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A New Design Procedure for Single-Layer
and Two-Layer Three-Line Baluns
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Abstract— This paper describes a design procedure for a
class of three-line baluns. It is shown that the three-line balun
can be considered as a combination of two identical couplers.
Thus, the method developed here uses the design of couplers
with an appropriate coupling factor for designing this class of
baluns. The derivation leads to the normal mode parameters
for the three coupled lines. Physical dimensions are obtained
from these parameters. This procedure has been implemented for
two-layer configurations and verified by comparison with results
from a full-wave electromagnetic simulation and experimental
measurement.

Index Terms—Coupled lines, design methodology, multilayer
circuits, three-line balun.

I. INTRODUCTION

M ANY MICROWAVE applications need the balun,
which transforms a balanced transmission signal

to an unbalanced transmission signal and vice versa.
These applications include double-balanced mixers [1]–[5],
push–pull amplifiers [6]–[8], antenna feed networks [9]–[13],
frequency doublers [14]–[16], etc. A large number of balun
configurations have been reported in literature. Among them,
a planar version of the Marchand balun has been adapted
for a long time by using microstrip lines [17]–[20], and
applications of planar Marchand baluns have steadily increased
in microwave integrated circuits (MIC’s) and microwave
monolithic integrated circuits (MMIC’s).

For use in MIC and MMIC, wide bandwidth and compact-
ness of baluns are of high interest. Multilayer configurations
make MIC/MMIC more compact and can exhibit wide band-
widths due to tight coupling in coupled-line compensated
baluns. Besides, flexible design can be realized by using
multilayer configurations.

A compact configuration of a three-line balun reported
recently in literature [21] is shown in Fig. 1. This three-line
balun has more compactness than planar Marchand baluns
which combine two identical coupled lines with different
termination. However, a design procedure for implementing
three-line baluns in single-layer or two-layer geometry has
not been available.

In this paper, we describe a generic approach suitable
for designing this three-line balun configuration for single-
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Fig. 1. The general configuration of a three-line balun.

Fig. 2. The block diagram of baluns.

layer and two-layer structures. We show that this three-line
balun configuration can be represented as a combination of
two identical directional couplers each consisting of a two-
coupled line section. This representation is the key step in
the design procedure developed. The procedure has been used
for designing single-layer and two-layer three-line baluns. The
approach is verified by comparing the results with full-wave
simulation results. In addition, a two-layer three-line balun has
been fabricated and measured to verify the design procedure
developed.

II. DESIGN PROCEDURE

A. Representation of a Balun by Two-Coupled-Line Couplers

The characteristics of baluns can be expressed in terms of
the reflection coefficient and the sum of and

as shown in Fig. 2 where three-port
-parameters are given by

(1)

This block diagram (Fig. 2) can be divided into two different
blocks as shown in Fig. 3 where

(2)
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Fig. 3. The bifurcated block diagram of three-line baluns.

Fig. 4. A three-line balun composed of two two-line couplers.

One of the possible methods of realizing circuits A and B
is by use of appropriately terminated coupled line directional
couplers as shown in Fig. 4. This configuration can behave
like a balun when

(3)

when is the electrical length of the two couplers.
The combination of these two two-line coupler circuits

yields the following -parameters and functions as a balun:

(4)

To use the design procedure for asymmetric directional
couplers reported earlier [17], [22], matrices for circuits
A and B need to be represented in terms of the coupling
factor and the coupler port admittances where

(5)

TABLE I
SOME CHOICES OFZ01; Z02 FOR BALUN INPUT/OUTPUT IMPEDANCES

(6)

The corresponding matrices with the input impedance
and the output impedance are calculated using

matrices obtained in (5) and (6) as shown in (7) and
(8) at the bottom of this page, where

and
.

Equating in (3) to in (3) and
in (6) to in (8)

(9)

(10)

We note that for a given set of balun impedances at input
and output ports and , the values of coupled line
parameters and are not unique. For example, when

, any of the combinations shown in Table I
will satisfy (9) and (10). It is found that a different choice
for the values of coupler impedances and leads to
a different bandwidth. Network simulations were carried out
with two baluns, one using symmetrical directional coupler
with , and the other with
and . bandwidth ( dB) is
48.4%, the amplitude imbalance is within 0.91 dB, and phase
error is 0 for the symmetrical case. bandwidth is 20.9%,
the amplitude imbalance is less than 1.68 dB, and phase
error is 0 for the nonsymmetrical case. When we constrain

, then and .

B. Design of Three-Line Baluns

Design of the three-line balun shown in Fig. 1 is based
on finding an equivalence between a six-port section of three
coupled lines [shown in Fig. 5(a)] and a six-port combination

(7)

(8)



2516 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 12, DECEMBER 1998

(a)

(b)

Fig. 5. Equivalence between (a) a section of three-coupled lines and (b) a
six-port network combination of two couplers.

of two couplers as shown in Fig. 5(b). The normal mode
parameters of the three-coupled lines shown in Fig. 5(a) can
be found by equating the six-port matrix of these three-
coupled lines to the matrix of the six-port circuit shown
in Fig. 5(b). For the circuit shown in Fig. 5(b), the two sets of
identical two-coupled lines shown enclosed by the dotted lines
are perfectly isolated. For finding out this equivalence, three
different phase velocities of the coupled line in Fig. 5(a) are
assumed to be equal because a little deviation in them does not
affect the balun performance seriously. This procedure leads
to the following relations among the normal mode parameters
(NMP) of the structure in Fig. 5(a) and the- and -mode
parameters of two identical couplers in Fig. 5(b):

(11)

(12)

(13)

(14)

where , are the voltage ratios and
are the admittances of three normal modes ( modes)
for three-coupled lines [23], and are - and

-mode voltage ratios and admittances for two-line couplers
[24]. It is noted that we have only four equations (11)–(14)
for five independent values , and
of NMP of three-coupled lines. Thus, one of these parameters
needs to be selected independently, and this choice will lead to
different designs for the balun. These NMP for the three-line
structure are used to find the geometry of the three-line balun.

C. Physical Geometry for the Three-Line Balun

Physical geometry is determined by an optimization process.
This process repeatedly compares the desired NMP for three-

Fig. 6. A design procedure for three-line baluns.

Fig. 7. The physical layout of a single-layer three-line balun.

Fig. 8. The physical layout of a two-layer three-line balun (topology A).

coupled lines (evaluated as indicated in Section II-B) with
NMP calculated from selected dimensions for three-coupled
lines. A quasi-static field analysis program called the seg-
mentation and boundary element method (SBEM) [22] has
been used to calculate inductance and capacitance matrices
for specific geometries.

The design procedure discussed in this section is summa-
rized in the flow diagram of Fig. 6. The electrical design part
in the left-hand column yields NMP for three-coupled lines,
and the physical design part in the right-hand column leads
to the physical dimensions appropriate for realizing the NMP
calculated in the electrical design part.

The design is verified by simulating the optimized geometry
on a full-wave electromagnetic simulator and measuring the
performance of a two-layer three-line balun designed and
fabricated using the design procedure reported here.

III. D ESIGN EXAMPLE

We illustrate the procedure developed by an example of a
single-layer three-line balun shown in Fig. 7 and two examples
of two-layer three-line baluns shown in Figs. 8 and 9.
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Fig. 9. The physical layout of a two-layer three-line balun (topology B).

TABLE II
PARAMETERS FOR THEDESIGN EXAMPLE OF A SINGLE-LAYER THREE-LINE BALUN

TABLE III
PARAMETERS FOR THEDESIGN EXAMPLE OF A

TWO-LAYER THREE-LINE BALUN (TOPOLOGY A)

TABLE IV
PARAMETERS FOR THEDESIGN EXAMPLE OF A

TWO-LAYER THREE-LINE BALUN (TOPOLOGY B)

A. Single-Layer Three-Line Baluns

Input parameters and optimized output parameters for the
single-layer design example are shown in Table II. In this
case, the spacings between the adjacent lines are so narrow
(0.018 mm in this example) that it is difficult to fabricate this
design. Therefore, we need to consider two-layer structure as
an alternative.

B. Two-Layer Baluns

Input parameters and optimized output parameters for
the two-layer design examples are shown in Table III and
Table IV, respectively. For the three-line structure used for
the balun, the wavelength is taken as the arithmetic mean of

Fig. 10. The performance of two-layer three-line balun (topology A) de-
signed by the procedure developed and comparison with an “ideal” balun.

Fig. 11. The performance of two-layer three-line balun (topology B) de-
signed by the procedure developed and comparison with an “ideal” balun.

phase velocities of three normal modes divided by the design
frequency.

Using the physical geometry obtained above, the two-layer
three-line balun structures have been simulated on a full-wave
EM simulator (HP’s Momentum). -parameters obtained from
an EM simulation are compared with those for an “ideal”
balun in Figs. 10 and 11. The performance of the “ideal”
balun is calculated using the desired NMP and the phase
velocities for the three modes assumed to be equal. Magnitudes
of -parameters are plotted in Fig. 12. The phase imbalance

is plotted in Fig. 13. We note that for topology
A, the center frequency is shifted to 2.86 GHz, the actual
loss is 4.44 to 2.48 dB, the amplitude imbalance at the
balanced output ports is within 1.96 dB, and the phase error
is less than 10.4over the frequency range of 2.26–3.45 GHz
where dB. For topology B, the center frequency
is shifted to 2.98 GHz, the actual loss is4.44 to 2.56
dB, the amplitude imbalance at the balanced output ports is
within 1.88 dB, and phase error is only 0.2over 2.14–3.78
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Fig. 12. The measured performance of two-layer three-line balun (topology
B) designed by the procedure developed and comparison with a full-wave
simulation.

Fig. 13. The phase imbalances of two-layer three-line baluns designed by
the procedure developed.

GHz where dB. Thus, we note that topology B
yields simulated performance close to the ideal performance.
Moreover, by our experience, topology B allows 0.5 mm
misalignment in simulation.

It may be noted that, as in other synthesis procedures at
microwave frequencies, the procedure developed here does
not take into account via inductances, discontinuity reactances,
difference in the phase velocities of three normal modes, and
dispersion in coupled lines. One needs to compensate for
these effects by an optimization of the initial design obtained.
However, the method developed provides an efficient tool for
an initial design.

A balun using topology B was fabricated on the Duroid
RT5880 substrate as shown in Fig. 14 where the input and
the output ports are extended to locate connectors easily. Its
performance is measured and plotted in Figs. 12 and 13. As
shown in Figs. 12 and 13, the design frequency is shifted
to 3.10 GHz, is less than 10 dB over 2.13–3.78
GHz. In this frequency range, the actual loss is4.99 to

(a)

(b)

Fig. 14. (a) The layout of a two-layer three-line balun fabricated on Duroid
RT5880, and (b) the photograph of a two-layer three-line balun fabricated on
Duroid RT5880.

2.2 dB, the amplitude imbalance is within 2.12 dB, and
the phase error is less than 4.51. These measurement results
agree fairly well with the simulation results. Some of the
possible reasons for lack of better agreement are: the air gap
between two layers, the lead inductance of vias used to connect
ground and two layers, nonidentical physical lengths of the two
extended output ports, misalignment between two substrates,
and inaccurate calibration process (because of input and output
connections at different levels).

IV. CONCLUDING REMARKS

A design procedure for the three-line balun using the design
of a coupler has been presented. The analytical procedure
yields normal mode parameters for the coupled lines. Physical
dimensions are obtained by optimization using a quasi-static
analysis program. Alternatively, an electromagnetic artificial
neural network (EM-ANN) model could be developed for this
procedure.

This method was verified by designing single-layer and
two-layer three-line baluns. The single-layer version produces
very narrow spacing between three strips, therefore, two-
layer versions that provide more design flexibility have been
implemented. A two-layer three-line balun was fabricated
and measured to verify the design procedure. Experimental
results are compared to those obtained from a full-wave EM
simulation. This kind of balun showed a good performance in
spite of imperfect fabrication facilities leading to a misalign-
ment between the two substrates. Thus, this design allows
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considerable flexibility in the design procedure and yields
reasonable tolerances for fabrication.
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