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Abstract—A novel generalized design procedure of broadband planar
baluns based on wire-bonded multiconductor transmission lines (MTL)
is presented hereby based on analytical equations. The proposed balun
consists of two parts. The first one is an in-phase power divider,
which equally splits the input power through its two outputs. The
later are two MTLs with wire bonding between alternate conductors
configured to introduce +90 and —90 degrees phase shift respectively,
so that the balanced output signal has a 180 degree phase difference.
In that sense, new closed-form design equations in order to calculate
the design parameters of both multiconductor elements are obtained.
These equations allow the proper dimensions of both MTLs to be
computed irrespective of both the number of conductors and the
coupling factor, and therefore, to determine the performance of the
balun. The design procedure for wire-bonded MTL baluns has been
assessed by means of full-wave electromagnetic simulations and by
experimental work. In addition, the very good agreement between
the theoretical results and measurements makes possible to define a
time-saving design methodology.

1. INTRODUCTION

Baluns are important 3-port devices necessary for feeding differential
devices such as two-wire antennas, balanced mixers, push-pull
amplifiers, balanced modulators, and many other applications. The
primary function of a balun is to convert an unbalanced input signal
into a balanced differential output one.
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Different baluns configurations have been reported by using
sections of single or coupled transmission lines. Planar baluns based
on coupled lines can be divided into two groups, quarter-wave coupled
line baluns and Marchand coupled-line baluns [1]. Examples of the
first group can be found in [2—4] while for the second group there is an
extensive quantity of publications [5-9].

In this work, a planar balun configuration consisting of two
sections is considered (Fig. 1). The first section is a power divider
which provides two well-balanced equal amplitude in-phase signals over
a broad frequency range. The second section provides —90 degrees and
490 degrees phase shift over these two signals, so the balanced output
signals have a 180 degree phase difference [10-14]. A Wilkinson in-
phase power divider has been usually employed for the power splitter
due to its broadband operation and good input/output match and
isolation. The last condition improves the main Marchand balun
drawback, its poor balanced output ports matching and isolation [15].
For the phase shifter section, short-circuited and open-circuited
coupled lines have been employed in [10,11] but, there is lack of
both a design procedure and analysis for wire-bonded multiconductor
transmission lines (MTL). The presented balun circumvents the limited
output isolation and narrow operating bandwidth of most of the
recently published baluns. Consequently, the use of wire-bonded MTLs
is advisable in designing wideband baluns because both short- and
open-circuited MTLs are dual components, and if they are properly
designed a perfect theoretical output amplitude and phase balance
can be achieved at all frequencies. By using this type of balun, a
reconfigurable test-set that allows the measurement of both, differential
and common modes S-parameters using a commercial two-port vector
network analyzer was presented in [16], where the isolation between
output ports is critical.

Therefore, in this paper a design guideline is given when
multiconductor transmission lines with bonding wires between
alternate conductors are used as a 180° phase shifter (Fig. 1). This
MTL is a specific case of multiconductor transmission lines [1,17, 18]
in which bonding wires interconnect the ends of alternate conductors.
This particular configuration (wire-bonded MTL) improves the
operating bandwidth by eliminating undesired resonances and allows
circuit designers to use simplified analytical models [19]. Assuming
ideal short circuits across alternate conductors (bonding wires very
short compared to wavelength), the connections can be neglected and
the equivalent model of a wire-bonded MTL can be simplified as a pair
of coupled lines [1, 20]. Results presented herein are particularly helpful
in designing baluns using closed-form design equations irrespective of
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the number of conductors and the coupling factor and new equations
are advisable for designing devices based on coupled lines where it
is necessary to control both the magnitude and the phase of the
frequency response. Accordingly, it is important to remark that this
theory can be also employed to design coupled-line ring hybrids [21],
artificial composite right/left handed transmission lines [22,23], rat-
race couplers [24], filters [25,26], impedance transformers [27], power
dividers [28], and so on. Further, in keeping with the trend toward
miniaturization, the comprehensive analysis of the wire-bonded MTL
is essential, even more with the recent upsurge in systems based on
coupled lines [24-28].

2. ANALYSIS AND DESIGN OF THE WIRE-BONDED
MTL BALUN

2.1. Balun Architecture

The circuit schematic of the proposed planar balun, consisting
of a power divider connected to two wire-bonded multiconductor
transmission lines, is sketched in Fig. 1. The power divider splits
the input signal into two equal amplitude in-phase signals. Then, the
two output signals pass through a pair of short-circuited and open-
circuited MTLs configured to introduce +90 and —90 degrees phase
shift respectively, over each signal. Therefore, output signals have
equal amplitude and 180 degrees phase difference. According to the
power divider, the Wilkinson divider seems to be a good choice because

MTL

=l
@ ] MTL
= o
“«
Power Divider @

D — e
180° Phase Shifter

Figure 1. Architecture of the balun consisting of an in-phase power
divider and two wire-bonded multiconductor transmission lines. A
snapshot of a wire-bonded MTL in microstrip technology is included.
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it provides equal power split, high output ports isolation and good
match at all three ports. Besides, the Wilkinson can be designed
with multiple stages in order to enlarge its bandwidth and fulfill the
frequency band requirements.

2.2. Theoretical Study of Open- and Short-circuited
Wire-bonded MTLs

A wire-bonded multiconductor transmission line is a four-port device
and its input admittance matrix can be found in [29]. By placing open
or short-circuits at its diagonal ports, the two-port circuits drawn in the
insets of Fig. 1 are obtained. When losses are neglected and coupling
between non adjacent strips is negligible, both devices are characterized
by the following admittance matrices

[Y] _ (MQ_N2)sin9 jM cos 6 jN (1)
° 7 M2cos20 — N2| jN  jMcosd

1 [ —jMcos@ JN
V= gl N ieoss) @

where the subscripts o and s stand for the open-circuit or short-circuit
boundary conditions respectively. 6 is the electrical length of the
conductors, and M and N are defined by

(=) (24 VE) 4 Wooy (=) (V= Ve)

2 (Yoe + Yoo) ’ 2 .

where Y,, and Y, are the odd and even modes admittances
respectively, of a pair of adjacent lines and k relates to the number of
strips. When no losses are considered Y,, and Y, are real numbers and
M >0, N <0and M? > N? [29]. Tt is important to remark that in
previous equations it has been considered that both wire-bonded MTLs
are equal and only the boundary conditions, short-circuit or open-
circuit, are changed. Besides, pure TEM and lossless propagation are
assumed, 0 being the average value of the even- and odd-mode electrical
lengths. This approximation allows us to obtain a simplified analytical
model of the wire-bonded MTL in an inhomogeneous dielectric. The
validity and accuracy of this approximation has been investigated and
validated in [1,20,30,31], where it was demonstrated an excellent
agreement between experimental results and the values obtained by
using the average value of the even- and odd-mode electrical lengths.

The propagation constant of the two-port structures obtained can
be calculated from (1) and (2) as [32]

1/2
cosh(yf) = (Ynéf) , (4)

M:
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{ being the length of the MTL. When both wire-bonded MTLs are
assumed lossless (4) is simply given by

Bl = cos™* <—]\]\{ cos 9> . Bsl =cos™! <J\]\{ cos 9> (5)

where clearly it is observed that G5 = (6, + 7. Thus, the output signals
of the open- and short-circuited MTLs are always 180 degree out-of-
phase at all frequencies. Nevertheless, such equations are deduced
considering that input and output ports are perfectly matched. The
image impedances of both circuits can be calculated from (1) and (2)
as

1z sin ¢

(N2 — M2 cos? §)*/?

As seen, both image impedances are different and depend on the
electrical length of the MTL. Consequently, it is necessary to find out
some design rule in order to obtain 180 degrees differential phase and
equal amplitude outputs. By means of simple transformations [32] and
after some algebraic manipulations, the reflection S1; and transmission
Sa1 coefficients of each wire-bonded MTL (see the insets in Fig. 1) are
given by

7 _(NQ—M2(30820)
fo = (M? — N?)sin6

(6)

4, =

K2(N? — M?%cos?0) — Z2
S, =
A

_ 2G;K;ZyN
' JA;
where Zj is the reference impedance, and the subindex ¢ can be o or s
depending on whether the S-parameters of the open-circuited MTL or
short-circuited MTL are evaluated. The variables A;, K; and G; are
defined as

A; = K? (N? — M?cos®0) + Z§ + j2K; ZoM cos 6 (8a)
1

(7a)

So1 (7b)

K, = (V2= M2)sin9; G, = +1 (8b)
sin 6
K, = e C08297N2; G, =-1. (8c)

These expressions are useful because valuable information as frequency
response, operating bandwidth, phase balance, etc. can be easily
calculated. If the condition

|S1,|e7? = [Say, |ed (P +T) 9)
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is imposed on (7b), the next equality is obtained
([(k = 1) + uf[(1 + u(k — 1)]
(1+u)? ’
which determines a specific relation between the even and odd mode
impedances, being u = Z,./Zy,. Therefore, whenever Equation (10) is
fulfilled, the output signals have equal amplitude and a phase difference
of 180 degrees. Nevertheless, although output signals have equal
amplitude, it does not imply to have a good impedance matching.

Consequently, another condition related to port matching is necessary.
Substituting (10) in (7a), it is found that

M? 2u+ (k — (1 4+ u?)\?
C0829d22_]\72:2_< (—;(_1)(1)(_;) )) ) (11)

where 6 stands for the electrical length at which the MTL is match-
terminated (S1; = 0). Accordingly, there are two design equations: by
using (10) a good amplitude and phase balance is guaranteed, and by
means of (11) it is straightforward to control the point of perfect match
of both short- and open-circuited MTLs. This implies that the image
impedance of both structures is equal to the reference impedance Z
at 4. Equation (11) can be expressed as

g Do _ 1 VA + (k—1)2sin 6y 12)

Zoo  (k—1) (\/1 FsinZ 0y — 1) ’

that, given the number of strips k, allows the values of u to get a
perfect input match at 6, to be computed. The values of u are shown

Yi=M?— N*=YoYo, (10)

12
11+
10+

9,

U= Zoe /Zoo
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Figure 2. u = Z,./Z,, as a function of 6, for several number of
conductors k according to (12).
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in Fig. 2 as a function of both, ; and the number of conductors of
the MTL. As seen, only for 8; = 90° the value of u is unique, and
for another higher Z,./Z,, ratio, the MTL will have two ideal input
match frequencies within the operating frequency band. In addition,
the greater the number of conductors the lower Z,./Z,, ratio for each
04, that is directly related to more feasible physical dimensions (width
and spacing between strips). Furthermore, it is also noticeable how
the reduction by passing from k = 2 to kK = 4 or k = 6 is significative,
but using a higher number of conductors can be counter-productive
because the reduction in w is small compared to the manufacturing
complexity that it involves.

Consequently, once the u = Z,./Z,, ratio has been chosen taking
into account (12), Equation (10) can be split as

Zoe _ Nullk—1) +u][l +u(k —1)]

Zo (1+u) (13)

Zoo _ /I~ 1) T [l + u(k — 1]
Z0 \/ﬂ(l + ’LL) ’
in order to compute the proper values of the even- and odd-mode
impedances that guarantee an ideal output amplitude and phase
balance at all frequencies, and a perfect input match at one (63 = 90°)
or two single frequencies (64 # 90°).
If the aforementioned design procedure is followed, some
expressions can be simplified. Firstly, M and N can be rewritten as
M?  14sin*;  N?* 1 (14)
Y C sin?y Y  sin?6,’
where Yy = 1/Zp. From (14), the most remarkable property is that
neither M nor N no longer depend on the number of conductors and
are determined by only a function of 8;. Therefore, regardless of the
number of conductors, if the even and odd mode impedances Z,. and
Zoo are selected according to (12) and (13), all previous equations are
drastically simplified. Hence, expressions for the image impedances (6)
are reduced to

ZIO:<1 sin? § —sin? 9d>1/2, Zr _(1 Sin20—sin20d>_1/2. (15)

(13b)

20 sin’ 6 sin? 6, Zy sin” 0 sin” 6,
Figure 3 represents the real part of both normalized impedances
as a function of 0 for several values of 6;. As seen, only for 6 = 04
curves are equal to unity and thus, the impedance matching is perfect.
Besides, two singularities are observed, #; and 62, which are the poles
of both functions in (15) and determine the frequency range where



176 Sanchez-Martinez and Marquez-Segura

N

12} : 5
= 0,50

T m— - 04=70°

‘ 0,=90°

R{Zi1,}/Zo or R{Z),}/Z0

180

6(°)

Figure 3. Real part of normalized image impedances for two short-
and open-circuited MTL designed by means of (12) and (13) as a
function of # for several number of 6, (frequencies of ideal match).

the image impedances pass from being purely real impedances to
purely imaginary, capacitive and inductive reactances for the short-
circuited and open-circuited elements, respectively. These singularities
are calculated as

0 (’N|> ! 6y = 180° — ;. (16)
1 = arccos | — | = arccos | —F————— | , y = — 0.
M V1 +sin?6,

For the particular case 83 = 90°, 61 = 45° and thus, the frequency
band of real impedances ranges from 6; = 45° up to 05 = 135°.
From (14), equations for S-parameters, (7a) and (7b), can be also
simplified as

sin® § — sin® 6, —sin? 6 + sin® 6,
— e = 1
S11, P 0 S11, P_i0 (17a)
2sinf sinfy —2sinf sinfy
So1, = ———— So1, = ——— 17b
21, O+jP 21, Q1P (17Db)
with
P =sin* 6 + sin” 04 (1—2 cos® §) (18a)

Q = sin(26) sin 41/ 1+sin? 6. (18b)

By analyzing (17a) and (17b), it is easy to observe that S1; and Sa;
parameters have equal magnitude but a phase difference of 180 degrees
for the short- and open-circuited MTL. Moreover, a new simplification
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can be obtained to compute the magnitude of such parameters as
|sin? 6 — sin? 6|
sin® § + sin® 0,
|sin @ sin 6]
sin’ 0 + sin®6,’

1511, = [S11.] = (19a)

|S21,| = [Sa1,| =2 (19b)
which, compared to (7a) and (7b), are valuable equations by their
simplicity. These expressions will be used in next sections to evaluate
the performance of both MTLs.

2.3. Bandwidth Considerations

In this point, the design procedure described in Section 2.2 is evaluated.
Firstly, the u = Z,¢/Zy, values to achieve perfect match at several 6,
are computed by means of (12). Then, using (13) the even and odd
mode normalized impedances are obtained. Table 1 collects all these
values for several number of strips, which can be directly translated to
physical dimensions making previously a de-normalization operation
by Zo.

By using the values given in Table 1, Fig. 4(a) and Fig. 4(b) draw
the Si1 (19a) and Sa; (19b) parameters. As expected, perfect match
and thus, the minimum of Si1, is located at 65 and, only for 8; = 90°
the So; presents a maximally flat response. For any other value of
0, a rippled response is obtained. In addition, to verify that both
parameters are equal in magnitude but with 180 degrees out-of-phase

Table 1. Normalized Z,. and Z,, to get balanced equal amplitude
out-of-phase output signals and perfect match at 6.

ZOE ZOO —_— —_— —_— —_— —_—
oe Zoo | =2 k=4 k=6 k=8 k=10

o_sge | 295 402 540 681 830
= 0.34 0.89 1.41 193 244
1268 378 b5.14 655 7.98
0,=60
0.37 097 152 207 2.62
1252 363 498 637 7.78
0,=70
040 1.01 1.60 217 2.74
1244 355 489 627 7.67
0,=80
041 1.04 164 222 281
1241 352 486 624 764
0,=90
041 1.05 1.65 224 283
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Figure 4. (a) S11 and (b) S2; of two short- and open-circuited MTL
designed using values of Table 1 as a function of 6 for several 6.

Figure 5. (a) S11 and (b) S21 of two short- and open-circuited MTL
designed using values of Table 1 as a function of 8 for 6; = [50°,90°].

for the short- and open-circuited wire-bonded MTL, Fig. 5 draws S1;
and So; on a Smith chart for two values of 64, 50° and 90°.

The magnitude of the ripple of S3; can be calculated at § = 90°
in (19b), or equivalently, from (19a) it is possible to determine the

magnitude of S1; at § = 90° and thus, to set a return loss limit.
Considering S21,,, = v0.9(S11,,, = —10dB) as the conventional

threshold limit value at the center frequency (6 = 90°), it is easy
to obtain that 6,4, = 46.1° is the limit value that could be used. This

value can be computed as
1—,/1-S3
lim ) (20)

S21lim

04,,, = arcsin
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Figure 6. Fractional bandwidth for two open- and short-circuited
MTLs designed by means of (12) and (13) as a function of 6y that
guarantees So; > —0.9dB, S1; < —10dB, and a phase difference of
180° at their outputs.

Fig. 6 depicts the operating bandwidth as a function of 64, of a
pair of short- and open-circuited wire-bonded MTLs that guarantees
insertion loss lower than 0.9dB, return loss higher than 10dB and
a perfect amplitude and phase balance at all frequencies. As seen in
Fig. 6, the minimum bandwidth is achieved at 8; = 90° and it broadens
as Oy separates from such value. Consequently, in order to broaden the
operating bandwidth, both MTLs should be designed to have two ideal
input match frequencies (63 # 90°). However, as was shown in Fig. 2,
this involves using higher values of u = Z,¢/Z,0, that directly implies
to increase the coupling level. As a result, there is a trade-off between
the operating frequency band of both MTLs and the required coupling
level.

3. EXPERIMENTAL VALIDATION

In this section, in order to demonstrate the proposed design
methodology, a balun is fabricated and measured. Firstly, the 180°
phase shifting section is analyzed, and after that, it is connected to
a power divider to build the whole system. The divider is a three-
section Wilkinson power divider designed to provide equal power split
between the two outputs [33]. The use of a multi-stage Wilkinson
power divider is necessary to guarantee a bandwidth larger than the
one of the MTL structures, but thanks to this, it is possible to obtain an
excellent output isolation. Consequently, depending on the application,
this property may be more important than its size. Most of the
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balun configurations that can be found in the literature neglect this
issue, but for some applications the output isolation is as important
as the output amplitude and phase balance. Besides, for narrower
bandwidths, the number of stages of the Wilkinson divider can be
reduced. The prototype is implemented in microstrip technology on a
Rogers 4350B substrate with relative permittivity of 3.66 and thickness
of 30 mil at a design frequency f, = 3.5 GHz.

The design of the pair of wire-bonded MTLs consists in finding
out the number of strips k, the line-width W and spacing .S in order
to satisfy (12) and (13), equations that depend on both 6; and Z.
Therefore, by using [34] and the considerations given in [35], the
achieved even and odd mode impedances for different W, S and
k = 4,6 are represented in Fig. 7. The theoretical values obtained
by means of (12) and (13), considered as the design parameters and
identified by circle, square and triangle marks, are also depicted for
three impedance characteristics Zy (45, 50, 55) and five 64 (90°, 80°,
70°, 60°, 50°). Hence, from this graph, once k, Zy and 64 are chosen,
the proper dimensions for the MTLs can be easily extracted. The
shaded regions identify the allowed W and S values considering 100 pm
as the limit dimension according to our fabrication capability. Design
parameters for £ = 2 or k > 6 are not represented because the required
design impedances Z,, and Z,, for such number of conductors are very

100+

90 -

80r

ZOO

70+

60+

50
q

Figure 7. Achieved even and odd mode impedances as functions of the
width W and spacing S between a pair of adjacent parallel transmission
lines on the substrate RO4350B with ¢, = 3.66 and thickness of 30 mil.
The design values of impedances for k = [4,6], 8, = [90, 80, 70, 60, 50]
degrees and Zy = [45,50,55]Q are also depicted. The design values
are labeled with circle, square and triangle marks.
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far from the obtained with the allowed W and S values (> 100 pm).
In addition, given Fig. 7, only if £ = 6 and Zy = 45(), values inside
the shaded region are found. Besides, the minimum achievable value
of 64 is 63°, that is obtained with W = 112 um and S = 100 um. This
value of 6; determines a maximum attainable theoretical bandwidth of
110%, as shown in Fig. 6.

Furthermore, it may be interesting to analyze the behaviour of
the phase shifting section to changes in W or S, or equivalently, in
Zoe and Z,,. By inspection of Fig. 7, if the design curve for k = 6
and Zy = 45€) is considered, it is easy to note that the curve is
fully contained inside the range W € [100,120] and S € [69,137].
Therefore, changing W or S respect to the computed nominal values
for a particular design implies a modification on the characteristics of
the shifting section, 8; and Z;. Besides, when a reference impedance
that does not satisfy (13) is used, both amplitude and phase imbalance
appear. The latter characteristic is exposed in Fig. 8 for two different
designs, the first one with Zyg = 45Q and 6; = 70°, and the second
one with Zg = 458 but 6; = 90°. In both cases, as shown, using a

Phase Balance (°) Amplitude Balance (dB)

7 ' ,
a4 & 958 \\
=! =90Q)
172 —— 22850 —— 20-550

45 60 75 90 105120 45 60 75 90 105120
0 (°) 6 (°)
Figure 8. Amplitude and phase imbalance when a reference
impedance different to the design impedance (Zy = 45€) is used for
two values of 64, 70° and 90°.

Table 2. Characteristics of the MTLs employed in the designed and
fabricated balun at the center frequency f, = 3.5 GHz.

04 (°) | kW (um) S (um) ¢ (mm)
63 |6 112 100 13.6
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reference impedance different to the design one produce amplitude and
phase imbalance. As a result, variations in W and S or Zjy, modify
the frequency response of the two wire-bonded open-circuited and
short-circuited MTLs. Nevertheless, taking into account the results
of Fig. 8, small variations can be tolerated depending on the required
final performance.

Hence, by means of equations derived in Section 2.2 and Fig. 7,
one prototype of the proposed balun using the MTLs summarized in
Table 2 is fabricated and measured. A photograph of such a balun is
shown in Fig. 9, where the Wilkinson divider and the wire-bonded
short-circuited and open-circuited MTLs are clearly visible. The
measured return and insertion losses, isolation, and both amplitude
and phase balance are depicted in Fig. 10. Clearly it is observed
that good input matching and isolation are achieved. Insertion
losses and isolation are higher than 10dB and 18 dB, respectively, in
the range [1-6] GHz (142%). Moreover, according to the amplitude
and phase balance, values remain lower than 0.4dB and 5 degrees

or— ‘ ‘ ‘ ‘ ‘ 190 1

5 K’u_ o el bt~ -;_:r_qki | 188 0.8 a
-10p% » 5186 06 ©
-15 g 184 0.4 §
-20 c 182 02 &
25 < 180 o @
-30 ' o 178 1028
-35{|—e— Siy 3 176 L 042
40} 7% S | o 174 {06 &
45 2| 1720 | L J-08<
-50 T i i i i 1701 i i i P

1 2 3 4 5 6 1 2 3 4 5 6
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 10. Measured scattering matrix elements and (a) amplitude
and (b) phase balance of the balun designed for 6; = 63° (Table 2).
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approximately, from 1.64 GHz up to 5.36 GHz, or equivalently over a
fractional bandwidth of 106%. Therefore, by means of the general
equations given in this work and considering values of 6, different to
the traditionally used 90 degrees, it is possible to design baluns with
broader bandwidths.

As a way of integrating amplitude and phase offset into a
single parameter, common-mode-rejection ratio (CMRR) is calculated.
CMRR represents the splitter rejection of an undesired common-mode
output signal resulting from a single-ended input signal. CMRR can
be adapted as a measure of the imbalance in a 180 degrees splitter
circuit, which can be determined from mixed-mode S-parameters or
standard single-ended S-parameters as [36]

Saso1 S21 — S31
CMRR = _ ,
Ses21 Sa1 + S31

where Sgs01 and Scso1 identify the differential-mode and common-mode
responses for a single-ended stimulus.

CMRR values, along with the Sgs01 and Scso1 parameters, are
displayed in Fig. 11 for the fabricated balun. CMRR can be used
as a direct figure of merit to describe the quality of the balun and
so interpreting the impact of amplitude and phase imbalances on
the system performance. As seen, the designed balun provides high
CMRR, greater than 30 dB within the frequency band [1.52-5.25] GHz.
Furthermore, maximum CMRR values are located around the design
04, 2.2GHz (03) and 4.8 GHz (180° — 64), approximately. Curves are
not perfectly symmetrical respect to the center frequency 3.5 GHz due

(21)

0 —o—o—o 40

_5/h “\ 35
— ——Ssa1
_ng -10 2 30
= 825
8 o
(%) o 20
‘; 3 15
1]
» 10

5
N 3 4 5 6 =2 3 4 5 6
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 11. (a) Calculated Sys21, Seso1 and (b) CMRR values using the
measured S-parameters of the balun designed for 6; = 63° (Table 2).
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to the unequal even and odd mode phase velocities in the MTL, which
difference increases with the frequency.

Finally, it should be highlighted that there has not been any
optimization process during the electromagnetic simulations and all
dimensions have been selected by following the design Equations (12)
and (13). Besides, although results are good, it could be improved if
the fabrication tolerances are overtaken because considerable variations
of up to 10% have been measured.

4. CONCLUSION

A new theoretical study and design methodology of two open- and
short-circuited wire-bonded MTLs has been presented when used for
balance applications. Closed-form equations have been derived to
properly design a 180° phase section and thus, a systematic procedure
for the design of wire-bonded MTL baluns has been given. The
analytical equations allow to calculate easily the dimensions of both
MTLs to get a perfect output phase and amplitude balance at all
frequencies, and perfect input matching at one or two frequencies
as a function of the number of conductors. To assess the design
guidelines, a microstrip planar balun has been designed, fabricated and
measured. The balun presents measured amplitude and phase balance
lower than 0.4dB and 5 degrees over a 106% bandwidth, very close
to the theoretical one of 110%. Furthermore, the presented balun has
been proved to be an excelent alternative in order to obtain a perfect
output isolation with values higher than 20 dB.

Finally, it is worth to highlight that, according to the good
measured results, the use of the analytical equations given in this
work are advisable to obtain time-saving design procedures of other
devices as filters, ring hybrids, rat-race couplers, DC blocks, coupled-
line impedance transformer, and so on.
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