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ABSTRACT This paper presents a novel design of awideband highly-selective bandpass filtering branch-line
coupler (FBLC). By integrating a coupled microstrip line, and an open-ended stub at each port of a single-
section BLC, bandpass filtering characteristics with excellent selectivity and broad operating bandwidth
have been achieved. The proposed circuit has been verified through EM simulations and physical measure-
ments of the fabricated prototype. Experimental results demonstrate over 71-percent fractional bandwidth
(2.25 GHz to 4.74 GHz) with a power imbalance lower than 0.5 dB. At the same time, the measured return
loss and isolation are better than 15dB with the phase imbalance of 5 ± 5◦. This level of performance,
especially in terms of bandwidth and selectivity, has not been reported in the literature thus far.

INDEX TERMS Branch-line coupler, bandpass filtering, highly-selective, coupled-line.

I. INTRODUCTION
Branch-line couplers (BLCs) are indispensable components
of numerous microwave systems. The 3-dB BLC delivers
equal power split and 90-degree phase difference, which are
the basic requirements for the realization of power ampli-
fiers, balanced mixers, modulators, array antennas, filters,
and matched attenuators. However, a conventional single-
section BLC consists of quarter-wavelength transmission
lines and exhibits narrow bandwidth, as well as unwanted
harmonics. A number of techniques have been developed
to achieve larger bandwidth, harmonic suppression, arbitrary
power division, compact size, multi-band operation, and fil-
tering response [1]–[21]. For example, bandwidth enhance-
ment can be obtained by attaching impedance transformers
to each port of the single-section BLC [1]–[3], utilization
of two-section/three branch-line topologies [4]–[10], but also
three-section/four branch-line topologies [11]–[18].

Suppression of unwanted harmonics, generated by, e.g.,
adjacent active components, is another consideration impor-
tant in the design of modern wireless systems. The conven-
tional 90-degree lines used for BLC design are unable to
realize transmission zeros (TZs), which could be employed
to suppress the harmonics. To implement the suppression,
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various equivalent circuits of 90-degree lines, such as
L-shaped and open-ended stub [1], multiple π -shaped [3],
open stub [7], unequal-length open stub [14, and coupled-
line and open stub [16], [18], have been suggested. It should
also be emphasized that wideband BLC topologies reported
in [2], [4]–[6], [8]–[13], [15], [17], and [19], are not suitable
to suppress the harmonics.

In recent years, several new topologies have been
employed to realize wideband BLCs with improved perfor-
mances in terms of bandwidth, compact size, and harmonic
suppression [20]–[27]. In [20], the parallel coupled-lines have
been attached to each port of the traditional single-section
BLC to realize a wideband BLC with improved stopband
response. The parallel coupled-line has been used exten-
sively in the development of high-selectivity bandpass fil-
ter [21], filtering phase shifter [23], and matching condition
for BLCs [24], [25] with improved bandwidth. The double-
sided parallel strip-line has been employed to design a fil-
tering 180◦ coupler in [22]. A branch-line coupler has been
realized by using non-periodic stepped-impedance shunt stub
in [26]. In [27], a flexible wideband three-section BLC has
been designed by applying meandering technique on the
paper substrate.

In RF front-end systems, the bandpass filters are integrated
with another passive component to decrease the overall cost
and size of the systems. In this context, the development
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FIGURE 1. Proposed wideband FBLC: (a) design schematic, (b) additional
transmission-line unit (ATLU).

of filtering BLCs can be viewed as an attractive means of
harmonic suppression, thereby paving the way to develop
compact and cost-effective RF front-end systems [28]–[30].
A filtering BLC has been realized by using four half-wave
resonators that generate one TZ in [28], but offers a narrow
bandwidth of 61 MHz (2.47%). In [29], a filtering BLC
has been designed by applying the source-load coupling that
creates two TZs. This solution leads to diminishing the har-
monics by 17 dB, yet the circuit bandwidth is only 3.17%.
In [30], filtering K-inverters have been used as a replacement
of conventional 90-degree lines to implement filtering BLC
with wide stopband characteristics. This coupler achieves up
to 5th harmonic suppression but features a narrow bandwidth.
The applicability of the aforementioned filtering BLCs seems
to be limited due to their extremely low bandwidth and selec-
tivity. To further reduce the cost and the size of the RF front-
end systems while ensuring broader bandwidth and high
selectivity, novel coupler topologies should be developed and
investigated.

In this work, a novel architecture of a filtering branch-line
coupler (FBLC) with broad operating bandwidth and high
selectivity has been designed, fabricated, and experimen-
tally validated. In the proposed design, a coupled microstrip
line and an open-ended stub are incorporated at each port
of the single-section BLC to achieve filtering characteris-
tics. The circuit produces four transmission zeros (TZs),
which enable broadband harmonics elimination. Compre-
hensive benchmarking demonstrates the superiority of the
presented BLC over state-of-the-art devices reported in the

FIGURE 2. The S-parameters calculation: (a) analytical, (b) Keysight ADS
circuit simulator.

FIGURE 3. The variation of 3-dB FBW as a function of Zos.

literature, especially in terms of wideband operation and
selectivity.

II. DESIGN PROCEDURE
Figure 1(a) shows a schematic of the proposed wideband
filtering BLC. Initially, a single-section BLC is constructed
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FIGURE 4. S-parameters of the proposed wideband highly-selective
filtering BLC operating at 3.5 GHz.

FIGURE 5. EM simulated magnitude responses of the proposed filtering
coupler with a power division ratio of k = 4.

by using λ/4 lines (Za and Zb) in a ring form, which is then
modified by attaching an additional transmission-line
unit (ATLU) at each port to achieve wideband filtering char-
acteristic. Figure 1(b) shows the schematic of the proposed
ATLU, which consists of a coupled-line (Z0e, Z0o, and λ/4),
and an open-ended stub (Zos and λ/4). The quarter-
wavelength coupled-line provides a perfect matching con-
dition to achieve wide bandwidth [31]. This bandwidth can
be increased further by increasing the coupling. Hence, the
coupling coefficient of the coupled line is obtained by care-
fully determining the even/odd-mode impedances. Also, the
bandpass filtering responses are achieved due to the inherent
properties of coupled lines. The bandpass rejection level and
the selectivity of the filtering response increases by the use
of the open-ended stub. The bandpass characteristic of the
ATLU is investigated by analytical derivations.

The overall ABCDparameters of the ATLU are determined
as the multiplication of individual transmission matrices of
the open-ended stub and parallel coupled-line [32]:[

AT BT
CT DT

]
ATLU

=

[
A B
C D

]
OS

[
A B
C D

]
PCL

(1)

FIGURE 6. Proposed wideband FBLC: (a) final layout schematic; the
optimized dimensions are La = 16.68, Wa = 2.42, Lb = 17, Wb = 1.4, Lc =

15.64, Wc = 0.21, Ls1 = 6.55, Ls2 = 10.29, Ls3 = 4.79, Ls4 = 9.84, Ws =

0.369. Units are in mm. (b) Photograph of the fabricated wideband FBLC.

Here,
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where, ρ1 = Z0e + Z0o and ρ2 = Z0e − Z0o.
Equation (1) can be solved by substituting equations (2)

and (3), which leads to the following expressions for each
element of the matrix

AT =
ρ1

ρ2
cos θoc (4)

BT = j
ρ22 − ρ

2
1 cos

2 θoc

2ρ2 sin θoc
(5)

CT = j
ρ1

Zosρ2
cos θoc tan θos + j

2 sin θoc
ρ2

(6)

DT =
ρ1

ρ2
cos θoc −

ρ22 − ρ
2
1 cos

2 θoc

2ρ2 sin θoc
.
tan θos
Zos

(7)

The overall ABCD parameters are converted into
Y-parameters using the following relationship [24]:

[
Y11 Y12
Y21 Y22

]
=
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DT
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−
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BT

−
1
BT

AT
BT
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FIGURE 7. EM-simulated and measured performance of the proposed
FBLC: (a) |S11| and |S21|, (b) |S31| and |S41|.

Here 1T = BTCT − ATDT . In order to study the bandpass
response, the S-parameters of the ATLU are determined as:

S11 =
Y 2
0 − Y

2
11 + Y

2
21

(Y0 + Y11)2 − Y 2
21

(9)

S21 =
−2Y21Y0

(Y0 + Y11)2 − Y 2
21

(10)

Here Y0 = 1/Z0 and Z0 = 50�. The theoretical S-parameters
are obtained using equations (9) and (10) and are shown
in Fig. 2(a) shows the theoretical bandpass characteristic of
the proposed ATLU. Also, the proposed ATLU is analyzed
using the Keysight ADS circuit simulator. Figure 2(b) shows
the desired bandpass filtering response of the circuit. From
the figure, it is found that the agreement between analytical
and circuit simulator responses is excellent. The reflection
coefficient is better than −30 dB at 3.5 GHz with wide
stopband response. It can be observed that four transmis-
sion zeros are located in the frequency range from 0 to 2f0
at 0, 1.75, 5.25, and 7.0 GHz. This provides us with the

FIGURE 8. EM-simulated and measured performance of the proposed
FBLC: (a) amplitude imbalance and (b) phase difference.

benefit of achieving wideband highly-selective filtering BLC.
Furthermore, the variation of the 3-dB fractional band-
width (FBW) with respect to the characteristic impedance of
the open-ended stub has been studied as shown in Fig. 3. It is
observed that the 3-dB FBW is increased by increasing the
parameter Zos.

The matching property of the proposed filtering BLC is
analyzed. Let us consider the relationship of characteristic
impedances of the single section BLC is Zb =

√
2Za and θ0

be the electrical length. Considering the input impedance at
each port of the single-section BLC is matched to the ATLU,
the equivalent input impedance can be expressed as:

Zeq1 =
1

1/ sin θ0 − j(1+
√
2) cot θ0

(11)

In order to calculate the input impedance of the ATLU,
the ABCD matrix is converted into Z -parameters using the
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TABLE 1. The state-of-the-art wideband filtering branch-line coupler.

following relationship:

[
Z11 Z12
Z21 Z22

]
=


AT
CT

ATDT − BTCT
CT

1
CT

DT
CT

 (12)

The input impedance of the ATLU is defined by
following [31]:

Zeq2 =
Z22 + Z11Z22 − Z12Z21

1+ Z11
(13)

In order to match single-section BLC with the ATLU, the
input impedance Zeq2 should be equal to Zeq1. At θ0 = π /2,
Zeq1 = 1 = Zeq2. Solving equations (11), (12) and (13) using
MATLAB, the circuit parameters of the filtering BLC are
obtained as Za = 45 �, Zb = 64 �, Z0e = 180 �, Z0o =
80 �, and Zos = 119 �. Figure 4 shows the ADS-simulated
S-parameter response of the FBLC. This coupler operates
at 3.5 GHz with a fractional bandwidth of 72%. The return
loss and isolation are greater than 15 dB in the frequency

window from 2.24 GHz to 4.76 GHz. The insertion losses
(|S21| and |S31|) are less than 0 ± 0.5 dB for the frequency
band from 2.24 to 4.76 GHz. As highlighted in Fig. 4, the out-
of-band rejection is observed from 0 to 1.85 GHz and from
5.15 to 8.85 GHz considering the stopband level of 40 dB.
Additionally, four transmission zeros are traced at 0, 1.75,
5.25, and 7.0 GHz. Furthermore, the selectivity is found to be
better than 80% due to the presence of the transmission zeros
in the passband vicinity (i.e., at 1.75 GHz and 5.25 GHz).
The power ratio of the proposed filtering branch-line cou-

pler is k = 1 (equal power split). However, the proposed
filtering coupler can be designed to provide an unequal power
split. Let us consider k = 4, the design parameters of the
proposed filtering coupler are calculated by following the
equations (11), (12), and (13) as: Za = 45 �, Zb = 64 �,
Z0e = 180 �, Z0o = 80 �, and Zos = 119 �. Based on
these parameters, the proposed filtering coupler is simulated
and shown in Fig. 5. From the figure, it is observed that the
proposed coupler is capable of achieving a loose coupling
power split.
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III. FABRICATION, RESULTS AND DISCUSSION
To validate the proposed circuit architecture, a prototype of
wideband filtering BLC centered at 3.5 GHz is designed
and fabricated on Rogers AD250 substrate (εr = 2.5,
H = 0.762 mm). The proposed bandpass filtering branch-
line coupler operating at 3.5 GHz is suitable for WiMAX and
5G applications but not limited to. However, the proposed
filtering BLC can be used for WiFi (5GHz), Bluetooth (2.4),
andWLAN (2.4GHz, 3.6GHz, 4.9GHz, 5GHz, and 5.9GHz
bands) applications by re-calculating the physical dimensions
at the corresponding frequency of operation. The final layout
of the FBLCwith optimized dimensions is shown in Fig. 6(a),
whereas Fig. 6(b) shows the fabricated FBLC.

The scattering parameters are measured using a two-port
HP vector network analyzer and compared to the EM sim-
ulated results, as shown in Fig. 7. The magnitude responses
(|Sk1|, k = 1, 2, 3, 4) are illustrated in Fig. 7(a) and 7(b).
The measurement results demonstrate that the fabricated cir-
cuit prototype offers a high-selectivity wideband bandpass
filtering characteristic. It also exhibits a fractional bandwidth
of over 71%, considering the return loss (|S11|) and isola-
tion (|S41|) greater than 15 dB. At the center frequency of
3.5 GHz, the values of |S11|, |S21|, |S31|, and |S41| are 15.5,
2.98, 3.01, 15.4 dB, respectively. The amplitude imbalance
(|S21| – |S31|) and the phase difference between the two out-
put ports have been shown in Fig. 8. The prototype achieves a
low amplitude imbalance of 0.5 dB, and a phase difference of
90◦± 5◦ over the frequency range of 2.25 GHz to 4.74 GHz.

The selectivity factor of the bandpass filtering response is
computed by following the equation [33]:

S.F .(%) =
1f3dB
1f30dB

× 100 (14)

Here,1f3dB and1f30dB are defined as 3-dB bandwidth and
30-dB bandwidth, respectively. From the table, it is observed
that the proposed filtering BLC achieves the highest selectiv-
ity when compared with existing works in [1]–[30].

The proposed filtering BLC exhibits superior perfor-
mance when compared to the state-of-the-art circuits [1], [2],
[11]–[15], [17], [19], [20], [22], and [24]–[30] as indicated in
Table 1. In particular, our FBLC achieves the highest band-
width with a larger number of transmission zeros, along with
wide stopband characteristics except [22]. Although the sizes
of the BLCs reported in [1], [11], [12], [14], and [26], [27]
are smaller than that of the proposed FBLC, the mentioned
designs feature limited bandwidth and unwanted harmonics
while providing no filtering capability. The proposed filter-
ing coupler achieves 40-percent broader bandwidth and is
highly selective when compared to [20]. Compared to [22],
the proposed coupler provides greater features in terms of
return loss/isolation, high-selectivity, transmission zeros, and
compact size (73-percent smaller than [22]) except fractional
bandwidth. The proposed coupler provides higher bandwidth,
high-selectivity, filtering response, and good out-of-band
rejection when compared to [24]–[27]. The works [28]–[30]
report compact BLCs with filtering responses, yet these

designs suffer from very narrow bandwidth (<4%), and infe-
rior stopband level (<20 dB). As a comparison, the band-
width of the coupler proposed in this letter is approximately
17 times broader. The aforementioned data justifies a conclu-
sion that the proposed FBLC is an attractive alternative over
the state-of-the-art circuits of the considered class.

IV. CONCLUSION
This paper presented a novel design of filtering BLC fea-
turing high selectivity and wideband characteristics. In our
design, each port of the traditional single-section BLC is
supplemented by an ATLU consisting of a coupled-line and
an open-ended stub, which allows for achieving a broadband
and filtering response. The analysis of the working principle
and a description of the design procedure of the FBLC has
been followed by experimental validation of the prototype
circuit developed to operate at 3.5 GHz. The FBLC offers
over 71% fractional bandwidth for return/isolation loss better
than 15 dB, an amplitude imbalance of 0.5 dB, as well as
selectivity better than 80% with the stopband level greater
than 30 dB. Comprehensive benchmarking demonstrates the
superior performance of the proposed design over the state-
of-the-art circuits.
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