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Fig. 10. Effect of not including all the propagating modes for Fig. 9.

peaks and, hence, realize the importance of including all the propa-
gating modes when using the transfinite-element method.

Compared to the AWE, although the ALPS spends extra time on
computing the eigenvectors of a tridiagonal matrix, it is not only more
reliable, but overall more efficient, because it can tell the range of va-
lidity and, hence, terminate at earlier time. Its computational time de-
pends on the number of poles inside the circle of convergence cov-
ering the interested band. Typically, four projecting vectors per pole
are needed. The poles near the real axis influences the frequency re-
sponse curve the most. It is unwise to ask for too big a frequency range
because this will enclose a lot of unimportant poles in the circle of con-
vergence. It is more efficient to break up a large band into a series of
smaller bands. Since each band requires its own matrix inversion, this
cost has to be balanced against the saving on the number of projecting
vectors needed. When the sparse matrix decomposition is replaced by
an iterative solver, the strategy will tilt toward more finer subdivisions
of the band.

The limitation of current procedure lies on the assumption that higher
order matrices of the polynomial matrix equation are relatively small.
In the case of high lossy problem, the entries of higher order matrices
may not be small. Numerical experiments show the procedure takes
more iterations to converge. Also, (9) is no longer an appropriate ap-
proximation of system eigenvalues. One must compute the eigenvalues
of the reduced system.
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Analysis and Design of Impedance-Transforming Planar
Marchand Baluns

Kian Sen Ang and Ian D. Robertson

Abstract—A technique for designing impedance-transforming baluns is
presented in this paper. It is based on the Marchand balun with two iden-
tical coupled lines. By varying the coupling factor of the coupled sections,
a wide range of impedance transforming ratios can be achieved. In addi-
tion, a resistive network added between the balun outputs is proposed to
achieve balun output matching and isolation. Microstrip baluns, matched
at all ports, for transforming from a 50-
 source impedance to 40-
 as
well as 160-
 load terminations are realized to demonstrate the technique.

Index Terms—Baluns, circuit analysis, couplers, impedance matching.

I. INTRODUCTION

Baluns are key components in balanced circuit topologies such as
double balanced mixers, push–pull amplifiers, and frequency doublers
[1]–[3]. Various balun configurations have been reported for applica-
tions in microwave integrated circuits (MICs) and microwave mono-
lithic integrated circuits (MMICs) [1]–[8]. Among them, the planar
version of the Marchand balun [9] is perhaps one of the most attrac-
tive due to its planar structure and wide-band performance.

The planar Marchand balun consists of two coupled sections, which
may be realized using microstrip coupled lines [5], Lange couplers [6],
multilayer coupled structures [7], or spiral coils [8]. These baluns are
usually designed through circuit simulations using full-wave electro-
magnetic analysis [1] or lumped-element models [8]. Various synthesis
techniques using coupled-line equivalent-circuit models and analyti-
cally derived scattering parameters have also been reported [10], [11].
In this paper, the planar Marchand balun is analyzed as a combination
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Fig. 1. Block diagram of a symmetrical Marchand balun as two identical
couplers.

of two identical coupled sections. This simplifies the balun design to
designing couplers with the appropriate coupling factor. This approach
also provides valuable insight into the balun operation, relating the cou-
pling factor of the coupler to the balun input and output impedances.
This results in an effective technique for designing impedance-trans-
forming baluns.

Most of the work on improving the planar Marchand balun has
focused on achieving wide-band performance [1] and miniaturization
[12]. The issue of balun output matching and isolation has not been
addressed. This may be attributed to the well-known fact that a lossless
reciprocal three-port network such as the balun cannot achieve perfect
matching at all three ports. In many applications, however, balun
output matching and isolation can enhance circuit performance. In
double-balanced diode mixers, good output matching of the local
oscillator (LO) and RF baluns at the diode interfaces can reduce LO
power drive requirements and improve conversion loss. In push–pull
amplifiers, isolation between the transistors provided by the balun
outputs can enhance amplifier stability. In this paper, a resistive
network connected between the balun outputs is proposed to achieve
balun output matching and isolation. Combining this technique
with impedance transforming Marchand baluns, a class of perfectly
matched impedance-transforming baluns can be realized.

II. A NALYSIS

A block diagram of the balun is shown in Fig. 1. It provides balanced
outputs to load terminationsZ1 from an unbalanced input with source
impedanceZo. In general, the impedancesZ1 andZo are different. Bal-
anced diode mixer applications, e.g., balanced signals, need to be fed
to a pair of diodes whose impedance may differ from the 50-
 source
impedance. Thus, in addition to providing balanced outputs, the balun
also needs to perform impedance transformation between the source
and load impedances.

As shown in Fig. 1, the planar Marchand balun consists of two cou-
pled sections, each of which is one quarter-wavelength long at the
center frequency of operation. For symmetrical baluns, the scattering
matrix of the balun can be derived from the scattering matrix of two
identical couplers. We first consider the case where the source and load
impedances are equal toZo. With the voltage waves defined in Fig. 1,
the scattering matrix for ideal couplers with infinite directivity and cou-
pling factorC is given by

[S]coupler

=

0 C �j
p
1� C2 0

C 0 0 �jp1� C2

�jp1� C2 0 0 C

0 �jp1� C2 C 0

:
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The S-parameters of the balun can then be obtained by using the
voltage wave’s relationships indicated in Fig. 1, which has the form
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When the balun load terminations are changed fromZo to Z1, as in
Fig. 1, the balunS matrix of the balun has to be modified from[S]balun
to [S]0balun. The relationship between the two matrices are given by the
following matrix equation:

[S]balun = [A]�1 [S]balun � [�]+)([I]� [�][S]balun
�1

[A]+

(3)

where[I] is the identity matrix, while[�] and[A] are given by
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TheS-parameters of the balun in Fig. 1 are then given by (5), shown
at the bottom of the next page. Equation (5) shows that the use of iden-
tical coupled sections results in balun outputs of equal amplitude and
opposite phase, regardless of the coupling factor and port terminations.
To achieve optimum power transfer of�3 dB to each port, we require

jS0b; 21j = jS0b; 31j = 1p
2
: (6)

With (5) and (6), the required coupling factor for optimum balun per-
formance is given by

C =
1

2Z1

Zo

+ 1

: (7)

It is interesting to note that when all the ports are terminated with the
same impedance, such as 50
, where the impedance transforming ratio
is unity, the required coupling factor is�4.8 dB and not�3 dB. Based
on (5), the use of commonly assumed�3-dB couplers [6] will result in
an insertion loss and output isolation of�3.5 dB and input and output
return loss of�9.5 dB at the center frequency. When (7) is satisfied,
the balunS matrix with parameters given by (5) reduces to

[S]balun =
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: (8)

This is the best attainableS matrix of a lossless balun. It is matched
at the input and has transmission coefficients of�3 dB with oppo-



404 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 2, FEBRUARY 2001

site phase. The outputs, however, are not matched or isolated. Both the
output matching and isolation have a value of�6 dB.

To achieve perfect output port matching and isolation, some form of
resistive network need to be added between the output ports, just as in
the Wilkinson power divider.Y -parameters will be used to derive the
required resistive network. TheS matrix of a balun with perfect output
matching and isolation has the form

[S]balun =

0
jp
2

�jp
2

jp
2

0 0

�jp
2

0 0

: (9)

Based on the port terminations defined in Fig. 1, (9) can be converted
to theY matrix
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Similarly, theS matrix of the symmetrical Marchand balun in (8) is
converted to theY matrix

[Y ]balun =
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Comparing (10) and (11), it can be deduced that theY matrix of the
resistive network has the form

[Y ]R =
1

2Z1

1 1

1 1
: (12)

This network can be realized by a series connection of a phase inverter
and a resistor of value2Z1. This resistive network can also be derived
intuitively. The signal path between the two outputs is through the cou-
pled ports of the two couplers, which has an attenuation of�6 dB with
zero phase shift, as given by (8). Thus, by adding another signal path
with �6-dB attenuation and 180� phase shift, perfect cancellation of
the signal path between the outputs can be achieved.

Fig. 2. Implementation of a perfectly matched balun with isolated outputs by
adding a resistive network to the Marchand balun.

Fig. 2 shows the schematic diagram of the perfectly matched balun
with the resistive network. The phase inverter is realized by a simple
half-wavelength transmission line. To maintain symmetry between the
output ports, the resistor is split into two resistorsZ1 at both ends of the
transmission line. The performance of the resistive network is indepen-
dent of the transmission-line characteristic impedanceZR at the center
frequency. However,ZR should be set as high as possible to ensure
that the operational bandwidth of the original balun is not significantly
reduced. It should also be noted that the resistive network proposed
could also be applied to other lossess balun structures to achieve output
matching and isolation. In addition, the phase inverter in the resistive
network can also be realized using other wide-band structures [13].

III. EXPERIMENTAL RESULTS

To validate the analytical results and demonstrate the design
approach, two perfectly matched impedance transforming baluns are
designed. The first balun provides impedance transformation from 50
to 40
, while the second balun provides impedance transformation
from 50 to 160
. These may represent requirements in balance
diode mixers and multipliers [14], [3] for transforming between a
50-
 source impedance and the diode impedances. The circuits are
realized using microstrips, fabricated on a low-cost FR-4 board with
a dielectric constant of 4.4 and thickness of 1.6 mm. For the 50–40-

impedance-transforming balun, Lange couplers were designed,
fabricated, and measured to achieve the required coupling factor
of �4.15 dB given by (7). A planar Marchand balun, consisting of
two Lange couplers, was then fabricated. Microstrip lines with 50-

characteristic impedance were used to extend the three balun ports
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Fig. 3. Measured performance of 50–40-
 impedance transforming
balun without resistive network. Results are normalized to source and load
impedances of 50 and 40
, respectively. (a) Input return loss, insertion loss,
and phase balance. (b) Output return loss and isolation.

to SMA connectors for measurement. A high-impedance half-wave-
length transmission line is included between the output ports for
implementation of the resistive network. Two chip resistors of 43


were used for the resistive network.
The balun is measured, both with and without the resistive network.

The balun is measured in a 50-
 measurement system, two ports at a
time, with the unused port terminated in a 50-
 load. Deembedding
is then performed to remove the effects of the 50-
 microstrip lines
between the balun ports and the SMA connectors. These 50-
-based
S-parameters are then renormalized to the output impedance of 40


using (3). The results obtained for the balun without the resistive
network are given in Fig. 3(a) and (b). Fig. 3(a) shows that the balun
input is well matched at about 1.2 GHz with a minimum insertion loss
of�3.5 dB. The increasing amplitude imbalance at the high-frequency
end of the passband can be attributed to the use of nonideal coupled
sections with limited directivity. This is caused by the unequal even-
and odd-mode phase velocities in the nonhomogeneous microstrip
medium. These amplitude imbalances can be improved with the use of
homogeneous dielectric mediums such as stripline. The phase balance
between the outputs is within 10�. The balun output return loss and
isolation is shown in Fig. 3(b). A minimum value of�6 dB is obtained
for both the output return loss and isolation, which is in agreement
with the theoretical results.

Fig. 4 shows the results obtained with the implementation of the re-
sistive network. Comparing Figs. 3(a) and 4(a), the input matching and
insertion loss of the balun remain essentially unchanged at mid-band,
although the bandwidth is slightly reduced. The phase balance within
the passband has improved to within 5�. Fig. 4(b) shows the balun
output return loss and isolation. Good output matching at the coupler
center frequency is now achieved. The output isolation has also im-
proved to better than 10 dB within the passband.

Fig. 4. Measured performance of 50–40-
 impedance transforming balun
with resistive network. Results are normalized to source and load impedances
of 50 and 40
, respectively. (a) Input return loss, insertion loss, and phase
balance. (b) Output return loss and isolation.

The planar 50–160-
 impedance-transforming balun is realized
using two microstrip parallel coupled sections, which has a measured
coupling factor of 8.8 dB at the center frequency of 2 GHz. A
high-impedance half-wavelength transmission line is also included for
implementation of the resistive network, which includes two 160-


chip resistors.
As in the previous balun, two-port measurements of the balun are

performed, deembedded, and renormalized to the output impedance of
160
. The measured performances are similar to the previous balun,
except that it exhibits a smaller operational bandwidth due to the use of
simple coupled line sections. The balun exhibits a well-matched input
with �30-dB return loss and a minimum insertion loss of�3.5 dB.
The phase balance is within 5�. Without the resistive network, the balun
has poor output return loss and isolation, with values between 6–8 dB
around the coupler center frequency. With the resistive network, the
input matching and insertion losses remain unchanged, while the output
port matching and isolation improved to better than�15 dB.

IV. CONCLUSION

This paper has demonstrated that impedance-transforming baluns
can be realized using planar Marchand baluns with two identical cou-
pled sections. Analytical results relating the impedance-transforming
ratio to the coupling factor of the couplers have been presented. A tech-
nique for achieving output matching and isolation has also been pro-
posed. These techniques have been verified through experimental re-
sults of two planar Marchand baluns employing Lange couplers and mi-
crostrip coupled lines. Perfectly matched baluns, transforming between
a 50-
 source impedance and load terminations of 40 and 160
 have
been realized. This class of perfectly matched baluns with impedance
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transformation capabilities is invaluable in the design of balanced mi-
crowave circuits such as mixers, push–pull amplifiers, and frequency
doublers.
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A Novel Interpretation of Transistor -Parameters by
Poles and Zeros for RF IC Circuit Design

Shey-Shi Lu, Chin-Chun Meng, To-Wei Chen, and Hsiao-Chin Chen

Abstract—In this paper, we have developed an interpretation of tran-
sistor -parameters by poles and zeros. The results from our proposed
method agreed well with experimental data from GaAs FETs and Si
MOSFET’s. The concept of source-series feedback was employed to
analyze a transistor circuit set up for the measurement of the -param-
eters. Our method can describe the frequency responses of all transistor

-parameters very easily and the calculated -parameters are scalable
with device sizes. It was also found that the long-puzzled kink phenomenon
of observed in a Smith chart can be explained by the poles and zeros
of .

Index Terms—Poles, -parameters, transistors, zeros.

I. INTRODUCTION

Wireless circuit design has recently become an important field all
over the world. However, as far as RF circuit design is concerned, mi-
crowave circuit designers are talking aboutS-parameters, while analog
circuit designers are thinking in terms of poles and zeros. Obviously,
there is a gap between the thought processes of microwave circuit en-
gineers and analog circuit engineers. For a long time,S-parameters
have been understood in terms ofY - or Z-parameters. TheseY - or
Z-parameters, though very useful in calculatingS-parameters, cannot
give insight into the behaviors or physical meanings ofS-parameters.
For example, it is difficult forY - or Z-parameters to describe the fre-
quency responses ofS-parameters directly or to explain the kink be-
havior ofS22 observed in a Smith chart [1], such as the one shown in
Fig. 1. In this paper, we present an interpretation ofS-parameters from
a poles’ and zeros’ point-of-view. By doing this, we can predict the
frequency responses ofS-parameters very easily and explain the kink
behavior ofS22 in Smith charts. Our calculated values of transistor
S-parameters showed excellent agreement with the experimental data
from 0.25-�m-gate Si MOSFETs and sub-micrometer gate GaAs FETs
with different gate width.

II. THEORY

First, consider the circuit shown in Fig. 2(a), where an FET is con-
nected for the measurement of itsS-parameters.S11 andS21 can be
measured by settingV2 = 0 andV1 6= 0, while S22 andS12 can be
measured by settingV1 = 0 andV2 6= 0. ZO1 at input port andZO2
at output port are both equal to 50
, but are intentionally labeled dif-
ferently. The reason for this will become clear later on. In general, the
circuit in Fig. 2(a) is not easy to handle. However, the problem will be
much easier to solve if this circuit is viewed as a dual feedback circuit,
in whichRs is the local series–series feedback element andCgd the
local shunt–shunt feedback element. In order to simplify circuit anal-
ysis, we temporarily neglect the inductors and transform the circuit of
Fig. 2(a) into that of Fig. 2(b) by using local series–series feedback
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