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A Single-Ended-to-Balanced Impedance-
Transforming Branch-Line Coupler With

Arbitrary Power Division Ratio
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Abstract— In this paper, a new single-ended-to-balanced
(SETB) impedance-transforming branch-line coupler with the
arbitrary power division ratio is presented. By using the matrix
transformation, the standard scattering matrix and correspond-
ing odd- and even-mode matrices are deduced from the mixed-
mode scattering matrix. A simple configuration composed of four
quarter-wavelength and two half-wavelength microstrip lines is
proposed to achieve desired functions of the SETB branch-line
coupler with the arbitrary power division ratio and arbitrary
terminated impedances. The parameter selection and design
principle are given. Finally, three prototypes with different power
division ratios and terminated impedances are designed to verify
the theoretical prediction. Impedance matching, port isolation,
and mode conversion suppression are all obtained successfully for
all the three fabricated SETB branch-line couplers. The proposed
configuration also offers other attractive advantages including
simpler configuration and design method, lower insertion loss,
and good compatibility with the planar circuit technique.

Index Terms— Branch-line coupler, impedance transform-
ing, matrix transformation, power division, single-ended-to-
balanced (SETB).

I. INTRODUCTION

RECENTLY, a new direction of improvements has been
introduced focusing on the development of the balanced

circuit since they have high immunity to the environmen-
tal noise than their single-ended (SE) counterparts. There
have been lots of efforts to make power dividers [1]–[5],
filters [6]–[11], branch-line couplers [12], [13], and hybrid
ring [14] fully balanced. SE-to-balanced (SETB) components
are also getting lot of attention since both balanced and
SE parts may be included in a circuit. In-phase and out-of-
phase SETB power dividers have been proposed in [15]–[19].
SETB hybrid with the arbitrary power division ratio is
presented in [20].
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As one of the most critical and fundamental building blocks
in communication systems, the branch-line coupler with good
directivity and inherent 90° phase difference can be widely
used in microwave applications, such as power amplifiers [21],
balanced mixers [22], and antenna arrays [23]. Branch-line
couplers with the arbitrary power division ratio are very useful
since they can provide more flexible for different applications.
It have been shown that branch-line couplers may have the
arbitrary power division by using shorted parallel coupled line
sections [24], microstrip series stubs [25] four independent
external impedance transformers [26], and coupled ring res-
onators [27]. SETB branch-line couplers are very useful in
some applications too. They can be used to connect SE outputs
to differential fed circular-polarized (CP) patch antennas by
using their two balanced quadrature phase outputs. In com-
parison with the conventional CP patch antenna, the new CP
patch antenna using SETB branch-line couplers has lower
cross-polar radiation [28]–[30]. Besides, SETB branch-line
couplers can also behave as balanced-to-SE (BTSE) branch-
line couplers. They can be utilized to connect the balanced
outputs to the SE CP patch antennas by using their two
SE quadrature phase outputs. They may also be required in
designing balanced mixers when the input ports of the mixers
are balanced. In addition, arbitrary terminated real impedances
will also be a quite important function for low loss and
miniaturization without the extra impedance transformer. Con-
sequently impedance-transforming SETB branch-line couplers
are very desirable for the applications when the port matching
is not limited to 50 �.

Generally, the diagram shown in Fig. 1(a) can be employed
to construct an impedance-transforming SETB branch-line
coupler. However, the use of baluns and impedance trans-
formers leads to large design complexity and large in-band
insertion loss. Therefore, it is valuable to develop an SETB
branch-line coupler, with its diagram shown in Fig. 1(b). The
circuit topology shown in Fig. 1(b) is symmetric with respect
to the central line (s–s�). To our knowledge, no such SETB
branch-line couplers have been reported.

In this paper, an SETB impedance-transforming branch-
line coupler is proposed. First, the ideal mixed-mode scat-
tering matrix of the proposed coupler is presented, and its
corresponding odd- and even-mode three-port networks are
derived. Then, a six-port circuit composed of ideal transmis-
sion lines is proposed to realize the odd- and even-mode three-
port networks. The detailed design procedure is provided to
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Fig. 1. Diagrams of impedance-transforming SETB branch-line coupler.
(a) One SE branch-line coupler with two baluns and one impedance trans-
former. (b) Proposed diagram.

guide the practical design. Finally, three coupler prototypes
with both tight and loose coupling power division ratios and
different power division ratios, and terminated impedances
are fabricated and measured to verify the theoretic prediction.
The fabricated branch-line couplers show desired SETB power
division characteristic with quadrature phase outputs, good
impedance matching for both balanced and SE ports, high
common-mode (CM) suppression for balanced ports, and high
mode conversion suppression.

II. THEORETICAL ANALYSIS

A. Mixed-Mode Scattering Matrix of Ideal Single-
Ended-to-Balanced Branch-Line Coupler

The mixed-mode scattering matrix of the SETB branch
coupler shown in Fig. 1(b) can be defined as [31]

[Smm ] = [M][Sst ][M]−1

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Sss AA Ssd AB SscAB Sss AC Ssd AD SscAD

Sds B A Sdd B B SdcB B Sds BC Sdd B D SdcB D

Scs B A Scd B B SccB B Scs BC Scd B D SccB D

SssC A SsdC B SscC B SssCC SsdC D SscC D

Sds D A Sdd D B SdcD B Sds DC Sdd D D SdcD D

Scs D A Scd D B SccD B Scs DC Scd D D SccD D

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(1)

where the transformation matrix M can be described as

[M] = 1√
2

⎛
⎜⎜⎜⎜⎜⎜⎝

√
2 0 0 0 0 0

0 1 −1 0 0 0
0 1 1 0 0 0
0 0 0

√
2 0 0

0 0 0 0 1 −1
0 0 0 0 1 1

⎞
⎟⎟⎟⎟⎟⎟⎠

.

Sds B A, Sds D A, Sds BC , and Sds DC denote the
SE-to-differential-mode (DM) transmission coefficients.
Ssd AB , Ssd AD , SsdC B , and SsdC D denote the DM-to-SE
transmission coefficients. Scs B A, Scs D A, Scs BC , and Scs DC

denote the SE-to-CM transmission coefficients. SscAB , SscAD ,
SscC B , and SscC D denote the CM-to-SE transmission
coefficients. Sss AA, SssCC , Sss AC , and SssC A are the SE
S-parameters of the two SE ports. Sdd B B , Sdd D D, Sdd B D, and
Sdd D B are the DM S-parameters of the two balanced ports.
SccB B , SccD D , SccB D , and SccD B are the CM S-parameters
of the two balanced ports. Scd B B , Scd D D , Scd B D, and Scd D B

are the DM-to-CM conversion coefficients. SdcB B , SdcD D,
SdcB D, and SdcD B are the CM-to-DM conversion coefficients.

Since the circuit topology shown in Fig. 1(b) is symmetric
with respect to the central line (s–s�), the power division ratio
between the two balanced output ports B and D is defined as

k =
∣∣∣∣

Ssd AB

Ssd AD

∣∣∣∣
2

=
∣∣∣∣
SsdC D

SsdC B

∣∣∣∣
2

. (2)

Let x = √
k j/

√
1 + k and y = −1/

√
1 + k, then

Ssd AB = SsdC D = Sds B A = Sds DC = x (3)

Ssd AD = SsdC B = Sds D A = Sds BC = y. (4)

Furthermore, the proposed SETB branch-line coupler should
satisfy the impedance matching at the two SE ports A and C,
DM impedance matching at the two balanced ports B and D,
ports isolation between the two SE ports of A and C, and
balanced ports’ isolation between the two balanced ports of
B and D. Consequently, the following equations should be
satisfied:

Sss AA = SssCC = 0 (5)

Sdd B B = Sdd D D = 0 (6)

Sss AC = SssC A = 0 (7)

Sdd B D = Sdd D B = 0. (8)

For the CM operation, the CM signal should be reflected at
both the two balanced ports. The CM transmission between
the two balanced ports, the conversions between CM signal
and DM signal, and the conversions between CM signal and
SE signal should be suppressed. Therefore, the following
equations can be obtained:

SccB B = SccD D = −1 (9)

SccB D = SccD B = 0 (10)

Scd B B = SdcB B = Scd D D = SdcD D = 0 (11)

Scd B D = SdcD B = Scd D B = SdcB D = 0 (12)

Scs B A = Scs BC = Scs D A = Scs DC = 0 (13)

SscAB = SscAD = SscC B = SscC D = 0. (14)
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Fig. 2. Circuit model of the proposed branch-line coupler (θ = 90° at the
center frequency f0).

According to the relations between the mixed-mode scat-
tering matrix [Smm ] and the standard scattering matrix [Sst ],
[Sst ] can be obtained from the following equation [31]:
[Sst ] = [M]−1[Smm ][M] (15)

=
( [SU ] [SD]

[SD] [SU ]
)

× 1

2
√

2

⎛
⎜⎜⎜⎜⎜⎜⎝

0 2x −2x 0 2y −2y
2x −√

2 −√
2 2y 0 0

−2x −√
2 −√

2 −2y 0 0
0 2y −2y 0 2x −2x

2y 0 0 2x −√
2 −√

2
−2y 0 0 −2x −√

2 −√
2

⎞
⎟⎟⎟⎟⎟⎟⎠

(16)

where [SU ] and [SD] are both 3 × 3 submatrices.
Therefore, the odd-mode and even-mode matrices can be

obtained using the transformation technique given in [9]

[Se] = [SU ] + [SD]

= 1

2
√

2

⎛
⎝

0 2x + 2y −2x − 2y
2x + 2y −√

2 −√
2

−2x − 2y −√
2 −√

2

⎞
⎠ (17)

[So] = [SU ] − [SD]

= 1

2
√

2

⎛
⎝

0 2x − 2y −2x + 2y
2x − 2y −√

2 −√
2

−2x + 2y −√
2 −√

2

⎞
⎠. (18)

Based on the above derivation, the even-mode and odd-
mode scattering matrices of the SETB branch coupler should
have the forms of (17) and (17), respectively.

B. Realization of the SETB Branch-Line Coupler
In order to realize an SETB impedance-transforming branch

coupler, the circuit shown in Fig. 2 is utilized. It consists
of two quarter-wavelength transmission lines with character-
istics impedance Z02, two half-wavelength transmission lines
with characteristics impedance Z04, one quarter-wavelength
transmission line with characteristics impedance Z01, and
one quarter-wavelength transmission line with characteristics
impedance of Z03.

Since the circuit shown in Fig. 2 is symmetric with respect
to the central line (s–s�), the odd-mode and even-mode circuits

Fig. 3. Even-mode equivalent circuit of the proposed branch-line coupler.

Fig. 4. Odd-mode equivalent circuit of the proposed branch-line coupler.

can be obtained by placing an electric wall and a magnetic wall
along the symmetrical line, respectively. The even-mode and
odd-mode equivalent circuits of the proposed SETB branch-
line coupler are shown in Figs. 3 and 4, respectively.

As seen in Fig. 3, when port B− is terminated by RL ,
we can calculate the two-port even-mode ABCD matrix
between ports A and B+ as follows:
(

AAB+
e B AB+

e
C AB+

e DAB+
e

)

=

⎛
⎜⎜⎝

j Z02

(
1

RL
+ j

Z01

)
j Z02

jY02 − Z02Y03

(
1

RL
+ j

Z01

)
−Z02Y03

⎞
⎟⎟⎠. (19)

Then, the normalized ABC D matrix is obtained as

(
a AB+

e bAB+
e

cAB+
e d AB+

e

)
=

⎛
⎜⎜⎝

√
RL√
RS

AAB+
e

1√
RL RS

B AB+
e

√
RL RSC AB+

e

√
RS√
RL

DAB+
e

⎞
⎟⎟⎠.

(20)

Considering the relationship between S-matrix and ABC D
matrix [32], we can get the two-port even-mode S-matrix
between ports A and B+ from (19) using the following
relations:

SAB+e = SB+Ae = 2

a AB+
e + bAB+

e + cAB+
e + d AB+

e
(21)

SAAe = a AB+
e + bAB+

e − cAB+
e − d AB+

e

a AB+
e + bAB+

e + bAB+
e + d AB+

e
(22)

SB+B+e = −a AB+
e + bAB+

e − cAB+
e + d AB+

e

a AB+
e + bAB+

e + cAB+
e + d AB+

e
. (23)
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Fig. 5. FBW of the SETB branch-line coupler with variable Z04.

Substituting the even-mode S-parameters in (17) into
(21), (22), and (22), we can get the following equations:

√
RL/RS Z02 − √

2Z01/
√

1 + k = 0 (24)

Z03 = 2Z01 RS/RL (25)

Z2
02(RL RS + 2Z01 Z03) = RL RS Z01 Z03. (26)

From the above relations, we can get the solutions as

Z01 =
√

k RL

2
(27)

Z02 =
√

k√
2(1 + k)

√
RS RL (28)

Z03 = √
k RS . (29)

It can be easily verified that the proposed circuit shown
in Fig. 2 has the same odd-mode and even-mode matrices as
(17) and (17) once the equations of (27), (28), and (28) are
satisfied.

Based on the above analyses, the impedance of Z01, Z03,
and Z02 can be calculated from the predetermined power
division ratio k and terminated impedances. When all termi-
nated ports have the same 50-� impedance, the maximum
power division ratio k is 6.25 if the realizable characteristic
impedance of transmission line is within 16–125 �.

It can be observed that the characteristic impedance Z04
is a free variable in these analytical design equations and
it exerts no influence on the responses at the center fre-
quency ( f0). However, the influence of Z04 on the fractional
bandwidth (FBW) should be studied. In order to determine the
influence of Z04 on performance of the SETB branch-line cou-
pler, three curves are plotted in Fig. 5 for four different cases.
In the graph, FBW is defined by |Sss AA|, |SssCC|, |Sdd B B|,
|Sdd D D|, |Sss AC |, and |Sdd D B| under −15 dB. It is quite clear
that FBW of the proposed SETB branch-line coupler can be
adjusted by changing the value of Z04. Maximum FBW can
be obtained by selecting a proper Z04.

The design guideline for this proposed SETB branch-line
coupler can be briefly summarized as follows.

1) Specify the desired power-dividing ratio k and termi-
nated impedances RS and RL .

2) Get the values of Z01, Z02, and Z03 according
to (27)–(28).

Fig. 6. Layout of the proposed SETB branch coupler.

TABLE I

THEORETICAL PARAMETERS OF THE THREE PROTOTYPES

3) Select the proper Z04to obtain the bandwidth perfor-
mance.

4) Choose the appropriate dimensions of the microstrip
lines on predetermined substrate.

5) Optimize a bit if necessary.

III. EXPERIMENTAL VERIFICATION

For theoretical and experimental verification, three proto-
types of the proposed SETB branch-line couplers centered at
2.5 GHz are designed, measured, and compared. For Design I
with k = 1, the source impedanceRs = 50 � and load
impedance RL = 50 �. For Design II with k = 3, the source
impedance Rs = 50 � and load impedance RL = 100 �.
For Design III with k = 6, the source impedance Rs = 50 �
and load impedance RL = 30 �. All the three circuits are
fabricated on 0.5-mm-thick substrate with the relative dielec-
tric constant of 2.65 and loss tangent of 0.0035. In order to
measure the circuit using the vector network analyzer directly,
four quarter-wavelength lines with width W5 and length L5
are added between the input ports and the SETB branch-
line coupler. Fig. 6 exhibits the layout of the proposed SETB
branch-line couple with adding transmission-line impedance
transformers.

According to the design procedure in Section II, the values
of Z01, Z02, and Z03 for the three prototypes can be calculated
by (27)–(28) and are listed in Table I. For obtaining the
widest operating bandwidth, the value of Z04 is chosen from
the curves shown in Fig. 5. The values of Z04 for the three
prototypes are listed in Table I too.

According to the theoretical parameters shown in Table I,
the final dimensions of the two prototypes are listed in Table II.
The core circuit size of Design I, Design II, and Design III are
63.2 mm × 24.5 mm (0.775λg× 0.3λg), 61.2 mm × 24.8 mm

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on April 07,2024 at 07:03:21 UTC from IEEE Xplore.  Restrictions apply. 



LI et al.: SETB IMPEDANCE-TRANSFORMING BRANCH-LINE COUPLER 953

Fig. 7. Photograph of the fabricated coupler. (a) Design I. (b) Design II.

(0.75λg× 0.3λg), and 63.2 mm × 31.62 mm (0.775λg×
0.39λg), where λg is the guided wavelength at f0. Fig. 7 shows
the three photographs of the proposed three designs.

The full-wave simulation of the designs was done by
high frequency structure simulation. The measurement was
done by a four-port vector network analyzer Agilent E5071.
During measurement, the four-port S-parameters among any
four ports can be obtained by connecting two 50-� stan-
dard loads to the other two ports. Then, the mixed-mode
S-parameters are extracted from the standard S-parameters by
using the relations between [Smm ] and [Sst ].

Fig. 8(a)–(d) shows the simulated and measured results
of Design I. As shown in Fig. 8, the SE matching band-
width (|Sss AA| < −15 dB) and DM matching bandwidth
(|Sdd B B| < −15 dB) are 10.8% and 10% at the center
frequency of 2.5 GHz. The SE mode isolation bandwidth of
|Sss AC | < −15 dB, the DM isolation bandwidth of |Sdd B D| <
−15 dB, and the CM rejection bandwidth of |SccB D | <
−15 dB are 10.5%, 9.8%, and 94.5%. The CM-to-SE mode
suppression bandwidth (|SscAB | and |SscAD | < −20 dB)
is 12.8%, and the CM-to-DM suppression bandwidth (|SdcB B|
and |SdcB D| < −20 dB) is 14%. Impedance matching, port
isolation, and mode conversion suppression are also obtained
well for Design II. The measured phase difference between
ports B and D is between 87.5° and 92.5° over the frequency
range from 2.43 to 2.57 GHz, with 5.6% FBW. The measured
|SsdC B| and |Ssd AB | shown in Fig. 8 are −3.14 and −3.25 dB
at 2.5 GHz, and the power division ratio at the center frequency
is 0.975, which is close to the desired one.

Fig. 9(a)–(d) shows the simulated and measured results
of Design II. As shown in Fig. 9, the SE matching band-
width (|Sss AA| < −15 dB) and DM matching bandwidth
(|Sdd B B| < −15 dB) are 28% and 12% at the center fre-
quency of 2.5 GHz. The SE mode isolation bandwidth of
|Sss AC | < −15 dB, the DM isolation bandwidth of |Sdd B D| <

Fig. 8. Simulated and measured mixed-mode parameters of Design I.
(a) |Ssd | and |Ssc|. (b) |Sdd | and |Scc|. (c) |Sss | and |Sdc |. (d) Phase
(Ssd AB /Ssd AD ).

−15 dB, and the CM rejection bandwidth of |SccB D | <
−15 dB are 10.5%, 16.4%, and 55.2%. The CM-to-SE mode
suppression bandwidth (|SscAB | and |SscAD | < −20 dB)
is 12%, and the CM-to-DM suppression bandwidth (|SdcB B|
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Fig. 9. Simulated and measured mixed-mode parameters of Design II.
(a) |Ssd | and |Ssc |. (b) |Sdd | and |Scc|. (c) |Sss | and |Sdc|. (d) Phase
(Ssd AB /Ssd AD ).

and |SdcB D| < −20 dB) is 15.2%. Impedance matching, port
isolation, and mode conversion suppression are also obtained
well for Design II. The measured phase difference between
ports B and D is between 87.5° and 92.5° over the frequency
range from 2.32 to 2.65 GHz, with 13.2% FBW. The measured
|SsdC B| and |Ssd AB | shown in Fig. 9 are −1.57 and −6.5 dB

Fig. 10. Simulated and measured mixed-mode parameters of Design III.
(a) |Ssd | and |Ssc|. (b) |Sdd | and |Scc|. (c) |Sss | and |Sdc |. (d) Phase
(Ssd AB /Ssd AD ).

at 2.5 GHz, and the power division ratio at the center frequency
is 3.11, which is also close to the desired one.

Fig. 10(a)–(d) shows the simulated and measured results
of Design II. As shown in Fig. 9, the SE matching band-
width (|Sss AA| < −15 dB) and DM matching bandwidth
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TABLE II

DIMENSIONS OF THE THREE PROTOTYPES

TABLE III

PERFORMANCE COMPARISON OF PREVIOUS WORKS AND THIS WORK

(|Sdd B B| < −15 dB) are 24% and 38% at the center
frequency of 2.5 GHz. The SE mode isolation bandwidth
of |Sss AC | < −15 dB, the DM isolation bandwidth of
|Sdd B D| < −15 dB, and the CM rejection bandwidth of
|SccB D| < −15 dB are 26.4%, 42%, and 108%. The CM-to-SE
mode suppression bandwidth (|SscAB | and |SscAD | < −20 dB)
is 20%, and the CM-to-DM suppression bandwidth (|SdcB B|
and |SdcB D| < −20 dB) is 24.8%. Impedance matching, port
isolation, and mode conversion suppression are also obtained
well for Design III. The measured phase difference between
ports B and D is between 87.5° and 92.5° over the frequency
range from 2.28 to 2.72 GHz, with 17.6% FBW. The measured
|SsdC B| and |Ssd AB | shown in Fig. 10 are −0.95 and −8.8 dB
at 2.5 GHz, and the power division ratio at the center frequency
is 6.1, which is close to the desired one too.

The performances of the proposed designs and previous
designs with the arbitrary power division are listed in Table III.
Compared with the reported design, only the proposed one
can be utilized in the SETB design. Besides, compared with
the reported BTB design, the proposed one incorporates the
function of the impedance transformation.

IV. CONCLUSION

In this paper, a new SETB impedance-transforming branch-
line coupler is proposed. The coupler can remove the extra
baluns and impedance transformers in the common coupler
and make the circuit connect with balanced and SE circuits
at the same time. The theoretical analysis and parameter
design have been given, and the design procedure is summa-
rized. Using the derived design equations, three prototypes
are designed and fabricated. The measured results for the
prototype agree well with the simulation results. The fabricated
branch-line coupler shows the desired SETB power division
characteristic with the merits of lower insertion loss, compact
size, and simpler design method. The proposed SETB branch-
line coupler can also behave a BTSE branch-line coupler.
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