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Exact Synthesis and Implementation of New
High-Order Wideband Marchand Baluns

Jhe-Ching Lu, Chung-Chieh Lin, and Chi-Yang Chang, Member, IEEE

Abstract—New ultra-wideband high-order Marchand baluns
with one microstrip unbalanced port and two microstrip bal-
anced ports are proposed in this paper. The proposed Marchand
baluns are synthesized based on an -plane high-pass prototype
using the Richards’ transformation. The responses of the synthe-
sized high-order Marchand baluns are exactly predicted at all
real frequencies. All circuit elements are commensurate, which
means the electrical lengths of all transmission line elements
are a quarter-wavelength long at the center frequency. Two
fifth-order Marchand baluns with reflection coefficients of 20.53
and 21.71 dB corresponding to 131% and 152% bandwidth,
respectively, are synthesized and realized using the combinations
of microstrip lines, slotlines, and coplanar striplines. Simulated
and measured results are presented.

Index Terms—Circuit transformations, high-pass prototype,
Marchand balun, planar structures, synthesis, wideband.

I. INTRODUCTION

B ALUNS [1] are widely used in RF and microwave
communication systems. The main feature of baluns is

to transform an unbalanced signal to a balanced signal, and
vice versa. Thus, baluns can be used in antenna excitations or
balanced circuit topologies such as balanced mixers, push–pull
amplifiers, and phase shifters. There are many types of baluns
as proposed in [1]–[5]. Among the various kinds of baluns,
the Marchand balun [6]–[10] is very popular because of its
relatively wider bandwidth of amplitude and phase balance.
Several methods to realize Marchand baluns have been pro-
posed [6]–[16]

In design of a coupled-line Marchand balun, various analysis
methods were presented. In [10] and [11], use of the relation-
ships of the power wave in a balun to derive the scattering pa-
rameters can analyze a symmetrical Marchand balun, but the
exact prediction is only valid at the center frequency. In [12],
inclusion of the parameter of the electrical length of the trans-
mission line can predict broadband performances, but the ap-
proach lacks generality. Furthermore, to achieve wider band-
width, multiconductor coupled lines to realize tight couplings
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were presented. Another method is the even- and odd-mode
analysis method. However, it is limited to the case of a sym-
metrical coupled-line Marchand balun with the maximally flat
responses.

Actually, the exact synthesis of conventional Marchand
baluns has been presented in [6]–[9]. A Chebyshev response
can be synthesized using the synthesis method. While fo-
cusing on realizing Marchand baluns with planar coupled-line
technologies, useful design values of even- and odd-mode
parameters in each coupled line section are available in [9].
Nevertheless, when bandwidth of a balun is a major consider-
ation, one should concern the limited range of practical even-
and odd-mode impedance values of coupled lines.

In [17], coupled lines with suitable lumped capacitors are
utilized to constitute the new miniaturized planar Marchand
baluns. The circuits were synthesized based on the bandpass
prototype in the Richards’ domain. The key issue to use the
Richard’s domain bandpass prototype is to shrink the circuit
size. However, the circuit in [17] may not be easy to design
a wider band performance due to physical limitations of the
coupled lines as described above. Moreover, the use of the
capacitors to approximate the series and shunt open-circuit
stubs deteriorates the wideband responses.

An interesting research on a higher order Marchand balun
has been presented in [18]. The analysis of the balun is based
on the chain-scattering matrices of the open-circuit series stub,
short-circuited shunt stub, and uniform transmission line. With
these matrices, the coefficients of the desired polynomial form
describing the balun response can be numerically solved due to
the formulated equations, where is equal to the ele-
ment number of the balun. The stepped-impedance transformers
embedded in the circuit contribute the number of order to the
Marchand balun. A coplanar waveguide with a ground plane and
coupled microstrip lines is used to realize the balun. The anal-
ysis method and design procedures may be complicated and the
implementation of the balun occupies a relatively large circuit
size.

The purpose of this paper is to propose new higher order
wideband Marchand baluns and its novel implementation.
The new Marchand balun structure shown in Fig. 1 is with
the order higher than the conventional fourth-order Marchand
balun. Compared with the conventional fourth-order Marchand
baluns and their realizations, the proposed baluns have the
advantages of realizable design values and very wideband
performances in planar technology. During the synthesizing
procedures of the Marchand Balun, one may first perform the
circuit analysis on Richards’ circuit elements and then obtain
the prescribed characteristic functions [19], [20] to extract
element values of the Marchand balun. Thus, the design of the
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Fig. 1. Distributed circuit of the proposed fifth-order Marchand balun.

Fig. 2. Proposed fifth-order Marchand balun. (a) Two-port distributed circuit
simplified in Fig. 1. (b) Its �-plane high-pass circuit.

proposed baluns is based on the -plane high-pass prototype
using Richards’ transformation , where

is the center frequency of the passband, and and are
the real frequency domain and Richards’ frequency-domain
variables, respectively. By applying proper circuit transforma-
tions, the proposed original distributed circuit of the Marchand
balun, as shown in Fig. 1, can be converted into a fifth-order

-plane high-pass prototype, as shown in Fig. 2. With the aid
of the synthesis method, all element values of the synthesized
prototype can be obtained. Thus, the design parameters of the
original circuit in Fig. 1 can be controlled. For realizing the
balun, new combinations of the planar structures are presented
for the first time. It will be shown that the microstrip lines, slot
lines, and coplanar striplines are utilized to artfully implement
the transmission line elements of the balun. The microstrip
lines are also arranged on the other side of the slot lines, which
saves the circuit area.

TABLE I
RELATIONSHIPS BETWEEN DISTRIBUTED CIRCUITS IN THE � -PLANE

AND HIGH-PASS CIRCUITS IN THE �-PLANE, AND THE

CORRESPONDING ���� PARAMETERS

II. DERIVATION OF A FIFTH-ORDER MARCHAND BALUN

The distributed circuit of the proposed Marchand balun, as
shown in Fig. 1, comprises one open-circuit series stub, two
short-circuited shunt stubs, one uniform transmission line con-
nected to input port (unbalanced port), one uniform transmis-
sion line connected to two short-circuit stubs, and two iden-
tical uniform transmission lines connected to each of the bal-
anced output ports with impedance values corresponding to ,

, and , and , , and , respectively. The electrical
lengths of all the stubs and uniform transmission lines are 90 at
the center frequency. Due to differential outputs, the two output
ports can be combined into one port. Thus, the two-port dis-
tributed circuit can be simplified as shown in Fig. 2(a). Its equiv-
alent -plane high-pass prototype is shown in Fig. 2(b). The
Richards’ frequency-domain variable is defined as

(1)

where is the center frequency of the passband, and is
the real frequency domain variable. The open- and short-cir-
cuit stubs in the -plane become a capacitor and inductors,
respectively, in the -plane. The interconnecting uniform trans-
mission lines in the -plane are turned into the unit elements
(UEs) in the -plane. The description of the parameters of the
three important components in high-pass prototype is shown in
Table I.

To derive the final fifth-order Marchand balun, circuit trans-
formations will be used. Firstly, the circuit transformation to be
used is the Kuroda’s identity, as shown in Fig. 3(a) [21]. The
Kuroda transformation is now applied to the shunt inductor
in Fig. 2(b), thus changing the position of the shunt inductor
from one side of the UE to another side. The transformed
circuit is shown in Fig. 3(b) with the following transformation
equation:

(2)
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Fig. 3. First transformation. (a) Kuroda identity transformation from [21].
(b) Applying the Kuroda identity in (a) to the circuit in Fig. 2(b).

Fig. 4. Second transformation. (a) Newly presented exact circuit transfor-
mation. (b) Applying the exact circuit transformation in (a) to the circuit in
Fig. 3(b).

Secondly, observation of the two shunt inductors connected
by the transformer shown in Fig. 3(b) shows that
one redundant shunt inductor exists. Hence, to combine the
redundant element, a new circuit transformation should be
derived. Consider the new circuit transformation in Fig. 4(a).
The -parameters of the left circuit in Fig. 4(a) are

(3)

The -parameters of the right circuit in Fig. 4(a) are

(4)

Assume that (3) is equal to (4), the transformed parameters can
be obtained as follows:

(5)

Fig. 5. Final fifth-order �-plane high-pass prototype of Marchand balun.

Fig. 6. � -order �-plane high-pass prototype of the Marchand balun.

Thirdly, by applying the newly derived circuit transformation,
the further transformed circuit can be obtained, which is shown
in Fig. 4(b). Finally, the two shunt inductors can be combined,
and the transformer can be absorbed into the load resis-
tance. Consequently, the final fifth-order Marchand balun pro-
totype is shown in Fig. 5 with the following relations:

(6)

(7)

(8)

(9)

The design parameters in (2) and (6)–(9) complete the trans-
formation of the balun prototype of Fig. 2(b) into that of Fig. 5.

An effect way to increase the order of the Marchand balun is
to add nonredundant UEs. Fig. 6 shows the -plane high-pass
prototype circuit of the -order Marchand balun.

III. SYNTHESIS AND DESIGN OF TWO BALUN EXAMPLES

A. Synthesis Procedures

Before designing the proposed balun, two important points
should be addressed in the following. The first point is to deter-
mine a characteristic transfer function of the fifth-order Marc-
hand balun. The second point is to apply the exact synthesis
to the proposed balun such that the wideband responses can be
predicted.

By observing the prototype circuit in Fig. 5, the suitable char-
acteristic function exhibiting the Chebyshev responses, which is
comprehensively discussed in [20], is given by

(10)

where , is the filter cutoff frequency
that is used to determine the bandwidth of the balun, specifies
equal-ripple value, and and are the unnormalized
Chebyshev polynomials of the first and second kinds of degree

, respectively. In (10), subscript and denote the number
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of high-pass ladder elements (series capacitors and shunt induc-
tors) and UEs, respectively.

Given , the square of the magnitude of the input re-
flection coefficient is obtained using

(11)

can then be found with the knowledge that

(12)

The relationship between input impedance and
with a normalized source resistance of 1 is

(13)

The circuit prototype to be synthesized is shown in Fig. 5. The
first element to be extracted is the left-most UE of the circuit.
By applying Richards’ theorem, a UE can be obtained using

(14)

where denotes the impedance value of the th UE and
is the input impedance looking from the th UE. The

input impedance of the remaining network after removal of the
extracted UE is

(15)

where the common factor of can be cancelled out.
The second and third element types to be extracted are the

series capacitor and shunt inductor. The method used to syn-
thesize lumped-element ladder networks can be applied to this
balun prototype and obtain the element values of the series ca-
pacitor and shunt inductor.

B. Two Design Examples

The two examples of fifth-order equal-ripple wideband Marc-
hand baluns corresponding to the -plane high-pass prototype,
as shown in Fig. 5, are considered in this paper.

The first balun is designed with the center frequency
of 2 GHz, a normalized cutoff frequency of cor-
responding to a bandwidth of 131%, and a ripple level of

corresponding to a return loss of 20.53 dB. Ap-
plying these parameters into (10), the characteristic polynomial

can be constructed as

(16)

The square of the magnitude of the input reflection coefficient is
then established by (11), and with the knowledge of (12) it can
lead to

(17)

The input impedance is then obtained by (13) as

(18)

The following step is to synthesize the element values in Fig. 5.
To extract the encountered UE value and to obtain the input
impedance of the remaining network, (14) and (15) are used.
The standard synthesis procedure of lumped-element ladder net-
works is then applied to extract the series capacitor and shunt
inductor. Thus, the circuit element values of the first balun with
a normalized source resistance of 1 are

(19)

Substituting (19) into (2) and (6)–(9) and de-normalizing to
the 50- system then gives the design parameters of Fig. 1 as
follows:

(20)

The second balun is with the center frequency of 2 GHz,
a normalized cutoff frequency of corresponding
to a bandwidth of 152%, and ripple level cor-
responding to a return loss of 21.71 dB. Similarly, follow the
synthesized procedures, as described in the first designed balun.
The polynomial of the input impedance, the circuit parameters
corresponding to Fig. 5 in a normalized source resistance of
1 , and the design parameters of Fig. 1 in the 50- system
are shown in (21)–(23), respectively,

(21)

and

(22)
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Fig. 7. Ideal responses of the first and second designed baluns with bandwidth
of 131% and 152%, respectively.

Fig. 8. Physical layout of the first designed fifth-order balun with � � ����
(unit: millimeters).

(23)

The ideal responses of the two designed baluns corresponding
to the circuit of Fig. 5 are shown in Fig. 7.

IV. PHYSICAL IMPLEMENTATION AND EXPERIMENTAL RESULTS

The practical implementations of the two designed wideband
baluns comprise the microstrip lines, slotlines, and coplanar
striplines. A 0.635-mm-thick RT/Duroid6010 substrate with

and a loss tangent of 0.0023 is used to implement
the two wideband baluns. The distributed circuits to be directly
realized are the circuit shown in Fig. 1. Here, the two short-cir-
cuit stubs and , the uniform transmission line , the
open-circuit stub , and other uniform transmission lines
and are implemented by coplanar striplines, a slotline, and
microstrip lines, respectively. The microstrip lines ( and )
are constructed on the front side, whereas the slotline ( ) and
coplanar striplines are on the back side. Moreover, the slotline
also serves as the ground plane of the microstrip lines. This
arrangement not only saves the circuit area, but also provides
the straightforward connection between coplanar striplines and
slotlines. The coplanar striplines and slotline are both balanced
transmission lines, which ensure the differential-mode signal

Fig. 9. Photograph of the first designed fifth-order balun. (a) Top view.
(b) Bottom view.

Fig. 10. Measured and simulated performances of the first fifth-order balun.
(a) �� �, �� �, and �� �. (b) Amplitude imbalance and phase difference.

transmission. All the stubs and uniform transmission line sec-
tions are with electrical lengths of 90 at the center frequency
of GHz.

Fig. 8 depicts the detailed physical dimensions of the first
balun. The design was accomplished with a commercial elec-
tromagnetic (EM) simulator, i.e., Ansoft’s High Frequency
Structure Simulator (HFSS). Fine tuning in HFSS was per-
formed to take all the EM effects into consideration. The top-
and bottom-view photographs of the fabricated first designed
balun are shown in Fig. 9(a) and (b), respectively. The top-view
photograph shows the realizations of the microstrip lines cor-
responding to the circuit elements , , and in Fig. 1.
While the bottom-view photograph shows the realizations of
the two coplanar striplines and the slotline corresponding to
the circuit elements , , and , respectively, in Fig. 1.
Fig. 10 shows the simulated and measured performances.
The measured return losses are better than 10 dB from 0.7 to
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Fig. 11. Physical layout of the second designed fifth-order balun with � �

���� (unit: millimeters).

Fig. 12. Photograph of the second designed fifth-order balun. (a) Top view.
(b) Bottom view.

Fig. 13. Measured and simulated performances of the second fifth-order balun.
(a) �� �, �� �, and �� �. (b) Amplitude imbalance and phase difference.

3.5 GHz. The measured amplitude imbalance is within 1 dB
from 0.72 to 3.62 GHz and the measured phase difference is
within 180 10 from 0.7 to 3.53 GHz.

The physical layout of the second balun is shown in Fig. 11.
It should be pointed out that the synthesized impedance value of

is much larger than the intrinsic impedance in free space,
which is equal to 377 . Thus, the section can be removed.
The top- and bottom-view photographs of the fabricated second
designed balun are shown in Fig. 12(a) and (b), respectively.
The simulated and measured performances are shown in Fig. 13.
The measured return losses are better than 10 dB from 0.52 to
3.68 GHz. The measured amplitude imbalance is within 1 dB
from 0.46 to 3.75 GHz and the measured phase imbalance is
within 180 10 from 0.46 to 3.62 GHz.

V. CONCLUSION

This paper has proposed a planar circuit Marchand balun
structure. The novel circuit structure is suitable for the circuit
synthesis of the Richard’s domain high-pass prototype. Com-
paring to the conventional fourth-order Marchand balun, the
proposed Marchand balun can easily implement a circuit with
the order higher than five. The responses of the synthesized cir-
cuits are exact. Two fifth-order examples have been given to
show the feasibility of the planar circuit implementation and
their wideband performances.
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