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Abstract— In this article, two filtering power dividers (FPDs)
with wideband and high in-band isolation, sharp bandpass selec-
tivity, and deep out-of-band rejections based on parallel coupled
lines (PCLs) and anti-parallel coupled lines (APCLs), respec-
tively, are proposed. The open-stub loaded PCL (OSL-PCL)
and open-stub loaded APCL (OSL-APCL) are, respectively,
proposed, and their transmission characteristics are investigated
theoretically and numerically. Based on Wilkinson power divider
(WPD) topology, when a pair of OSL-PCLs are used in place
of the quarter-wavelength transmission lines, the filtering char-
acteristic is realized. The frequency selectivity is substantially
enhanced by achieving transmission zeros (TZs) close to each
side of the passband. To broaden the bandwidth and improve
frequency selectivity and out-of-band rejection level, OSL-APCLs
instead of OSL-PCLs are employed to introduce an additional
TZ in the upper stopband and achieve a better out-of-band
rejection. To validate these design concepts, two FPDs with
center frequencies at 3.54 and 2.77 GHz are fabricated and
measured, achieving good in-band isolations of more than 19 dB.
The proposed OSL-APCLs-based FPD also indicates that the
minimum in-band insertion loss is 3.5 dB, the 3-dB fractional
bandwidth (FBW) is approximately 54.6%, and the out-of-band
rejections are greater than 23 dB. The simulated and measured
results are in good agreement, proving the feasibility of the
proposed design strategies.

Index Terms— Anti-parallel coupled line (APCL), filter-
ing power divider (FPD), integrated design, parallel coupled
line (PCL).
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I. INTRODUCTION

POWER divider performs an unrivaled crucial role in RF
microwave circuits as a key component of the RF front

end. Among them, the Wilkinson power divider (WPD) has
been proposed and extensively employed in RF circuits. How-
ever, due to microwave devices developing toward compact,
low cost, and multifunction, filtering power dividers (FPDs)
have drawn increasing amounts of interest in recent years.

Bandpass filter (BPF) combined with power divider can
realize power division/combination, miniaturization, and fre-
quency selection simultaneously. Some FPDs are designed
using a trigonometric substrate resonator integrated with
defected ground structure [1], quarter-wavelength resonators
and short-ended parallel coupled lines (PCLs) [2], several
pairs of short-circuited microstrip stub resonators [3], regular
triangle patch resonator [5], and ring resonators [6]. However,
the abovementioned FPDs have not paid too much attention to
expand their bandwidth. For the wideband application, a three-
line coupled structure integrated with PCLs has been proposed
to replace the T-junction of a classical WPD [7]. Although the
ultrawideband response can be obtained, the isolation in the
wide passband is not ideal.

A variety of FPDs have been proposed by using isolation
networks, which consist of two coupled lines and lumped
components [8] or a resonator, two inverters, and two resis-
tors [9]. However, the frequency selectivity and out-of-band
suppression of the designs listed above are not satisfactory
enough.

In general, to design FPDs with wideband and high in-band
isolation, sharp bandpass selectivity and deep out-of-band
suppressions are extremely important for the RF front end.
The properties of wideband, sharp bandpass selectivity, and
deep out-of-band rejections in the filters are taken into account
by the employment of anti-parallel coupled lines (APCLs)
[12], [13]. To the best of our knowledge, papers on using
APCLs to construct FPDs are very rare. Therefore, using PCL
and APCL structures to construct FPDs with wideband and
high in-band isolation, sharp frequency selectivity and deep
out-of-band rejections are deserved to be studied.

In this article, two FPDs with wideband and high
in-band isolation, sharp bandpass selectivity and deep out-
of-band rejections based on PCLs and APCLs are proposed,
respectively. The modified structures of open stub-loaded PCL
(OSL-PCL) and open stub-loaded APCL (OSL-APCL) are,
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Fig. 1. Schematic of a conventional four-port PCL.

respectively, proposed, and their transmission characteristics
are analyzed theoretically. The OSL-PCLs that generate a
transmission zero (TZ) on both sides of the passband and
one TZ in the upper stopband are loaded to replace the 1/4
wavelength transmission lines of the classical WPD, and an
FPD with high-frequency selectivity is proposed. Moreover,
high isolation in the passband is achieved by loading two
isolation resistors between output ports. To further improve
the bandwidth, frequency selectivity, and out-of-band rejec-
tions, OSL-APCLs are used instead of the OSL-PCLs. The
stopband suppressions are effectively enhanced by generating
one additional TZ in the upper stopband. The results of the
experiment demonstrate that the simulated and tested results
are fairly consistent.

The theoretical analysis and deduction of OSL-PCL and
OSL-APCL are presented in Section II. To validate the theoret-
ical derivation, Sections III and IV provide the characteristics,
simulated, and measured results of OSL-PCLs-based FPD and
OSL-APCLs-based FPD, respectively. In Section V, a succinct
conclusion is provided (all the designs are based on the
substrate with εr = 3.48, h = 0.508 mm, and tan δ = 0.0037).

II. THEORETICAL ANALYSIS OF
OSL-PCL AND OSL-APCL

The schematic of a typical four-port PCL structure with
its electrical length θc and its respective even- and odd-mode
characteristic impedances Ze and Zo is shown in Fig. 1.

Considering that the conventional PCL is symmetrical about
the central plane, the method of even- and odd-mode analysis
can be used. Thus, an impedance matrix can be further derived
as follows:

Z11 = Z22 = Z33 = Z44 = − j (Ze + Zo) cot θc/2 (1a)
Z12 = Z21 = Z43 = Z34 = − j (Ze − Zo) cot θc/2 (1b)
Z13 = Z31 = Z24 = Z42 = − j (Ze − Zo) csc θc/2 (1c)
Z14 = Z41 = Z23 = Z32 = − j (Ze + Zo) csc θc/2. (1d)

A. Design and Analysis of OSL-PCL

When an open stub with an electrical length of θ2 and
characteristic impedance of Z2 is loaded at terminal ④ and
terminals ① and ③ are excited, the proposed structure labeled
as OSL-PCL is achieved, as shown in Fig. 2. The configuration
clearly shows that the signal input from terminal ① (Port 1)
of PCL and output from terminal ③ (Port 2). θc and θ2 are the
electrical lengths at the center frequency fc.

The boundary conditions of terminal ② and terminal ④ are
given

I2 = 0 (2a)

I4 = j V4 tan θ2
/

Z2. (2b)

Fig. 2. Schematic of the proposed OSL-PCL.

Fig. 3. Schematic of the proposed OSL-APCL.

When (2a) and (2b) is substituted, the input–output voltage
relationship can be converted into a two-port Z -matrix, and by
substituting (1a)–(1d), the elements of the impedance matrix
of the OSL-PCL can be obtained as

Z13 = Z31 = − j Zb csc θc −
j Za Zb cot θc csc θc tan θ2

Z2 − Za cot θc tan θ2
(3a)

Z11 = − j Za cot θc −
j Z2

a csc2 θc tan θ2

Z2 − Za cot θc tan θ2
(3b)

Z33 = − j Za cot θc −
j Z2

b cot2 θc tan θ2

Z2 − Za cot θc tan θ2
(3c)

where 
Za =

Ze + Zo

2

Zb =
Ze − Zo

2
.

(4)

Therefore, when Ports 1 and 2 are loaded with Z0, the
transmission coefficient S21 of OSL-PCL can be deduced as

S21 =
2Z31 Z0

(Z11 + Z0)(Z33 + Z0) − Z13 Z31
. (5)

When S21 = 0, the frequency locations of four TZs are
obtained as

fTZ1 = 0 (6a)

fTZ2 =
2 f0

π
arccos

√
Z2

(Zo + Ze) tan θ2
(6b)

fTZ3 = 2 f0 −
2 f0

π
arctan

(
−

2Z2

(Zo + Ze) tan θ2

)
(6c)

fTZ4 = 2 f0 (6d)

where f0 is the center frequency of the proposed OSL-PCL.

B. Design and Analysis of OSL-APCL

When an open stub with an electrical length of θ3 and
characteristic impedance of Z3 is loaded at terminal ④ and
terminals ① and ② are excited, the proposed structure labeled
as OSL-APCL is achieved, as shown in Fig. 3. The config-
uration clearly shows that the signal input from terminal ①
(Port 1) of APCL and output from terminal ② (Port 2).
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Fig. 4. Schematic of the proposed dual-mode OSL-PCLs-based FPD.

The boundary conditions of terminals ③ and ④ are given

I3 = 0 (7a)

I4 = j V4 tan θ3
/

Z3 (7b)

and the following Y matrix can be obtained:

Z12 = Z21 = − j Zb cot θc −
j Za Zb csc2 θc tan θ3

Z3 − Za cot θc tan θ3
(8a)

Z11 = − j Za cot θc −
j Z2

a csc2 θc tan θ3

Z3 − Za cot θc tan θ3
(8b)

Z22 = − j Za cot θc −
j Z2

b csc2 θc tan θ3

Z3 − Za cot θc tan θ3
. (8c)

Thus, when Ports 1 and 2 are loaded with Z0, the
S-parameter can be further derived as

S21 =
−2Z21 Z0

(Z11 + Z0)(Z22 + Z0) − Z12 Z21
. (9)

Thus, the TZs can be calculated when S21 = 0 and the
frequency locations of four TZs are obtained as

fTZ1 = 0 (10a)

fTZ2 =
f0

π
arcsin

(
2(Ze + Zo) tan θ3

(Ze + Zo) tan θ3 − Z3

)
(10b)

fTZ3 = 2 f0 −
f0

π
arcsin

(
2(Ze + Zo) tan θ3

(Ze + Zo) tan θ3 − Z3

)
(10c)

fTZ4 = 2 f0. (10d)

III. DESIGN AND ANALYSIS OF OSL-PCLS-BASED FPD

Based on the classical WPD, by substituting the λ /4 trans-
mission lines with the proposed OSL-PCLs, an FPD with the
characteristics of high selectivity and high isolation is realized,
as shown in Fig. 4. It consists of a T-junction, a pair of OSL-
PCLs, a couple of stepped impedance lines, and two resistors
R1 and R2. Z1, θ1 and Z3, Z4, and θ3, θ4 are the characteristic
impedances and the electrical length of the T-junction and the
stepped impedance lines, respectively.

The OSL-PCLs-based FPD can be analyzed utilizing odd-
even mode analysis because of its symmetrical construction.
When an even mode excites, the symmetric plane of the
proposed FPD is assumed to have an ideal magnetic wall.
The even-mode equivalent circuit of OSL-PCLs-based FPD

Fig. 5. Even–odd-mode analysis of the OSL-PCLs-based FPD.
(a) Even-mode equivalent circuit. (b) Odd-mode equivalent circuit.

is shown in Fig. 5(a); when Port 2 is well-matched, we can
obtain

0e
in =

Z ine1 − 2Z0

Z ine1 + 2Z0
(11)

where

Z ine1 = Z1
Z in1 + j Z1 tan θ1

Z1 + j Z in1 tan θ1
(12a)

Z in1 = Z11 −
Z13 Z31

Z in2 + Z33
(12b)

Z in2 = Z ′

in
Z0 + j Z ′

in

Z ′

in + j Z0
(12c)

Z ′

in = Z4
− j Z3 tan θ3 + j Z4 tan θ4

Z4 + Z3 tan θ3 tan θ4
. (12d)

When Port 1 is well-matched, the reflection coefficient can
be obtained from (15)

0e
out =

Z ine2 − Z0

Z ine2 + Z0
(13)

where

Z ine2 = Z in2
Z in2 + j Z in

Z in + j Z in2
(14a)

Z in2 = Z11 −
Z13 Z31

Z in21 + Z11
(14b)

Z in21 = Z1
2Z0 + j Z1 tan θ1

Z1 + j2Z0 tan θ1
(14c)

Z in = Z3
− j Z4 tan θ4 + j Z3 tan θ3

Z3 + Z4 tan θ3 tan θ4
. (14d)

When an odd mode excites, the symmetric plane of the
proposed FPD is assumed to have an ideal conductive wall.
The odd-mode equivalent circuit of OSL-PCLs-based FPD is
shown in Fig. 5(b). When Port 1 is perfectly matched, 0o

out
can be obtained through (18)

0o
out =

Z ino2 − Z0

Z ino2 + Z0
(15)

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on February 15,2024 at 04:10:25 UTC from IEEE Xplore.  Restrictions apply. 



LI et al.: CHARACTERISTIC ANALYSIS OF PCL AND APCL STRUCTURES AND THEIR INTEGRATED DESIGN 1843

where

Z ino2 =
R2 × Z in3

R2 + 2Z in3
(16a)

Z in3 = Z4
Z in4 + j Z4 tan θ4

Z4 + j Z in4 tan θ4
(16b)

Z in4 =
R1 × Z in5

R1 + 2Z in5
(16c)

Z in5 = Z3
Z in6 + j Z3 tan θ3

Z3 + j Z in6 tan θ3
(16d)

Z in6 = Z11 −
Z13 Z31

Z in7 + Z11
(16e)

Z in7 = Z1
Z0 + j Z1 tan θ1

Z1 + j Z0 tan θ1
. (16f)

Therefore, the S-parameters can be expressed as

S11 =
0e

in + 0e
out

2
(17a)

S12 = S21 =
0e

in − 0e
out

2
(17b)

S22 = S33 =
0e

out + 0o
out

2
(17c)

S32 =
0e

out − 0o
out

2
. (17d)

Based on the theoretical analysis of Sections II and III, the
design processes of the proposed OSL-PCL-based FPD can be
written as follows.

1) First, according to the desired design specifications,
the required design parameters, such as center fre-
quency ( f0), 3-dB FBW, and frequency selectivity, of the
designed FPD can be determined.

2) Assuming that the electrical length of PCL θc = 90◦,
the locations of the TZs are determined by the required
frequency selectivity. The electrical length of the open
stub θ2 = 180◦ of the corresponding frequencies can be
deduced according to (6).

3) According to the desired design bandwidth determined
in step (1), the odd- and even-mode impedance Ze =

200 �, Zo = 73 �, and Zc = 121 �, coupling coeffi-
cient k = 0.46, and the impedance of other transmission
lines Z1 = 60 �, Z2 = 44 �, Z3 = 40 �, and Z4 =

79 � with its corresponding electrical length θ1 = 20◦,
θ3 = 70◦, and θ4 = 70◦ can be calculated according
to (11)–(17).

4) Finally, the isolation resistance is determined as
R1 = R2 = (2Z ine2 Z3/(Z in3 − Z ine2)) = 100 �

according to (17d), and the obtained circuit parameters
are converted into actual physical dimensions, and then
further, a fine optimization is carried out.

Based on the analysis above, an OSL-PCLs-based FPD is
constructed, as shown in Fig. 6, and the PCLs and open stubs
are folded to reduce the overall size of the FPD.

To further gain insight into the working mechanism of the
proposed OSL-PCLs-based FPD, the impacts of some key
parameters on the performance are analyzed numerically.

Fig. 7(a) illustrates the change of coupling coefficient k
and 3-dB fractional bandwidth (FBW) with different W1 and
S values. When W1 = 0.1 mm is fixed, with the gap S of
the PCL increasing from 0.1 to 0.3 mm, k decreases from

Fig. 6. Layout of the proposed dual-mode OSL-PCLs-based FPD.

Fig. 7. (a) Coupling coefficient k and 3-dB FBW versus with different W1
and S values. (b) Position of TZ2 and TZ3 versus with different W1 and S
values.

0.46 to 0.22, and the FBW becomes narrower from 17.3%
to 3.4%. Compared with W1, S has less influence on k and
FBW. When W1 and S increase, it can be seen that k and
FBW decrease significantly. Fig. 7(b) exhibits the position
change of TZ2 and TZ3 with different W1 and S values. When
S = 0.1 mm is fixed, with the width W1 of the PCL decreasing
from 0.3 to 0.1 mm, TZ2 moves from 2 to 2.2 GHz, and TZ3
moves from 4.6 to 4.3 GHz, and since both the TZ2 and TZ3
move toward the center frequency, the frequency selectivity of
the passband becomes better. When W1 is fixed, TZ2 moves
toward high frequency with the increase of S, while TZ3 has
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Fig. 8. Simulated S21 versus (a) W2 and (b) L2, respectively.

less influence. Thus, the coupling coefficient k, FBW, and
frequency selectivity can be adjusted by changing W1 and S.

Fig. 8(a) exhibits the simulated transmission coefficient with
W2 = 0.5, 0.8, 1.1, and 1.4 mm, under the condition of L2 =

22.7 mm. Fig. 8(b) exhibits the simulated transmission coeffi-
cient with L2 = 18, 20, 22, and 22.7 mm, under the condition
of W2 = 1.4 mm. As W2 increases from 0.5 to 1.4 mm, the
lower stopband suppression is changed from 14 to 17 dB,
and the upper stopband suppression is enhanced from 12 to
16 dB. As L2 increases from 18 to 22.7 mm, the lower and
upper stopband suppressions are improved from 15 and 7 to
17 and 16 dB, respectively. In a conclusion, the width and
length of open stubs can be changed to control the out-of-
band suppressions, which satisfies the theoretical analysis in
Section II.

To demonstrate the effectiveness of the above design con-
cept, a demonstration of OSL-PCLs-based FPD is designed,
fabricated, and tested on Rogers 4350B substrate. The dielec-
tric substrate has a thickness of h = 0.508 mm, a dielectric
constant of εr = 3.48, and a loss tangent of tanδ = 0.0037. The
isolation resistors R1 and R2 are 0603 packaged chip resistors.
Fig. 9 shows the photograph of fabricated FPD based on OSL-
PCLs, and the determined fabricated and calculated structure
parameters are shown in Table I. The effective circuit area
of OSL-PCLs-based FPD is 0.39λg× 0.55λg, where λg is the
waveguide wavelength at the center frequency.

Fig. 9. Photograph of OSL-PCLs-based FPD.

TABLE I
PARAMETERS OF OSL-PCL-BASED FPD AND OSL-APCL-BASED FPD

(SUBSTRATE: εr = 3.48, h = 0.508 mm, AND tan δ = 0.0037)

Fig. 10. Comparison of tested and simulated results of S-parameters on
OSL-PCLs-based FPD.

The simulated and measured results of the proposed OSL-
PCL-based FPD are shown in Fig. 10. According to the
measured results, the proposed OSL-PCLs-based FPD centers
at 3.54 GHz with a 17.3% 3-dB FBW ranging from 3.23 to
3.84 GHz. The measured in-band insertion loss is 3.4 dB,
return loss is greater than 20 dB, and in-band isolation is
higher than 25 dB. Besides, the out-of-band rejections are
better than 15 dB. Four TZs generated by OSL-PCLs, located
at 0, 2.2, 4.3, and 6.1 GHz, resulting in high-frequency
selectivity and deep out-of-band rejections. The tested results
are compatible with the simulated results, as shown by a
comparison between the simulated and measured data. Fig. 11
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Fig. 11. Simulated and measured magnitude and phase difference between
two output ports of OSL-PCL-based FPD.

Fig. 12. Schematic of the proposed dual-mode OSL-APCLs-based FPD.

shows the magnitude and phase differences between the two
output ports, where the in-band amplitude imbalance is less
than ±0.7 dB, and the phase difference within the passband
is less than ±1.6◦.

IV. DESIGN AND ANALYSIS OF OSL-APCLS-BASED FPD

According to the analysis in Section II, the OSL-APCL can
further improve the bandwidth and out-of-band suppression
level. By replacing the OSL-PCLs in Section III with OSL-
APCLs, the proposed OSL-APCLs-based FPD with enhanced
bandwidth and out-of-band performance can be achieved. The
circuit structure of the OSL-APCLs-based FPD is shown in
Fig. 12. It can be found that the circuit structure is symmetri-
cal, and the analysis method of even and odd modes can also
be used to derive the design formula for this FPD. By using
the same analysis method as Section III and substituting
(17a)–(17d), the S-parameters of OSL-APCL-based FPD can
be calculated as well.

As shown in Fig. 13, an OSL-APCLs-based FPD is con-
structed by the same design processes of OSL-PCLs-based
FPD in Section III. Similarly, the APCLs and the open stubs
are folded to reduce the overall size.

To learn more about the working mechanism of the pro-
posed FPD based on OSL-APCLs, the impacts of some
key parameters on the performance are analyzed numerically,
as shown in Fig. 14. From Fig. 14, we can see obviously that
the 3-dB FBW of OSL-APCLs-based FPD is about 54.6%,

Fig. 13. Layout of the proposed dual-mode OSL-APCLs-based FPD.

Fig. 14. Simulated S21 versus (a) L2 and (b) W2, respectively.

which is much wider than that of OSL-PCLs-based FPD
in Section III. As shown in Fig. 14, there are TZs TZ2
and TZ3 on both sides of the passband. Compared to the
OSL-PCL structure, TZ5 is the second harmonic TZ of the
OSL-APCL, which is close to TZ3 and TZ4. The three TZs
TZ3, TZ4, and TZ5 in the upper stopband effectively improve
the out-of-band rejection. Fig. 14(a) shows the transmission
coefficient of OSL-APCL-based FPD with L2 = 16, 18, 20,
and 22 mm, under the condition of W2 = 1 mm. It can be
seen that when L2 increases, TZ3, TZ4, and TZ5 move toward
center frequency, and the upper stopband suppression becomes
deeper. Moreover, when L2 increases, TZ4 and TZ5 get closer.
Fig. 14(b) shows the transmission coefficient of the proposed
FPD with the width W2 versus from 1 to 2 mm, under the
condition of L2 = 20 mm. When W2 decreases, TZ2 moves
from 0.76 to 1 GHz with the constant absolute bandwidth,
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Fig. 15. Photograph of OSL-APCLs-based FPD.

Fig. 16. Comparison of tested and simulated results of S-parameters on
OSL-PCLs-based FPD.

Fig. 17. Simulated and measured magnitude and phase difference between
two output ports of OSL-APCL-based FPD.

and the frequency selectivity becomes better. Thus, the out-of-
band rejections and frequency selectivity are impacted by the
length L2 and width W2 of open stubs loaded on the APCLs.

Fig. 15 displays the photograph of fabricated OSL-APCLs-
based FPD, and its fabricated and calculated structure parame-
ters are shown in Table I. The circuit area is 0.34λg × 0.82λg.
The comparison of the measured and simulated S-parameters
for the OSL-APCLs-based FPD is shown in Fig. 16. The mea-
sured in-band insertion loss is 3.5 dB, the return loss is better
than 20 dB, and the in-band isolation is higher than 19 dB
in the working frequency band of 2.49–3.29 GHz. The 3-dB

TABLE II
COMPARISON WITH OTHER PREVIOUS WORKS

FBW is around 54.6% ranging from 2.01 to 3.52 GHz. The
measured results show the five TZs located in 0, 0.95, 3.98,
4.66, and 5.12 GHz, respectively, resulting in out-of-band
rejections better than 23 dB. Fig. 17 shows the magnitude
and phase differences between the two output ports, where
the in-band amplitude imbalance is less than ±0.6 dB, and
the phase difference within the passband is less than ±1.5◦.

To highlight the advantages of this article, Table II provides
a summary of the contrast between the proposed FPDs in
this work and the recently reported counterparts. It can be
concluded that our design shows the merits of wide operation
passband and high in-band isolation, sharp frequency selectiv-
ity, and high out-of-band rejections, simultaneously.

V. CONCLUSION

In this article, two FPDs based on OSL-PCLs and
OSL-APCLs with wideband and high in-band isolation,
sharp bandpass selectivity, and deep out-of-band rejections
are presented, respectively. The structures of OSL-PCL and
OSL-APCL are proposed and their transmission character-
istics are investigated theoretically and numerically. Then,
the OSL-PCLs are adopted in the Wilkinson topology to
obtain a high-selectivity FPD. By replacing OSL-PCLs with
OSL-APCL, an FPD with wider bandwidth, sharper band-
pass selectivity, and deeper out-of-band rejection is further
constructed. To verify the effectiveness of the design ideas,
FPDs with center frequencies at 3.54 and 2.77 GHz are
fabricated and tested, respectively. The measured results of
the OSL-APCLs-based FPD show that the 3-dB FBW is
54.6%, and the in-band isolation and out-of-band rejection are
better than 19 and 23 dB, respectively. In comparison to other
designs, the suggested structure has a wide operation passband,
sharp bandpass selectivity, and deep out-of-band suppression
level. It is a good candidate for the compact microwave-
integrated circuit design.
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