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New Design Formulas for Asymmetric
Coupled-Section Marchand Balun

Jeong Hun Lee, Ji An Park, Choon Sik Cho, Member, IEEE, and Jaec W. Lee, Member, IEEE

Abstract—Design formulas for the asymmetric coupled-section
Marchand balun are derived. The characteristic impedance, port
impedance and electrical length of asymmetrical coupled transmis-
sion lines across two layers comprise the design formulas for de-
signing the Marchand balun. A Marchand balun is realized based
on the deduced design formulas using two identical asymmetrical
coupled transmission lines fabricated across two layers. The con-
ventional approach for designing the Marchand balun exploits the
coupling coefficients of coupled transmission lines, and then pro-
vides ranges for their characteristic impedances which may but
lead to inaccurate design. More accurate design method is estab-
lished using the design formulas derived without using the coupling
coefficients of coupled transmission lines. One example to verify
the derived design formulas is taken and fabricated, showing mea-
surement results of bandwidth from 0.62 to 1.44 GHz with the re-
turn loss of more than 10 dB, where S>; and S3; show better than
—4 dB. Over these frequencies the measurement results show the
phase and amplitude imbalances of 1-2° and 0.2 dB, respectively.

Index Terms—Asymmetric coupled-line based Marchand balun,
design formulas, design method, equivalent circuit.

I. INTRODUCTION

HE Marchand balun introduced in [1], [2] is now in-
tegrated into MMICs as the operating frequencies for

RF subsystems approach millimeter-wave frequencies [3].
Thanks to design flexibility, asymmetric coupled transmission
lines even across two layers have been adopted for providing
tight couplings over coupled sections, leading to bandwidth
extension for Marchand balun design. However, explicit design
equations are not clear [4], [5]. With coupling coefficient, Marc-
hand balun can be designed based on the procedure presented
in [6]. Although [7] and [8] do not use the coupling coefficient,
explicit expressions for the design equations are not shown, but
just providing available ranges for characteristic impedances
of transmission lines. Meanwhile, our previous work failed to
build up the equivalent model, leading to inaccurate results [9].
In this letter, explicit design formulas are derived for building
Marchand baluns. Without coupling coefficients, characteristic
impedance of a transmission line in upper layer over other wide
transmission line located in lower layer is derived. The trans-
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Fig. 1. The conventional Marchand baluns using coupled line sections with
equivalent circuit looking into the unbalanced port.

mission line in lower layer can also be approximated to a single
line over the ground layer located under this transmission line
where the effect of narrow transmission line in upper layer can
be neglected.

II. DESIGN FORMULAS

The Marchand balun can be represented as shown in Fig. 1
where two coupled sections are exploited for obtaining 3 dB
insertion loss and coupling factor £ determines the physical di-
mension of the coupled sections. For symmetric coupled sec-
tion, 3 dB coupling is so tight that this configuration shows a
difficulty in obtaining acceptable insertion loss.

Due to this restriction, asymmetric coupled sections crossing
two layers may replace the symmetric coupled sections for re-
alistic implementation of 3 dB insertion loss as drawn in Fig. 2
which was designed for this work. The design equation as ex-
pressed in (1) has been derived for obtaining physical geometry
of asymmetric coupled sections, but leading to inaccurate de-
sign [10]

Zay > 22, > R=2%y > 7, (1)

The equivalent circuit for Fig. 1 looking into the unbalanced
port may be drawn as shown where 8, and 8, are from 0 to
90° or from 180° to 270°, and the original unbalanced port is
propagated back by amount of 8, from Z [11]. For 8, and 8,
from 90° to 180° or from 270° to 360°, inductor is transformed
to capacitor and capacitor is transformed to inductor.

To derive the explicit design formulas for asymmetric cou-
pled-line based Marchand balun, S-parameters for the equiv-
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alent circuit as in Fig. 1 are calculated as represented in (2),
(3) and (4) using ¢ = j2Z ptanb,, — jZpcot By and b =
—3Zp cot By

(@ — Zo) (b +2bZy + Z3) — 2b(b* + bZy)

S11 = A
2)
S21 - 512 -
B3+ b(—b? +bZy + ab+ ZE + aZy — (b + bZs)(a — Zy)
A
3)
S31 = S13 =
—b% —b(—b* +bZy +ab+ Z2 + aZy+ (b2 +bZy)(a — Zp)
A
“)

where A = —2b% — b?Zy + ab? + 2bZ5 + 2abZo + Z3 + o Z3.
For 511 = 0,

Re(S11) = — 472, Zg tan® 0,4 + 22, Z.y Zo tan 8, cot 0,
+3Z2, Zgtan® O, — Z5 = 0
Im(S11) = Z2%, Zy tan® 6,4 cot 8, — ZyZ3 cot O, = 0.

Therefore,

(6))
(6

Substituting (5) and (6) into (3) and (4), this equivalent cir-
cuit satisfies the requirement for balun to work since S3; =
1/v/2e72%5° and S3; = 1/4/2¢7%" leading to | S| = |Sa1| =
1/\/5 and /551 — /831 = 180°. Since Z, and 8, can be set
not to affect balun performance, they are usually picked equally
to Zp and 6y, respectively. Also for simplicity, 8, can be equal
to B,p. Since three parameters are at least to be determined
(Zy, Zap and 8y) with a given Zj, one design freedom for de-
termining these parameters using (5) and (6) is possible. Rear-
ranging (5) and (6),

Z2 = 7% tan® 04,

Zycot Oy = Zop tan @ ;.

Zo=tZycotly, = £Z,tan by, 7
where "~ sign is used when cot(-) and tan(-) provide negative
values.

From an arbitrary 7, the relation between Z; and Z,; is ob-
tained with appropriately selected 8, and 8,;,. Using (5), Zgp is
calculated and Z; is then calculated dependently using the re-
lation obtained. For these Z}, Z44, 6, and 8,5, an EM simulator
is used to produce the physical geometry by taking into account
the bandwidth in terms of .S11. For bandwidth, S-parameters are
computed as illustrated in Fig. 3 using the equivalent circuit in
Fig. 1 where 6, and 8, can be chosen around 90° for fractional
bandwidth of 80%, and Z, and Z,; are set to values oppositely
apart from Zj.

Using the aforementioned design equation, the physical
widths and lengths exhibited in Fig. 4 are synthesized using
an EM simulator. W, is set to W}, and I, = I, = I, is used
for simplifying the design. As shown in Fig. 2, W, can be
obtained by synthesizing the characteristic impedance of Z,
line regarding the wide transmission line located on bottom
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Fig. 3. Calculated S11, S21, and S3; varying electrical lengths (8 = 6, =
Oy = 0.p).

W,, = 8.15 mm
Lab =52 mm
Z,=33Q

W, =4.4 mm
Lo=14.7 mm
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hl=h2=1.57 mm

Fig. 4. Physical layout of the designed Marchand balun.

TABLE I
PARAMETERS FOR THE DESIGNED MARCHAND BALUN
Za Zy Zab Wa Wy Wap la lab
759 | 75Q | 33Q | Smm | S5mm | 815 mm | 56 mm | 52 mm

layer (Z, line) as the reference layer. W,; can also be obtained
by synthesizing the characteristic impedance of Z,; line taking
infinitely wide ground layer located at the lowest bottom.

III. DESIGN OF AN ASYMMETRIC MARCHAND BALUN

Based on the design formulas developed so far, a balun using
asymmetric coupled sections crossing two layers is designed as
illustrated in Fig. 4. Desired specifications are chosen for center
frequency of 1 GHz and bandwidth of about 80%. Physical ge-
ometries are achieved as illustrated in Table I where the elec-
trical lengths are set to around 90°, precisely speaking /, is set
a bit longer than /,; due to easy fabrication.
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Fig. 6. The measured results of asymmetric coupled-section Marchand balun.
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Fig. 7. Amplitude and phase imbalances of asymmetric Marchand balun.

Using the physical geometry obtained here, the asymmetric
coupled-section based Marchand balun has been simulated with
a full-wave EM simulator. It is found that the insertion loss is
2.4 to 3.1 dB, the amplitude imbalance is within 1.3 dB, and
the phase imbalance is less than 5° over the frequency range of
0.7-1.3 GHz where 511 is less than —10 dB. The designed balun
using the layout depicted in Fig. 4 has been fabricated on Duroid

5880 substrate with ¢,. of 2.2, each layer thickness of 1.57 mm
in 2-layer structure as appeared in Fig. 5. Their S-parameters are
measured and plotted in Fig. 6 where 517 is less than —10 dB
over the frequency range of 0.62—1.44 GHz. The insertion loss
is 3 to 4 dB, the amplitude imbalance is less than 0.2 dB, and the
phase imbalance is within 2° as shown in Fig. 7. If 3 dB band-
width is taken in terms of S5; and Ssq, this bandwidth is ex-
tended to 0.45—1.53 GHz range which is around 1.1 GHz band-
width. These measurement results are in fairly good agreement
with simulation results.

IV. CONCLUSION

Design formulas for the asymmetric coupled-section based
Marchand balun have been presented. The conventional equiv-
alent circuit model is modified for obtaining accurate design
equations. The equivalent circuits used in conventional mod-
eling and our previous work have been corrected accurately in
this work. The design method shown here using the derived de-
sign formulas exploits the characteristic impedances and elec-
trical lengths of coupled sections along with the port imped-
ances. It has been validated by fabricating a design example in
two-layer configuration where measurement results are in good
agreement with those from an EM simulation and theoretical
calculation.
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