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Abstract—Conventional distributed baluns employ A/2 trans-
mission lines or A/4 coupled lines. By adding only one or two
lumped capacitors, the required coupled-line lengths of a new
balun structure can be made as short as A/24. Design curves for
these miniaturized impedance-transforming baluns are derived
using a systematic even- and odd-mode analysis technique.
This approach also provides valuable insight into the tradeoffs
between coupled-line lengths, number of capacitors, bandwidth,
and impedance-transforming ratios. Experimental results of a
single-capacitor balun with A/9 coupled linesand a two-capacitor
balun with A/24 coupled lines will be presented. Both baluns
achieved 0.5-dB amplitude balance and 5° phase balance, with
over 10-dB return lossfrom 1.1to 1.6 GHz.

Index Terms—Baluns, distributed, impedance transfor mation,
lumped, miniature.

I. INTRODUCTION

ALUNS ARE key components in balanced circuit topolo-

gies such balanced mixers, frequency multipliers, and
push—pull amplifiers. Recently, it has also been shown that
baluns can be used to form 180° hybrids [1], which further
widens their applications. Various balun configurations have
been reported for applications in microwave integrated circuits
(MICs) and monolithic microwave integrated circuits (MMICs)
[2]10]. Many of these structures, however, are not well suited
for wireless applications operating in the lower microwave
region.

Most balun configurations employ either distributed or
lumped elements. Distributed baluns consist of sections of
transmission lines[2], [3] or coupled lines[4], whichare A/2 or
A/4 long at the center frequency of operation. These structures
occupy large circuit areas, except at very high frequencies. For
lower frequency applications, these A/4 line sections can be
made more compact by meandering thelines[5] or by replacing
them with inter-wound spiral transformers [6]-{8]. However,
this results in increased design complexity, as these structures
need to be modeled using electromagnetic simulations or
characterized based on measurements [7], [8]. Many of these
distributed baluns also require some nonplanar or multilayer
structures that are not widely applicable [4]-{8]. Lumped-€l-
ement baluns employing low-pass high-pass filter structures
have also been demonstrated [9], [10]. Unfortunately, these
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structures require many lumped components and often exhibit
poor balun balance across frequency. Therefore, it will be
highly desirable to have a compact planar balun structure with
low component count for high yield and low-cost production
required by the wireless and mobile communications market.

Recently, balun structures employing both lumped and dis-
tributed elements have been proposed [11]-{13]. The addition
of lumped elements reduces the required coupled-line lengths
to much smaller than A/4. The balun structure proposed by
Ojha et al. [11] and Kumar et al. [12] employs only one
coupled section with two capacitors, but the balun does not
exhibit optima performance in terms of input matching and
output balance variations with frequency. Another lumped-dis-
tributed balun described by Tang and Chang [13] exhibits good
balun performance, but it requires four capacitors with two
coupled-line sections. Moreover, not much design information
is available, as these baluns were designed using empirical
methods of circuit optimization, parametric analysis[11], [12],
or electromagnetic simulations [13]. In this paper, a systematic
approach based on even- and odd-mode analysis techniques is
employed. This provides valuable insights into the limitations
and design requirements of these balun structures. It also
suggests the optimal placement of lumped capacitors for
effective shortening of the coupled-line lengths. Consequently,
this leads to the introduction of a new lumped-distributed
balun structure employing two coupled-line sections whose
length can be shortened using only one or two capacitors.
Various design curves, including designs with impedance
transformation between the unbalanced and balanced ports,
will be derived. Based on these design curves, the tradeoffs
between coupled-line length, number of capacitors, bandwidth,
and impedance-transforming ratio also become apparent. The
design and performance of these new miniaturized balun
structures will be presented in this paper.

Il. ANALYSIS

Thebalunsdescribed inthis paper are composed of asymmet-
rical four-port network where one of the portsisterminated with
ashort or open circuit, as shown in Fig. 1. It provides balanced
outputsto load admittances Y.,,,; from an unbalanced input with
source admittance Yi,. In general, the admittances Yy, and Y,
are different. Thus, in addition to providing balanced outpults,
the balun aso needs to perform impedance transformation be-
tween the source and load admittances.

0018-9480/03%$17.00 © 2003 |IEEE
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Fig. 1. Balun configured as a symmetrical four-port network with one port
terminated in a short or open circuit.
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Fig.2. Corresponding symmetrical four-port network for even- and odd- mode
analysis.
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Fig. 3. (&) Even-mode circuit and (b) odd-mode circuit of the corresponding
symmetrical four-port network in Fig. 2.

With the port assignments defined in Fig. 1, the S-parameters
characterizing the balun operation are given by

521 = - 531
511 =0.

(1)
(1b)

Thisbalun configuration can be analyzed using the even- and
odd-mode analysis technique previously described [14]. In this
approach, the open- or short-circuited terminal is replaced by a
load Y;,, toform afully symmetrical network, asshowninFig. 2.
Thisfacilitates the decomposition of the network into even- and
odd-mode circuits, shown in Fig. 3(a) and (b), respectively. It
can be shown [14] that (1) will be satisfied when the transmis-
sion and reflection coefficients in the even- and odd-mode cir-
cuits of Fig. 3 are given by the following.

To satisfy (1a)

Teven(]- - Foddr)
2- F(Feven + Fodd)

=0. (29)
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Fig. 4. Schematic diagram of the balun previously proposed balun by Ojha et
al. [11].

To satisfy (1b)

Feven + Fodd - 2Fevenroddr
=0. 2b
2- F(Feven + Fodd) ( )

Provided the denominators in (2) are not zero, these equations
can be simplified by substituting Y.ven, Yoad, and Yi,, defined
inFig. 3, into I'eye, and I'yqq asfollows:

Teven =0 (39
Yeven + Yoaa =2Yi, for the short-circuit casewhereI' = —1
(30)
1 1 2 .
+ =—— for the open-circuit case whereI" = 1.
Y;zven Y;dd in
(30)

These equations state the requirements of the even- and
odd-mode circuits for the balun operation. Specificaly, (3a)
shows that, to achieve perfect amplitude and phase balance,
the balun has to present a transmission stop in the even-mode
circuit. In addition, (3b) showsthat, to achieve perfect matching
at the balun input in the short-circuit case, the sum of the even-
and odd-mode admittances must be twice the source admit-
tance. Conversely, for the open-circuit case, shown in (3c), the
sum of the even- and odd-mode impedances must be twice the
source impedance.

With these valuable insights, the limitations and design
requirements of the previously proposed balun structures [11],
[13] can be evaluated. Furthermore, a new balun structure with
optimum characteristics in terms of balun performance and
number of capacitors employed is proposed.

Fig. 4 shows the schematic diagram of the balun struc-
ture previously proposed by Ojha et al. [11], which employs a
short-circuited termination at port 4. It consists of acoupled-line
section of electrical length €, with even- and odd-mode admit-
tances given by Y,. and Y,,, respectively. Lumped capacitors
C; and C> are added on both sides of the coupled line to
effectively increase the electrical length of the coupled lines
such that 6 is typically much less than A/4.

The even- and odd-mode circuits of the balun are shown in
Fig. 5(a) and (b), respectively. In the even mode, the balun con-
sists of a coupled-line section with electrical length 6/2, which
is open circuited. In the odd mode, this coupled-line section is
short circuited with two shunt capacitors 2C; and 2C5. At the
designed frequency of operation, the even-mode circuit has to
be atransmission stop, while the odd-mode circuit has to trans-
form Y,y to therequired Y, .4 specified by (3b).
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Fig. 5. (8 Even-mode circuit and (b) odd-mode circuit of the previously

proposed balun in Fig. 4.
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Fig. 6. Schematic diagram of the newly proposed lumped-distributed balun.

From (3a), the even-modecircuit hasto present anideal trans-
mission stop to achieve perfect amplitude and phase balance.
Although the structure in Fig. 5(a) has been described as an
all-stop filter structure [15], an ideal transmission stop is only
achieved when 6 /2 equals A /4. When 8/2 islessthan A\ /4, there
is afinite level of even-mode transmission, causing amplitude
and phase imbalance. Although these imbalances can be min-
imized by setting Y,,. and Y,,, such that the even-mode trans-
mission is small, perfect amplitude and phase balance cannot
be achieved.

In this paper, a balun structure with amplitude and phase bal -
ances that are theoretically perfect and frequency independent
is presented. Its schematic is shown in Fig. 6. The coupled-line
section of the previous balun has been replaced by two cou-
pled-line sections, which are short circuited at one end. For this
structure, port 4 may be terminated in a short or open circuit.
Fig. 7(a) and (b) shows the corresponding even- and odd-mode
circuits. Unlike the structure in Fig. 5(a), the even-mode circuit
inFig. 7(a) presentsaperfect transmission stop that isfrequency
independent for all values of 6. Therefore, theoretically perfect
and frequency-independent amplitude and phase balance of the
proposed balun isensured. For the odd-modecircuitin Fig. 7(b),
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Fig. 7. (a) Even-mode circuit and (b) odd-mode circuit of the newly proposed
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Fig. 8. Schematic diagram of the balun previously proposed by Tang and
Chang [13].

the circuit parameters are designed such that Y, satisfies ei-
ther (3b) for the short-circuit case or (3c) for the open-circuit
case.

It is instructive at this point to compare the new balun
structure with that of Fig. 8, which was previously described by
Tang and Chang [13]. It employs an open-circuit termination
at port 4 with four shunt capacitors. Fig. 9(a) and (b) shows
the corresponding even- and odd-mode circuits. Comparing
with Fig. 7(a), the even-mode circuit in Fig. 9(a) has the same
coupled-line section with two additional shunt capacitors.
Unlike the odd-mode capacitors, which serve to shorten the
coupled-line lengths, these additional even-mode capacitors are
not necessary for the balun operation. The odd-mode circuitsin
Figs. 7(b) and 9(b) are identical, except that capacitor valuesin
Fig. 7(b) are twice that of Fig. 9(b). Therefore, the new balun
structure presents a more optimal placement of the capacitors,
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Fig. 9. (a) Even-mode circuit and (b) odd-mode circuit of the previously

proposed balun in Fig. 8.

as it requires fewer capacitors and half the capacitance value
for each capacitor. Practically, this implies lower production
cost and smaller circuit areas. In fact, it will be shown in the
following section that significant reduction in coupled-line
length can be obtained by using only a single capacitor.

I11. DESIGN

Inthissection, design equationsfor the new impedance-trans-
forming balun structure in Fig. 6 will be derived. Only the case
where ashort circuit isemployed at port 4 will be considered, as
the same approach can applied to the other previously described
balun configurations.

Referring to Fig. 7(b), the circuit parameters Y., Y, C1C>,
and ¢ are chosen such that (3b) is satisfied. The even- and
odd-mode admittances in (3b) can be determined to be

(Yoe +Y,,)tand

Yeven =J 5 (48.)
. YioYo;
Yoaa =72 + Y — - 4bh
dd —J2wce2 11 Yas 1 (72wer + Your) (4b)
where
Yoo + Y.
Y :Y - 5
11 22 J 2 tand (53
.Y:)o - Y:)e
Yip =Yoy = —j———7-. (5b)
2siné

By substituting (4a) and (b) into (3b), and equating the real
and imaginary parts, the following equations can be obtained.
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Equating the real part

(Y"‘“) (Yoo = Y,0)” — (85in2 6)

Vin
Yoo + Ve 2
v? _— -2 =0. (6a
X(out+< tand wcl)) ( )

Equating the imaginary part

1 2Y;
Y;o Y:;e ta 9 = - 1
Lj;_l< an +tan9 <Y0ut ))

. ~
First term

~
Second term

+4 <w62 — <2Yin> wq) =0. (6b)
Y;)ut

~

~

Last term

Equations (6a) and (6b) can be solved for Y,,. and Y, to give

1

Y:;e :F (97 wcey, wey, Knv Yout) = 7 (7a)
; 3

Y;o :G (97 wcey, wey, Knv Y;ut) = VA (7b)

00

where F' and GG are functions of 8, wcy, wea, Yin, and Y.

Based on the solutions for Z,. and Z,, in (7), various de-
sign curvesfor the new balun structure can be obtained. We will
first consider the case of a 50-§2 system, where Vi, = Yy, =
0.02 mhos. In this case, no impedance transformation is in-
volved and (6b) reduces to

an

1
Yoo +Yoe) <ta119 + 9> + 4wes —8wey = 0. (8)

To satisfy (8), it is clear that capacitor C is required, while
capacitor C'2 can be set to zero. However, it will be shown that
the presence of C'2 can further reduce the value of 6 required.
The solutions of solutionsof Z,,. and Z,,, are plotted in Figs. 10
and 11 for various we; values. InFig. 10, the value of wes is set
to 0 mho, i.e., when only one capacitor C; isemployed. It canbe
seen that the balun can be realized by a wide range of practical
valuesfor Z,. and Z,, with 6 between 20° and 60° depending
on the value of wey. Generally, the required Z,. and Z,, de-
creases with increasing we; . For each we; value, there exist a
minimum value of Z,., which occurs when 6 is around 40°,
and Z,. increases rapidly as 6 deviates from 40°. On the other
hand, Z,,, decreasesmonotonically withincreasing ¢, wherethe
decreaseis highly rapid when ¢ issmall and gradually levels off
when 6 is approximately 20°.

It should be noted that these curves represent solutions at the
center frequency and each has a different passband character-
istic. In general, solutions with larger Z,,. exhibit wider band-
widths. For the same Z,,., the solutions at the minimum points
of the Z,. curves exhibit a more symmetrical response. Thisis
illustrated in Fig. 12(a)—(c), which plot the frequency responses
at points, A-A’, B-B’, and C—C’, respectively, in Fig. 10. These
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Fig.11. Designcurvesfor determining Z,.., Z,,, and é for variouswc; values
withwes = 0.02 mhosand YV, = Youe = 0.02 mho.

are obtained using an HP-ADS' circuit simulator based on ideal
circuit elements. The designed frequency is at 1 GHz. Com-
paring the three plots, Fig. 12(a) exhibits a relatively narrow
bandwidth. Although the passband in Fig. 12(c) is relatively
wider, it has a nonsymmetrical return-loss characteristic where
the null is located at the upper end of the passband. Fig. 12(b)
exhibits a more optimal response in that it has a symmetrical
passband with the return loss null centered at the mid-band.

Fig. 11 plots the solutions for the case when both capacitors
C: and C, are employed and we, is set to 0.05 mho. It can be
seen that the presence of ¢, shifts the Z,. curves toward the
left-hand side, where the range of 6 is now between 10° and
50°. Therefore, the addition of C> results in a reduction in the
balun size. Similar to the previous case, solutions with larger
Z,. exhibits larger bandwidth and there is an optimum solu-
tion for each we; value having a symmetrical response. How-
ever, these solutions may not be located at the minimum of the
Z,e CUIVES, asin the previous case. For example, when we; is
0.02 mho, a solution with a symmetrical response was found at
point D-D’ in Fig. 11.

1Agilent Advanced Design System (ADS), ver. 1.3, Agilent Technol., Palo
Alto, CA.
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Fig. 12. (a) Simulated frequency response for solution at point A in Fig. 10.
(b) Simul ated frequency responsefor solution at point B in Fig. 10. (c) Simul ated
frequency response for solution at point C in Fig. 10.

While it has been shown that additional capacitors result in
smaller baluns, it is aso important to assess its effect on the
balun’s operational bandwidth. Fig. 13 plots the simulated fre-
guency response of the two-capacitor balun using the solution
a point D in Fig. 11 and the single-capacitor balun using the
solution at point B in Fig. 10. Also plotted is the frequency
response of the conventional Marchand balun using A/4
coupled sectionswith Z,, = 97 2 and Z,,, = 26 2, asgivenin
[1]. Although the bandwidths of each of these baluns depend
on the particular solution set chosen, as illustrated in Fig. 12,
the results in Fig. 13 are indicative of the relative bandwidths
that can be achieved. In general, the conventional Marchand
balun employing \/4-coupled sections exhibits the widest
bandwidth, as shown in Fig. 13(c). As the coupled sections
are shortened to A/9 with the addition of one capacitor, the
10-dB return-loss bandwidth is reduced by approximately 20%
in Fig. 13(b). When the coupled sections are further shortened
to A/24 using two capacitors, the bandwidth is reduced by
approximately 40% in Fig. 13(a). Therefore, it is apparent that
there is atradeoff between the size and bandwidth of the balun.

We will now consider the case where impedance transforma:
tion isrequired. In this case, three sets of design curves can be
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identified, as illustrated in Figs. 14-16. Fig. 14 plots the solu-
tionsof Z,. and Z,,, for transformation ratios (You:/Yin) < 2.
Solutions for transformation ratios >2 are plotted in Figs. 15
and 16.

When (Yout/Yin) < 2, the second termin (6b) is positive for
all values of # intherange 0° < 6 < 90°. The first term is
aso positive for positive solutions of Y,. and Y,,. Therefore, to
satisfy the equation, we; and wes have to be chosen such that
the last term is negative. Although thiswill ensure that the sum
of Y,. and Y, ispositive, ajudicious choice of wey and wes is
required to ensure that both Y,,. and Y,,, are positive. In Fig. 14,
wep and we, areset at 0.015 and 0 mho, respectively. The value
of Yi, isfixed at 0.02 mho, while Y., is varied from 0.01 to
0.04 mho. It can be observed that the Z,,. curves shifts toward
smaller @ values as Y,,,; isincreased. Toward smaller @ values,
the Z,, curves also shift downwards with increasing Y. It
should be noted that no solution existsat § = 0, as both Z,.
and Z,, tends to infinite values.

When (Y.t /Yin) > 2, the second term in (6b) may be posi-
tive or negative, depending on the value of 6.

Specifically, the second term is positive when

2Yin
Yout

6> tan~1,/1 (99)
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and negative when

2Y;

1-— .
Yout

6 < tan~! (9b)

For @ in the range where the second term in (6b) is positive,
wey andwes haveto be chosen such that the last term is negative
and that solutionsfor Y,. and Y,,, are both positive. Conversely,
for 6 in the range where the second term in (6b) is negative, wcy
and weo haveto be chosen such that the last term is positive and
that solutionsfor Y,,. and Y, are both positive. These two cases
areillustrated in Figs. 15 and 16, respectively.

For both Figs. 15 and 16, Y;, isfixed at 0.02 mho, while Y,
is varied from 0.05 to 0.08 mho. In Fig. 15, wc; and wey are
set at 0.02 and 0 mho so that positive solutions for Z,,, and Z,,.
are found in the range of 8, as specified in (9a). Conversely, in
Fig. 16, we; and wep are set at 0 and 0.02 mho so that positive
solutions for Z,, and Z,. are found in the range of 8, as spec-
ified in (9b). These curves show that with the proper selection
of wey and weg, positive values for Z,, and Z,,. can be found
throughout a wide range of 4 values even for (Yout/Yin) > 2.
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Fig. 17. Layout of the fabricated lumped-distributed balun with a single
capacitor C'; .

IV. EXPERIMENTAL RESULTS

To evaluate the proposed balun structures and validate the an-
alytical results, two lumped-distributed baluns were designed
for a50-€ system, one employing a single capacitor, while the
other employing two capacitors. These baluns were realized
using microstrips on a low-cost FR-4 board with a dielectric
constant of 4.5 and thickness of 1.5 mm. The microstrip traces
are defined by a T-tech printed circuit board (PCB) router.

Fig. 17 shows the layout of the fabricated balun employing
a single capacitor C;. The circuit parameters are designed ac-
cording to the solution at points B-B’ in Fig. 10, where Z,,.,
Zooy B, and wey are 93 €2, 21 2, 40°, and 0.015 mho, respec-
tively. To achieve the tight coupling required, athree-conductor
coupled line [16] was employed. The widths of the center and
the two outer conductors are 1 and 0.5 mm, respectively, while
the gaps between them are 0.1 mm. The length of the cou-
pled lines is 1 cm, which is equivalent to an electrical length
of 40° at 1.4 GHz. This represents a size reduction of over
50% when compared to conventional distributed baluns em-
ploying quarter-wavelength coupled lines. The capacitor value
used for C; is 2 pF. The crossover was implemented by sol-
dering a copper tape across the microstrips. The short circuits
were obtained by soldering strips of copper around the edges of
the substrate. Short sections of 50-2 microstrip lines were used
to extend ports 2 and 3 for measurement, resulting in an overall
circuit area of approximately 1.5 x 1.5 cm?.

Fig. 18 shows theoretical, simulated, and measured ampli-
tude responses of the single-capacitor balun. The theoretical and
simulated responses were obtained using Agilent’s ADScircuit
simulator. Ideal coupled-line elements were employed for the
theoretical response, while microstrip models were used for the
simulated response. All three responses are in good agreement,
with an equal power split of —3 dB and input match obtained
at the designed frequency of 1.4 GHz. Both simulated and mea-
sured response exhibit agentler rolloff at the higher frequencies
compared to the theoretical response. Theoretically, both So;
and S3; have identical responses. Practically, the measured .S5;
and S3; tracks each other closely with amplitude balance within
0.5 dB throughout the measured frequency range. Based on an
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Fig. 18. Measured and theoretical amplitude balance of the single-capacitor
balun.
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Fig.19. Measured and theoretical phase balance of the single-capacitor balun.

input return loss of 10 dB, the operational bandwidth is approx-
imately 40%.

Fig. 19 showsthe phase balance of the single-capacitor balun.
Thetheoretical phase balanceis perfect for all frequencies. The
measured phase balanceiswithin 0.5° up to the center frequency
of 1.4 GHz where it starts to degrade to 5° at 2 GHz. This can
be attributed to the increasing level of even-mode transmission
with increasing frequency. Thisis aresult of forward coupling
in the nonhomogenous microstrip coupled lines having unequal
even- and odd-mode phase vel ocities. Thisincreasing phaseim-
balancewith frequency isal so evident in the simul ated response.
Although this nonideality also causes amplitude imbalance, in-
creasing amplitude imbalance is only observed at frequencies
beyond 3 GHz.

The above balun has demonstrated that, by adding a single
capacitor, the circuit size of conventional distributed baluns can
be reduced by half. To reduce the circuit area further, atwo-ca-
pacitor balun was fabricated to operate at the same frequency.
The circuit layout is shown in Fig. 20. The circuit parameters
are designed according to the solution at points D-D’ inFig. 11,
where Z,., Z,,, 8, wey, and weo are, respectively, 1381, 44 Q,
15°, 0.025 mho, and 0.02 mho. Simple parallel coupled lines,
with widths of 0.5 mm and agap of 0.15 mm, were sufficient to
achievetherequired coupling. Thelength of these coupled lines
isonly 5 mm. This represents a further reduction in the circuit
size by half. The capacitor values used for C; and C are 2 and
3 pF, respectively. In addition to the copper strips around the
substrate edges, a via through the substrate was implemented
for grounding of capacitor C,. The overal circuit area is ap-
proximately 1 x 1 cm?.
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Fig. 21. Measured and theoretical amplitude response of the two-capacitor
balun.
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Fig. 22. Measured and theoretical phase balance of the two-capacitor balun.

The theoretical, smulated, and measured responses of the
two-capacitor balun are shown in Fig. 21. Compared to single-
capacitor balun response in Fig. 18, the two-capacitor balun has
adlightly narrower passband with steeper band edges. The mea-
sured response exhibits a steeper high-frequency rolloff than the
theoretical response. This can be attributed to the parasitic in-
ductance of the via-hole used for grounding capacitor C2. This
is reflected in the simulated response simulation based on mi-
crostrip coupled-line models, where a via inductance of 1 nH
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was included in the simulation. As in the previous balun, the
measured S5; and S3; track each other to within 0.5 dB. Simi-
larly, both the measured and simulated phase balancein Fig. 22
also degrade with increasing frequency, although the measured
phase balance exhibits a more rapid degradation than the simu-
lated result. Nevertheless, the phase balance is still within 5° up
to 2 GHz.

V. CONCLUSION

A new miniaturized lumped-distributed balun has been pre-
sented. It employs only one or two capacitors with two cou-
pled-line sections in which the input line may be terminated
in an open or short circuit. Based on a systematic even- and
odd-mode analysistechnique, design curvesfor the short-circuit
case were derived. The requirement for impedance transfor-
mation has also been considered. A similar approach may be
applied to the open-circuit case or to the other previously
proposed lumped-distributed baluns. Improvements over these
existing balun structures have also been highlighted. Tradeoffs
between coupled-line length, number of capacitors, bandwidth,
and impedance transforming ratio also become apparent using
this approach. Using the design curves derived, two miniatur-
ized baluns were realized. One employs a single capacitor with
A/9 coupled lines, while the other employs two capacitors with
A/24 coupled lines. Both baluns achieved 0.5-dB amplitude
balance and 5° phase baance, with over 10-dB return loss
from 1.1 to 1.6 GHz. These results demonstrate that these new
miniaturized baluns are highly suited for wireless communi-
cation applications, which require compact structures with a
low component count for high-yield and low-cost productions.
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