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New Classes of Miniaturized Planar Marchand Baluns
Wael M. Fathelbab, Member, IEEE, and Michael B. Steer, Fellow, IEEE

Abstract—Three new classes of miniaturized Marchand balun
are defined based on the synthesis of filter prototypes. They are
suitable for mixed lumped-distributed planar realizations with
small size resulting from transmission-line resonators being a
quarter-wavelength long at frequencies higher than the passband
center frequency. Each class corresponds to an -plane bandpass
prototype derived from the specification of transmission zero
locations. A tunable 50 : 100-
 balun is realized at 1 GHz to
demonstrate the advantages of the approach presented here.

Index Terms—High-pass/bandpass prototypes, Marchand
balun, network synthesis, transmission zeros.

I. INTRODUCTION

EXACT synthesis of filters with prescribed transfer func-
tions has been pursued for several decades and has led to a

wealth of different classes of prototypes satisfying the stringent
requirements of communication systems. These synthesis tech-
niques have been successfully used to design low-pass, high-
pass, bandpass, and bandstop filters with excellent electrical
performance. To a limited extent, this network synthesis ap-
proach has been applied to the design of the Marchand balun
[1]. This includes an implementation of the coaxial transmis-
sion-line Marchand balun [2] and its corresponding planar cou-
pled-line form [3]. In both approaches, the balun design was
based on an -plane high-pass prototype using the Richards’
transformation , where and are the
real and complex frequency variables, respectively, and is
the center frequency of the passband. Upon synthesis of such a
prototype, the coupled-line parameters of the Marchand balun
may then be computed [2]. The high-pass prototype becomes
a periodic bandpass in the frequency plane ( -plane) with the
first passband centered at . A planar Marchand balun of this
type and its corresponding equivalent circuit are shown in Fig. 1.
The drawback of such a design is that the center frequency of the
balun is actually the resonant frequency of the transmission-line
resonators forming the balun. In other words, the overall size
of a conventional Marchand balun is determined by its center
frequency. This limits the use of the -plane high-pass proto-
type in situations where small size is critical such as in sys-
tems operating at low frequencies. The focus of this paper is the
miniaturization of the Marchand balun, and this requires that the
balun’s center frequency and the quarter-wave frequency
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Fig. 1. Conventional Marchand balun. (a) Physical layout with balanced load
impedance R . (b) S-plane high-pass prototype.

of the transmission-line resonators be different. To permit inde-
pendent specification of and , an -plane bandpass proto-
type must be synthesized so that in the -plane a periodic band-
pass behavior is achieved. This basic idea was used to design a
planar lumped-distributed transmission-line balun [4] that con-
sisted of a power divider and a pair of bandpass phase shifters.
Now Richards’ transformation becomes
with chosen to be above the passband centered at . Here,

is also referred to as the commensurate frequency. Hence,
a balun design based on a suitable -plane bandpass prototype
will feature reduction in its overall size.

In [5], a semilumped balun was implemented but without de-
sign theory. More recently, derivation of analytic formulas for
a class of lumped-distributed baluns led to useful design charts,
but the approach lacks generality [6]. Another key design pa-
rameter in balun design is bandwidth, which is thoroughly in-
vestigated in [3] with a conclusion that requires multilayer cou-
pled-line realizations as presented in [7]–[9].

In this paper, the design of baluns corresponding to band-
pass prototypes in the -plane is investigated. This synthesis
approach provides design insight and only requires minimum
circuit optimization. The reason for this is that the specified
transfer function is decomposed into its constituents, i.e., the
elements of the synthesized prototype, thus enabling control of
all available design parameters. Aided by the use of appropriate
circuit transformations, novel balun topologies can be created
that achieve performances as close as possible to the theoretical
maximum in terms of size and bandwidth.

Section II describes the derivation of an -plane bandpass
balun leading to simple analytic expressions for quick reference.
In Section III, the new -plane bandpass baluns are classified in
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Fig. 2. S-plane bandpass Marchand balun with balanced load impedanceR .

Fig. 3. Pair of symmetrical coupled-lines in homogenous media from [10].
(a) Physical layout. (b) Equivalent network model.

terms of their prototypes, and in Section IV a detailed numerical
design example is presented. Finally, the balun of the numer-
ical example is implemented and its measured characteristics
reported. Also, the center frequency of the implemented balun
is tuned using varactor diodes to suit wide-band applications.

II. DERIVATION OF A BANDPASS MARCHAND BALUN

The focus of this section is demonstrating that the procedure
of element extraction from a chosen prototype corresponds to
the most general bandpass balun topology. By appropriately
loading the high-pass balun of Fig. 1(a) with open-circuited
stubs, the bandpass balun of Fig. 2 results. The equivalent proto-
type of this structure can be derived in an identical fashion to that
in [3] by utilizing the network model of a pair of coupled lines
in homogeneous media [10]. To begin this process, the physical
pair of lines and its corresponding equivalent network model are
shown in Fig. 3 with the following network parameters:

(1)

(2)

(3)

where

(4)

and the coupling coefficient is

(5)

In (4) and (5), and are the even- and odd-mode im-
pedances of the coupled lines, respectively. By substituting the
network model for each of the coupled-line sections comprising
the balun, the balun network of Fig. 4(a) is obtained. Further
simplification of this prototype would require that the pair of
transformers in parallel with the series stub be of identical
turns ratio. This leads to the loss of one degree of freedom since
the pair of coupled lines comprising the balun must now have the
same coupling coefficient. Proceeding with this assumption re-
sults in Fig. 4(b) with and being of equal value and the
impedance of the series stub scaled up to . Upon
further simplification, the prototype of Fig. 4(c) can then be ob-
tained after shifting the input transformer to the far right and ab-
sorbing it into the balanced load impedance. This is a redundant

-plane bandpass prototype with two zeros at , i.e., at dc,
two zeros at infinity, and a redundant quarter-wave-long trans-
mission line also known as a unit element (UE) [10]. Thus, given
the impedances of the final prototype as shown in Fig. 4(d), the
coupled-line parameters of the balun can then be extracted after
solving the following equations:

(6)

(7)

(8)

This gives the coupled-line parameters in terms of the proto-
type’s circuit elements as follows:

(9)

(10)

(11)

Once , , and are determined, the even- and odd-mode
impedances of each individual coupled-line pair comprising the
balun could then be found after solving (4) and (5) to give

and (12)

and (13)

Also, for further clarity, the coupling coefficients used in (12)
and (13) are, as stated earlier, of identical values and defined
using (5) as

(14)
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Fig. 4. Derivation of the S-plane bandpass prototype of the balun of Fig. 2. (a) After substitution of the network model of Fig. 3(b) for each pair of coupled
lines. (b) After scaling up the series open-circuited stub, Z byN . (c) After shifting the input transformer throughout the network and absorbing it into the load
resistance. (d) Final prototype.

Now the impedances of the open-circuited stub and the
balanced load can be found from

(15)

(16)

Finally, without any further scaling, the impedances of the re-
maining stubs are found to be

(17)

Although this section developed synthesis equations based on a
specific prototype corresponding to a bandpass balun topology,
the procedure is general and is adaptable to other classes of

baluns. Discussion of the new prototype classes will now com-
mence. In this discussion, we will use the well-known circuit
transformations shown in Fig. 5.

III. NEW -PLANE BANDPASS PROTOTYPES

A logical step in deriving miniaturized baluns is to apply the
half-angle transform [12] to the synthesized -plane highpass
prototype [2], [3], [11] of Fig. 1. This transform is shown in
Fig. 5(a) for an open-circuited stub. To elaborate on the mathe-
matics involved in this transform, consider the impedance of an
open-circuited stub [12]

(18)
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Fig. 5. Relevant circuit transformations. (a) Open- and (b) short-circuited
stubs after application of the half-angle transform from [12]. (c) Equivalence
between series connection of an open- and short-circuited stubs and stepped
impedance transmission line from [10]. (d) First Kuroda transformation of
a series short-circuited stub. (e) Second Kuroda transformation of a series
open-circuited stub from [10].

where . It is clear that (18) is the series con-
nection of short- and open-circuited stubs having characteristic
impedances of with half of the original electrical length.
This implies that the resulting transmission-line resonators are
a quarter wavelength long at , i.e., they are an eighth wave-
length long at . Through a similar analytical treatment, the

short-circuited stub has the equivalence shown in Fig. 5(b). Ap-
plication of this transform to the highpass prototype of Fig. 1
leads to the transformed prototype of Fig. 6(a) with the input UE
now split into two equal pieces. The preceding step has not been
previously utilized in papers concerning balun design. While the
half-angle transformation does not affect the transmission char-
acteristics of the network, it actually changes the transmission
zero distribution of the prototype. Now the prototype possesses
two zeros at dc, two zeros at infinity, and two nonredundant UEs,
i.e., it is now a bandpass prototype with a commensurate fre-
quency which is . Thus, the balun equivalent of this pro-
totype, shown in Fig. 6(b), is size reduced by almost a factor
of two compared to a conventional balun design. However, the
series open-circuited stub is difficult to realize in planar tech-
nology such as microstrip, and there is also scope for further
size reduction if the open-circuited stubs are approximated by
lumped capacitors. This is shown in Fig. 6(c). This prototype
is therefore identified as Class A. In an attempt to derive other
prototypes suitable for realization as Marchand balun structures,
different sets of transmission zeros were tried, and various pro-
totype networks were synthesized. Application of the classical
synthesis technique in the transformed variable [13], [14] for an
arbitrarily selected , and with specific sets of transmission
zeros, results in the prototype Classes B and C shown in Figs. 7
and 8, respectively. In fact, Class-A prototypes may also be di-
rectly synthesized using the same technique [13], [14].

Subsequently, the synthesized network prototypes undergo
several network transformations in the -plane. This allows
scaling of different elements of the prototype in order to
obtain reasonably realizable even- and odd-mode impedances
after using (9)–(11). These circuit transformations also lead
to various balun topologies and allow flexible designs to
be achieved. The essential circuit transformations are shown
in Fig. 5; while many more transformations may be used,
the scope of this paper is limited as summarized. As an
example, transformed Class-B prototypes are presented in
Fig. 9. Similar transformed Class-A prototypes may also be
obtained in the same way.

Thus, the design strategy is to first classify the -plane band-
pass prototypes from a set of transmission zeros, apply circuit
transformations, and then convert the specific prototypes to their
physical balun realizations. The last step is performed by inspec-
tion in a backward manner as was done in Fig. 4. Subsequently,
all of the open-circuited stubs loading the balun are then ap-
proximated by lumped capacitors at the center of the passband
in the -plane to obtain mixed lumped-distributed baluns. Sec-
tion IV demonstrates this process using a step-by-step numerical
example.

IV. A NUMERICAL EXAMPLE

A 50 : 100- Class-B balun with a center frequency of
1 GHz and a commensurate frequency of 2 GHz is synthe-
sized here. The objective is to design a balun with a return loss
of 15 dB at the single-ended port and a bandwidth ratio of
1.54 : 1 giving lower and upper passband edge frequencies of
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Fig. 6. Class-A balun. (a) Prototype derived by transforming the highpass prototype of Fig. 1(b) using the half-angle transformation. (b) Physical topology loaded
with open-circuited stubs. (c) Miniaturized mixed lumped-distributed physical topology. (The distributed prototype has two zeros at dc, two zeros at infinity, and
two nonredundant UEs.)

Fig. 7. Class-B balun. (a) Prototype with two zeros at dc, two zeros at infinity, and a redundant UE matching the single-ended source impedance. (b) Miniaturized
mixed lumped-distributed physical topology.

Fig. 8. Class-C baluns. (a) C1 prototype with two zeros at dc, a zero at infinity, and a nonredundant UE. (b) C2 prototype with a zero at dc, two zeros at infinity,
and a nonredundant UE. (c) and (d) Corresponding miniaturized mixed lumped-distributed physical topologies.

0.82 and 1.26 GHz, respectively. The purpose is to implement
the balun on an FR4 printed circuit board (PCB) with the fol-
lowing specification:

Substrate thickness: 62 mil (1.57 mm)

Relative dielectric constant: 4.7

Metal thickness: 2.2 mil (0.05 mm)

Minimum spacing: 7 mil (0.17 mm)

Loss tangent: 0.016. (19)

Now, the characteristic polynomial of the prototype may
be constructed for a passband ripple of 0.05 dB using [13] (or
[14]) with two zeros at dc and two zeros at infinity leading to1

(20), shown at the bottom of the following page, from which
the square of the magnitude of the reflection transfer function is
evaluated using

(21)

1High precision of the numerical values must be retained throughout the syn-
thesis process.



1216 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 53, NO. 4, APRIL 2005

(a) (e)

(b) (f)

(c) (g)

(d) (h)

Fig. 9. Transformed Class-B prototypes of Fig. 7(a). (a) After application of the stepped impedance transmission line transformation to the series branch. (b) After
application of the first Kuroda transformation. (c) After splitting the series connection of the open- and short-circuited stubs, application of the first Kuroda
transformation to part of the series short-circuited stub and subsequently transforming the rest of the series branch to a stepped impedance transmission line.
(d) After splitting the series connection of open- and short-circuited stubs, application of the second Kuroda transformation to part of the series open-circuited
stub and subsequently transforming the rest of the series branch to a stepped impedance transmission line (and then absorbing the input transformer into the load
impedance). (e)–(h) Corresponding miniaturized mixed lumped-distributed physical topologies.

may then be found with the knowledge of

(22)

leading to (23), shown at the bottom of this page. The input
impedance is then evaluated in a 1- system from

(24)

which is then synthesized using standard element extraction.
Upon synthesis, the resulting prototype is scaled up to suit a
50- system, and a 50- UE was then added after the source
impedance, resulting in the prototype of Fig. 10(a). At this point,
according to (6)–(8), we have the following circuit parameters
obtained from Fig. 10(a):

(25)

(20)

(23)
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Fig. 10. Relevant transformations for a 50 : 100-
 1-GHz balun. (a) Class-B
prototype with a passband ripple of 0.05 dB. (b) After equally splitting the series
short-circuited stub and applying the first Kuroda transformation. (c) After
transforming the series branch into a stepped impedance transmission line. (d)
Resynthesized and retransformed Class-B prototype with a passband ripple of
0.0806 dB. (e) After some manual optimization applied to the prototype of (d)
to obtain a return loss of approximately 20 dB. (f) Physical balun layout with
lumped capacitors (in picofarads) and extra matching quarter-wavelength lines
scaling the balanced load to 100 
. (dimensions are in mils).

and, thus, substituting (25) into (9)–(11) gives

(26)

Now the parameters in (26) are then substituted in (12)–(13) to
give

(27)

(28)

Conversion of the above set of even- and odd-mode imped-
ances into physical dimensions using ADS2 yields width and
spacing of values

mil 0.75 mm

mil 0.08 mm (29)

mil 0.96 mm

mil 0.06 mm (30)

Unfortunately, according to (19), the spacing between the cou-
pled lines violates the minimum spacing restriction imposed by
the PCB manufacturer. This is when the circuit transformations
become useful. By transforming the prototype of Fig. 10(a) to
that of Fig. 10(b) and making use of the stepped impedance
transmission-line equivalence, the transformed prototype of
Fig. 10(c) results. Performing similar manipulation as above,
we get new coupled-line parameters as follows:

(31)

(32)

This leads to new physical dimensions of

mil 0.43 mm

mil 0.22 mm (33)

mil 0.41 mm

mil 0.22 mm (34)

It is now clear that the above dimensions are realizable; how-
ever, it is always desirable to obtain identical coupled-line pa-
rameters to construct a physically symmetrical balun structure.
This would allow the division of the balanced load resistance
by a factor of two to make feasible practical measurements.
In terms of circuit synthesis, it is actually possible to obtain a
prototype with elements values such that this condition is sat-
isfied. This is done by iterating on the synthesis cycle for dif-
ferent values of passband ripple until the evaluated values of the
resulting even- and odd-mode impedances of the pair of cou-
pled lines become identical. Fig. 10(d) shows another synthe-
sized and transformed prototype achieving a passband ripple of
0.0806 dB, i.e., a return loss of approximately 17.37 dB with the
same bandwidth ratio of 1.54 : 1. It is now seen from the figure
that the impedances of the UE and the input series stepped trans-
mission line are virtually equal (80 79.993 —this is just the
necessary required condition.

2Advanced Design System (ADS), Version 2003A, Agilent Technol., Palo
Alto, CA, 2004.
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Now, from Fig. 10(d), we have

(35)

and substituting these into (9)–(11) yields

(36)

Evaluating (12)–(13) using (36) gives identical coupled-line pa-
rameters of values

(37)

At this stage, a manual optimization step is believed to improve
the return loss level. Doing so results in the circuit of Fig. 10(e)
with a return loss of approximately 20 dB. However, the values
of the impedances of the UE and input-series stepped transmis-
sion line must remain fixed (80 ) to guarantee the condition
of physical symmetry. The prototype of Fig. 10(e) results in the
physical balun layout of Fig. 10(f) with even- and odd-mode
impedances as shown in the same figure. In a similar step as be-
fore, ADS was utilized to obtain some physical dimensions that
were found to be

mil 0.25 mm

mil 0.23 mm (38)

The shunt open-circuited stub at the balanced output and the bal-
anced load must now be scaled accordingly using (15) and
(16) with evaluated as 0.561 to give 270.51 and 221.707 ,
respectively. The balanced load impedance is then scaled to 100

by a pair of transmission lines of impedance 74.449 each.
The remaining stubs are left unscaled according to (17).

Due to the fact that we are using a bandpass prototype, it is
possible to approximate any or all of its open-circuited stubs by
lumped capacitors with very little deterioration of circuit’s pass-
band performance. Now, each open-circuited stub is approxi-
mated by a lumped capacitor using the relationship

(39)

where is the impedance of the open-circuited stub and
its corresponding capacitor value. This approximation is valid
over the vicinity of the passband of the filter but will affect
the upper stopband characteristics. However, in many cases,
such a step will lead to better stopband performance suppressing
upper undesired passbands. This point will be elaborated upon
in Section V. Performing the approximation using (39) gives
values of capacitors as shown in Fig. 10(f). A final superfi-
cial optimization step is required to adjust the return loss level
after approximation to lumped capacitors giving lines that are
15-mil (0.38 mm) wide, 7-mil (0.17 mm) apart, and 950-mil
(24.13 mm) long. Also, each output matching line is 49-mil
(1.24 mm) wide, and 1636-mil (41.55 mm) long.

It is interesting to note that this example shows yet another
transformed Class-B balun topology not included in Fig. 9. This
topology was also used in [5], apparently without any rationale
behind its derivation.

V. EXPERIMENTAL IMPLEMENTATIONS AND RESULTS

A. Implementation of Class-B Balun

The layout of Fig. 10(f) (without the high-impedance trans-
mission lines) was implemented and its measured and simulated
performance, using high-quality lumped capacitors with of
600 are shown in Fig. 11. In Fig. 11(a) and (b), the measured
mid-band insertion loss is about 3.6 dB. The excess 0.6 dB of
loss is mainly attributed to substrate and conductor losses. The
measured maximum amplitude error, from Fig. 11(c), is about
0.2 dB over the passband which is just slightly better than the
simulation by about 0.05 dB. Fig. 11(d) shows a plot of trans-
mission phase error over the passband, indicating a maximum
measured phase error of approximately 2 at 1.2 GHz in con-
trast to approximately 4 according to simulation. It is fair to
note at this point that the performance of the balun is excellent.
The practical capacitor values used were 0.8, 0.7, and 0.6 pF,
as opposed to the simulated values of [from Fig. 10(f)] 0.75,
0.675, and 0.588 pF, respectively. The differences are due to
the microstrip vias that were assumed to be ideal in the sim-
ulation and as a result of adjusting the amplitude and phase re-
sponses to counteract the intrinsic difference between the even-
and odd-mode phase lengths of the microstrip media.

A crucial point in the design of an efficient radio frequency
(RF) system is the rejection of unwanted signals over a broad
frequency range, and generally a synthesizable approach to cir-
cuit and system realization is desired. The new baluns intro-
duced in this paper lend themselves to flexible designs since
the design approach is based on bandpass prototypes with se-
lection of the commensurate frequency . Fig. 11(e) shows
the simulated -plane response of the circuits of Fig. 10(a)–(e),
i.e., before the approximation of the open-circuited stubs by
lumped capacitors. The first higher stopband is centered at
(2 GHz) while the following stopbands occur periodically at

, where . The second passband occurs at
also recurring periodically at , where

. However, also shown in Fig. 11(e) is the mea-
sured performance of the implemented balun, i.e., with all of the
open-circuited stubs approximated by lumped capacitors. Now,
it is clear that the approximation step benefits the stopband re-
jection of the balun since the second passband now occurs at
about 4 GHz with wider stopband performance around 3 GHz.
Thus, size reduction and control of the stopband performance
are simultaneously made possible through the design approach
based on bandpass prototypes.

B. Implementation of Class-B Tunable Balun

A second implementation of the above design was done with
the objective of constructing an electronically tunable balun.
This was another reason behind the choice of the specific se-
quence of circuit transformation used in Section V-A. It is gen-
erally known that passive circuits with wide bandwidths re-
quire strong coupling between their circuit elements. This is a
problem particularly if the desired implementation requires cou-
pled lines since the physical dimensions become unrealizable. A
planar -plane highpass balun is no exception [3]. A very attrac-
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Fig. 11. Measured and simulated balun performance of Fig. 10(f) without bias
lines and with high Q lumped capacitors. (a) jS j and jS j (M1: 1 GHz,
�3.6 dB). (b) jS j and jS j (M2: 1 GHz, �3.5 dB). (c) Transmission
coefficients amplitude error. (d) Transmission coefficients phase error.
(e) Broad-band transmission coefficients.

tive feature of the -plane bandpass balun presented here is the
feasibility of tuning its passband using variable capacitors. This

Fig. 12. Measured performance of tunable balun of Fig. 10(f) with bias lines
and lowQ varactor diodes in: (a) State 1 (M1: 1 GHz, �3.82 dB) and (b) State
2 (M1: 0.58 GHz, �4.04 dB).

implies that a moderate bandwidth balun may be designed and
then tuned up/down in frequency to cover a wider bandwidth.

This was done using the layout of Fig. 10(f) with the
pair of quarter-wavelength bias lines (at 1 GHz) connected to
low-impedance voltage sources. Tunable capacitors with capac-
itance ratios of 10 : 13 replaced the high lumped capacitors.
The of the tunable capacitors was measured as roughly 12 at
1 GHz. This low has little effect on the in-band insertion loss
due to the original design of the balun with a BR of 1.54 : 1.
The passband of the balun was tuned down from 1 GHz (State
1) to 0.58 GHz (State 2). This gives a sizable tuned frequency
range of 1.7 (i.e., 1/0.58) with approximately 6 : 1 capacitance
ratios (see Fig. 12).

At 0.58 GHz, the of the varactor diodes naturally improves
to about 30, but there will be extra reactances added to the
balun structure at the biasing points due the limited bandwidth
of the bias lines originally designed at 1 GHz. This contributed
to some loss resulting in a measured mid-band IL at 0.58 GHz
of 4.04 dB. Also, the measured maximum amplitude and phase
errors in State 2 were 0.2 dB and 1 , respectively. At this stage,
it is worth mentioning that a conventional design based on an

-plane highpass prototype would not have made tunability of
the center frequency possible.

VI. CONCLUSION

New classes of baluns have been introduced based on an es-
tablished exact synthesis technique that is widely used in filter

3Silicon tuning diodes, BB833, Infineon Technol., 2004.
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design. The balun prototypes introduced here are synthesized
from a specification of a set of transmission zeros with band-
pass characteristics and possess various features such as small
overall size and controlled broad stopband rejection. In many
RF communications applications, the functions of filtering
and balun transformations can now be realized by a single
network, thus reducing the overall system losses compared to
two separate realizations. The measured performance of an
implemented Class-B balun agrees very well with the presented
theory. Furthermore, by appropriate circuit transformations,
Classes A and B can be made tunable. This was demonstrated
with a Class-B tunable Marchand balun. This is the first tun-
able balun showing potential use in wide-band applications
or in multifunctional RF/microwave systems covering various
frequency bands.
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