
with the electrical parameters Z2, Z0ei, and Z0oi (i5 1, 2, and
3) and an electrical length of u. The design parameters were
derived from the filter synthesis. At this mode, the source ter-
mination impedance becomes 2Z0, but R does not affect the
connected circuit. The equivalent circuit of the even-mode
circuit is depicted in Figure 4 with alternative J/K inverters.
The Z1 and Z2 are the characteristic image impedances of the
short- and open-end coupled lines, respectively. The imped-
ance values of the termination impedances need to be the
same at the input and output ports of the power divider,
thereby setting Z25 Z0. In Figure 4, the source-input admit-
tance (YS_e) and the load-input admittance (YL_e) can be
derived as (2a) and (2b), respectively, as follows:

YS e52Y0; (2a)

YL e5Y0: (2b)

FIGURE 2 Configuration of the proposed bandpass filtering power
divider

FIGURE 3 Schematic of an even-mode circuit

FIGURE 4 Equivalent circuit of an even-mode circuit
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From Figure 4, the resonator input admittance and
impedance are defined as (3a) and (3b), respectively, as
follows:

Y015jB5jY2
tan 2u2RZ

tan u 11RZð Þ ; (3a)

Z025jX5jZ1
tan 2u2RZ

tan u 11RZð Þ ; (3b)

where RZ is the SIR of the resonator (RZ5Z2/Z15Y1/Y2).
From (3), the resonator slope parameters are given as

(4a) and (4b),20 respectively, as follows:

b5
u0
2
dB
du

���
u5u0

5u0Y2; (4a)

x5
u0
2
dX
du

���
u5u0

5u0Z1; (4b)

where

u05tan21 ffiffiffiffiffiffi
RZ

p
: (5)

The reactance (X) and the susceptance (B) are the imagi-
nary parts of the Y01 and Z02, respectively. And u0 is the elec-
trical length at f0. The resonator length and the spurious
frequencies can be controlled by changing the RZ. The rela-
tionship between the RZ and the spurious resonance frequen-
cies is presented in Refs. [20] and [21].

Using (4), the admittance and impedance inverter can be
calculated using (6), as follows:

J015

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Y0b1FBW

g0g1

s
5Y0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2u0FBW
g0g1

s
; (6a)

K125FBW
ffiffiffiffiffiffiffiffiffi
x1x2
g1g2

r
5Z1FBWu0

ffiffiffiffiffiffiffiffiffi
1

g1g2

s
; (6b)

J235

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Y0b2FBW

g2g3

s
5Y0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0FBW
g2g3

s
; (6c)

where FBW is a fractional bandwidth, and g0, g1, g2, and g3
are the lowpass-filter-prototype elements that can be defined
as either equal-ripple or maximally flat characteristics. The
conditions of b15 b25 b and x15 x25 x can be obtained
from (4a) and (4b), respectively. The impedances and admit-
tances of the even- and odd-mode characteristics of the
coupled lines were calculated using (7) for the coupled line
with the open-end stub, and (8) is used for the coupled line
with the short-end stub,21 as follows:

Z0eð1;3Þ5Z2
11J 01;23ð ÞZ2csc u01 J 01;23ð ÞZ2

� �2
12 J 01;23ð ÞZ2
� �2cot 2u0 ; (7a)

Z0oð1;3Þ5Z2
12J 01;23ð ÞZ2csc u01 J 01;23ð ÞZ2

� �2
12 J 01;23ð ÞZ2
� �2cot 2u0 ; (7b)

and

Y0eð2Þ5
1

Z0eð2Þ
5Y1

12K12Y1csc u01 K12Y1ð Þ2
12 K12Y1ð Þ2cot 2u0

; (8a)

FIGURE 5 Schematic of an odd-mode circuit

FIGURE 6 Equivalent circuit of an odd-mode circuit

FIGURE 7 S-parameter characteristics with different RZ values: (A)
input/output return losses and (B) insertion loss and isolation [Color figure
can be viewed at wileyonlinelibrary.com]
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Y0oð2Þ5
1

Z0oð2Þ
5Y1

11K12Y1csc u01 K12Y1ð Þ2
12 K12Y1ð Þ2cot 2u0

: (8b)

2.2 | Odd-mode excitation and its equivalent
circuits

Under the odd-mode excitation, the equivalent circuit of the
proposed power divider is shown in Figure 5. In this mode,
the source termination is short-circuited and R is divided in
half; therefore, the equivalent circuit of Figure 5 is depicted
in Figure 6. Consequently, the network section between J01
and the load is identical to that of the network in Figure 4,
where the related variables are calculated using (6)–(8). At
f0, the k/4 TL of the Z2 with a short-circuit stub is trans-
formed into that of an open circuit at the resistor junction.
Then, YS_o is set to YS_e for the matching of the output ports.
As a result, an effective output return loss and isolation char-
acteristics were obtained simultaneously. When YS_e5YS_o,
the isolation resistor was found as

R5Z0: (9)

2.3 | Controllable spurious power divider

Design examples were performed to verify the design formu-
las. From the even- and odd-mode analysis, the bandpass-
filtering equal-split power divider with the controllable spuri-
ous frequency was designed with different RZ values. The
dividers are designed for FBW5 4% with an equal ripple of
0.043 dB (S115220 dB @ f0). In this case, the ideal elements

are used to simulate the theoretical performance of the pro-
posed power divider using the advance design system (ADS).

Figure 7 shows the S-parameter characteristics of the
return/insertion losses and the isolations of the proposed power
divider with different RZ values. The spurious frequency was
moved to a high frequency from 2.59 f0 to 4.3 f0 when the RZ
was decreased from 1.43 to 0.45, as shown in Figure 7A.
Moreover, the passband return-loss characteristics are almost
same for all of the RZ values. The insertion-loss and isolation
characteristics are depicted in Figure 7B. The stopband-
attenuation characteristics are improved as the RZ was
decreased. A perfect isolation was obtained at f0 for all of the
RZ values. All of the designed parameters in Figure 7 are listed
in Table 1. The lengths of the resonators were also shortened
as the RZ was decreased. A low RZ implies a small circuit size;
however, the J/K-inverter values were decreased/increased,
thereby causing a realization difficulty of the coupled lines.

3 | SIMULATION AND
MEASUREMENT RESULTS

The design examples of the proposed power divider were
implemented on a substrate of the RT/Duriod 5880 with
Er5 2.2 and h5 0.787 mm. The power dividers were
designed to operate at f05 2.6 GHz with FBW5 4%,
RZ5 0.83 and 1.43, and ripple5 0.043 dB. The calculated
J/K inverters are listed in Table 1. Using (7) and (8), the
even- and odd-mode characteristic impedances of the
coupled TLs were calculated and are listed in Table 2. The
widths, spacings, and lengths of the resonators were

TABLE 1 Design parameters for the power divider with different RZ values

f5 f05 l, ripple5 0.043 dB, FBW5 4%, Z05 50 X

J01 K12 J23 h(8) R (X) Z1 (X) RZ

0.006477 2.029291 0.00458 50.082 50 35 1.43

0.006139 2.604811 0.004341 45 50 50 1

0.005959 2.94462 0.004214 42.392 50 60 0.83

0.005733 3.406356 0.004054 39.231 50 75 0.66

0.005336 4.328226 0.003773 33.988 50 110 0.45

TABLE 2 Calculated even- and odd-mode impedance for the power divider with different RZ values

f05 2.6 GHz, ripple5 0.043 dB, FBW5 4%, Z05R5 50 X

Z0e1 (X) Z0o1 (X) Z0e2 (X) Z0o2 (X) Z0e3 (X) Z0o3 (X) h (8) Z1 (X) Rz

88.26 36.28 38.29 31.71 73.33 38.34 42.39 60 0.83

85.66 36.19 64.35 55.64 71.66 38.65 50.082 35 1.43
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calculated using LineCalc from the ADS tool. The electro-
magnetic simulation was performed using the ANSYS
HFSS.

The photograph of the fabricated circuit and the layout of
the power divider I are shown in Figure 8 with RZ5 1.43.
The fabricated layout data are listed in Table 3. The overall
circuit size of the proposed power divider is 41.1 3

25.48 mm2 (0.49kg 3 0.3kg), where kg is a guided wave-
length of 50 X microstrip lines at f0. The simulated and
measured S-parameter characteristics of the proposed power
dividers are shown in Figure 9. The measured return and
insertion losses (|S21| and |S31|) were better than 18.5 dB and
0.95 dB at f0, respectively, as shown in Figure 9A. More-
over, the input return loss was better than 18.5 dB from 2.54
to 2.65 GHz. The spurious frequency occurred at 7 GHz
(2.69f0) in the case of RZ5 1.43. The stopband attenuations

are better than 25 dB from dc to 2.29 GHz at the lower band
and from 3.08 to 6.52 GHz at the higher band. Figure 9B
shows the characteristics of the output return loss and the iso-
lation. The measured output return loss is better than 16 dB
within the passband; furthermore, the measured isolation is

FIGURE 8 Proposed power divider I: (A) layout and (B) photograph
of the fabricated circuit [Color figure can be viewed at wileyonlinelibrary.
com]

TABLE 3 Physical dimensions of the fabricated power divider I

W15 2.4 Sc15 0.1 G25 0.5 Lc25 11.2 Lc35 11.3

L15 4.5 Lc15 11.6 Wc25 3 Wc35 1.6 R5 56X

Wc15 1.4 G15 2.4 Sc25 1.4 Sc35 0.24

FIGURE 9 Simulated andmeasured results of the proposed power
divider: (A) magnitudes of S11, S21, and S31, (B) magnitudes of S22, S33,
and S32, and (C) phase andmagnitude imbalances [Color figure can be
viewed at wileyonlinelibrary.com]
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better than 22 dB from dc to 6.85 GHz. Figure 9C shows the
simulated and measured magnitude and phase imbalance
characteristics. The measured magnitude and phase imbalan-
ces are <0.4 dB and 1.48 within a wide band, respectively.

The fabricated circuit and the layout of the power divider
II are shown in Figure 10 with RZ5 0.83. The fabricated-
layout data are listed in Table 4. The overall circuit size of
the proposed power divider is 37.65 3 19.82 mm2 (0.45kg
3 0.23kg). The simulated and measured S-parameter charac-
teristics of the proposed power dividers are shown in Figure
11. The measured return and insertion losses are better than
24 and 0.97 dB at f0, respectively, as shown in Figure 11A.
The measured bandwidth of the input return loss is better
than 22 dB from 2.54 to 2.64 GHz. The spurious frequency
occurred at 8.6 GHz (3.3f0), which is much higher location
than of the power divider I. The stopband attenuations are
better than 25 dB from dc to 2.19 GHz at the lower band and
from 3.15 to 8.16 GHz at the higher band. Figure 11B shows
the characteristic of the output return loss and the isolation.
The measured output return loss was better than 16.5 dB
within the passband. The measured isolation is better than 20
dB from dc to 9 GHz. Figure 11C shows the simulated and

measured magnitude and phase imbalances between the two
output ports. The measured magnitude and phase imbalances
are <0.43 dB and 1.18 within a wide band, respectively.

Table 5 shows the performance comparison regarding the
proposed power divider and the previous work. The proposed

FIGURE 10 Proposed power divider II: (A) layout and (B) photo-
graph of the fabricated circuit [Color figure can be viewed at wileyonlineli-
brary.com]

TABLE 4 Physical dimensions of the fabricated power divider II

Ws15 2.4 Ssc15 0.1 Gs25 0.5 Lsc25 10 Lsc35 9.8

Ls15 5.5 Lsc15 10.35 Wsc25 1.4 Wsc35 1.5 R5 56 X

Wsc15 1.33 Gs15 2.4 Ssc25 1.8 Ssc25 0.18

FIGURE 11 Simulated and measured results of the proposed power
divider: (A) magnitudes of S11, S21, and S31, (B) magnitudes of S22, S33,
and S32, and (C) phase andmagnitude imbalances [Color figure can be
viewed at wileyonlinelibrary.com]
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work is advantageous due to its controllable spurious fre-
quency, high isolation, and wide-stopband characteristics.

4 | CONCLUSION

In this paper, a bandpass-filtering power divider with a con-
trollable spurious frequency, good isolation, and wide spuri-
ous suppression characteristics is presented using SIRs. The
resonators are directly coupled to k/4 TLs with an electrical
length of u. For the experiment validation, equal-split power
dividers with Chebyshev bandpass responses were designed
and fabricated in a microstrip line. The measured results are
good agreement with the simulated and analytical results.
The design equations were derived based on a coupled-line
bandpass-filter theory. The proposed network is simple to
design in terms of microstrip technology, and its applicability
for wireless communication systems is expected.
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Abstract
A filtering impedance transformer with high transforming
ratio and good suppression out of band is presented in this
article. Design parameters of the proposed configuration
are analyzed. For verification, a 50 to 500 X transformer
operating at 3 GHz has been designed, fabricated, and
measured. The measured maximum insertion is about 0.87
dB and the measured return loss is better than 18 dB from
2.71 to 3.29 GHz, which are in good agreements with the
simulated ones.
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1 | INTRODUCTION

The impedance transformer is one of the fundamental circuits
used in wireless communication systems and can be applied
in design of power dividers, filters, and amplifiers. A tradi-
tional impedance transformer with quarter wavelength can
provide a narrow bandwidth as it is only matched at the cen-
ter frequency. In order to broaden the operating bandwidth,
coupled transmission line and coupled three-line are utilized
to design impedance transformers.1–5 But the rejection at
stopband is poor. To enhance the selectivity, a parallel
coupled line with an open shunt stub is introduced.6 The
wider return loss bandwidth is achieved by keeping the paral-
lel coupled line in over-matched condition. Moreover, two
transmission zeros (Tzs) around the passband is generated to
improve suppression characteristics. However, impedance
transforming ratio is <3. To solve this problem, two cas-
caded coupled lines are used to obtain ultra-high impedance
transforming ratio and filtering response simultaneously.7,8

However, there is no transmission zeros around the pass-
band, which leads to poor selectivity.

In this article, a filtering impedance transformer with
ultra-high transforming ratio based on coupled lines with
short circuited ends is presented. The proposed impedance
transformer exhibit a wide operating bandwidth and good
selectivity as two transmission zeros out of band is gener-
ated. A prototype is designed, fabricated, and measured. The
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