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Abstract—High-performance dual-band Doherty power amplifier and
non-uniform circularly polarized antenna array require impedance-
transforming unequal dual-band 90◦ branch-line couplers for power
dividing and phase shifting in the feed networks. In this paper, an
analytical design methodology of generalized impedance-transforming
dual-band branch-line couplers for arbitrary coupling levels is
proposed. The coupler features wide range of realizable frequency
ratio, multiple flexible selections of open- or short-circuited and
pi- or T-network topologies. For demonstration, four numerical
examples with different parameters are presented. Furthermore,
two microstrip couplers based on open-circuited pi- and T-network
topologies were fabricated and measured. The measured results
show good performance at dual 1.8/3.45 GHz bands. The fractional
bandwidths defined by the fluctuation of the coupling level and the
phase difference less than ±0.5 dB and ±5◦ are up to 17% and
18%, 18% and 2% for open-circuited pi- and T-network topologies,
respectively.
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1. INTRODUCTION

Branch-line coupler is one of the most essential passive components
for RF and microwave circuits and systems, and it is applied to
the design of various amplifiers, antenna arrays, mixers, etc. The
original branch-line coupler [1] operates only at single band and suffers
from disadvantages of narrow bandwidth. In the past decades, there
have been many literatures about several new properties of branch-
line coupler for miniaturizing the circuit sizes and cutting down the
cost, such as dual- or multi-band operations [2–8], arbitrary coupling
levels [9, 10], inherent transforming [11, 12], arbitrary output phase
difference [13, 14], and co-design with filter [15, 16]. For the dual-
band branch-line couplers, approaches based on the introduction of
the suitable stub lines in a standard branch-line coupler structure [2–4],
adopting composite right/left-handed transmission line structures [5],
and inserting a transmission line section at the input ports [6]
have been proposed. Tri- and quad-band branch-line couplers with
controllable operating frequencies were reported [7, 8]. With respect to
arbitrary coupling levels, branch-line couplers integrating quarter-wave
transformers at each port for bandwidth enhancement and employing
the stepped-impedance section with open stubs at two ends for dual-
band operation were proposed [9, 10]. In addition, for removing
additional impedance transformer and decreasing circuit size and cost,
asymmetric branch-line couplers terminated by arbitrary impedances
were reported in [11, 12], and arbitrary phase-difference coupler was
presented in [13, 14]. Furthermore, with using the open-ended coupled
lines instead of branch lines and port feeding lines, filter-couplers were
proposed in literatures [15, 16], respectively.

With the rapid development of modern wireless communication
systems, dual-band Doherty power amplifier [17] and dual-band- or
dual-circularly polarized antenna and antenna array [18–20] featured
lower cost and compact size have drawn much attention recently.
Therefore, the branch-line couplers as the key components of it
and several functions are required simultaneously, such as dual-
band operation, arbitrary coupling levels, and inherent impedance
transforming. Unfortunately, there is a vacuum in the field of this
kind of branch-line coupler.

In this paper, a novel design of a dual-band planar asymmetric
branch-line coupler terminated by arbitrary impedances for arbitrary
coupling levels is proposed. The coupler features wide range of
realizable frequency ratio, multiple flexible selections of open- or
short-circuited and pi- or T-network topologies. Section 2 presents
circuit structure and analytical design theory of dual-band asymmetric
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coupler. The two different kinds of dual-band pi- and T-networks for
substituting the branch-lines of the asymmetric coupler are analyzed
in Section 3. For demonstration purpose, four numerical examples
with different parameters are presented in Section 4. At last, two
dual-band asymmetric microstrip couplers based on open-circuited pi-
and T-network topologies were fabricated and measured in Section 5,
and electromagnetic (EM) simulation and experimental results are
demonstrated to validate the analytical design methodology of the
dual-band planar asymmetric branch-line couplers terminated by
arbitrary impedances for arbitrary coupling levels.

2. CIRCUIT STRUCTURE AND DESIGN THEORY OF
DUAL-BAND ASYMMETRIC COUPLER

The schematic diagram of the proposed dual-band planar asymmetric
branch-line coupler terminated by arbitrary real impedances for
arbitrary coupling levels is illustrated in Fig. 1. The whole structure of
the proposed coupler is asymmetric and terminated by four different
port impedances Ri (i = 1, 2, 3, 4). For achieving dual-band operation,
the four different dual-band branch lines with different characteristic
impedances are ZCi (i = 1, 2, 3, 4) instead of the conventional single-
band λ/4 impedance transformer, and the equivalent electrical lengths
are ±π/2 at the two desired frequencies, f1 and f2, respectively. The
value of the frequency ratio k = f2/f1 is decided according to the
required dual band specification.

The proposed dual-band asymmetric branch-line coupler is
reciprocal due to its passive property. Moreover, the coupler is

Figure 1. Schematic of the proposed dual-band asymmetric branch-
line coupler.
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assumed to be lossless for facilitating the network analysis. Under
the rigorous constraint conditions, including the coupling coefficient
C, the quadrature phase difference ±π/2, the ideal matching S11 = 0,
and the perfect isolation S41 = 0, the scattering matrix [S] of the
proposed coupler shown in Fig. 1 can be defined by



a1

a2

a3

a4


=




S11 S12 S13 S14
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





b1
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
(1a)

S12 = S21 = S34 = S43 = ±α (1b)
S13 = S31 = S24 = S42 = ±jβ (1c)
α2 + β2 = 1 (1d)
C = −20 lg β(dB) (1e)
T = −20 lg α(dB) (1f)

where ai and bi are the incident and reflected normalized wave at port
i (i = 1, 2, 3, 4); T is the through coefficient; α and β are the wave
amplitude at through and coupled ports, respectively.

As there is no symmetric plane in the structure, the dual-
band asymmetric branch-line coupler in Fig. 1 cannot be solved by
conventional methods of even- and odd-mode analysis [21]. Therefore,
the simplified circuit design method in [22] is employed to analyze
this coupler. Herein, assuming port 4 terminated in a reflection
coefficient Γ4 in Fig. 1, by a straightforward manipulation, the
relationship between the incident and reflected voltage waves based
on the scattering parameters can be rewritten as

[
b1

b2

b3

]
=

[
S11 S12 S13

S21 S22 S23

S31 S32 S33

][
a1

0
0

]
+

S41a1Γ4

1− Γ4S44

[
S14

S24

S34

]
(2)

where a1 is the incident normalized wave at port 1 and bi the reflected
normalized waves at port i (i = 1, 2, 3). The perfect isolation S41 = 0
in (2) indicates that there is only power split between ports 2 and 3,
and no correlation with Γ4 in terms of port 1 excitation. Therefore,
the asymmetric branch-line coupler can be simplified to an equivalent
circuit as shown in Fig. 2.

Due to the connected line structure, the mechanism of the coupler
can be explained as an ohmic connection. The normalized total power
“1” coming from port 1 is split into two ways after going through
point A, as shown in Fig. 2. Based on the node voltage equations at
point A and considering the power split ratio of the output power on
resistances R2 at port 2 and R3 at port 3 equal to P = α2/β2, the all
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Figure 2. Equivalent circuit of
the coupler as excited at port 1
for S41 = 0.

Figure 3. The removed circuit
of the coupler for the isolation
condition S41 = 0.

resistance relationships in Fig. 2 can be obtained

Zin3 =
(

α2

β2

)
R2 (3)

Zin2 =
Zin3R2

Zin3 + R2
= α2R2 (4)

the relationship of (1d) is used for simplification. For satisfying the
isolation condition S41 = 0, the part of the circuit shown in Fig. 3 is
removed from Fig. 2. Due to reciprocity, the circuit can be considered
as being excited at port 3, and the resistance relationships are derived
similarly as

Zin1 =
(

α2

β2

)
R4 (5)

Zin4 =
Zin1R4

Zin1 + R4
= α2R4 (6)

Based on (3) to (6), one can compute the desirable characteristic
impedances ZCi (i = 1, 2, 3, 4) of the four dual-band branch lines
in Fig. 1 as follows

ZC1 =
√

R1Zin2 = α
√

R1R2 (7a)

ZC2 =
√

Zin3R3 =
α

β

√
R2R3 (7b)

ZC3 =
√

R3Zin4 = α
√

R3R4 (7c)

ZC4 =
√

Zin1R1 =
α

β

√
R1R4 (7d)

In addition, the equivalent electrical lengths of the dual-band
branch line should be equal ±π/2 at the two desired operating



404 Liu et al.

frequencies, f1 and f2, respectively. Therefore, the next task is to
design the circuit structures and parameters of these networks for the
dual-band branch lines.

3. ANALYSIS OF NETWORKS FOR DUAL-BAND
BRANCH-LINES

3.1. Analysis of Pi-network

Figure 4 shows the desired dual-band branch-line with characteristic
impedances ZC and its one of the implementing pi-network circuit
structures, which is composed of a section of transmission line (ZPA,
θPA) and a pair of shunt reactive elements (jYP ). Due to reciprocal
property, the ABCD-matrix of the pi-network shown in Fig. 4(b) can
be expressed as[

AP BP

CP DP

]
=

[
1 0

jYP 1

][
cos θPA jZPA sin θPA

j sin θPA/ZPA cos θPA

] [
1 0

jYP 1

]
(8)

where the elements of ABCD-matrix are given by
AP = DP = cos θPA − ZPAYP sin θPA (9a)
BP = jZPA sin θPA (9b)
CP = jYP sin θPA

(
1− Z2

PAY 2
P + 2ZPAYP cot θPA

)
(9c)

Since the pi-network is intended to substitute the desired dual-band
branch-line, the ABCD-matrixes of pi-network and the desired dual-
band branch-line should be equivalent and can be written as[

AP BP

CP DP

]
=

[
0 ±jZC

±j/ZC 0

]
(10)

(a)

(b)

(c)

(d)

Figure 4. The desired dual-band branch-line and its implementing
pi-network circuit structure.
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For the purpose of dual-band operation, the parameters of the pi-
network can be derived by solving (10) as follows

ZPA1,PA2 =
ZC

sin θPA1,PA2
(11a)

YP1,P2 =
cos θPA1,PA2

ZC
(11b)

θPA1 =
nπ

(k + 1)
@ f1

θPA2 =
nπ

(k − 1)
@ f1

(11c)

where k = f2/f1 is the frequency ratio and n = 1, 2, 3, . . . , ZPA1, ZPA2

and θPA1, θPA2 are the characteristic impedances and the electrical
lengths at frequency f1 for the two cases of ‘+’ and ‘−’ in (10),
respectively. The shunt reactive elements (jYP1 and jYP2) can be
realized by two different circuit structures as shown in Fig. 4(c) and
Fig. 4(d), which are open- and short-circuited stubs. For the provision
of more degrees of design freedom, the two circuit structures are
considered as follows

ZOB1,OB2 =
ZC

cos θPA1,PA2
tan θPB1,PB2 for open-circuit stub (12a)

ZSB1,SB2 =
ZC

cos θPA1,PA2
cot θPB1,PB2 for short-circuit stub (12b)

θPB1 = mπ
(k+1) @ f1

θPB2 = mπ
(k−1) @ f1

(12c)

where m = 1, 2, 3, . . . , ZOB1, ZOB2, ZSB1, ZSB2 are the characteristic
impedances, and θPB1, θPB2 are the electrical lengths at frequency f1

of the open- and short-circuited stubs for the two cases of ‘+’ and ‘−’
in (10), respectively. Seen from (11) and (12), there exist multiple
solutions, including the choices of n, m, open- or short-circuited
stubs in (12), and ‘+’ or ‘−’ in (10). However, microwave printed
circuit board (PCB) technology limitation, reasonable characteristic
impedance between 20 and 120Ω for microstrip lines, and size
reduction put restriction on the choice of the solutions.

It should be mentioned that the range of realizable impedance for
the open- and short-circuited stubs of pi-network can be modified to
the range of 40 to 240 Ω, since the two paralleled shunt stubs of two
different dual-band branch lines in the coupler can be merged into a
shunt stub for simplification. For illustration, setting the characteristic
impedances ZC = 50Ω, Figs. 5 and 6 give the normalized impedances
of the pi-network as functions of the frequency ratio k for open- and
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Figure 5. Normalized impe-
dances of the open-circuited pi-
network versus frequency ratio.

Figure 6. Normalized impe-
dances of the short-circuited pi-
network versus frequency ratio.

short-circuited topologies. It is found that the frequency ratios from
1.2 to 3 can be realized by a proper choice of n and m in (11) and
(12), where n and m are confined to the ranges of 1 to 3 and 1 to 5,
respectively.

3.2. Analysis of T-network

Figure 7 presents the desired dual-band branch-line and another one of
implementing T-network circuit structures, composed by two identical
sections of a transmission line (ZTA, θTA) and a shunt reactive elements
(jYT ). ABCD-matrix of the T-network shown in Fig. 7(b) can be
expressed as
[
AT BT

CT DT

]
=

[
cos θTA jZTA sin θTA
j sin θTA

ZTA
cos θTA

] [
1 0

jYT 1

] [
cos θTA jZTA sin θTA
j sin θTA

ZTA
cos θTA

]

(13)

(a)

(b)

(c)

(d)

Figure 7. The desired dual-band branch-line and its implementing
T-network circuit structure.
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Since the T-network also substitutes the desired dual-band branch-line,
by the same analytical method as in Section 3, the circuit parameters
can be derived as follows[

AT BT

CT DT

]
=

[
0 ±jZC

±j/ZC 0

]
(14a)

ZTA1,TA2 =
ZC

tan θTA1,TA2
(14b)

YTA1,TA2 =
1− (tan θTA1,TA2)2

ZC
(14c)

ZOD1,OD2 =
ZC tan θTB1,TB2

1− (tan θTA1,TA2)2
for open-circuit stub (14d)

ZSD1,SD2 =
ZC cot θTB1,TB2

(tan θTA1,TA2)2 − 1
for short-circuit stub (14e)

θTA1 = lπ
(k+1) @ f1

θTA2 = lπ
(k−1) @ f1

(14f)

θTB1 = qπ
(k+1) @ f1

θTB2 = qπ
(k−1) @ f1

(14g)

where k = f2/f1 is the frequency ratio, and l, q = 1, 2, 3, . . . . ZTA1,
ZTA2, ZOD1, ZOD2, ZSD1, ZSD2 are the characteristic impedances,
and θTA1. θTA2, θTB1, θTB2 are electrical lengths at frequency f1

of the transmission lines and open- or short-circuited stubs for the two
conditions of ‘+’ and ‘−’ in (14a), respectively. Similarly, setting the
characteristic impedances ZC = 50Ω, Figs. 8 and 9 give the normalized
impedances of the T-network as functions of the frequency ratio k for
open- and short-circuited topologies. It should be mentioned that
except that the case of k equal to 2 for short-circuited T-network
cannot be realized, the frequency ratios k from 1.2 to 2.92 can be
achieved by a proper choice of l and q in (14f) and (14g), where the
maximum values l and q are equal to 5 and 6, respectively.

4. NUMERICAL EXAMPLES OF DUAL-BAND
ASYMMETRIC BRANCH-LINE COUPLER

By employing the pi- and T-networks in Section 3 for all four branch-
lines shown in Fig. 1, the proposed dual-band asymmetric branch-line
coupler terminated by arbitrary real impedances for arbitrary coupling
levels is implemented as shown in Fig. 10 and Fig. 11. Herein, the
via-less open-circuited topology is adopted to all dual-band branch-
lines for fabricating conveniently, and the paralleled shunt stubs of pi-
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Figure 8. Normalized impedan-
ces of the open-circuited T-
network versus frequency ratio.

Figure 9. Normalized impedan-
ces of the short-circuited T-
network versus frequency ratio.

Figure 10. The implemented
asymmetric branch-line coupler
based on open-circuited pi-
network.

Figure 11. The implemented
asymmetric branch-line coupler
based on open-circuited T-
network.

networks are merged for simplification as shown in Fig. 10. Moreover,
the electrical lengths of all transmission lines and stubs are presented
at the lower operation frequency f1.

In order to verify the proposed analytical design approaches
and illustrate the implementation, four numerical examples of typical
dual-band asymmetric couplers using pi- and T-network topologies,
respectively, are designed and simulated. Here, frequency ratio k
equal to 1.92 (for the practical dual 1.8-/3.45-GHz bands of personal
communication systems) with coupling level of C = 4.77 dB (the power
divider ratio equals 3 dB), and frequency ratio k equal to 2.66 (for the
practical dual 0.92-/2.45-GHz bands of radio frequency identification
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systems) with the coupling level of C = 6.99 dB (the power divider
ratio equals 6 dB) are chosen as desired objective parameters for the
proposed coupler. Moreover, the port impedances of couplers are set
arbitrarily. Characteristic impedances of transmission lines and stubs
are normalized to the system impedance Z0 = 50Ω universally, and
the first operating frequency f1 of these four examples are normalized
to 1 GHz. The detail circuit parameter values of the proposed dual-
band asymmetric branch-line couplers are listed in Table 1, which
are calculated based on formulas (7), (10)–(14) except that the port
impedances are set beforehand arbitrarily.

The scattering parameters (S-parameters) and the phase
difference between ports 2 (through port) and 3 (coupled port) of
the four couplers are presented in Fig. 12. The perfect return loss
(RL), isolation, desired coupling level and quadrature phase difference
can be achieved at dual bands. As shown in Table 1, the four port

Table 1. Circuit parameters values of the couplers.

Examples Known parameters
Calculated

parameters (@ f1)

Coupler A

based on pi-network

and open-circuited

shunt stubs

k=1.92 (1.8/3.45GHz),

C =4.77 dB, T =1.76 dB,

R1 =0.6, R2 =1.2,

R3 =0.8, R4 =1.

ZPA1 =0.79, ZPA2 =1.57,

ZPA3 =0.83, ZPA4 =1.24,

θPA =0.34π. ZOC1 =1.66,

ZOC2 =1.81, ZOC3 =1.88,

ZOC4 =1.72, θOC =0.34π.

Coupler B

based on T-network

and open-circuited

shunt stubs

k=1.92 (1.8/3.45GHz),

C =4.77 dB, T =1.76 dB,

R1 =1.1, R2 =1.3,

R3 =1.5, R4 =0.9.

ZTA1 =0.53, ZTA2 =1.06,

ZTA3 =0.51, ZTA4 =0.76,

θTA =0.34π. ZOD1 =0.6,

ZOD2 =1.22, ZOD3 =0.59,

ZOD4 =0.87, θTB =0.68π.

Coupler C

based on pi-network

and open-circuited

shunt stubs

k=2.66 (0.92/2.45GHz),

C =6.99 dB, T =0.97 dB,

R1 =0.9, R2 =0.6,

R3 =1.1, R4 =0.8.

ZPA1 =0.87, ZPA2 =2.14,

ZPA3 =1.11, ZPA4 =2.24,

θPA =0.27π. ZOC1 =0.84,

ZOC2 =0.83, ZOC3 =0.98,

ZOC4 =0.99, θOC =0.27π.

Coupler D

based on T-network

and open-circuited

shunt stubs

k=2.66 (0.92/2.45GHz),

C =6.99 dB, T =0.97 dB,

R1 =0.5, R2 =0.6,

R3 =0.6, R4 =0.8.

ZTA1 =0.42, ZTA2 =1.04,

ZTA3 =0.54, ZTA4 =1.09,

θTA =0.27π. ZOD1 =0.93,

ZOD2 =2.28, ZOD3 =1.18,

ZOD4 =2.4, θTB =0.82π.
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(a) (b)

(c) (d)

Figure 12. The calculated S-parameters and phase difference of the
couplers, (a) Coupler A, (b) Coupler B, (c) Coupler C, (d) Coupler D.

impedances are different from each other in these four examples, but
the ideal performance can also be achieved by using our proposed
design approach.

5. IMPLEMENTATION AND MEASUREMENT
RESULTS

For experimental verification, two dual 1.8-/3.45-GHz bands asymmet-
ric branch-line microstrip couplers with parameter value for the k equal
to 1.92, described in Section 4, were modeled and simulated with the
aid of the Ansoft HFSS 3-D EM simulator. Considering convenient
measurement with 50-Ω ports, four dual-band impedance transform-
ers [23] working at 1.8-/3.45-GHz are added at each port of the cou-
plers. Fig. 13 and Fig. 14 show the simulated EM scattering param-
eters and the phase differences between ports 2 (through port) and 3
(coupled port). Based on the physical dimensions of the prototype in
the Ansoft HFSS simulator, those couplers have been fabricated. The
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substrate employed is the Rogers4350B, with a relative permittivity
of 3.48, loss tangent of 0.004, and thickness of 0.762 mm. Fig. 15 and
Fig. 16 show photographs and dimensions of the dual-band asymmet-
ric microstrip couplers with SMA connectors welded for measurement.
S-parameter and the phase difference measurements are performed by
using the Agilent’s four-port network analyzer E5071C over the fre-
quency range from 1.25 to 4 GHz, and the results are shown in Fig. 17
and Fig. 18.

For the coupler based on open-circuited pi-network, seen from
Fig. 13, the EM simulated center frequencies are 1.8 and 3.45 GHz.
The return losses and isolations are better than 30 and 25 dB. The
coupling levels are −5.3 and −4.2 dB. The through coefficients are −1.9

Figure 13. The EM simulated S-
parameters and phase difference
of the coupler prototype based on
open-circuited pi-network.

Figure 14. The EM simulated S-
parameters and phase difference
of the coupler prototype based on
open-circuited T-network.

Figure 15. Photograph and dimensions of the fabricated coupler
based on open-circuited pi-network.
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Figure 16. Photograph and dimensions of the fabricated coupler
based on open-circuited T-network.

Figure 17. The measured S-
parameters and phase difference
of the coupler prototype based on
open-circuited pi-network.

Figure 18. The measured S-
parameters and phase difference
of the coupler prototype based on
open-circuited T-network.

and −2.6 dB, and the phase differences between through and coupled
ports are 90◦ and 91◦ at 1.8 and 3.45GHz, respectively. With the
fluctuation of the coupling level and the phase difference less than
±0.5 dB and ±5◦, the EM simulated bandwidths of the coupler are
over 320 and 350 MHz, with fractional bandwidths of 18% and 10% at
1.8 and 3.45 GHz, respectively. Seen from Fig. 17, the measured center
frequencies are 1.8 and 3.45 GHz. The return losses and isolations
are better than 27 and 28 dB. The coupling levels are −5.9 and
−4.8 dB. The through coefficients are −1.8 and −2.8 dB, and the phase
differences between through and coupled ports are 91◦ and 93◦ at 1.8
and 3.45 GHz, respectively. With the fluctuation of the coupling level
and the phase difference less than ±0.5 dB and ±5◦, the measured
bandwidths of the coupler are over 300 and 620 MHz, with fractional
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bandwidths of 17% and 18% at 1.8 and 3.45GHz, respectively.
Similarly, for the coupler based on open-circuited T-network, seen

from Fig. 14, the EM simulated center frequencies are 1.8 and 3.45 GHz.
The return losses and isolations are better than 26 and 19 dB. The
coupling levels are −5 and −5.1 dB. The through coefficients are −2.3
and −2.5 dB, and the phase differences between through and coupled
ports are 89◦ and 269◦ at 1.8 and 3.45 GHz, respectively. With the
fluctuation of the coupling level and the phase difference less than
±0.5 dB and ±5◦, the EM simulated bandwidths of the coupler are
over 260 and 110 MHz, with fractional bandwidths of 14% and 3% at
1.8 and 3.45 GHz, respectively. Seen from Fig. 18, the measured center
frequencies are 1.8 and 3.45GHz. The return losses and isolations are
better than 22 and 13 dB. The coupling levels are −5.6 and −6.4 dB.
The through coefficients are −2 and −3.3 dB, and the phase differences
between through and coupled ports are 90◦ and 272◦ at 1.8 and
3.45GHz, respectively. With the fluctuation of the coupling level
and the phase difference less than ±0.5 dB and ±5◦, the measured
bandwidths of the coupler are over 220 and 80MHz, with fractional
bandwidths of 18% and 2% at 1.8 and 3.45GHz, respectively.

6. CONCLUSIONS

An analytical design methodology of a dual-band planar asymmetric
branch-line coupler terminated by arbitrary impedances for arbitrary
coupling levels is proposed in this paper. The design method is verified
by four numerical examples and two typical microstrip experiments.
Due to the advantages of arbitrary port impedances and coupling
levels, wide range of realizable frequency ratio, multiple flexible
selections of open- or short-circuited and pi- or T-network topologies,
it can be expected that the coupler is desirable for the design of
microwave active circuits and antenna feed networks.
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