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Abstract—This paper presents an approach to the design of a
novel dual-band power divider with variable power dividing ratio.
To achieve dual-band operation, a novel dual-band quarter-wave
length transformer based on coupled-lines is proposed, which is used
to replace the quarter-wave length transformer in Wilkinson power
divider. The proposed dual-band power divider features a simple
compact planar structure with wide bandwidth performance for small
frequency ratio. Closed-form design equations with one degree of
design freedom are derived using even- and odd-mode analysis and
transmission line theory. For verification purpose, power dividers
operating at 2.4/3.8 GHz with dividing ratios of 2 : 1 and 1 : 1 are
designed, simulated and measured. The simulated and measured
results are in good agreement.
1. INTRODUCTION
Recently, rapid developments in modern wireless communication
industry have imposed their radio frequency (RF) components to
operate at multiple frequency bands. Many efforts have been made
to develop more versatile dual-band components such as antennas [1–
4], filters [5–8], coupler [9, 10] and transformers [11, 12]. Meanwhile,
the power divider as one of the most important passive circuits has
been widely used in microwave and communication systems. It is
crucial to design dual-band power dividers for practical applications.
In the past, several approaches were proposed for the design of dualband power divider [13–28]. In [13], a power divider using two-section
transmission lines cascaded was introduced with the main drawback of
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poor isolation and output return loss. Some improved topologies [14–
16] were proposed by adding parallel RLC [14, 15] and combining series
and parallel RLC [16], which may result in parasitic effect especially at
high frequency. A dual-band topology based on stepped impedance [17]
was presented, but the major shortfalls of this scheme are poor isolation
and output return loss. Some designs by adding shunt stubs [18–
20] were recommended, but they have defect of large size [18, 19] or
poor bandwidth [20]. Another design using extended ports [21, 22] was
introduced, which is inconvenient for design because of falling short of
closed-form design formulas. An improved variation is present in [23],
which employed a coupled-line section at the output and eliminated
the need of the input port extension. Artificial transmission lines
were also used to realize dual-band operation [24]. But all of the
above dual-band power dividers [13–24] were all equal power dividing
structures. In order to achieve variable power dividing ratio, some
topologies [25–28] were proposed. But the employ of lumped reactance
elements may cause parasitic effect [25, 26]. And also the design in [26]
only can be applied in the dual-band systems whose frequency ratio is
equal to 2. An improved structure without reactive components was
proposed in [27]. Another dual-band unequal divider based on T-type
transformer was designed but it suffered from poor output matching
and isolation [28].
In this paper, a novel dual-band quarter-wave length transformer
based on coupled-lines is proposed and analyzed firstly. Then by
substituting the proposed dual-band transformer for the quarter-wave
length transmission line in conventional Wilkinson power divider, a
novel dual-band power divider with variable power dividing ratio is
proposed and analyzed. The proposed structure features a simple
distribution structure (without any lumped reactive component) with
wide bandwidth performance for small frequency ratio, ideal return loss
and port isolation and closed-form design formulas with one degree of
design freedom. In fact, the following analysis and design method can
be regarded as the generalization of the dual-band power divider with
variable power dividing ratio.
2. THEORETICAL ANALYSIS
The circuit construction of the proposed dual band power divider is
shown in Figure 1. In order to make the analysis of this proposed
structure simple and convenient, the method of using dual-band
elements to replace single-band ones will be applied. The conventional
Wilkinson power divider with variable dividing ratio [29], as shown in
Figure 2, will be recalled firstly. Then a novel dual-band transformer
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Figure 1. Proposed structure of dual-band power divider.
will be proposed and analyzed. Subsequently the single-band elements
(Z1 , Z2 , T3 and T4 ) will be replaced by dual-band structures to
accomplish dual-band function. Assume that the ratio of the output
power at ports 3 and 2 is equal to k 2 (= P3 /P2 ) in the following analysis.
2.1. Conventional Wilkinson Power Divider
As shown in Figure 2, the following resistance relationships must
be satisfied to accomplish variable dividing ratio in conventional
Wilkinson power divider [29]:
R2 = Zc k
(1)
R3 = Zc /k
(2)
µ
¶
1
R = Zc k +
(3)
k
p
Z1 = Zc k(1 + k 2 )
(4)
r
(1 + k 2 )
Z2 = Zc
.
(5)
k3
Note that the output lines are matched to the impedances R2 and
R3 , which are not matched to the ports impedance Zc . Matching
transformers T3 and T4 can be employed to transform these output
impedances. It can be observed that the results reduce to the equal
dividing case for k = 1.

274

Lin and Chu

(a)

(b)
Figure 2.
Conventional Wilkinson
power divider with variable dividing
ratio.

Figure 3.
(a) Proposed dual-band quarterwave length transformer.
(b) Equivalent structure.

2.2. Dual-band Elements
Two kinds of elements, as shown in Figure 2, should be replaced by
dual-band structures. One is quarter-wave length transmission line
(Z1 and Z2 ), and the other is output transformer (T3 and T4 ) with
no electrical length requirement. The novel dual-band quarter-wave
length transformer based on coupled-lines, as shown in Figure 3, is
proposed to replace the first kind of element, while the two-section
dual-band transformer [30] is used to replace the second kind of
element.
Figure 3(a) shows the proposed dual-band quarter-wave length
transformer, which consists of parallel coupled-lines with even
impedance of Zte , odd impedance of Zto and electrical length of θ,
connected to a pair of branch-line with characteristic impedance Zta
and electrical length of θ. In the above symbols, variable t = 1, 2. This
proposed structure is equivalent to a quarter-wave length transmission
line with characteristic impedance of Zt and electrical length of
±90◦ , as illustrated in Figure 3(b). Suppose when the proposed
transformer operates at f1 and f2 , the electrical length of the equivalent
circuit is +90◦ and −90◦ , respectively. For the sake of analysis, the
proposed structure is assumed to be lossless and reciprocal. The dualband quarter-wave length transformer is symmetric and the circuit
parameters, therefore, can be determined using the even- and oddmode analysis.
As depicted in Figure 4, the proposed even half-circuit equals an
open-ended stub with characteristic impedance of Zt and electrical
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Figure 4.
Even half-circuit.
(a) Proposed dual-band quarterwave length transformer.
(b)
Equivalent structure.
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Figure 5.
Odd half-circuit.
(a) Proposed dual-band quarterwave length transformer.
(b)
Equivalent structure.

length of ±45◦ . As shown in Figure 4(a), the input impedance of the
proposed even half-circuit is equal to
e
Zin
= jZta

−Zte + Zta tan2 θ
.
(Zta + Zte ) tan θ

(6)

From Figure 4(b), the input impedance of the open-ended stub is equal
to
e
Zin
= −jZt cot(±45◦ ).
(7)
By combining (6) and (7), the equivalent impedance of Zt can be
written as
Zte − Zta tan2 θ
Zt = Zta
,
(8)
± tan θ(Zta + Zte )
As shown in Figure 5, the proposed odd half-circuit is equal to
a short-ended stub with characteristic impedance of Zt and electrical
length of ±45◦ . As shown in Figure 5(a), the input impedance of
proposed odd half-circuit is equal to
o
Zin
= jZta

(Zto + Zta ) tan θ
.
Zta − Zto (tan θ)2

(9)

From Figure 5(b), the input impedance of the short-ended stub is equal
to
o
Zin
= jZt tan(±45◦ ).
(10)
By combining (9) and (10), the equivalent impedance of Zt can
be written as
± tan θ(Zta + Zto )
Zt = Zta
.
(11)
Zta − Zto tan2 θ
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From (8) or (11), for dual-band operation, the necessary condition
may simply be stated as
tan θ1 = − tan θ2 .

(12)

where θ1 and θ2 are electrical lengths of coupled-lines or branch-lines
evaluated at the frequencies of f1 and f2 .
The general solution of (12) can then be expressed as
θ1 + θ2 = pπ

(13)

where p = 1, 2, 3, . . ., and taking into account that
f2
θ2
= ,
θ1
f1

(14)

one obtains
σ =

f2
f1
f2
f1

−1
+1

f1 + f2
2
pπ
pπ f1
·
=
(1 − σ)
θ1 =
2 f0
2
pπ f2
pπ
θ2 =
·
=
(1 + σ).
2 f0
2

f0 =

(15)
(16)
(17)
(18)

It is observed that the electrical length of the coupled-lines or
branch-line can be evaluated at f0 as
θ1 + θ2
pπ
=
.
(19)
2
2
Subsequently, based on (8), (11) and (17) or (18) can be rewritten as
θ0 =

Zta cot2 (θ0 π) + Zt cot(θ0 π)
Zta − Zt cot(θ0 π)
Zt − Zta cot(θ0 π)
= Zta
Zt cot2 (θ0 π) + Zta cot(θ0 π)

Zte = Zta

(20)

Zto

(21)

for p = 1, 3, 5 . . ., and
Zta tan2 (θ0 π) − Zt tan(θ0 π)
Zta + Zt tan(θ0 π)
Zt + Zta tan(θ0 π)
= Zta
Zt tan2 (θ0 π) − Zta tan(θ0 π)

Zte = Zta

(22)

Zto

(23)

for p = 2, 4, 6 . . ..

Progress In Electromagnetics Research, PIER 103, 2010

277

In referring to Equations (20)–(23), there are two degrees of design
freedom in choosing variable p and the characteristic impedance of
Zta of the branch-line, which means infinite solutions for the design
and makes the design more flexible. However, for the purpose of
compact size, only p = 1 is chosen and discussed in this paper. There
is one degree of design freedom left when the value of p is decided.
Figure 6 shows the circuit parameters (even mode impedance of Zte
and odd mode impedance of Zto of the coupled-lines) calculated as
a function of frequency ratio (f1 /f2 ) when Zta and Zt are 50 Ω and
70.71 Ω respectively. It is then observed that the proposed dualband power divider can operate over a range of small frequency ratio
(f2 /f1 < 1.64).
In order to achieve output ports matching at both required
frequencies, a two-section dual-band transformer based on Monzon’s
theory [30] is employed to replace the output transformer in
conventional Wilkinson power divider. The characteristic impedances
of output transformers connected to ports 2 and 3, as shown in
Figure 1, can be determined by
α = tan(θ1 )2
tn = Rn /Zc
v
s·
u
¸2
ut
tn
t n
Zna = Zc
(1 − tn ) +
(1 − tn ) + k 3
2α
2α

(24)
(25)

Znb = R2 Zc /Zna

(27)

(26)

where the definition of θ1 is same to (17), and n = 3, 4.
2.3. Dual-band Power Divider
So far, all design equations have been derived. With all symbols
referring to Figure 1, the design procedure can be summarized as
follows:
1) According required power dividing ratio k 2 , use (1)and (2)
to compute the output impedance, (3) to get the isolation resistor
value, (4) and (5) to calculate equivalent quarter-wave length line
impedance of Z1 and Z2 .
2) Use (19) to compute the electrical length θ for all branch-lines.
After choosing realizable values for Z1a and Z2a , use (20) and (21) to
get Z1e , Z1o , Z2e and Z2o .
3) Use (26) and (27) to get the characteristic impedances of output
transformers of Z3a , Z3b , Z4a and Z4b .
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Figure 6. Circuit parameters
versus frequency ratio.
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Figure 7. Photograph of the
designed equal dual-band power
divider.

3. SIMULATED AND MEASURED RESULTS
In this section, two dual-band power dividers operating at Wimax
2.4/3.8 GHz have been designed, simulated and fabricated to verify
the proposed design method. The electromagnetic simulator Zeland
IE3D were employed to tune the layout and the scattering parameter
measurements were performed using an Agilent N5230A network
analyzer over the frequency from 1.5 to 4.5 GHz. When using IE3D
to tune the proposed structures, it often doesn’t need to tune the
width of microstrip lines, while the length of which just need finetuning. And the microstrip discontinuity should be carefully tuned
based on the technique of mitering [29]. Zeland LineGauge is used to
obtain initial dimensions. Both two power dividers were fabricated on
a 0.8-mm-thick substrate with a relative permittivity of 2.55. The port
impedances are 50 Ω.
3.1. Equal Dual-Band Power Divider
According to the design procedure in Section 2, an equal dual-band
power divider i.e. power dividing ratio k 2 = 1 is designed. After
choosing branch-line impedances of Z1a and Z2a both as 50 Ω, θ0 is
calculated as Π/2. The design parameters are shown in Table 1.
Figure 7 shows the photograph of the designed equal dual-band
power divider. Figure 8 shows the comparison of simulated and
measured results which are in good agreement. Figure 8(a) shows
that the transmission (|S21 | and |S31 |) are both better than −3.6 dB,
and their magnitudes are almost the same, which denotes that the
signal is almost equally divided into two output ports both at 2.4
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Table 1. Design parameters of equal power divider.
Coupled-lines
Branch lines Output transformers
Electrical parameters Z 1e = Z 2e
Z 1o = Z 2o
Z 1a = Z 2a
Z 3a = Z 3b = Z 4a = Z 4b
Impedance (Ω)
36.1
27.0
50
50
Physical parameters Width Space Length Width Length Width
Length
Initial values (mm)
4.1
0.3
16.5
2.2
16.5
2.2
16.5
Final values (mm)
4.1
0.3
16.8
2.2
16.9
2.2
16.5

(a)

(b)

(c)

(d)

Figure 8. Simulated and measured results of equal dual-band power
divider. (a) Transmission (|S21 | and |S31 |). (b) Input matching (|S11 |).
(c) Output matching (|S22 | = |S33 |). (d) Isolation (|S23 |).
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and 3.8 GHz. Figures 8(b) and (c) indicate that the input (|S11 |) and
output matching (|S22 |) are well below -25 dB. And a good isolation
(|S23 | < −30 dB) is also achieved as shown in Figure 8(d). The
proposed structure shows good bandwidth performance at dual-band
operation. With |S11 |, |S22 | and |S23 | all below −20 dB, and the
measured bandwidth of lower band is found to be about 178 MHz
approximately, while that of upper band is about 230 MHz.
3.2. Unequal Dual-band Power Divider
According to the design procedure in Section 2, an unequal dual-band
power divider with power dividing ratio k 2 = 2 are designed. After
choosing branch-line impedances of Z1a and Z2a as 75 Ω and 52 Ω,
respectively, the design values are computed as follows: θ0 = Π/2,
R = 106.06 Ω, Z1e = 56.35 Ω, Z1o = 42.20 Ω, Z2e = 64.66 Ω, Z2o =
42.92 Ω, Z3a = 64.06 Ω, Z3b = 55.19 Ω, Z4a = 39.02 Ω, Z4b = 45.30 Ω.
Figure 9 shows the photograph of the unequal dual-band power
divider. Figure 10 show the comparison of simulated and measured
results which are in good agreement. Figure 10(a) shows that the
measured |S21 | are −5.14 dB at 2.4 GHz and −5.22 dB at 3.8 GHz,
while |S31 | are −2.09 at 2.4 GHz and −2.40 dB at 3.8 GHz. Thereby,
the power dividing ratio is 3.05 dB at 2.4 GHz and 2.82 dB at 3.8 GHz,
which are very close to the theoretical value of 3 dB. From Figure 10(b),
the input matching of |S11 | are below −26 dB at both 2.4 GHz and
3.8 GHz. The output matching of |S22 | and |S33 | are given in
Figure 10(c), which shows that both |S22 | and |S33 | are below −24 dB
at both 2.4 GHz and 3.8 GHz. The isolation performance of |S23 | can
be observed in Figure 10(d), which shows that the |S23 | are below
−29 dB at both 2.4 GHz and 3.8 GHz. With |S11 |, |S22 |, |S33 | and |S23 |
all below −20 dB, the measured bandwidth of lower band is found to
be about 209 MHz approximately, while that of upper band is about
210 MHz. For comparison, the structure [27] which do not need any
lumped reactance elements and could operate at the same frequency
(2.4/3.8 GHz) with power dividing ratio (k 2 = 2) has been simulated.
With |S11 |, |S22 |, |S33 | and |S23 | all below −20 dB, the simulated
bandwidth of lower band is found to be 101 MHz approximately, while
that of upper band is about 82 MHz. It can be easily found that the
bandwidth of the proposed structure is more than 2 times wider than
that of [27], which means the significant wide bandwidth contribution
from the proposed design.
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Figure 9. hotograph of the designed unequal dual-band power divider.

(a)

(b)

(c)

(d)

Figure 10. Simulated and measured results of unequal dual-band
power divider. (a) Transmission (|S21 | and |S31 |). (b) Input matching
(|S11 |). (c) Output matching (|S22 | and |S33 |). (d) Isolation (|S23 |).
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4. CONCLUSION
An approach to the design of novel dual-band power divider with
variable power dividing ratio using coupled-lines has been presented.
Applying even- and odd-mode analysis and transmission line theory,
closed-form design formulas have been derived. For verification, two
experimental prototypes have been designed, simulated and fabricated.
Good agreement between the simulated and measured results has been
observed, which demonstrates that the proposed circuit fulfills variable
power dividing ratio, wide bandwidth for small band ratio, equal power
split, good isolation and well impedance matching.
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