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This article proposes a planar microstrip circuit configuration for designing a compact dual-band balun,
whose two output signals have equal amplitudes and opposite phases in two operating frequency bands. At
the same time, such circuit provides the transformation of complex load impedances different in these bands
into the complex source input impedances, which also differ in these bands. The proposed balun circuit is
based on a symmetric four-port branch line-based planar structure with one open port, formed by single-
line segments with three reactive elements and an isolation scheme. To implement these reactive elements
with different values across the frequency bands, transmission-line stubs are used. By applying even-odd
mode analysis to the symmetrical four-port network, expressions were obtained for calculating the electrical
parameters of the dual-band balun circuit elements. To remove restrictions on the transformable complex
impedance values (both load and input), additional line segments are also introduced into this circuit, the
parameters of which are set arbitrarily. The choice of the values of these parameters allows to provide as a
result of calculations the electrical parameters of the line segments suitable for technical implementation.
To verify the proposed circuit and calculation method, a prototype dual-band balun operating at 2.4 and
5.2 GHz was implemented and measured. To manufacture a balun based on microstrip transmission lines,
a dielectric substrate with a dielectric constant of 2.6 and a thickness of 1.45 mm was used. Measurements
showed that for amplitude and 180°-phase difference mismatches below 0.6 dB and 5°, respectively, the
bandwidth of the dual-band balun is 290 MHz in both bands. Simulated and measured results agree well,
proving the design concept.
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Introduction

A balun, as a three-port device used to convert
a single-ended unbalanced signal into two differen-
tial balanced signals, plays a key role in modern
wireless communication systems. In addition to form-
ing signals at its outputs with equal magnitude
but 180° out-of-phase, a balun can simultaneously
perform other important functions. Such multifuncti-
onality may include, for example, filtering proper-
ties, as implemented in [1-3]. The combination of a
balun and a bandpass filter is achieved, for example
in [1] by utilizing the inherent out-of-phase feature
of the standing wave voltage distribution along an
open-circuited half-wavelength microstrip transmission
line loaded with multi-mode resonators from opposi-
te sides. Another aspect of balun multifunctionali-
ty relates to the capability of transforming specific
load impedance values at the outputs into a de-
sired input impedance. Numerous publications discuss

devices with such functions. The baluns proposed,
for example, in [4-6] provide transformation of real
impedances only, in [7-9] balun circuits for transform-
ing complex impedances into real values have been
developed, while the balun in [10] transforms complex
impedances into a complex values. In addition to
the aforementioned capabilities, options are offered
with another balun function, namely, with work in
two different frequency ranges. Such dual-band devi-
ces include those developed in [1,2,4-6,8,9]. When
designing single-band baluns, the challenge of ensuring
wide bandwidth is addressed. In such case, Defected
Ground Structures (DGS) are often utilized, with a
certain part of the circuit placed in the conductive
layer (ground) [11,12], and double-layer or double-sided
structures are also used [2,13].

Generally, baluns, both with and without multi-
functionality, differ in their circuit implementation.
According to this approach, the following classifica-
tion can be used: baluns based on a modification
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of the Marchand scheme, for example [12-14], based
on a modification of the Wilkinson divider [4, 15],
based on the branch line configuration [5-7,9, 10],
based on a cascade connection of the coupled-line
segments [8,16,17]. At the same time, most of the
developed baluns, except for those based on modi-
fied dividers, feature, have a symmetrical four-port
network structure where one port is either open- or
short-circuited. For the resulting three-port circuit, it
is possible to ensure core balun functions with input
matching, output isolation, and output matching, while
achieving multifunctionality. Analysis of existing balun
circuits shows that the impedance transformation
function is implemented almost exclusively in branch-
line circuits and on the coupled-line segments. In most
cases, only real values are transformed in both single-
band [15,18] and dual-band [4-6,19] variants. Complex
impedance transformation has been implemented only
for single-band baluns [7, 10, 16]. Although dual-band
baluns have been studied for many years, the dual-
band conversion of complex load impedances to a real
input impedance has been addressed in only two publi-
cations. Specifically, in [8] a variant based on four
segments of coupled lines was proposed, and in [9]
a balun with the same capabilities was implemented
in the form of a branch-line structure. Notably, most
known developments, with the exception of [12, 13,
15], have a planar implementation, which simplifies
their manufacture using Printed Circuit Board (PCB)
techniques.

In many cases of using baluns, such as in differential
amplifier structures, balanced mixers, frequency multi-
pliers, and antenna feed circuits, there is a need to
transform complex load impedances into complex input
impedance. A balun with this capability, especially in
multiband systems, allows for a significantly reduce
in system size due to the direct connection between
the balun and the complex ports of external devi-
ces without additional matching circuits. However, no
studies have been found that demonstrate dual-band
transformation of complex impedances by a balun. One
of the reasons for the lack of such developments is
explained by the complexity of the problem of two-
band transformation of complex impedances and the
associated restrictions on permissible impedance values
at which it is still possible to technically implement the
transformer circuit elements according to its calculated
electrical parameters. One of the solutions to such a
problem we proposed in [20]. Therefore, the aim of this
work is to develop a dual-band balun circuit capable
of handling complex load and input impedances that
differ across frequency bands, and the method for its
calculation that avoids restrictions on the impedance
values on both the input and load sides, as well as on
the spacing of frequency bands. The circuit must be
suitable for microstrip implementation using traditi-
onal PCB technology.

1 Choosing the Circuit of Balun
and Its Analysis

Dual-band transformation of complex terminal
impedances (i.e. the transformation of complex load
impedances into complex input impedances), which
should be provided by the balun, requires, accord-
ing to [20], a stepped-impedance circuit consisting
of five transmission line segments. A two-branch-line
structure [9], which provides transformation of complex
load impedances but only into real input impedance,
was chosen as the basis for developing the dual-band
balun with complex terminal impedances. Such a cir-
cuit is easy to fabricate using planar technology, and
the solution to the problem of complex impedance
transformation can be achieved by introducing addi-
tional single-line segments and reactive elements into
the circuit. Fig. 1 shows the proposed circuit. Its
electrical parameters (in the general form of writing)
are the characteristic impedance Z,, and corresponding
to them the electrical length 6,,;. The n index indicates
that a parameter belongs to a specific segment: n = 1.5
or 2S5 for the input-side segments, n = 1L or 2L for
the output-side segments, and n = 1,2, or 3 for the
internal segments. The index ¢ for the electrical length
of the segments, as well as other circuit elements, which
can take the value 1 or 2, indicates that the parameter
corresponds to the center frequencies f; or fy of the
first or second operating band, respectively. The circuit
also includes reactive elements j X1; and jXo; with dif-
ferent values at the aforementioned frequencies, which
is realized by a segment of the transmission line or a
stepped connection of the segments.
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Fig. 1. Dual-band balun circuit

An important addition to the balun scheme from [9]
is a single-line segment with parameters Z;5 and 6g;
connected to the input port, where the circuit must
provide a complex input impedance Zg; = Rg; + j Xg;-
Similar two single-line segments with parameters Z;p,
and 011, are placed on the output side, through which
the load impedances Z1; = Ry; + jXr; are connected
to the circuit. Using these segments allows for overcom-
ing restrictions on complex load impedances values
Zr; and complex input impedances Zg;, different in
frequency bands, and the restriction on the frequency
ratio k = fa/f1, where fs is the central frequency of
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the second higher operating band. The limitations arise
because, at certain given values of these parameters,
calculations of the characteristic impedances of one
or more segments of line give values that do not fall
within the technological limits permissible for stripline
fabrication. The arbitrary choice of the values of the
electrical parameters for the single-line segments with
impedances Zis and Zyp, as “free” circuit elements
allows influencing the calculation process in order to
ensure acceptable parameters of other segments. Such
“free” elements also include branch line segments with
parameters Zog, fos; and Zop, Oor; which can be
chosen arbitrarily. In Fig. 1, the equivalent complex
impedance Z,; represents the part of the balun circuit
providing isolation and matching of its outputs.

The proposed balun circuit features to a four-port
structure with longitudinal symmetry, where one port
(point ¢ in Fig. 1) is open-circuited with a reflection
coefficient on it I' = 1, converting the circuit into a
three-port network. It is known [8], that to perform
the function of a balun, the scattering parameters of
such a three-port network must satisfy the following
requirements: So; = —S31 (for equal of magnitude and
antiphase output signals) and S1; = Sg2 = Ss33 =
S32 = 0 (for matching and isolation). These conditi-
ons for symmetric four-port network are expressed via
the scattering parameters of partial two-port networks
under even- and odd-mode excitation. Thus, the condi-
tion for equal amplitude and anti-phase signals is writ-
ten as Sy = 0, while the condition for output ports
matching and isolation is Ss. = 0. The subscript e
indicates parameters belonging to the even-mode exci-
tation partial networks. The input matching condition
is defined as Zeyen + Zoqa = 2745, where Zg,en, and
Zodq are the input impedances of the even- and odd-
mode partial networks, and Z, is the source impedance.
If Zeyen = 0 ensured, the input matching condition
simplifies to Z,qq = 275.

Thus, based on the above conditions, the balun
design follows a two-stage process. At the first stage,
the parameters of the elements of the odd-mode exci-
tation circuit are determined, under which impedance
transformation is ensured alongside the input match-
ing. The second stage determines the parameters of the
elements of the even-mode excitation circuit, at which
the remaining of the functional conditions for the balun
circuit are fulfilled.

Initial data for the calculation process includes
operating frequencies f; and f;, complex load
impedances Z;1 = Rp1 + 7 X1, Zro = Rps + j X9,
and complex input impedances Zg; = Rg1 + jXs1,
Zsys = Rgo + jXgo. Since the circuit utilizes parallel
stubs and reactive elements, characteristic admittances
Y, = 1/Z, and the nodal admittances are used for
analysis. In addition, at ¢« = 2, i.e., at the frequency
f2, the electrical length of all segments of line is defi-
ned as 6,2 = k6,1, where 6, is the electrical length
of segment at f; and k is a frequency ratio. In the

analytical expressions below for the tangent function
of electrical length, the following notation is used:
tn; = tan6,;, where the values of index n for line
segments are the same as indicated above.

2 Impedance Transformation
with Input Matching

The partial two-port circuit obtained from the
general balun circuit under odd-mode excitation is
shown in Fig. 2. To achieve the input matching with
the simultaneous transformation of load impedances
Z1; into the input impedances Zg;, this circuit must
satisfy the equality Z,qiqai = 2Z41i, Where Z,qqqi iS
the input impedance at node a in Fig. 2. The value of
the impedance Z,1; must be such that the line segment
with Z; ¢ transforms it from node a into the given input
impedance Zg;. For this circuit, the parameters of the
“free” elements Z1s, 9151, ng, 9251 and ZlL; 91L17 ZQL,
0211 are set arbitrarily.

Port 1 ZSi:RSi+j)§ Port 2 Zy =R Xy,
Zyg, Oy f JX\i Zyy, Oy
Zyg, Oss; Z,, 0y; Q 2y, 05 Z3, 05 Zy1, 0o,
1 —1 - 1 1
a b c

Fig. 2. Odd-mode equivalent circuit of the proposed
dual-band balun

The transformation of complex impedances is
performed following the sequence described in [20]. The
total admittance Yy; at node d is given by:

Ydi = Ydli —+ dei = Gdi +dei7 (]‘)

where Yy; = YlL% = Gai; + jBaui, is
the result of transformation of the load admittance
Yy = 1/Zy; through the segment with Z,,, 615,; into
node d and Yd2i = _j}/QL/tQLi = deQi is the input
admittance of the shorted stub with Zs;, 657;. The
parameters Zs, #3; of the segment that transforms Yy;
into the admittance Y, at node ¢ — with complex
conjugate values at frequencies fi and fo (i.e., Yo =
G.+ jBs and Yoo = G, — jB,.1) — are determined by
the following relations:

Ga1Ga2 + By1Bao—
(Ba1 + Ba2)(Gai1Ba2 — Ga2Bay ) »
Ga1 — Gao

Y; = (2)

Ga1—Gaz
ngm + arctan (Y3 Y eIy s )

1+ k& ’

31 —

O30 = kb3,

(3)
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where ng is chosen as an integer (0, 1, 2,...). In this
case, the real and imaginary parts of the admittance
Y.; are:

Gdl(l + t%l)
(Ys — Baits1)” + G213,

G.= YBQ : (4)

Bcl = _BC2 =
) YsBai(1 —13,) + t3: (Y7 — G% — B)
(Y3 — Baits1)” + G313,

v )

Next, we consider the transformation at the circuit
input. The input admittance Y,; of the right part of
the circuit relative to node a is determined by:

1

Yai = 5 ali — Ya2i = Gai +jBaia

(6)
where Y,1; = Yig - % = Ga1i + jBa1i is
the input admittance transformed by the segment with
Z1g, bhs; from node a into the signal admittance
Ysi = 1/Zsi, and Y,0; = —jYag/tasi = jBa2i is the
input admittance of the shorted stub with Zsg, 02g;.
The use of half the value of Y,1; in expression (6) is due
to the matching condition, which requires the input
impedance at node a to be 2Z,1;, and consequently,
the admittance to be Y,1;/2.

The line segment with parameters Z;, 6y;
transforms the admittance Y;; at node b — with complex
conjugate values at frequencies f; and fo, (i-e. Yy =
Gy + jBp1 and Yy = Gy — ijl) — to the value Yg;.
For this transformation, the impedance Z; must be
calculated using formula (2) replacing Gg41, Gg2 with
Ga1, Ga2 and Bgy, Bgo with Bay, Bao. The electrical
length 67 of this segment is defined as:

Ga1—Gas
nem + arctan (Y; TEPRY: Arere pey s pe )

1+k ’

911 = (7)

012 = kb1,

where n, is chosen as an integer (0, 1, 2,...). In this
case, the real and imaginary parts of Y; are:

2
Gy = V? Gar(l +2t11) — . ®)
(Y1 + Bait11)” + Gopty

By = =By =
) YiBai(1 —13)) + t11(G2, + B2, — Y7)
(Y1 + Bartnn)® + G243,

(9)

= Yl

The admittance Y,.; at node c is transformed by
the segment with Zs, 5, into the complex conjugate
admittance Yj.; with a real part equal to Gp. For this
purpose, fo; = mn/(k + 1) is assumed, and Z is
determined from the equation:

Yia + 2Yabtoy + ctd; =0, (10)

where m is typically 1 or 2; a = G, (1 +t§1) — Gb,
b = GyBa, ¢ = —Gy (Gz +B§1). In this case, the
imaginary part of the admittance Y; is:
Bbcl = _Bbc2 =
v, Y2Ba (1—13,) +t (Y5 — G2 — BY)
2
(Yo — Bata1)® + G243,

(11)

The reactive element jXi; ensures the equality
Bye1 + B11 = Bpi, where By; = —1/X5;. From this,
we find:

B11 = By — Bpets

12
B3 = —DByy. (12)

This reactance, with opposite values at frequencies
f1 and fo, is implemented by a stub with an electri-
cal length of 6,; = w/(k + 1) and a characteristic
impedance Z, = —1/t;1B11 for a shorted end, or
Z, = tgz1B11 for an open end, where t;; = tanf,;.
The input admittance Y3; at node b is transformed to
Y,:, which ensures that the input matching condition
at node a is met simultaneously with the dual-band
transformation of the complex load impedance.

3 Output Ports Matching and
Isolation

To ensure equal magnitudes and out-of-phase
output signals, as well as outputs matching and isola-
tion, the partial even-mode excitation circuit, as menti-
oned above, must be matched at the load side with a
zero transmission coefficient. This circuit, derived from
the general balun circuit, is shown in Fig. 3.

Port 1 ZSi=RSi+j)(_Si Port 2 Z =R, 47X,
Z5 O JXii Zis O
Zys, Orsi | 2y, 0, Zy, 0y 23,05 || Zop, Oy P

a c d
2% 0, Tz, R XN 2Z,

Fig. 3. Even-mode equivalent circuit of the proposed
dual-band balun

The condition S = 0 is achieved by short-
circuiting node a, which provides zero input resistance
of the stub loaded with double reactance jXs;, which
in this case is:

1
Xoi = *izzsfzsl‘- (13)

In order to ensure the matching of Port 2 (to fulfill

the condition Saz. = 0), it is necessary that the sum of

the input admittance Yj; of the left relative to node d
part of the circuit and the input admittance Y,.; of the



Microstrip Dual-Band Branch-Line Balun With Arbitrary Complex Frequency-Dependent Input and Load Impedances in. .. 9

right part be a complex conjugate to the admittance
Yi1i = Ga1i+jBaii, determined by formula (1). For the
input admittance Yj; of the left part, shorted at node
a, which is the reactive conductance jBy;, and which is
determined by successive transformation of the input
admittance from node b to node ¢ by a segment with
Z5 and then to node d by a segment with Z3, it can be
written:

B + Yats,

By =Y, i X3l (14)
Y3 — Baitsi

_ Bpii+Yoto; _

where Bcli = Yé 75/;25“2:15; s and Bbli =

1 1
(thh: + Xli) )

the right part, formed by a stub with double load
impedance Zp;, is defined as the difference between
the complex conjugate of the admittance Yy, i.e.,
Ga1i — jBa1i, and the admittance of the circuit left
part:

Hence, the input admittance Y,; of

Y, =Gri+ jBri = Ga1i — j (Ba1i + Bu) - (15)

Since this input admittance is the result of the
transformation of the impedance 2Z,; by a segment
with Z5r, then from the transformation expression, the
ratios for calculating the real G,; and imaginary Bp;
components of the admittance Y,; = 1/Z,; are written
in form:

GriYyy, (1+t3,:)

(16)

"G+ (Yar + Britars)®
2G,Yor, — Gpi (Yar + Britari)
B,; = P i 17
P Gritari (7

The part of the general balun circuit that provi-
des isolation of its outputs and which is replaced in
Fig. 1 by the equivalent impedance Z,; must necessari-
ly contain resistance, since the impedance Z,; =
1/(Gpi + jBpi) = Rpi + jX,i has the real part Ry,
in its composition. Such a circuit, which in Fig. 3 is
bounded by a dotted line, consists of a transmission line
segment with parameters Z and 6;, connected in series
with a resistance R and a reactance jX;. To calculate
the parameters of these elements, an arbitrary value
of the electrical length 6; is given and, based on the
components of Z,;, the characteristic impedance Z is
determined from the equation:

Z%a, +2Zb, + ¢, =0, (18)

where a, = Ry (1 —|—t12,2) - Ry (1+ til) , by
Rpa Xpitp (1 + tz2)2) — Rp1Xpatpo (1 + tz%l) » Cp
Zm1 Rpat?) (1+125) ZmaRp1t2y (L+12)) , Zmi =
Rf,i—f—X;i, and t,; = tan6;, 62 = k6;. The calculation of
the resistance parameters R and reactance X is carried
out using the following expressions:

ZRp (14t2))

R =
Z2 4 2Z X pitp1 + 12 Zny

(19)

Z(Rpi *R) —

RXpitpi
Rpitpi

X; = (20)

4 Sequence of Calculation of a
Dual-Band Balun

The initial data for calculating a dual-band balun
are the values of the parameters Zg;, Zr;, f1 and fo.
The calculation is performed using the aforementioned
expressions and formulas in the described sequence.
First, the parameters of the line segments serving as
“free” elements are set: the characteristic impedances
Z11,, Zor, and the electrical lengths 6111, 6211. While
the electrical parameters of these elements are chosen
arbitrarily, they must remain within the physical li-
mits required for the technical implementation of the
segments. The electrical length can be selected in the
range from 0 to 27 rad (from 0 to \), and the permissi-
ble characteristic impedance limits — which primarily
depend on the parameters of the dielectric substrate —
must be determined beforehand using a characteristic
impedance calculator. Subsequently, the admittance
values Yy; are calculated using (1), and parameters Y3,
031 of the third line segment are determined via formula
(2) and (3) with a selected integer value for ng4. If the
solution to (2) yields Z3 values that are unacceptable
for physical implementation, the issue is addressed by
adjusting the parameters of the previously set free
elements. Using the parameters of the third segment,
the components of the admittance Y,; are calculated
by (4) and (5).

Next, the parameters Zyg, 0151, Zas, 0251 for the
input-side free elements are established. Admittance
values Yy; are calculated according to (6); based on
these components, the parameters Y7, 611 of the first
line segment are determined using formula (2) (with
the appropriate substitution) and (7) for a chosen value
of ng. If (2) yields Z; values unsuitable for fabrication,
one or more free element parameters must be adjusted.
Using the first segment’s parameters, the components
of admittance Y;; are calculated via (8) and (9).

Then, the parameter m is set to calculate the
electrical length 021 = mn/(k 4+ 1) for the second
line segment. The characteristic admittance of this
segment is then derived from (10). If (10) results in an
unacceptable Zs value, the parameter m or other free
element parameters must be modified. Subsequently,
the susceptance values By, are calculated using (11),
and the susceptance value Bj; is determined via (12),
from which the reactance values X;i; are determined.
This reactance is implemented using a stub.

This is followed by calculating the element
parameters that ensure outputs matching and isolati-
on. Reactance values X5; for both frequencies are
calculated per (13). Furthermore, the susceptance By;
and admittance Y;.; for the left and right portions of the
even-mode excitation circuit are calculated using (14)
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and (15). These values are then used to determine the
real and imaginary components of the admittance Y,;
according to (16) and (17). After setting the electrical
length 61 of the isolation circuit’s single-line segment,
its characteristic impedance Z is found from (18). If Z
is physically unfeasible, #; must be changed. Finally,
the values for elements R and X; of the isolation cir-
cuit are calculated using (19) and (20). The reactive
elements Xo;, and X;, the values of which for two
frequencies were obtained as a result of calculations,
can be implemented, as indicated, for example, in [21],
using a one- or two-stepped line stub.

5 Design Example of Dual-Band
Balun

To verify the proposed design theory, a dual-
band balun prototype was designed, fabricated and
tested. The operating frequencies were selected as 2.4
and 5.2 GHz (kK = 2.17). The complex impedances
were chosen (58.4—35.35)/(56.8456.8) € for the input
port and (53.8+513.4)/(69.9+526.3) Q for the output
ports at 2.4/ 5.2 GHz, respectively. For the microstrip
implementation, a dielectric substrate with a dielectric
constant of 2.6, a loss tangent of 0.001 and a thickness
of 1.45 mm was utilized. For the selected substrate,
the permissible values of characteristic impedances
of free and other line segments range from 40
to 125 €, which for a microwave line corresponds
to a central conductor width of 0.6-5.5 mm. To
perform measurements using a network analyzer, the
chosen complex input and output impedances were
obtained by converting the 50 2 impedance of the
SMA connectors via transmission line segments. The
dimensions of the line segment located between port
1 and the balun input, which transforms the complex
balun input impedance to 50 2, are 3.4 mm width and
14.2 mm in length. This corresponds to a characteristic
impedance of 55.59 2 and an electrical length of 60.21°
at 2.4 GHz. The line segments transforming the 50 Q
SMA connectors into complex load impedances of the
balun are 2.2 mm wide and 5.2 mm long (characteristic
impedance of 71.38 2 and an electrical length of 21.71°
at 2.4 GHz). These segments are located between the
balun outputs and the ports 2 and 3. The initial values
of the parameters for this prototype, calculated follow-
ing the procedure described above, are (in the order of
their deﬁnition): Zir, = 60 Q, 6111 = 40°, Zy, = 60
Q, 92L1 = 530, Z3 = 95.57 Q, ng = 1, 931 = 54.690,
Zas = 75 (1, bag1 = 56.84°, Z; = 68.94 Q, n, = 1,
011 = 56.540, m = ]., 021 = 56.840, Z2 = 100.09 Q,
X171 = j85.37 Q, X190 = —585.37 Q, Xo1 = —557.40 Q,
Xoo = j57.40 Q, 6; = 60.84°, Z = 55.01 Q, R = 59.89
Q, X1 = —j78.04 Q, Xo = 551.46 Q). There was no
need to use a free element — an input line segment
with parameters Z;5 and 6,51, therefore the values of
these parameters are not given. To implement dual-

frequency reactive elements, line segments were used,
namely: for the element jX;; — a short-circuited stub
with a characteristic impedance of 55.78 Q and an
electrical length of 56.84°; for the element jX5; — an
opened stub with parameters 87.85 ) and 56.84°; for
the element jX; of isolation circuit — an opened stub
with parameters 105.58 €2 and 53.53°. For the isolation
circuit, a SMD 0402 (+ 5% ) 56 Ohm resistor with
dimensions of 1x0.5 mm was used. To take into account
the influence of the deviation of the nominal value of
the selected resistor from the calculated value, as well
as the influence of parasitic parameters of the Surface-
Mounted Device (SMD) resistor with the selected size
(series inductance 0.7 nH and parallel capacitance 0.03
pF), the reactance jX parameters of the isolation
circuit were recalculated. This changed the characteri-
stic impedance of the stub, which implements the
reactance, by 3%, and its electrical length by 6.3%. The
schematic-level simulations showed that these changes
do not significantly affect the characteristics and width
of the balun’s operating bands, only slightly reducing
the isolation level at a frequency of 5.2 GHz to -24 dB,
which is further compensated at the electromagnetic
(EM) simulation, where the resistor is modeled by a
resistive film with the specified dimensions within the
contact pads.

Fig. 4(a) shows the results of schematic-level si-
mulations of this balun using the line segments physical
dimensions obtained after converting the calculated
electrical parameters. As can be seen, the balun has
two frequency bands centered at 2.4 and 5.2 GHz. Both
bandwidths at |S11| = —10 dB are 280 MHz. Good port
matching and outputs isolation are also provided.

The presence of T-junctions, bends, and open ends
of transmission lines in the balun structure, which is
not taken into account at the calculation stage and
which degrades the balun’s responses, significantly in
the second passband, requires compensation for the
influence of these discontinuities. Such compensation
was carried out at the level of EM simulation by opti-
mizing the parameters of line segments. A comparison
of the physical dimensions of the segments obtained
by the formulas with their final optimized values in
percentage deviation shows the following. The width of
the stripes of almost all line segments has not changed,
except for segments with Z; and Zsp, in which the
deviation is +6% and —6%, respectively. The length
of the strips has changed in all segments. This is
explained by their direct connection with T-junctions.
The reduction of it influence is precisely achieved by
selecting the length of the segments. On average, such
deviations did not exceed —4%, except for segments
with 691 and 031 (—6.5% and 15%, respectively),
connected to unequal T-junctions, as well as segments
that implement the reactance jXy; (—10%), which is
explained by the influence of the grounding contact
pads. The final appearance of the fabricated balun is
shown in Fig. 4(b), where the areas that perform the
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Fig. 4. (a) Results of schematic-level simulations, (b) photograph of the fabricated balun

function of the given input and load impedances are
highlighted. The overall size is approximately 74 x 68
mm.

The results of EM simulation and Vector Network
Analyzer (VNA) measurement of S-parameters, which
are delineated in Fig. 5 and Fig. 6 separately for each
frequency band, are in good agreement with each other.

As can be seen from Fig. 5, after taking into account
the effect of discontinuities, the balun with adjusted
dimensions, when the return loss at port 1 is larger
than 10 dB, provides a simulated operating bandwidth
of 230/220 MHz in two bands with center frequencies
2.4/5.2 GHz. The return loss of Sy; at these frequencies
is lower than —28 dB and the insertion losses of Sa1 /551
in both cases are —3.12/ — 3.07 and —3.10/ — 3.26 dB,
respectively. The maximum level of outputs matching
(characteristics of Syo and Ss3) in the first band is
achieved at the center frequency of 2.4 GHz, and in
the second band — near the frequency of 5.25 GHz.
The maximum value of outputs isolation S32 is below
of —23 dB at both center frequencies.

Similar results can be seen from the dependencies
shown in Fig. 6. As in the previous case, the fabricated
balun exhibits two frequency bands with centers 2.4
and 5.2 GHz, but with slightly wider bandwidths, equal
in both cases to 290 MHz (from 2.27 to 2.56 GHz
in the first band and from 5.06 to 5.35 GHz in the
second band at a level |S11| < —10 dB). The measured
insertion losses of |Sa1|/]S51| at the two output ports
are —3.86/ —3.72 dB at 2.4 GHz and —4.21/ —4.76 dB
at 5.2 GHz. At the same time, the return loss of
|S11| reaches to —27 and —20 dB at these working
frequencies, respectively. As at the EM simulation, the
maximum matching of outputs Ss and Ss3 is achieved
at a frequency of 2.4 GHz, and in the second band, it is
shifted to a frequency of 5.3 GHz. Simultaneously, the
outputs isolation |Ssz| is lower than —25 dB at both
center frequencies.

Checking the designed balun for compliance with
the conditions of equal amplitude of the signals at
the outputs and their 180-degree phase difference gave
the results obtained based on measurements, which are
shown in Fig. 7 in the form of an imbalance |Sa1|—|S31|
of amplitude and £S5, — £S3; of phase at the balun
outputs in two frequency bands.

From the measurement results and Fig. 7 it follows
that the mismatches in amplitude and 180°-phase di-
fference of no more than 0.3 dB and =+ 2.5° are achieved
in the first above frequency band from 2.27 GHz to
2.53 GHz, and no more than 0.6 dB and 4+ 5° in
the second band from 5.07 GHz to 5.37 GHz. At the
center frequencies of the bands, the measured ampli-
tude/phase imbalance values are 0.14 dB/—1.8° at
2.4 GHz and 0.55 dB/1.4° at 5.2 GHz.

Minor discrepancies between the EM simulati-
on results and measurements — particularly in the
second frequency band — are attributed to deviations
in substrate parameters (dielectric constant and thi-
ckness) from the nominal values used in calculations,
conductor losses, and PCB manufacturing inaccura-
cies.

Table 1 compares the performance of the proposed
balun with those of the best recently developed
dual-band baluns. As shown, the proposed balun
demonstrates high-level performances that are not
inferior to the results of the listed designs. Moreover,
this is achieved simultaneously with providing a
dual-band transformation of complex impedances, the
implementation of which leads to a significant compli-
cation of the balun circuit compared to the case of real
impedances transformation.

Conclusions

This paper has presented a dual-band balun based
on branch-line structure with shunt stubs. One of
the key features of the proposed balun is its abi-
lity to provide impedance transformation integrated
with balun operation for a wide range of complex
source and load impedances with frequency-dependent
values. To enable this capability, additional elements
with arbitrarily selectable electrical parameters have
been introduced into the balun structure. Furthermore,
this approach allows for the implementation of a
device with any desired frequency ratio. Complete
design formulas for this balun were derived using
the even-odd mode method. To verify the design
concept, an experimental prototype was fabricated; the
measurement results show excellent agreement with



12

Oborzhytskyy V. L., Fabirovskyy S. Ye., Storozh V. H., Matiieshyn Yu. M., Banshchykova T'. Ye.

S-Parameters (dB)
a

-20 P
25 0= [Sy)| &[Sy
o IS5 =[Sy
-30
2 2.2 2.4 2.6 2.8

Frequency (GHz)

(a)

Fig. 5. Simulated scattering parameters

—_ '
(=] w
R &

[}
(=}

S-Parameters (dB)
O

[Ne]
N

o [Sp| =S5
0= [Syy| - [Sy
o [S51] =S54

[
o

2.2 2.4

Frequency (GHz)

(a)

2.6 2.8

= '
(=] W

S-Parameters (dB)
T R
wn (] W

- [Sy| =[S
== Syl =[Syl A\ )

W
(=]

a8 5

5.2 5.
Frequency (GHz)

(b)

5.6

at: (a) 2.4- and (b) 5.2-GHz bands

- IS, = IS5,
—-— ‘Szl‘ = |S
o IS5, =[S,

22|

Fig. 6. Measured scattering parameters at: (a) 2.4- and (b) 5.2-GHz bands

(3]

—

—_
(=3
(=]

[
—_

Amplitude imbalance (dB)
S

'
N

I I |

-100

o
(39p) oouerequur aseyq

—_
x
(=]

e
[}

(a)

23 2.4 2.5
Frequency (GHz)

-30
4.8 5 52 54 5.6
Frequency (GHz)
(b)

2
N fooeem— T T 180 ~
g g
31N 100 &
Q —
E g
= g
0 0 B
o (¢}
ES) i -1008"
= [
= o
L -180

(3]

> F requelslbzy (GHZ)S'3

(b)

5.4

Fig. 7. Imbalance of amplitude and phase at the balun outputs at: (a) 2.4- and (b) 5.2-GHz bands

Table 1 Comparison of proposed balun performance with the existing state-of-the-art designs

Param.\Ref. [4] [5] [8] Present
f1/f2 (GHz) 2.39/5.1 1/2 1.42/2.82 2.4/5.2
|S21| (dB) —3.46/—-4.17 | —3.5/-3.8 —3.48/-3.57 —3.86/—4.21
|S31] (dB) —3.45/—4.17 | —-3.3/-3.8 —3.28/-3.77 —3.72/—-4.76
[S11] (dB) —36/-25 —26/—28 —25/-19 —27.2/-20.1
FBWs (%), RL (< —10 dB) 15/4.9 13/6.5 12/5.7 12.1/5.6
£851-2831 (°) 179/181 181/180 179.1/180.2 178.2/178.6
Isolation (dB) —28/—26 —26/—26 39/32 —27/-27
Function of impedance transformation | Real to real | Real to real | Complex to real | Complex to complex
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simulation outcomes, thereby confirming the feasibility
of the proposed methodology. The results demonstrate
that the dual-band balun provides a high level of port
matching and isolation between the balanced outputs,
making it highly suitable for applications in microwave
communication circuits.
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Y crarTi 3ampONOHOBAHO CTPYKTYPY IIAHAPHOI MiKPO-
CMY’KKOBOI CXEMH JIsT TIPOEKTYBAHHSI KOMIAKTHOTO IBO-
CMyToBOTO 0ajiyHa, ABA BUXITHI CHTHAJIUA SKOTO MAlOTh
OIHAKOBI aMILTiTYym Ta TpoTmiexHI da3u y aABOX pobO-
gMX Jiarma3oHax JacTor. Boamodac Taka cxema 3abe3redye
TpaHCHOPMATIII0 KOMILIEKCHUX IMIT€TAHCIB HAaBAHTAKEHHS,
PI3HEX y IIX [iama30HaX, y KOMIUIEKCHI BXi/IHI iMIeqancu
JKepesa, dIKi TaKOXK BIAPI3HAIOTHCA y IMX Iiarma30HaxX.
BamporoHoBana cxema OajIyHa I'DYHTYETHCS HA CHMETPHUI-
Hill 90THPUNIOPTOBIN CTPYKTYPi ny1eiibHOro TUIY 3 OTHUM
BIOKDUTUM IIOPTOM, YTBODEHiil Bigpi3kaMM OJWHOYHOI JIi-
Hil lepenadi 3 TPhOMA PEAKTHUBHUMU €JIeMEHTAMH Ta CXe-
MOTO PO3B’a3Ku. i peastizaril ux peak TUBHUX eJIEMEHTIB
31 3HAYEHHAMH, DI3HUMHU y YACTOTHHUX [ialla30HaX, BUKO-
PUCTOBYIOTHCA BifATaJIy’KeHHA 3 BIAPI3KIB JIiHIA Iepenadi.
3aB/siku 3aCTOCYBAHHIO JI0 CUMETPUYHOI YOTUPHUIOPTOBOL
CTPYKTYPH aHAJI3y B peknMi mapHol i HemapHoi Mo 6ysio
OTPUMAHO BHUPA3M [JIsI PO3PAXYHKY €IeKTPUIHIX [TapaMeT-
DIB €JIEMEHTIB CXeMU ABOCMYTOBOTO Oasyna. g ycyHnenns
oOMeKeHb Ha 3HAYEHHs JOMYCTUMUX s TpaHcdopMaril
KOMILIEKCHUX IMTIEJaHCiB (9K HABAHTAXKEHb, TaK 1 BXiIHO-

ro) y CXeMy TaKOXk BBEJEHO MOJATKOBL Binpi3km i,
TapaMeTpy SIKUX 33JaI0ThCs JOBLIBHO. Bubip 3Ha4YeHs mux
TapaMeTpiB J03BOJILE B PE3yIbTATi PO3PAXyHKIB OTPUMATH
3HAYEHHS JIEKTPUYHMUX ITapaMeTpiB BiAPI3KiB JiHiN cxemu,
SKi TPUAATHI 15T iX TeXHIYHOI peasizamii. 3 MeTO mepe-
BIPKH 3aIIPOIIOHOBAHOI CX€MU Ta METOAY PO3PaXyHKY Oyso
peaJii30BaHO 1 JOCTIMKEHO MPOTOTHII ABOCMYTOBOTO OaIy-
Ha, IO Ipamroe Ha JactoTax 2,4 ta 5,2 I'T'm. [Ina suroros-
JeHHs1 6aJIyHA Ha OCHOBI MiKpDOCMY»KKOBUIX JIHIM mepesacii
BUKOPHCTAHO [IE€JIEKTPUYIHY MAKIAJKY 3 ieIeKTPHIHOIO
TPOHUKHICTIO 2,6 1 ToBmMHOIO 1,45 MM. BumipioBanHS moKa-
3a/1M, Mo po30aJIaHCyBaAHHS aMILITY/ 1 BIIXUJIEHHS PI3HUIT
da3 Big 180° € mermumu, Hixk 0,6 1B i 5° BiamosBimHO, CMyTa
TMPOITYCKAHHS JBOCMYTOBOTrO basyHa cranoButh 290 MI'm B
00ox miama3oHax. flk pe3ysbTaTH MOIEIIOBAHHS, TaK i pe-
3yJIbTATU BUMIPIOBaHb 100pe y3roKyIOThCH, M0 JOBOINTH
TNPABUJIBHICTH 3AIPOTIOHOBAHOI KOHIIENIIT ITPOEK TYBAHHSI.

Karowo6t caosa: GasyH; IBOCMYTOBUI PEXUM DODOTH;
MEeTO/T TTAPHOTO-HEMaPHOTO 30yIKeHHs; IaCTOTHO-3a €K Hi
BXiZHI Ta HABAHTAXKYBAJIbHI IMIEJAHCH; II€PETBOPEHHS
KOMIIJIEKCHOTO IMTIeTAHCY
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